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ABSTRACT

Steel is widely used as building material for large-scale structures, such as oil and gas
pipelines, due to its high strength-to-weight ratio. However, corrosion attack has been long
recognized as one of the major reasons of steel pipeline degradation and brings great threat to
safety in normal operation of structure. To mitigate the corrosion attacks, coatings are generally
applied to protect steel pipelines against corrosion and improve durability of the associated
structures for longer service life. Although have higher corrosion resistance, coated pipelines will
still get corroded in a long run, as coatings may subject to damages such as cracks. Cracks on
coatings could lower the effectiveness of protection for associated structures. Timely updates of
up-to-date corrosion rate, corrosion location, and coating conditions to the pipeline risk
management model and prompt repairs on these damaged coatings would significantly improve
the reliability of protected structures against deterioration and failure. In this study, a corrosion
risk analysis system is developed to detect and locate the corrosion induced coating cracks on
coated steel using embedded fiber Bragg grating (FBG) sensors. The coatings investigated
include high velocity oxygen fuel (HVOF) thermal sprayed Al-Bronze coating, wire arc sprayed
Al-Zn coating, and soft coating. Theoretical models of corrosion risk assessment system were
carried out followed by systematic laboratory experiments, which shows that the developed
system can quantitatively detect corrosion rate, corrosion propagations, and accurately locate the
cracks initialized in the coating in real time. This real-time corrosion information can be
integrated into pipeline risk management model to optimize the corrosion related risk analysis
for resource allocation. To place the sensing units of the system in the most needed locations
along the huge pipeline systems for an effective corrosion risk assessment, an example case

study is conducted in this study to show how to locate the most critical sensor placement
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locations along the pipeline using worst case oil and gas discharge analysis. Further applications
of the developed system can be integrated with pipeline management system for better

maintenance resource allocations.

v



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my advisor, Dr. Ying Huang. She was
always there, willing to help and provide guidance, not only on research, but also in daily life,
during my graduate study at North Dakota State University. It was such a privilege and great
time working with her. I believe everyone had worked with Dr. Ying Huang had felt the same.

Thanks to Dr. Fardad Azarmi, my co-advisor. He never hesitated to provide help when I
encountered problems in my research. He not only shared lots of knowledge with me, but also
provided great working environment and advanced laboratory to help me achieve the completion
of this dissertation.

Appreciation was also extended to members of the advisory committee, Dr. Zhibin Lin,
Dr. Yechun Wang, and Dr. Simone Ludwig for their great advices and valuable time in
reviewing the dissertation. Their comments and questions had made this dissertation a better one.

I also appreciated the assistant from my colleagues and friends during my graduate study,
includes but not limited to Dr. Zhiming Zhang, Mr. Xiao Liang, Mr. Dawei Zhang, Mr. Leonard
Chia, Mr. Xingyu Wang, and Mr. Avik Sarkar. They cheered me up when I was in a down time
during my research. And I learned a lot from them and came up with a great number of new
ideas in the discussion with them.

In the end, the author would like to express special thanks to my parents and Miss. Jie

Long for their patience, encouragement, and support.



DEDICATION
This dissertation is dedicated to my father who taught me how to keep curious and supported me

unwaveringly in twenty-seven years and eleven months.

vi



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt et e et e ittt e et e et et e eab e nae e e b il
ACKNOWLEDGEMENTS ...ttt ettt ettt ettt e sbee et e st eaeas A%
DEDICATION ...ttt ettt ettt et ettt e ae e et e st e bt e et e e sateenbeeenbeeneteenneas vi
LIST OF TABLES ...ttt ettt et ettt e b e et sat e et e et e e eaeas X
LIST OF FIGURES ...ttt ettt ettt ettt et e s e s Xi
LIST OF ABBREVIATIONS ...ttt ettt ettt et XV
1. INTRODUCTION ...ttt ettt ettt et ettt ettt e st e e bt e e steessteebeesnneens 1
1.1, BaCK@IOUNA.....ooiiiiiiiie et e e et e e et e e e et e e e ennaeeeas 2
1.2, LIterature REVIEW .....ccouuiiiiiiiiiiieeiiiteei ettt ettt ettt e 4
L.2.1. SOt COAINES ....uvtiieeeiiiiee ettt ettt e e ettt e e e ettt e e e et eeeenbbeeeeenbteeeeensbeeeeennees 4
1.2.2. HATd COALINES ... vveeeeeiiiiee ettt ettt e e ettt e e ettt e e ettt e e e ettt eeeesnabeeeeensbeeeeenseeeesennees 6
1.2.3. Corrosion Risk Assessment TOOIS........coocuueiriiiiriiiiiiiiiiieceee e 8

1.3, Problem StatemMeENtS........coviuieiriiiiiiiieeiiee ettt 13
1.4, ReSCAICh ODJECTIVES ..eeeiuiiiiieieiiiiie ettt ettt e e e ettt e e e et e e e ettt e e e enseeeeeennees 14

2. CORROSION ASSESSMENT SYSTEM DESIGN FOR COATED PIPELINES ................. 16
2.1, CorroSION PriNCIPLe....cceeiiiiiiieiiiiie ettt et e e e ibaee e e e nbaee e e e 16
2.2. Operational Principle of Fiber Bragg Grating Sensor............ccccveeviiiieeeniiiiieeeeiiiee e 17
2.3. FBG Sensor Embedment in COatings. .......cccuuriieiiiiiieeiiiiiee ettt e e eieee e e 19
2.4. 1D Corrosion Assessment Using Embedded FBG Sensors...........coccveeeeeiiiiieeniiieeeennnee, 22
2.5, SUITIMIATY ...ttteeeeeeeeiee ettt e e e e ettt e e e e e ettt e e e eeeeeaaeebb et e e eeeeeesansbbbaeeeeeeeeeannnabaaeeeeeeeas 26
3. EXPERIMENTAL VALIDATION FOR CORROSION ASSESSMENT..........ccceevviiiinnnn. 27
3.1. Corrosion Rate Measurement Using Electrochemical Approach ............cccccoeviieiennninn.. 27
3.1.1. Tafel Test Results of HVOF Thermal Sprayed Al-Bronze Coated Sample................ 30
3.1.2. Tafel Test Result of Wire Arc Sprayed Al-Zn Coated Sample...........ccceeeeviiiieeennnne. 31

