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Abstract: Fiber Bragg grating (FBG) sensors have been applied to assess strains, stresses, loads, cor- 10 

rosion, and temperature for structural health monitoring (SHM) of steel infrastructure such as build- 11 

ings, bridges, and pipelines. Since a single FBG sensor measures a particular parameter at a local 12 

spot, it is challenging to detect different types of anomalies and interactions of anomalies. This paper 13 

presents an approach to assess interactive anomalies caused by mechanical loading and corrosion 14 

on epoxy coated steel substrates using FBG sensors in real time. Experiments were performed by 15 

comparing the monitored center wavelength changes in the conditions with loading only, corrosion 16 

only, and simultaneous loading and corrosion. The theoretical and experimental results indicated 17 

that there were significant interactive influences between loading and corrosion for steel substrates. 18 

Loading accelerated the progress of corrosion for the epoxy coated steel substrate, especially when 19 

delamination in epoxy coating was noticed. Through the real-time monitoring from the FBG sen- 20 

sors, the interactions between the anomalies induced by the loading and corrosion can be quantita- 21 

tively evaluated through the corrosion depth and the loading contact length. These fundamental 22 

understanding on the interactions of different anomalies on the steel structures can provide valuable 23 

information to the engineers for better management of steel structures. 24 

Keywords: Corrosion; fiber Bragg grating (FBG) sensors; interactive anomalies; structural health 25 

monitoring (SHM)  26 

 27 

1. Introduction 28 

Reinforced concrete (RC) and steel are the most common construction materials for 29 

civil infrastructures [1,2]. As time goes, civil infrastructures made by reinforced concrete 30 

or steel will deteriorate and anomalies or damages may accumulate in the structures, 31 

which may result in safety concerns of structures that lead to tragedies of property and 32 

life losses. Among various types of structural degradations, steel corrosion and local stress 33 

accumulations are well known as several of those main concerns/threats to the structural 34 

integrity, durability and reliability of RC and steel structures. To prevent and mitigate 35 

steel corrosion, various protective measures can be applied to steel in the RC or steel struc- 36 

tures such as cathodic protection, corrosion inhibitor, anti-corrosion alloys and coatings. 37 

Cathodic protection mitigates corrosion through the use of the metal as the cathode of an 38 

electrochemical cell [3, 4]. Corrosion inhibitor prevents access of the corrosive substance 39 

to the metal, thus, prevents corrosion [5, 6]. The anti-corrosion alloys forms corrosion- 40 

resistant alloys like stainless steel alloys, aluminum alloys through adding high corrosion- 41 

resistant components into the steel materials [7]. Compared to the above-mentioned cor- 42 

rosion mitigation approaches, the application of anti-corrosive coatings is a cost-effective 43 

method to protect metals with additional benefit to reduce local stress accumulations 44 

since they provide an extra layer between the substrates and loading [8, 9]. Among the 45 

Citation: Lastname, F.; Lastname, F.; 

Lastname, F. Title. Sensors 2022, 22, 

x. https://doi.org/10.3390/xxxxx 

Academic Editor: Firstname Last-

name 

Received: date 

Accepted: date 

Published: date 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 

mailto:ying.huang@ndsu.edu


Sensors 2022, 22, x FOR PEER REVIEW 2 of 16 
 

 

anti-corrosive coatings, a thin layer of epoxy coating is one of the most commonly coatings 46 

to isolate structures from the external corrosive environment for steel corrosion protection 47 

[10-12].  48 

In addition to protective coatings, to detect steel corrosion and loading induced dam- 49 

ages, in practice, visual inspection is commonly applied due to its simplicity. However, 50 

the visual inspection may not be accurate as the occurrence of corrosion or loading in- 51 

duced damages usually are located beneath the protective coatings and hard to be seen 52 

directly, and it may not be timely due to the large scale of the associated structures [13]. 53 

Searching for a more reliable inspection method for steel corrosion, weight loss coupon 54 

measurement is widely used in practice, in which steel coupons are placed at the location 55 

of concerns and weight losses are measured after a period time of exposure to estimate 56 

corrosion rates [14]. This approach is more quantitively compared to visual inspection, 57 

however, it suffers from some unavoidable drawbacks, such as long inspection time, high 58 

maintenance, and labor costs. Additionally, this method cannot detect loading induced 59 

damages on the structure and also may need to disassemble a part of structures resulting 60 

in loss of structural integrity. 61 

To address the limitations of the above-mentioned traditional approaches to detect 62 

steel corrosion and local stress accumulations, non-destructive evaluation (NDE) methods 63 

become popular. The NDE methods do not bring any interruptions or damages to the 64 

original structures as well as bringing in high accuracy and ease of use. However, most 65 

NDE techniques are highly dependent on the applied sensors that mostly rely on the 66 

transmission and detection of electrical signals such as acoustic and ultrasonic sensors, 67 

magnetic sensors, microwave, or guided wave sensors, etc., resulting in lack of detection 68 

accuracy with the existence of electrical-magnetic interference in the field applications [15, 69 

16]. More importantly, as the NDE techniques are mostly external to a structure, its appli- 70 

cation may require additional tool sets and skilled labors. Therefore, the NDE techniques 71 

are usually used for scheduled periodic inspections or inspection in needs and may not 72 

be cost effective for the wide and long-term monitoring applications [2].  73 

In recent years, structural health monitoring (SHM) has been widely recognized as 74 

an effective onsite monitoring method of early abnormalities in many industries, such as 75 

aerospace, mechanical, and civil engineering fields [17,18]. A proper SHM system can de- 76 

tect early initiation of degradations and monitor the cumulation of degradations and dam- 77 

ages such as overstress, cracks, and corrosion, in existing and new structures to guide a 78 

cost-effective structural maintenance plan and avoid collapses and the resulted tragedies 79 

[19,20]. There are many types of sensors can be used in a SHM system, such as electrical 80 

strain gauges, acoustic and ultrasonic sensors, cameras, and fiber optic sensors [21-23]. 81 

Among various existing sensors for SHM systems, fiber optic sensors, especially, fiber 82 

Bragg grating (FBG) sensors, attract intensive attentions from researchers due to the 83 

unique advantages of high sensitivity and precision, satisfiable linearity, immunity to 84 

electromagnetic interference, resistance to harsh environments, lightweight, small physi- 85 

cal dimensions, easy-operability, and relatively low cost [2,24]. The FBG sensors, as the 86 

most commonly used fiber optic sensors, have been applied in many industries for moni- 87 

toring of strains, stress, loads, and temperatures [17]. As corrosion can be investigated by 88 

monitoring the strain changes inside or on the surface of a steel structural component, 89 

FBG sensors have been also applied to detect steel corrosion for bare and coated steel 90 

structures [25-27].  91 

Although the FBG sensors have been used as a tool to monitor the structural perfor- 92 

mance and damages, as an FBG sensor belongs to a category of local point sensors, most 93 

of the research used FBG sensors to detect one single measure of structural performance 94 

or damage. However, structures may not only suffer from corrosion, but also have dam- 95 

ages induced by accumulation of local stresses as various natural factors such as wind, 96 

snow, and moving loads may introduce extreme loads to structures.  97 

Recent investigations have shown that the interaction of loading and corrosion could 98 

mutually promote damages induced by each other, which may pose threats to the health 99 
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condition and safety of structures. Accelerated corrosion results from previous research 100 

[28] indicated that the compressive load level could simultaneously influence the corro- 101 

sion rate of steel bar and the corrosive cracking behavior of reinforced concrete. Through 102 

the evaluation of the deflections of RC beams under load and accelerated corrosion, it was 103 

noticed that during the initial stage of corrosion, the deflections of beams increased sig- 104 

nificantly due to the flexural tension and the expansive stresses caused by corrosion prod- 105 

ucts, resulting in crack propagations on the tension sides of beams [29]. In addition, re- 106 

searchers found out that both the corrosion of reinforcements and the cyclic loading obvi- 107 

ously reduced the bond properties of concrete structures [30]. Severe corrosion led to sig- 108 

nificant degradation of the bond during the first five cycles, corrosion process was weak- 109 

ened with loading, and the corrosion of rebars under compression was more severe than 110 

that under tension [31].  111 

However, to date, there is yet real-time monitoring of the interaction between corro- 112 

sion and load induced damages on steel structures. In this paper, systematic experimental 113 

studies were performed to investigate such interactive influences between steel corrosion 114 

and static loads on epoxy coated steel using FBG sensors. Periodic temporary static loads 115 

were applied every six days on the coated steel substrates which were immersed in 3.5% 116 

NaCl solutions for accelerated corrosion. The interactions between the loads and corrosion 117 

were investigated by data mining the patterns of the recorded center wavelength changes 118 

of the FBG sensors. 119 

2. Theoretic Analysis 120 

2.1. Sensing principles 121 

A typical single-mode optical fiber is composed of fused silica core and cladding. An 122 

FBG sensor is manufactured by engraving periodic Bragg gratings in an optical fiber. 123 

When the incident light passes through the gratings, light waves with a specific Bragg 124 

wavelength (𝜆𝐵) is reflected, while the rest of light waves is transmitted. The value of 125 

Bragg wavelength (𝜆𝐵) of a FBG sensor can be determined using the effective refractive 126 

index (𝑛𝑒𝑓𝑓) of the fiber and the Bragg grating period (𝛬) [24, 33, 34]as: 127 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓 ∙ 𝛬 (1) 

The effective refractive index of a particular FBG sensor is a constant, while the fiber 128 