vil



3.1.3. Tafel Test Result of Bare Steel Plate Sample .............coooviiiiiiiiiiiiiiiiiieeeeee e 32

3. 1.4, DISCUSSIONS ....eeeuiiieeiiieeeittee ettt ettt e ettt e ettt e sttt e e sttt e sttt e s bt eeebteeebteeenbbeeesabeeesabeeenanee 33
3.2. Corrosion Performance Evaluation of HVOF Thermal Sprayed Al-Bronze Coating........ 34
3.2.1. EXperimental SETUP........ccooiiiiiiiiiiiieeeiieie ettt e e e et e e e 34
3.2.2. DISCUSSION «..eieniiieeiiteeeitt ettt ettt ettt ettt e sttt e sttt e et e e ettt e e bbe e e nbaeeesabeeesabeeenanee 38
3.3. Corrosion Performance Evaluation in Wire Arc Sprayed Al-Zn Coating.............ccuuee... 43
3.3.1. EXperimental SETUP.......cccoiuiiiiiiiiiiiie ettt et et e e e 43
3.3.2. DISCUSSION «..eieniiieeiitee ettt ettt ettt ettt e sttt e sttt e ettt e ettt e e bt e e nbbeeenebeeesabeeenanee 47
3.4. Corrosion Performance Evaluation in Soft Coating.............ccccceevriiieiiiiiiiieiiiiee e 48
3.4.1. EXperimental SETUP........ccoiiiiiiiiiiiee ettt et e e et e e e 48
3.4.2. DISCUSSION «..eieniiieeiitee ettt ettt ettt e sat e sttt e sttt e st e e ettt e e bbe e e nbbeeesabeeesabeeenaaee 53
3.5. Corrosion Performance Evaluation of HVOF Thermal Sprayed Al-Bronze Coating
ON PIPE SAMPIES...coiniiiiiiiiiiiiie et et e e et e e et e e e e sntbee e e ennbaeaeenns 55
3.5.1. EXperimental SETUP........ccooiiiiiiiiiiiiie ettt ettt e e 55
3.5.2. DISCUSSION «..eieniiieeiiieeeitt ettt ettt ettt ettt e eab e sttt e ettt e ettt e ettt e e nbbeeensbeeesabeeesaaee 56
3.6. Comparison Between Electrochemical Methods and the FBG Sensors...........ccocceeevueeenn. 57
3.7 SUINIMATY ..eeeeiieeieiiie ettt e e e e ettt e e e e e e bbbttt eeeeeesaaaatbb b et eeeeeesaannsnbtneeeaeeeeas 59
4. TWO DIMENSIONAL CORROSION LOCATION IDENTIFICATION ......cccccevuievieeninennn 61
4.1. Plate Theory for 2D Corrosion Localization ............cccevvieiriiiiiiiieiniieeniecenieceeeeeeen 61
4.2. Transfer Function from Numerical AnalysiS........cccceeeviiiiiiiriiiiiiieniiiee e 64
4.2.1. Numerical Analysis RESULILS ........ccccuuiiiiiiiiiiieiiiie e 67
4.2.2. Corrosion Localization AIOrithm...........cccooviiiiiiiiiiiiiiiiee e 73
4.3. Proof-of-concept Experiments and Data AnalysiS........c.ccccevvveirnieiiniiiinieeenieeeniieenen, 77
4.3.1. Experimental Setup and Results...........coccoiiiiiiiiiiiiiiiiiiie e 77
4.3.2. Experimental RESUILS .........cooouiiiiiiiiiiiieiiee e 79
4.3.3. Corrosion Location Identification .............cccocueeiniiiiiiiiiniiceniceeceeceeee e 80



A4, SUITIMATY ....etteieeeeeeiiieie et e e e e e ettt e e e e e e ettt et e e e e e e s ettt e e e eeeeeeaaasbbbbeeeeeeeeeaannnnbaeaeeeeeeas 85

5. SYSTEM PLACEMENT OPTIMIZATION - EXAMPLE CASE STUDY .....coevviiiiiinn. 86
5.1. Worst Case Oil/Gas Discharge Method ............ccccooiiiiiiiiiiiiiii e 86
5.1.1. Worst Case Oil/Gas Discharge Volume Calculation............cccoccveeeerniiiiieenniiieeenee. 86
5.1.2. DeteCtion TIME ....ceevuuiieiiiiiiiiee ittt ettt ettt e e e s e e 88
5.1.3. RESPONSE TIIME ...eiiieiiiiiieeiiiiie ettt e ettt e ettt e e ettt e e et e e e e bt e e e ennteeeeennes 89

5.2. EXample Case StUAY ........eoiiiiiiiiiieiiie et 90
5.2.1. Commercial Detection SYSTEM........ccceiiuiiiieeiiiiieeeiiiiee ettt e e e e ee e e 91
5.2.2. The Developed Corrosion Assessment SYSteM..........ueeeeruiieeerniiiieeeeniiieeeeriieee e 95

5.3 SUIMNIMATY ..ttt e ettt e e e e e ettt e e e e e s e sttt ee et eeeeeeeansabbaeaeaeeeeas 96
6. CONCLUSIONS AND FUTURE WORK ....cccuctiiiiiiiiiieiiieie e 98
REFERENCES ... .ottt ettt ettt ettt et et e st e st e ebeesnneens 101

X



LIST OF TABLES

Table Page
1. Summary of existing corrosion measurement Methods. ............cceevveiiniiiiniiiiniieennieene 13
2. TeSt SAMPLE MALIIX. .eueviiieeiiiiiie e ettt e ettt e ettt e e ettt e e e e sbteeeeesabteeeeesabteeeesnsbeeeeennsaeeaeanns 27

3. Parameters used for corrosion rate calculation in HVOF thermal sprayed
Al-Bronze coated SAMPIE. .......cceiiuiiiiiiiiiiiee et et e e aeeea e 31

4. Parameters used for corrosion rate calculation in wire arc sprayed Al-Zn

COALEA SAMPIL. .oeeiiiiieeeiiiie ettt ettt e e ettt e e ettt e e e e s ab e e e e esnnbeeeeennbtaeeeennneeeans 32
5. Parameters used for corrosion rate calculation in bare steel plate sample......................... 33
6. Corrosion rate of tested wire arc sprayed Al-Zn coated samples. .........c.ceccuvveeeeniiierennnnee. 48
7. Corrosion rate after the crack was manually made to soft coating samples. ..................... 54

8. Corrosion rate of tested HVOF thermal sprayed Al-Bronze coated pipe
3101 o) (<SPPSR 57

9. Comparison of corrosion rate testing result between electrochemical

approach and FBG Sensor approach. ..........c.ceeevuiieiiieiiiiieiniieeiieesieceree e 59
10. Configuration of the circle plate FEM model.............cccooviiiiiiiiiniiiiniiiiiicceeee 66
11. Configuration of the rectangular and ellipse plate models............ccccevieiiniiiiniieeniieennnn. 70
12. Normal detection time for on-site leak detection SYStem. ...........cceeevvuieeieriiiieeerniieeeenns 89



LIST OF FIGURES

Figure Page
1. Total cost of pipeline significant incident in US dollars from 1998 to 2017........cccceeenneee. 1
2. A typical electrochemical measurement teSting SETUP. .......veeeeeririieerniiiiieeeiiieeeeeiieee e 9
3. A typical electrochemical measurement result..............cccceiiiiiiiiiiniiiiineeieee e 10
4. The Structure of @ Typical FBG SeNSOT. ......ccccuuiiiiiiiiiiiiiiiiie et 17
5. Bragg wavelength shift of reflected light when strain is applied on FBG sensor. ............. 18
6. FBG sensor packaging process and testing HVOF thermal spraying...........ccccccevvveennee. 21
7. Monitored Bragg wavelength changes during thermal spraying coating process. ............. 22
8. Cross-section of cOrrosion asseSSMENt SYSLEIMN. ........eeeerurrireeriiriireeriiieeeeiiieeeeenneeeeeeenees 22
9. Simple supported DEam SYSLEIM. .....ccceuuiireiiiiiieeeeiiieeeeretee ettt e et e et e e e sbaeee e 23
10. A typical Tafel plot @raph. ........c..ooiiiiiiiii e 28
11. Sketched electrochemical cOrrosion teSt SEt-UP. .........ccerruuiireeriiiieeeriiiieeeeiieeeeeieeee e 30
12. Experimental setup for electrochemical tests. ...........cooeviiiiiiiiiiiiiiiiiiiee e, 30
13. Tafel plot measurement result of HVOF thermal sprayed Al-Bronze

COALEA SAMPIL.....eeiieniiiiie ettt ettt e e ettt e e ettt e e e eatbteeeenabbeeeeeansaaeeeennbeeaeanns 31
14. Tafel plot measurement result of wire arc sprayed Al-Zn coated sample........................ 32
15. Tafel plot measurement result of Bare Steel Plate Sample. ..........cccooviviiniiiniiiniiennn. 33
16. Corrosion test set-up for hard coated sample plates. ..........coeeeviiiiiiiiiiiiiiiiiieeeeieeeee 35
17. Bragg wavelength changes of embedded FBG sensors before temperature

COTMPEIISALION. ...tteeeniiiieeeeitteeeeaitteeeeattteeeeantteeeeaannsteeeaansseeaeeanssaeesennsseeeesansseeaeannsseeaeanns 35
18. Bragg wavelength changes of embedded FBG sensors after temperature

COTMPEIISALION. ...tteeeeiitieeeeitteeeesitteeeeattteeeeansteeeeeannsseeesanssseaseanssseesennsseeeesansseeasannsseeaeanns 36
19. Visual inspection of Sample #1. ......coooiiiiiiiiiiiie e 36
20. Visual inspection of SAmpPIe #2. .......coouiiiiiiiiiiiie et 37
21. Visual inspection of Sample #3. ......cooiiiiiiiiiiie e 37
22. Visual inspection of SAmple #4. .......ooouiiiiiiiiiiie e 37
23. Visual inspection of SAmple #5. .....ccoiiiiiiiiiiiiie e 37

X1



24. Multi-phase phenomenological corrosion time model............cccovueiiniiiiniiiiniicennieennn 38
25. Bragg wavelength change vs time of Sample #1, #2, and #5.........cccooiiiniiiiniiiinicnnn 39
26. Bragg wavelength change of Sample #3 with no corrosion happened on top

of sensor during the siX-day COITOSION tEST........eeiiiiuiiireiiiiiieeeiiiieeeeieee et e e ee e 41
27. Bragg wavelength change of Sample #4 during the six-day corrosion test. .................... 42
28. Three coated samples with FBG sensor embedded before accelerated

COTTOSION TESE...eeeueiieiiiieeiti ettt ettt ettt ettt e et e e bt e e sabeeessbeeenabeeesabeeesabaeesaaaeeaas 44
29. Sample attached With PVC PIPE. ...oooeiiiiiiiiiiiiiiii et 44
30. Corrosion testing setup for wire arc sprayed Al-Zn coating. ..........cccceeeeveieeeeeniieeeennnne. 44
31. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn

coating before eliminating temperature effect.............cccoeeiiiiiiiiiiiiini 45
32. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn

coating after eliminating temperature effect.............ccovveiiniiiniiiinii 45
33. Visual inspection result for Sample #A1, #A2, and #A3. ....ccciiiiiiiiiiiiee e 46
34. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn

coating with linear increase part marked.............oooouiiiiiiiiiiiiiii 47
35. Corrosion monitoring system performance experiment for samples with

SOTE COALIIIES. 1. uvtieeeeiiiie ettt ettt e ettt e e e ettt e e e ettt e e e ntbaeeeennbbeeeeesnsseeassnnseeaeanns 49
36. Bragg wavelength of embedded FBG sensors with soft coating before

eliminating temperature effect. ..........ooouiiiiiiiiiiiee e 50
37. Bragg wavelength of embedded FBG sensors with soft coating after

eliminating temperature effect. ..........ooouiiiiiiiiiiie e 50
38. Visual Inspection of Sample #S1, #S2, and #S3........coooiiiiiiiiiiii e 52
39. Bragg wavelength change of Sample #S1.........ooooiiiiiiiiiiiiii e 53
40. Bragg wavelength of embedded FBG sensors with soft coating with partial

ENIATZEIMENL. .....eiiiiiiiiiiee et e ettt e e ettt e e ettt e e e e atbeeeeeanbbeeeeennbeeaeanns 54
41. Pipe sample preparation and COAtING PrOCESS. .....ceruvrreeerririreeeriiiieeeeiiireeeesireeeeenraeeaeanns 55
42. Corrosion testing setup for HVOF thermal sprayed Al-Bronze coated pipe

3101 o) (<SPPSR PPRRUSPPPPRR 56
43. Bragg wavelength change vs time of Sample #P1 and #P2. ..........cccoooiiiniiiiniiiniee 56
44. Bragg wavelength change curve of Sample #P1 and #P2 with linear part

INIEASUTE. ..o eeeee ettt e et e e e e e e et e e e e et e e e e ee e e e e eaaeeeeeaaeeeeeaaeeeeenaas 57



45.
46.
47.
48.
49.
50.