Bragg grating period is sensitive to temperature and strain changes [35]: 129 

𝛥𝜆 = 𝜆𝐵[(1 − 𝑃𝑒) ∙ 𝜀𝑐 + (𝛼 + 𝜉)𝛥𝑇] (2) 

where 𝛥𝜆 is the Bragg wavelength shift; Pe is the photo elastic coefficient of the fiber; 𝜀𝑐 130 

is the strain change along the grating direction; 𝛼 and 𝜉 are the thermo expansion coef- 131 

ficient and the thermo-optic coefficient of the fiber, respectively; and ΔT is the change of 132 

external temperature. If the temperature is unchanged or compensated using a FBG sensor 133 

that is nearby and free of strain change, Eq. (2) can be rewritten as: 134 

𝛥𝜆 = 𝜆𝐵(1 − 𝑃𝑒) ∙ 𝜀𝑐 (3) 

Strain changes along the grating can be determined by measuring the wavelength 135 

shift of a FBG sensor. The strain changes can be induced by mechanical loads, corrosion, 136 

and other effects. 137 

2.2. Calibration of FBG sensors 138 

In this study, the FBG sensors were attached to steel specimens using a two-part 139 

epoxy. The epoxy served as adhesive and provided protection for the optical fiber. The 140 

strain sensitivity of the FBG sensor embedded in epoxy was calibrated through tension 141 

tests to eliminate the strain transfer effect [36-38] on the strain measurement results. The 142 

strain transfer ratio (𝑘) is expressed as [39]: 143 
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𝑘 =
𝜀𝑐
𝜀1

 (4) 

where ε1 is the strain in the steel plate, and εc is the strain measured from the FBG sensor. 144 

The test was performed using an MTS loading machine under tension as shown in 145 

Fig. 1(a). The strain in the steel plate was evaluated using an extensometer, and the strain 146 

in the FBG sensor was simultaneously measured using an interrogator (model: National 147 

Instrument NI PXIe-1071) as shown in Fig. 1(b). The sampling rate of the interrogator and 148 

MST machine were 10 Hz. 149 

 

 

(a) (b) 
Fig. 1 Calibration of strain transfer ratio: (a) tensile test setup, and (b) FBG interrogator. 150 
Fig. 2 shows the tensile test data. The strains in the steel plate and the FBG sensor 151 

were approximately proportional. The slope of the curve represents the strain transfer 152 

ratio, which is 0.39 according to linear regression. The coefficient of determination of the 153 

linear regression analysis was 0.99. 154 

 155 
Fig. 2 Calibration results of the strain transfer ratio of the adopted FBG sensors. 156 

2.3. Measuring the depth of pitted corrosion 157 

Corrosion of a local spot where the protective coating of steel is damaged is catego- 158 

rized as pitted corrosion. Previous studies [40-46] assumed that the corrosion products of 159 

pitted corrosion mainly accumulate within a small area in the vertical direction. The shape 160 

of pitted corrosion is considered as the hemispherical hole, as shown in Fig. 3(a). The 161 

depth of pitted corrosion (𝑑) can be used to characterize the severity of corrosion [47]: 162 

𝑑 =
1.2∆

(𝑐 − 1)
 (5) 

where ∆ is the upward displacement of coating induced by pitted corrosion, and 𝑐 is the 163 

volume ratio between the corrosion product and the original steel [47]. 164 
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(a) (b) 
Fig. 3 Schematic illustration of pitted corrosion effect on the deformation of the epoxy coating 165 

(a) deformation under only corrosion, and (b) deformation under loading and corrosion. 166 
If a mechanical load is applied to the location where corrosion occurs, the epoxy on 167 

top of the corrosion will be subjected to two types of forces, with one caused by the me- 168 

chanical load and the other one induced by the expansion from the corrosion products, 169 

which can be simplified as concentrated loads (𝐹1) and (𝐹𝑐) as shown in Fig. 4(a), respec- 170 

tively. As the corrosion products lift up a small area of epoxy, debonding of epoxy coating 171 

would occur along the width of the corrosion. Since all other areas other than the corrosion 172 

width remain bonded to the substrate [47], the debonded epoxy can be simplified as a 173 

fixed beam, which is subjected to both uplifting force induced by corrosion products (𝐹𝑐) 174 

and downward external mechanical load (𝐹1) as shown in Fig. 4(a). In other words, the 175 

FBG sensor measures the strains in the epoxy that is subjected to a combination of me- 176 

chanical loads and corrosion effect. 177 

 
 

(a) (b) 
Fig. 4. Illustration of the beam model used to mimic the combined effect of corrosion and ex- 178 

ternal load on the epoxy instrumented with a FBG sensor: (a) illustration of the beam model, and 179 
(b) illustration of the deformation. 180 