51.
52.

53.
54.

55.
56.

57.
58.
59.
60.
61.
62.

63.
64.
65.

66.
67.
68.

Corrosion plate theory demonstration. .............eeeereviieeeriiiiee e e e e 62
A three-sensor network demonstration. ............c.eeeviieeriieerrieeeniee e 64
Simulation model with sensor at fixed location. ..........ccocceeeriiiiiniiiiniiiinicce 65
Simulation model with corrosion at fixed location.............ccocceeeeviiiiniiiiniiiiniiciece 66
FEM model of the proposed plate theory using ANSYS. ....cccooiiiiiiiiiieiiiiieeeeieee e 67
Simulation results of the proposed plate model (a) X-direction strain,

(b) Y-direction strain, (c) strain intensity, and (d) Z-direction displacement. ................. 68
Simulation model of circle shape plate with irregulated edges for defects...................... 69
Simulation result of circle plate with irregular edges model (a) X-direction

strain, (b) Y-direction strain, (c) strain intensity, (d) Z-direction displacement. ............. 70
Simulation model of rectangular shape plate. ...........ccccoeiiiiiiiiiiini e 71
Simulation result of rectangular plate model (a) X-direction strain,

(b) Y-direction strain, (c) strain intensity, (d) Z-direction displacement......................... 71
Simulation model of ellipse shape plate............cccceieiiiiiiiiiiiiiiie e 72
Simulation result of ellipse plate model (a) X-direction strain,

(b) Y-direction strain, (c) strain intensity, (d) Z-direction displacement......................... 72
An example for method of exhaustion in corrosion location detection. ...........ccoceeenneee. 74
Method of exhaustion in corrosion location detection iteration. ............ccceveveeereueeenueeenne 76
Steel pipe sample preparation for corrosion location detection.............ccevcueeerueeeriuneennnn 78
Experiment set-up for corrosion location detection...............ceecuvieeeeniiiiireeniiieeeniiiieeens 78
Coating crack location on StEel PIPe. ......cceeviuuiiieeiiiiiieeiiieee e 79
Bragg wavelength change curve of steel pipe sample with crack making

tIME MATKEA ...t 80
Corrosion INAUCEd StrAIN MAP. .......eeeeiiiiiieeiiiiiee et te e et ee e e et eeeeebeeeeeesibaeeeeernneeeaeanns 81
Steel pipe with definition of SUDATEas. ...........ceeviiiiiiiiiiiiii e 81
Bragg wavelength change curve of steel pipe sample with successful

COrrosion 10Cation dEtECHION ......ccccueiiiiiiiiiiiiiiiie ettt 82
Corrosion location deteCtion INPULS. .........ceeruueieerriiiieeeriiiieeeeieieeeerieeeeeesereeeeeeebeeeaeenes 83
Denoised Bragg wavelength change curve inputs. ...........ccceevviiiiiiiiiiiieeeiiiee e 83
Bragg wavelength change curve segments and the strain ratios.........cc.cccceveeeeriieennneen. 84

Xiii



69.
70.
71.
72.
73.

74.
75.

76.

Visual inspection result for the steel pipe sample at 60th day............ccceeeviiiiieiniinnen. 84
Estimated detection time for different leak level............cccociiniiiiniiniee &9
Pipeline elevation Profile............cccuiiiiiiiiiiiiiiiie e e 90
Leaking flow rate vs. first derivative of discharge volume...............ccoocieiniiiniiinnne. 92
Lake-crossing pipeline system water energy equation demonstration at

station and a random 10CALION. .........coovuiiiiiiiiiiiiie e 93
Pin-hole size 1eak 0N @ PIPE. ..cceeiiiiiiiiiiiiiie e 93
Maximum possible leakage before the valves' closure at different leaking

hole $1Z€ and 10CALION. ........uiiiiiiiiiiiiiei e 94
Best locations to for sensor placement. ............eeieiiiiiiieiiiiiie e 95

Xiv



LIST OF ABBREVIATIONS

ID e One Dimensional

2D Two Dimensional

BLPE o, Three-Layer-Polyurethane

CFR ..o, Code of Federal Regulations

DOF . Degree of Freedom.

EIS o Electrochemical Impedance Spectroscopy
FBE . Fusion-Bonded Epoxy

FBG. oo Fiber Bragg Grating.

FEM oo, Finite Element Model.

GDP i Gross Domestic Product

HVOF ... High Velocity Oxygen Fuel.

NPS Nominal Pipe Size

PHMSA ..o Pipeline Hazardous Material Safety Administration

XV



1. INTRODUCTION
As the most vital media of transporting oil and gas in the industry, pipeline systems were
located in every state in the US. For those pipelines across villages or rivers, oil and gas spill
could be a huge disaster for local community and environment [1-8]. In a statistic result from
Pipeline Hazardous Material Safety Administration (PHMSA) shown in Figure 1, it could be
seen that several serious pipeline incidents could results in a cost up to hundreds of millions of

dollars.

PHMSA Pipeline Incidents: Total Cost (1998-2017)
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Figure 1. Total cost of pipeline significant incident in US dollars from 1998 to 2017.

Other than the direct financial burden for both pipeline operators and related parties, the
environment impact brought by the pipeline incident could be huge, too. In 2013, an oil spill of
about 840,000 gallons (also known as Tesoro spill) was occurred on 6-inch diameter pipeline in
North Dakota state, near the city of Tioga. It took about five years for liable parties to clean up
the spill. More than 1.4 million tons of dirt was excavated and the total cost for this disaster was
estimated to be 93 million dollars. Large amount of farm land was damaged, and the health of
local people was put in threat in this spill. In 2016, a gasoline leakage of about 350,000 gallons
occurred on Colonial Pipeline in Alabama State. Six states near the leakage location declared

states of emergency and people were evacuated. This accident also caused gas shortage in



southeast United States. All these spill or leakage accident had emphasized the need of safety in
pipeline operation.

As known, steel is very popularly used as building material for pipelines, especially
transmission pipelines, since it has high strength-to-weight ratio. However, for steel, a well-
known problem is corrosion, which is one of the major threats to safety of steel pipelines [1, 4,
9]. According to the pipeline incidents statistics collected from PHMSA in recent 20 years,
nearly 18.2% of the incident was reported as caused by corrosion. Besides, the deterioration
brought by corrosion may also cause pipeline more vulnerable to other types of pipeline failures
such as buckling and cracks. So, to ensure the pipeline system operation safety, a comprehensive
corrosion mitigation plan should be derived.