In practical application of steel structures, comparing the large span of steel compo- 181 

nents, the deformation induced from external loads or corrosion is considered small. Thus, 182 

the dimension along steel surfaces generally remains curveless, from which it is assumed 183 

that in the deformation of the epoxy with FBG sensor under mechanical loading and cor- 184 

rosion can be simplified to be a triangular shape as shown in Fig. 4(b). When there is only 185 

external load, it can be assumed that the original length of the fixed beam model, 𝐿0, is 186 

the diameter of the external load. The displacement at the middle span is expressed as: 187 

∆=
1

2
√𝐿2 − 𝐿0

2  (6) 

where 𝐿0 is the original length of the beam model, and 𝐿 is the deformed length of the 188 

beam model. 189 

The strains in the embedded FBG sensor is expressed as: 190 

𝐿 − 𝐿0
𝐿0

= 𝜀𝑐 (7) 

Substituting Eq. (7) into Eq. (6), the maximum deformation of the epoxy can be ex- 191 

pressed as: 192 

∆=
1

2
𝐿0 ∙ √𝜀𝑐 ∙ (𝜀𝑐 + 2) (8) 



Sensors 2022, 22, x FOR PEER REVIEW 6 of 16 
 

 

With Eq. (3), (5), and (8), the depth of pitted corrosion (d) can be determined based 193 

on the wavelength shift of the FBG sensor: 194 

𝑑 =
0.6𝐿0
(𝑐 − 1)

∙ √𝛼∆𝜆 ∙ (𝛼∆𝜆 + 2) (9) 

where 𝛼 =
1

𝜆𝐵(1−𝑃𝑒)
. 195 

2.4. Measuring the width of pitted corrosion 196 

With the progress of corrosion and the vertical accumulation of pitted corrosion 197 

products, the FBG sensor is gradually lifted. Meanwhile, with the external load on top of 198 

the corrosion products, the debonded length of the epoxy coating, which is defined as the 199 

width of pitted corrosion, 𝑤𝑐, continuously changes. Before extensive corrosion and un- 200 

der the vertical external load, the corrosion product is compacted into a thin film. Thus, 201 

the contact length of the external load and epoxy coating, 𝐿0, can be considered equal to 202 

the initial debonded length, 𝑤𝑐, as shown in Fig. 3(b). As seen in Fig. 3(b), a larger width 203 

of pitted corrosion indicates a larger corrosion product diffusion area and a larger corro- 204 

sion area. Thus, the width of pitted corrosion can be used to evaluate the corrosion sever- 205 

ity and the interaction between external load and corrosion. Based on the fixed end beam 206 

model, the maximum deflection of the beam can be more accurately estimated as: 207 

∆=
𝐹𝑤𝑐

3

384𝐸𝐼
 (10) 

where 𝐹 = 𝐹𝑙 − 𝐹𝑐, 𝐸 is the elastic modulus, and 𝐼 is the moment of inertia. 208 

Integrating Eq. (10) and Eq. (3) into Eq. (8), the relationship between the Bragg wave- 209 

length change and the loading contact length is expressed as: 210 

1

2
𝐿0 ∙ √𝛼∆𝜆 ∙ (𝛼∆𝜆 + 2) =

𝐹𝑤𝑐
3

384𝐸𝐼
 (11) 

where 𝛼 =
1

𝜆𝐵(1−𝑃𝑒)
.Based on the loading only condition, by monitoring the Bragg wave- 211 

length changes under different conditions, the corresponding width of corrosion, 𝑤𝑐 can 212 

be obtained: 213 

𝑤𝑐
3

𝐿0
3 =

√𝛼∆𝜆 ∙ (𝛼∆𝜆 + 2)

√𝛼∆𝜆0 ∙ (𝛼∆𝜆𝑙 + 2)
 (12) 

where 𝛥𝜆0 is the Bragg wavelength change under the loading only. If 𝐹1 ≫ 𝐹𝑐, it can be 214 

assumed that 𝐹 = 𝐹𝑙 − 𝐹𝑐 ≈ 𝐹𝑙. So, the width of the corrosion can be approximated as: 215 

𝑤𝑐 = √
∆𝜆 ∙ (𝛼∆𝜆 + 2)

∆𝜆𝑙 ∙ (𝛼∆𝜆𝑙 + 2)

6

∙ 𝐿0. (13) 

Therefore, by monitoring the Bragg wavelength changes, both the corrosion depth 216 

(𝑑) and the width (𝑤𝑐) can be measured to investigate the interaction between damages 217 

induced by external temporary loading and corrosion. 218 

3. Experimental Program 219 

To test the interaction between steel corrosion and static loads induced damages, cor- 220 

rosion and periodic static loads need to be applied simultaneously. However, before ap- 221 

plying simultaneous corrosion and loads, separate loading and corrosion tests are also 222 

needed to understand how the coated steel behave under each of the conditions. Thus, 223 

one control test of loading only, and one control test of corrosion only was first conducted 224 

to compare with multiple tests with simultaneous loading and corrosion to investigate the 225 

interaction of loading and corrosion. 226 
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3.1. Materials and dimensions 227 

In all the experiments, epoxy coated steel plates were used as testing substrate. FBG 228 

sensors were embedded inside the epoxy coating at the central axis of the steel plate as 229 

shown in Fig. 5. A36 structural steel was used as the material of steel plates and their 230 

dimensions were 6.75 in. × 6.75 in. × 0.125 in . Epoxy resin (Duralco 4461) was used as the 231 

protective coating. The FBG sensors (os1100) manufactured by LUNA were used and the 232 

properties of the used FBG sensors are listed in Table 1 (provided by manufacture). The 233 

same FBG interrogator as in Fig. 1(b) was used to collect the Bragg wavelength changes. 234 

 235 
Fig. 5 An example embedded FBG sensor. 236 

 237 

Table 1 Properties of the FBG sensors. 238 

FBG length 10 mm 

Strain limit 5,000 με 

Strain sensitivity ~ 1.2 pm/με 

Operating temperature range -40 to 120 ℃ 

Fiber coating Polyimide 

Fiber re-coating diameter 145 – 165 μm 

3.2. Loading-only tests 239 

3.2.1. Test set-up 240 

In this paper, concentrated load was applied on top of the embedded FBG sensor to 241 

investigate the loading effects. To create a loading mechanics, the steel plate was elevated 242 

away from a perforated stainless-steel table using four stainless-steel bolts and nuts (di- 243 

ameter of ½ in.) as shown in Figs. 6(a, b). The distance between the center of two bolts was 244 

set to be 6 in. as seen in Fig. 4. Then the concentrated loads were applied at the center of 245 

the steel plate through a simple point load frame as shown in Figs. 6(a, b). A stainless-steel 246 

bar with a diameter of 0.75 in. was welded to a stainless-steel plate with a size of 6 in. × 6 247 

in. × 0.125 in. to provide the point contact between the loads and the coated testing steel 248 

plate samples. Discrete accumulated weights were placed on top of the stainless-steel 249 

plate to generate the static loads. To be statistically valid, three identical specimens were 250 

tested in the loading-only tests in addition to a fourth specimen for temperature compen- 251 

sation. The samples for loading-only tests were labeled as L1, L2, L3 for loading tests and 252 

LT for temperature compensation. 253 

  

(a) (b) 

Fig. 6 Test set-up of loading experiment: (a) schematic view, and (b) a photo. 254 

3.2.2. Determination of the static loading levels 255 
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To actually determine the loading levels to be applied on the loading frame as shown 256 

in Fig. 6(b) for inducing noticeable stress or damages on the epoxy coated steel plate, a 257 

calibration test was conducted to set up relationship between the strains on the FBG sen- 258 

sor and the static loads on top of the steel plate. Fig. 7 shows the test setup. The same test 259 

sample as shown in Fig. 6 was used to perform the calibration test. Instead of using dis- 260 

crete loads, an MTS loading machine was used to apply a gradually increase compression 261 

load on top of a ¾ in. diameter steel rod. During the calibration test, the same sampling 262 

rate of 10 Hz was used for both the FBG interrogator and MTS machine. Fig. 8 shows the 263 

result of compression test, indicating that a linear correlation between the obtained strains 264 

(𝜇𝜀) from the FBG sensor and the load (N). 265 

 266 
Fig. 7 Compression test setup. 267 

 268 
Fig. 8 Results from the loading calibration test. 269 
Since corrosion on epoxy coated steel is a very slow process, corrosion is unlikely to 270 

induce sudden shifts of Bragg wavelength for the FBG sensors. On the other hand, loading 271 

on the FBG sensors will induce sudden significant amount of Bragg wavelength shifts. To 272 

have noticeable changes in the Bragg wavelength changes induced by loading during the 273 

further combined loading-corrosion tests, a 20 pm of Bragg wavelength change induced 274 

by a discrete load level was selected to have a more obvious observation. According to 275 

Eq. (3), a Bragg wavelength shift of 20pm is corresponding to a strain level of approxi- 276 

mately 20 𝜇𝜀 in the axial direction of the FBG sensor. From Fig. 8, it can be seen that a 20 277 

𝜇𝜀 of strain changes in the axial direction of the FBG sensor required a load increase of 30 278 

N. Therefore, the discrete weight level to be placed on top of the steel plate was selected 279 

to be 30 N. 280 

To investigate the impacts of loads on steel corrosion, a five-level loading and un- 281 

loading test was designed using each load level of 30 N. To produce such a static load 282 

level, two steel plates with the size of 6 in. × 6 in. ×6 in. were fabricated and used as weight 283 

for 30N, as shown in Fig. 5(b). Thus, for the five-level loading and unloading tests, a total 284 

of 10 such steel plates were prepared. For each static weight level, a load duration of 2 min 285 

was used to ensure a stable load. Table 2 lists the static load values (N) and the corre- 286 

sponding theoretical expected strain levels (𝜇𝜀) of the five-level loading test. 287 
 288 
Table 2 Load values and corresponding theoretical strain levels of the five-level loading test. 289 