Application of coatings on steel is recognized as an effective approach to mitigate
corrosion on pipelines, however, coated pipelines would still corrode in a long run and the
corrosion damages on coatings are hard to detect and analyze. Corrosion stress cracks on
coatings, specifically, could introduce accelerations on coated steel pipelines which may concern
the pipeline safety, resulting in a need for a corrosion risk assessment system. Thus, this chapter
will have a detail introduction on the background, motivation, and literature review on the needs
of the development of proposed corrosion risk assessment system.

1.1. Background

When transporting massive amount of fluid, liquid, or gas, pipeline has great amount of
advantages over other types of transportation methods in aspects of efficiency, cost, operation
risk, environment, etc.[10]. In 2015, nearly 71% of energy transportation in United States was
done by pipeline, and a total of more than 2.5 million miles of petroleum and natural gas pipeline

were in operation[11]. With phenomenally increased demand for natural gas in recent years,



more natural gas pipeline will be constructed in the near future. As one of the most popular
structure materials, steel is widely used in large-scale infrastructures including pipeline.
Compared with other type of traditional building materials, steel is more reliable against several
severe situations, such as earthquake, tornado, or explosions, considering its higher strength-to-
weight ratio and ductility [12-15]. With recent development of production techniques in steel
industry, the cost of steel components was reduced, and the environmental-friendliness was
greatly improved, bringing a steady growth in attention in steel as a cost-effective building
material choice for pipelines[16, 17].

However, steel components are vulnerable to corrosion attack [4, 5, 18-21]. Corrosion
happens naturally when structure steel meets with water and oxygen concurrently. The corrosion
reaction consists of a sequence of sub-reactions, ended in consuming steel as well as producing
rust. Corrosion 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
[4, 5]. Corrosion happens in reinforced concrete pipeline components also had been categorized
as one of the most critical type of degradation [22, 23]. Not only because the corrosion reduces
load capacity of steel bars in concrete, but also rust has much less density so that the enormously
increased volume leads to severe cracks in concrete, resulted in unexpected component failure.
Therefore, corrosion significantly impacts the reliability and safety of pipeline and might cause
catastrophic impacts on both human and environment occasionally if not properly mitigated.
According to a report in 2002 [24], the corrosion related failure and corrosion management direct
cost was 7 billion USD in gas and liquid pipeline. Considering the rapidly increased oil and gas

industry in recent 10 years, the corrosion related cost could become relatively large. Based on



this report, the newest estimation for corrosion cost in 2016 had been updated to be 1.1 trillion
USD, which accounts for about 6% of the gross domestic product (GDP) of United States.
1.2. Literature Review

To mitigate the corrosion on steel pipelines, coatings are widely applied [1, 4, 5].
Coatings including soft and hard coatings serve as barriers between the steel and outer corrosive
environmental, which had shown magnificent performance in corrosion mitigation. However, as
every structure, coatings could fail under certain conditions such as external impacts, abrasions,
biology attacks, water scouring, etc. When the coatings failed, the underlying structure would be
exposed to corrosive environmental and subjected to corrosion attacks. To ensure the proper
functionality of coatings, multiple types of non-destructive testing techniques can also be applied
to verify the performance of coatings as well as to predict service life [25-35].
1.2.1. Soft Coatings

The corrosion of a metal is an electrochemical process. Although there are various factors
controlling the process of corrosion, including the physical and chemical properties of metal, the
roughness of metal 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 [5,

25]:

2H,0 + 0, + 4e” = 40H" (1)
When coatings isolate the metal substrate from both water and oxygen, the
electrochemical process shown above would not be able to start at substrate. Based on the

surface hardness of coatings, coatings could be categorized as soft coating or hard coating.



Coatings with low surface hardness were categorized as soft coatings. Soft coatings
predominantly are composed of carbon compounds, which mostly are chemical inert to corrosive
environment to metals. The earliest available soft coating is coal-tar coatings [36]. Coal tar was
discovered in 1665 and not widely used as a type of corrosion mitigation methods in structures
until 1910s, when the difficulties in odor and liquidity had been addressed by numerous efforts
put on mixing coal tar with various additives [37-39]. Coal tar coatings were very consistent and
had the possibility to permanently protect substrate against corrosion if properly maintained.
However, coal tar coatings could cause serious environmental damage and general public health
problems, and the coating process might also bring health problem to coating workers [40, 41].
In addition, pipelines with coal tar coatings were in general not properly maintained in a long
run, resulting in an overall service life of only five to ten years [42].

For a safer soft coating, polyurethane coating was developed and became an acceptable
alternative to coal tar based coatings around 1980s [43-46]. Later in 1990s, since field experience
demonstrated that service life of polyurethane coatings generally couldn’t satisfy the
expectations of long-term uses, coatings of thicker layers had been developed to fulfill durability
demands. Polychloroprene coating, Fusion-Bonded Epoxy (FBE) coating and Three-Layer-
Polyurethane (3LPE) coating are several widely-used thick layer soft coatings [47-50]. But thick
layer soft coatings had some trade-offs such as high cost and more complicated coating process,
and thin layer soft coating would be more easily to delaminate from substrate inducing more risk
[51-53]; resulting in an increasing need to find the balance between coating thickness and

durability.



1.2.2. Hard Coatings

To improve the roughness of the applied coatings, hard coatings are also investigated to
protect pipelines from corrosion. Hard coatings generally compose of metal particles with higher
corrosion resistance and higher density than substrate [54-58]. Thus, metallic hard coatings
provide wear resistance in addition to the corrosion resistance. Since metallic hard coatings
introduce various types of metals, their application brings potential galvanic corrosion problem.
Galvanic corrosion describes the situation where one metal corrodes preferentially over the other
one when they contact with each other electrically with presence of an electrolyte [4, 5]. In such
situation, the corroded metal is less corrosion resistant (or more chemically reactive), and the
reserved metal is more corrosion resistant (or less chemically reactive). In hard coating, if the
metal particles in coating is less corrosion resistant than substrate, the corrosion would first
happen on coating itself, which means the coating sacrifices itself to preserve the substrate; on
the other hand, if the metal particles in coating is more corrosion resistant than substrate, the
corrosion would first happen on the substrate, which means it requires additional corrosion
mitigation strategies against galvanic corrosion to be considered to preserve the substrate. Under
either circumstance, the application of hard coating would inevitably have trade-offs such as
higher initial cost or maintenance cost.