Load level Load value (N) Expected strain value (𝜇𝜀) 

1st 30 20 

2nd 60 40 

3rd 90 60 
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4th 120 80 

5th 150 100 

3.3. Corrosion-only tests 290 

Corrosion-only tests were also set up to investigate how the epoxy coated steel be- 291 

have under the corrosion only environments. To create a corrosion environment on the 292 

epoxy coated steel plates, PVC pipes with a diameter of 4 in. were attached on the surfaces 293 

of epoxy coated steel plate specimens using epoxy adhesive as shown in Fig. 9(a). After 294 

the adhesive was fully cured, PVC pipes were filled with 3.5wt% NaCl solution to simu- 295 

late an accelerate corrosive environment. To be statistically valid, four identical specimens 296 

were tested at the same time, one of which was used for temperature compensation with- 297 

out loading and corrosion. The samples for corrosion-only tests were labeled as C1, C2, 298 

C3 and CT (CT was used for temperature compensation). Since epoxy coating has great 299 

corrosion protection if no defects or damages on the epoxy coatings [48], it would take too 300 

long for the corrosion tests if no pre-fabricated damages on the epoxy coating. Thus, to 301 

accelerate the corrosion process, one artificial crack with a length of 1 in. was introduced 302 

to the epoxy coating using a micro-grinder. The artificial crack was located 0.5 in. away 303 

from the FBG sensor on each steel plate sample as shown in Fig 9(b). In this paper, the 304 

corrosion tests were conducted for up to 120 days. 305 

  

(a) (b) 
Fig. 9 Experimental setup for corrosion-only tests: (a) corrosion-only test setup, and (b) intro- 306 

ducing artifical cracks on epoxy coating for accelrated localized corrosion. 307 

3.4. Combined loading-corrosion tests 308 

To investigate the interaction between load and corrosion induced damages, com- 309 

bined loading-corrosion tests were also conducted. Fig. 10 shows the designed test setup 310 

for the combined loading-corrosion tests. The corrosion test was firstly set up following 311 

the same setup as in Section 3.3. During the corrosion process, there was one cycle of static 312 

loading applied to the samples every six days following the loading test setup as in Section 313 

3.2. Thus, during the 120 days of corrosion testing, there were 20 cycles of interactive load- 314 

ing tests performed on each test sample. Table 3 provides the schedule of interactive load- 315 

ing & corrosion tests. The same samples which previously performed loading tests, L1, 316 

L2, and L3 were used to conduct the combined loading-corrosion tests renamed B1, B2, 317 

and B3. With temperature compensation samples for each test, all the experimental results 318 

and analysis in next section are presented after compensating temperature effects. 319 

 320 
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Fig. 10 Experimental setup for combined loading-corrosion tests 321 
 322 
Table 3 Schedule of interactive loading & corrosion tests 323 

Time (days) Test Operation 

0 Corrosion test start 

4 1st cycle of loading test  

10 2nd cycle of loading test  

16 3rd cycle of loading test 

22 4th cycle loading test 

… … 

120 20th cycle of loading test 

120 Corrosion test end 

4. Experimental Results 324 

4.1. Loading-only tests 325 

Fig. 11 shows the Bragg wavelength shifts of three testing samples during the five- 326 

level loading and unloading tests. As each test sample were tested three times, Fig. 11 327 

shows the average wavelength shifts for each sample. From the figure, it is noted that the 328 

wavelength changes of all three samples yielded stepwise wavelength changes. The total 329 

wavelength shifts of L1, L2 and L3 exceeded 100 pm and reached the expected wavelength 330 

variation ranges as expected in Table 1, with 180 pm, 210 pm and 110 pm, respectively. 331 

The variations of differences in strain sensitivity for the three samples were accounted for 332 

the variance of FBG sensor location during loading and maybe slight bending of FBG sen- 333 

sors existed during samples manufacturing. During the loading interval of 2 minutes, 334 

Sample L1 and Sample L2 showed noticeable increases in wavelength, which may be in- 335 

duced by the inelasticity of epoxy coatings. Longer time interval may be needed for stable 336 

loading/unloading strains. Since this study focuses on the interaction between loading 337 

and corrosion, these temporal fluctuations would not impact the analysis results. Fig. 11 338 

will be used as control test results to compare with the combined loading-corrosion tests. 339 

 340 
Fig. 11 Results of the Bragg wavelength shifts of the samples in the loading and unloading 341 

tests. 342 

4.2. Corrosion-only tests 343 

Fig. 12 shows the wavelength changes obtained from the corrosion-only tests. With 344 

the recorded Bragg wavelength changes, the corrosion rate of each sample can be esti- 345 

mated using [26]: 346 

𝐶𝑅 = 𝛾 ∙
𝑑∆𝜆

𝑑𝑡
 (14) 

where, 𝛾 is the sensitivity of the sensor to the rate of metal corrosion. Based on Eq. (14), 347 

Table 4 lists the estimated corrosion rate of each sample. The corrosion rate of the three 348 
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epoxy-coated steel plate samples with prefabricated crack ranging from 0.28 to 1.13 349 

μm/year. 350 

 351 
Fig. 12 Experimental results from corrosion-only tests. 352 

 353 

Table 4 Corrosion rates of three samples. 354 

Sample No. 
Corrosion rate for corrosion-only conditions 

(μm/year) 

C1 1.13 

C2 0.52 

C3 0.28 

4.3. Combined loading-corrosion tests 355 

Fig. 13 shows the monitored Bragg wavelength shifts of the three tested samples dur- 356 

ing the entire combined loading-corrosion tests including the gradual changes caused by 357 

corrosion and the sudden changes induced by the loading and unloading cycles. Figs. 358 

14(a, b, c) show the visual inspection of the three tested samples at the end of the combined 359 

loading-corrosion tests. From Fig. 13, it can be seen that the changing trends of B1 and B3 360 

were basically the same with similar wavelength shifts, indicating that they had experi- 361 

enced similar extent of corrosion. However, B2 showed a different trend. This different 362 

trend of B2 was because the rod to holding the weights for static loading was accidental 363 

tipped over during the 1st loading cycle. This accident may have caused premature delam- 364 

ination between the epoxy and the substrate, which may accelerate the development of 365 

corrosion and made the corrosion more serious than B1 and B3, which has been illustrated 366 

in Fig. 14(b) that the epoxy coating of B2 had delaminated and a large amount of brown- 367 

red corrosion products were generated at end of the test. With the premature delamina- 368 

tion, sudden significant amount of wavelength increases was noticed during and after the 369 

6th and the 13th loading cycles, indicating that the loading may have further induced cracks 370 

which accelerated corrosion. At around 2000 hours, the corrosion rate (CR) of B2 was es- 371 

timated to be 39.04 µm/year according to Eq. (14), which is close to the corrosion rate of 372 

39.26 µm/year for bare A36 structural steel with corrosion cracks from the previous Tafel 373 

test [26]. It indicated that the steel under the epoxy coating had been severely corroded 374 

with the existences of cracks. 375 



Sensors 2022, 22, x FOR PEER REVIEW 12 of 16 
 

 

 376 
Fig. 13 Wavelength shifts of the three tested samples under combined loading-corrosion tests. 377 

   

(a) (b) (c) 
Fig. 14 Visual inspections of the three tested samples under combined loading-corrosion tests 378 

at the end of the experiments: (a) B1, (b) B2, and (c) B3. 379 
Fig. 15 compares the Bragg wavelength shifts of the three tested samples under cor- 380 

rosion-only and under combined loading-corrosion tests and Table 4 compares the aver- 381 

age corrosion rate of the corresponding tested samples under these two testing conditions. 382 

The results show that external temporary load had promoted corrosion significantly com- 383 

pared to corrosion-only condition. Specifically, Fig. 15 and Table 5 indicate that depend- 384 

ing on the condition of the epoxy coating, if delamination exists in the coating, external 385 

temporary load can induce severe corrosion up to 12 times higher at the end compared to 386 

no external loads and the interactive damages induced by interaction between corrosion 387 

and loads can occur in a relatively short period of time within one week (168 hours) after 388 

the first loading cycle. 389 

   

(a) (b) (c) 
Fig. 15 Comparison of recorded Bragg wavelength changes between corrosion-only and com- 390 

bined loading-corrosion tests: (a) B1 versus C1, (b) B2 versus C2, and (b) B3 versus C3. 391 
 392 
Table 5 Measured average corrosion rates of the tested samples. 393 

Samples 

Corrosion-only average 

corrosion rate 

(µm/year) 

Combined loading- 

corrosion average 

corrosion rate 

(µm/year)  

Percentage of corrosion 

rate increase (%) 

1 1.13 1.63 44.3% 

2 0.52 6.80 1207.7% 

3 0.28 1.72 514.3% 
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5. Discussions 394 

5.1. Corrosion depth severity ratio 395 

To investigate the influence of external temporary loading on the corrosion severity, 396 

based on the corrosion depth, d, as in Eq. (5), in this paper, a corrosion depth severity ratio 397 