Many coating processes are available in applying hard coating [59], such as mechanical
bonding/cladding, physical/chemical vapor deposition, thermal spraying, hot dipping, etc.
Spraying technologies are widely used to provide pipeline wear resistance as well as corrosion
resistance due to its ability not only to apply new coatings on large area of desired substrate, but
also to repair failed coatings on-site without disturbing existing structure. Based on the different

type of spraying energy sources, the spraying technologies could be further categorized by



chemical energy spraying (such as flame spraying, high velocity oxygen fuel spraying, etc.) and
electrical energy spraying (wire arc spraying, etc.).

In flame spraying, coating material is fed into the gas produced flame; and then blown
onto the desired surface of substrate by a highly-compressed air wave. Flame spraying
technology is one of the earliest spraying techniques in 1910s [60]. It is still widely used
nowadays mainly because its low cost and convenience.

The high velocity oxygen fuel (HVOF) spraying technology uses a spraying gun mixing
oxygen and fuel in a combustion condition and generate a gas wave with a speed of more than
700 m/s and a temperature of higher than 3000 °C [61-63]. Due to the high velocity and
temperature, the HVOF spraying technology was capable of producing thick layers of coating
while maintaining low porosity, which contributes to its high corrosion and wear resistance.

The wire arc spraying technology uses two wires of desired coating material serving as
two electrodes and then moved through a spraying gun [64, 65]. Powered by an electric current,
coating materials moved in spraying gun are melted and then sprayed onto the surface of
substrate. During the spraying process, melted coating material will have a temperature of more
than 5000 °C, which create great bonding strength. Additionally, the melted coating material
only has a velocity of around 150 m/s when spraying onto substrate, so the energy consumption
of wire arc spraying technology is relatively low.

Research successes in non-metallic hard coatings such as ceramic coatings had unveil the
potential to overcome the disadvantages of metallic hard coatings while preserving the desired
high wear resistance [66-71]. However, application of ceramic coatings in large-scale

infrastructure is limited due to the high cost of coating process. Therefore, soft coatings are often



chosen to be applied together with hard coatings to mitigate the possible galvanic corrosion
attacks when wear resistance is in consideration.
1.2.3. Corrosion Risk Assessment Tools

To analyze the corrosion risk of a steel pipeline, the first priority is to assess the corrosion
condition of the pipelines. Corrosion brings several direct changes that could be used for either
destructive or non-destructive techniques such as electric potential and alternation of surface
properties. The former one is the fundamental of weight loss measurement and electrochemical
corrosion research [29, 30], and the latter is the origin of ultrasonic [26, 27, 33], acoustic
emission [72, 73], and other wave-based non-destructive corrosion detection methods [74].

For destructive corrosion assessment, there are mainly two approaches including weight
loss measurement and electrochemical measurement [29]. 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
[75, 76], 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 [77]. 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.
Electrochemical measurement, or electrochemical impedance spectroscopy (EIS), 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 [29, 30, 78]. 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. A general
electrochemical measurement test setup is shown in Figure 2, and the corresponding
measurement result is shown in Figure 3 (two test samples). A test instrument electrically
connected to sample is used for both inducing potential and measuring current on anode and
cathode sides. One test cycle on one sample only costs 30 minutes or less if only short-term
corrosion rate is desired. In addition, electrochemical measurements also could be adjusted for

long-term corrosion behavior analysis purposes [79, 80].

Figure 2. A typical electrochemical measurement testing setup.
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Figure 3. A typical electrochemical measurement result.

As seen above, both weight loss and electrochemical measurement are destructive
corrosion assessment. Though they are able to obtain corrosion rate directly, they are not suitable
for conducting corrosion assessment on an existing pipeline and could only be used to determine
the corrosion resistance of a type of metal or coating before it is placed in actual operation of a
pipeline, or the corrosiveness of the environment where pipeline is operating. In such
circumstances, several non-destructive corrosion assessment methods are used 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 in the pipeline industry. It provides of high sensitivity, accurate, and immediate
assessment for pipeline thickness [26, 27, 33]. Similar to all other waves, ultrasound echoes
when transmit from one medium to another. Thus, if there is no change in the pipeline thickness,
the intervals of ultrasonic echoes would be a static value. When corrosion occurs, the metal is

consumed, and pipeline thickness is reduced, which could be detected by the ultrasonic wave as
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the intervals of echoes would change corresponding to the change of thickness. A set of
ultrasonic measuring instruments often includes a transducer to emit ultrasonic wave, a receiver
to receive the ultrasonic wave emitted from transducer, and controller to coordinate two parts
and visualize the data. The transducer and receiver could also be combined in the same working
unit in case of that receiver is used for receiving reflected ultrasonic wave. Traditional ultrasonic
measurement methods are point-by-point measurement in natural, as it requires ultrasonic wave
perpendicularly penetrate the pipeline wall, but researches had shown potential of enlarging
measurement range when combined with guided wave methods [81, 82]. 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 pipeline
[72, 73]. 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.

Strain sensor-based corrosion assessment methods are gaining attention recently. When
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
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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 in pipeline corrosion assessment due to the

underground nature for most of the pipelines 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 pipelines. Among all fiber optic sensors, fiber
Bragg grating (FBQG) sensors are well-known for its reliability and high sensitivity. Fiber Bragg
grating (FBG) sensors in recent 15 years had received lots of attention due to their simplicity in
installation, high sensitivity and exceptional durability [83, 84].

Other than being an alternative to strain and temperature sensors, FBG sensors were
proven to have the capability to detect and locate cracks on concrete and metallic structures, if
properly cooperated with other non-destructive detection methods such as acoustic emission and
ultrasonic [34, 85, 86]. FBG sensors also had the advantages of chemical inertness because FBG
sensors do not require any metallic components, which made them outstanding choices in
corrosion monitoring system. 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 [87-90]. Relatively low cost of FBG sensors also made large-scale application
practical and thus made FBG sensors strong candidate in corrosion monitoring system [84, 91-
100]. However, to date, limited sensing technologies can monitor the corrosion due to the harsh
environment occurs on structural steels with coatings.

The advantages and disadvantages of existing corrosion measurement methods were

briefly summarized in Table 1.
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Table 1. Summary of existing corrosion measurement methods.