(Rd) is defined as: 398 

𝑅𝑑 = 𝑑0/𝑑1 (15) 

in which, d0 is the depth of corrosion with corrosion only and d1 is the depth of corrosion 399 

with combined corrosion with external temporary loading cycles. With an expectation 400 

that external loads would increase corrosion depth, the corrosion severity ratio is expected 401 

to be smaller than 1 and a smaller corrosion depth severity ratio indicates higher impact 402 

of external temporary loading cycles on the corrosion progressing. 403 
Figs. 16(a, b, c) show the estimated corrosion depths, d0 and d1, and Fig. 16 (d) illus- 404 

trates the corrosion depth severity ratio, Rd , for all the three tested samples. It is noted 405 
that for all three samples, the external temporary loading cycles had significantly in- 406 
creased the corrosion depths for all three tested samples. Clear abrupt changes in Fig. 16 407 
(b) after Loading No. 5, 14, and 15 indicate that significant and sudden development of 408 
pitting corrosion occurred after these loading cycles. Fig. 16(d) clearly indicates that after 409 
three loading cycles, all three samples had promoted corrosion severity compared to be- 410 
fore three loading cycles. The corrosion severity can approach to zero if coating delami- 411 
nation exists. In addition, since C1-B1 and C2-B2 had showed delamination in the epoxy 412 
coating, loading had a more pronounced effect on the corrosion development at the be- 413 
ginning of corrosion. 414 

  

(a) (b) 

  

(c) (d) 
Fig. 16 Comparison corrosion depth severity ratio: (a) Sample B1-C1, (b) Sample B2-C2, (c) 415 

Sample B3-C3, and (d) Corrosion depth severity with impact from external temporary loads. 416 

5.2. Corrosion width severity ratio 417 

According to Eq. (13) and the monitored Bragg wavelength changes in Fig. (15), Figs. 418 

17(a, b, c) show the changes of corrosion width severity ratio, which is defined as dividing 419 

the actual corrosion width (𝑤𝑐) by the initial assumed corrosion width (L0), under the com- 420 

bined loading-corrosion tests of the three tested samples with five different loading levels. 421 

As the original width of corrosion is unknown, in this study, the original width of the 422 
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corrosion (𝐿0) is assumed to be the diameter of the external load which equals to 0.75 in. 423 

(diameter of the loading rod) in this experiment. As the actual corrosion width usually is 424 

less than the diameter of the external load (0.75 in.), the corrosion width severity is ex- 425 

pected to be a value of less than 1.0. The accumulation of corrosion products under FBG 426 

sensors induce an upward lift leading to the increase of the corrosion width, and as the 427 

corrosion grows more severer, the length the corrosion width is expected to be compara- 428 

ble and even larger than the external load diameter. Thus, the corrosion width ratio is 429 

expected to increase back to 1.0 or higher as the corrosion continuously grows. From Figs. 430 

17(a-c), it can be seen that the envelopes of the corrosion width ratio (marked with dashed 431 

lines) after five-level loading of the three samples all decreased first and then increased, 432 

which validated the assumptions mentioned above. Among the three samples, the corro- 433 

sion width ratio of B2 was restored to be 1.0, indicating that the corrosion width of B2 434 

grew to be equal or larger than the diameter of the external load (0.75 in.) at the end of the 435 

experiment. In addition, because of the compacting effect of external loads on the corro- 436 

sion products, most of the contact length also reduced first and then increased again dur- 437 

ing each loading test from level 1 to level 5. Overall, by comparing the corrosion width 438 

ratio of different samples after all the loading tests, it was found that B2 has the largest 439 

corrosion width followed by B1 and B3, which is consistent with the findings in Sections 440 

4 and 5.1. 441 

   

(a) (b) (c) 
Fig. 17 Changes of corrosion width severity ratio (𝑤𝑐/𝐿0) under the combined loading-corro- 442 

sion tests: (a) Sample B1, (b) Sample B2, and (c) Sample B3. 443 

6. Conclusions 444 

Experimental results proved that the FBG sensors were able to accurately monitor 445 

corrosion and the significant interactions between corrosion and external loads in real 446 

time. The most remarkable findings in this paper are listed below: 447 

1. The wavelength changes among different samples were compared. It was found that 448 

delamination of the epoxy coating would significantly accelerate corrosion in epoxy 449 

coated steel and increase the contribution of external loads on impacting corrosion. 450 

2. The comparison between the wavelength changes under corrosion-only and com- 451 

bined loading-corrosion tests and the corrosion depth analysis indicated that tempo- 452 

rary external loading can significantly accelerate corrosion up to 12 times compared 453 

to no external loading, especially in the condition when the coating was delaminated. 454 

3. With combined external temporary loading and corrosion, the corrosion width ratio 455 

first decreased and then increased indicating a more sever corrosion, which was in- 456 

duced by the expansion of corrosion products and the compacting of loose corrosion 457 

products under external loading. 458 

The current studies were conducted in laboratory environments which may limited 459 

the effects of loading on corrosion. In the future, further study will be performed to assess 460 

the long-term interaction of corrosion and static loads in practical applications. 461 
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