. . Existin
Measurement Weight Loss Electrochemical 8

Methods Measurement Measurement Non-destructive

Measurement

Fast and repeatable;
p Include results more

Advantages Accurate. Ayallable Ifor . than corrosion related
corrosion mechanism information.
research.
Time-consuming; Destructive; Human interference
Disadvantages Impractical for large Interference required,
scale. Sensitive. Relatively high cost.

1.3. Problem Statements

From the literature review above, the following findings and gaps can be identified:

1) Coatings including both soft and hard coatings can be effective corrosion mitigation
ways for steel pipelines, however, the corrosion induced coating damages are hard to
detect and may bring concerns to the pipeline safety.

2) Traditional corrosion risk assessment and detection tools for coated structures require
large amount of human interference and may not be suitable and comprehensive in all
structures, such as large-scale structures like pipeline and marine structures. In
addition, the long maintenance interval in coating makes structures vulnerable to
corrosion attack.

3) An on-site real-time continuous corrosion risk assessment system with ability to
detect corrosion status and coating crack failure will significantly increase reliability
of the coatings and the monitored structure in addition to increasing resource

allocation efficiency in corrosion mitigation.
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4) Since the pipeline is very long and in a large scale, the placement of sensing units of
the corrosion risk assessment is very challenging and to date there is no clear
guideline for the placement of the sensors.

1.4. Research Objectives
In this dissertation, to address the challenges mentioned above, the objective is to develop
a reliable on-line real-time corrosion risk analysis system for coated steel pipelines through
embedded fiber optic sensors. The proposed study will provide a new concept in corrosion risk
analysis of steel pipelines, which is expected to greatly increase the reliability of pipelines in
harsh environments, reduce the maintenance cost, and extend coverage of existing risk
management system when integrated.

Specifically, this study has five detailed objectives:

1) Select sensor feasible of performing continuous long-term data acquisition in highly
corrosive environment;

2) Develop an on-site real-time continuous corrosion risk assessment system with ability
to detect corrosion status and coating crack failure;

3) Evaluate the performance of the corrosion risk assessment system in different
combination of base metals and coating types;

4) Develop an algorithm for corrosion location and evaluate the sensitivity of corrosion
risk assessment system;

5) Explore the optimized sensing unit placement locations along the pipeline using the
worst case oil and gas discharge calculations.

Thus, the remaining dissertation is organized according as follows: in Chapter 2, the

corrosion risk analysis system design is developed for coated pipelines; in Chapter 3,

14



systematical laboratory experiments are carried out for various coated structures to validate the
developed corrosion assessment system and the experimental results are presented; in Chapter 4,
the algorithms to identify corrosion locations are studied and system sensitivity parametric study
are performed; in Chapter 5, an example case study is presented to determine the sensing unit
placement locations along the pipeline using real-world worst case oil leakage discharge
analysis; In Chapter 6, it is given the conclusions and future work, which have been

demonstrated based upon the findings from this study.
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2. CORROSION ASSESSMENT SYSTEM DESIGN FOR COATED PIPELINES

The design of a practical corrosion risk analysis system for coated pipelines, an effective
corrosion assessment needs to be in place. Based on the fundamental corrosion principle, to
assess corrosion, some physical properties of a corroded pipeline such as corrosion induced
strains in coated pipes can be measured and monitored using embedded sensors. In this chapter,
the fiber Bragg grating (FBG) sensor is introduced and designed to embedded inside the coatings
of a pipeline to assess its corrosion status, and the detail theoretic corrosion detection principle
by using FBG sensors for coated structures is discussed. Based on the real-time corrosion
assessment of the coated pipelines from the embedded FBG sensors, a corrosion risk analysis
system is designed to provide further decision-making analysis such as worst case oil and gas
leakage analysis and maintenance resources allocation.

2.1. Corrosion Principle

Corrosion as an electrochemical degradation process of a metal composes of a series of
reactions involving free electrons transfer from anode side to cathode side [5]. Metal is oxidized
in the corrosion reaction acting in anode side and provides free electrons and oxygen and water
are reduced acting in cathode side and receives free electrons. The corrosion process could be

shown as Equation (1) as shown in Chapter 1 and repeated below [5, 25].

2H,0 + 0, + 4e~ = 40H"™ (2)
Reduction reaction at cathodes introduces several material property changes of the
cathodes. For instance, when corroded, the iron gets oxidized and then dehydrated to ferrous
oxide, ferric oxide and ferro-ferric oxide, which in average have ten times occupied volume
comparing to the original iron metal, would gradually replace the original metal and expand in

volume. Thus, detecting the material volume or expansion change using sensing techniques
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throughout the corrosion process can potentially reveal the corrosion status such as corrosion rate
and weight loss of the electrochemical process of metals.
2.2. Operational Principle of Fiber Bragg Grating Sensor

In this study, FBG sensors are used to detect and assess the corrosion status and any
corrosion related damages such as crack initialization of coated pipelines. Figure 4 shows a
typical structure of an FBG sensor. It is fabricated by periodic heating of fiber core using high-
power UV laser, inducing a periodic modulation of the core refractive index. With the
modulation, if a broadband light beam is transmitted through the FBG, part of the incoming light
with certain wavelength will be reflected showing a dip in the reflected light spectrum, known as

Bragg wavelength.

Optical Fiber Cladding

Optical Fiber Core Fiber Bragg Grating

T

Figure 4. The Structure of a Typical FBG Sensor.

The Bragg wavelength (As) needs to meet the Bragg condition with effective refractive

index (nefr) and grating pitch (A), as below [35]:

Ap = 2nepp - A 3)

The effective refractive index (nefr) is determined by the transmitting media, which is
optical fiber core in the case of an FBG sensor. It does not change during its use in corrosion
detection or assessment as there is no material change related to optical fiber core. However, the
grating pitch (A) does change with length variation of FBG, whether it is caused by a

temperature raise/drop (AT) or an external tension/compression (&.). Changes in grating pitch

17



result in shifts in Bragg wavelength. From the wavelength spectrum of reflected light, a shift in

peak wavelength can be found as shown in Figure 5.

Magnitudc[ Magnitudc] —> Peak shifted
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Figure 5. Bragg wavelength shift of reflected light when strain is applied on FBG sensor.

The amount of Bragg wavelength change (A/4g) with the changes in strains and

temperatures can be calculated as below [101]:

AAg
ZZ(1—Pe)'£c+[(1_Pe)'a+€]'AT 4

where P, is the photoelastic constant of the fiber and a is the thermal expansion coefficient of the
fiber, both determined by the material of fiber.

Thus, with an additional temperature reference sensor applied, the temperature effects,
which refers to the second term in Equation (4) associated with AT, could be compensated. If the
Bragg wavelength of temperature reference sensor is Awf, then the wavelength change induced by

temperature can be described as:

AAref
=[(A=PF)-a+<]-AT (5)
Aref

Combining Equation (4) into Equation (3), the wavelength change induced by external

strain could be described as follow:

AAg iy
L -(1-P)e +
AB ¢ ¢ Aref

(6)
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If a reference sensor is selected to satisfy condition that Ao = Ag, then wavelength
change with strain effects only after compensating the temperature effects (AL = AAg — Aldyer)

can be expressed as:

AX = Ag — Adres = (1 —PB,) " A5 - &, (7)

Hence, with the measurement of Bragg wavelength change of a test sensor and a
reference sensor, the strains on an FBG sensor can be calculated directly with the linear
relationship between them (44 o« &), which can be further related to corrosion status and crack
propagation of a coated pipeline.

2.3. FBG Sensor Embedment in Coatings

From Section 2.2, it can be seen that the FBG sensors can detect strain generation and
progressing if attached to a structure surface. However, for a coated pipe, the corrosion will not
occur on the surface of the coating, but in most cases, it will occur beneath the coating. Thus, to
effectively detect and assess the corrosion on a coated pipeline, the FBG sensors need to be
embedded inside the coatings of a pipeline. For a soft coating, the FBG sensors are easy to be
embedded inside the coating through attaching the sensors on the pipeline surface and applying
soft coatings after.

However, for some hard coatings such as thermal sprayed coatings, the embedment of
FBG sensors inside the coating is very challenging. As is reviewed in Chapter 1, there were
varies of thermal spraying coating techniques used for applying coating on metal surface, such as
wire arc spraying, high velocity oxygen fuel (HVOF) thermal spraying, and plasma spraying.
Most of them involve melting metal particles, accelerating the melted metal particles to high
speed, and then hitting on the desired surface to form a condensed hard metallic coating surface

Since the FBG sensors is made by silica materials and has a very small size of 125 pm in
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diameter, it is very vulnerable to get damaged during the coating process of applying thermal
sprayed coatings when high temperature and high impact are associated.

To survive during the harsh environments of a thermal spraying coating process,
packaging method is required to protect the bare FBG sensor from damage. In this study, steel
hypodermic tubes were used to package the FBG sensors as seen in Figures 5(a) to 5(d). The
Bragg grating part of the FBG sensor was first protect by a stainless-steel hypodermic tube with
a diameter of 0.01225 inch, shown in Figure 6(a, b). This ultra-fine tube could provide enough
stiffness to prevent the core part of Bragg grating from bending failure when there was high
impact from thermal spraying. It also helps the sensor to maintain its integrity when corrosion
induced too much strain at one side, which may cause the sensor data inquisitor fail to read the
data. The fiber other than Bragg grating part was then protected by a stainless-steel hypodermic
tube with a larger diameter of 0.028 inch. This hypodermic tube was also used to provide extra
stiffness to the optic fiber to prevent it from bending failure. To make sure there is no fiber got
exposed to high temperature/high impact environment, these two types of hypodermic tubes have
an overlap of about 0.25 inch, shown in Figure 6(c, d). Overlap section of two types of tubes is
ensured by applying M-Bond 200 epoxy to prevent sliding.

The packaged FBG sensors were then attached to the surface of steel substrate using high
temperature durable adhesives before coating as shown in Figure 6(e). The adhesive used is
stainless-steel based adhesive. Comparing with other types of adhesive, this type of adhesive
provided higher temperature resistance, higher wear resistance, and higher abrasion resistance.
After FBG sensor got protected by the packaging and the adhesive, thermal spraying coating
process then could be applied on top of the sensor and desired metal surface. Since the HVOF

thermal spraying introduced the harshest environment for FBG sensor embedment, it was
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selected to test the protection effectiveness of the FBG sensor packaging. Figure 6(f) showed the

HVOF thermal spraying coating process for steel samples with embedded FBG sensors.

Figure 6. FBG sensor packaging process and testing HVOF thermal spraying.

To validate that the FBG sensor successfully survived during the coating, Figure 7 shows
the monitored center wavelength changes from the one of the embedded FBG sensor from the
coated samples in Figure 5(f). The figure shows clearly that the FBG sensors detected the
temperature changes during each round of spraying process. After six rounds of spraying, the

coating process was finished, and the FBG sensor was approved to be survived.
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Figure 7. Monitored Bragg wavelength changes during thermal spraying coating process.

2.4. 1D Corrosion Assessment Using Embedded FBG Sensors

After the FBG sensors embedded inside the coatings, to assess the corrosion, the
relationship between the FBG measurements to the corrosion needs to be established. This
section establishes the relation between the FBG measured strains to the corrosion beneath the
coating and also the resulted corrosion cracks, if any.

Figure 7 shows that when corrosion reaction occurs in the steel substrate or in the
metallic coatings, the corrosion products expand and push the coatings upward, resulting in
strain changes on the embedded FBG sensors in the coatings, as ¢, that can be monitored by the

Bragg wavelength change of the FBG sensors, as i, where ; is corrosion time step.
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Figure 8. Cross-section of corrosion assessment system.
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To simplify the analysis, since the FBG sensor is packaged using steel tubes or similar for
protection, the corrosion induced strain to the constrained FBG sensor inside coating and
adhesive if any during embedment, can be analyzed using a simply supported beam theory. Two
assumptions are made based on a typical localized corrosion [20, 102, 103]:

1) The corrosion analyzed in this study is a pitted (localized) corrosion so its corrosion
production is accumulated within a relatively small area comparing to the total span
of the packaged FBG sensor;

2) The expansion of corrosion products mainly accumulates vertically.

Therefore, as shown in Figure 9, based on the first assumption, the corrosion product

expansion can be simulated as a point load (F) induced displacement, A, in the middle of the
FBG sensor as the coating detaching away from the steel substrate due to the presence of

corrosion products and at the same time other coatings remain attaching to the steel substrate.

:E/T\Z E,I
F
/

Figure 9. Simple supported beam system.

Based on fundamental structural analysis theory, the corrosion induced strain monitored
by the embedded FBG sensor, ¢, and the displacement in the middle of the total span, 4, can be

then calculated as:

M l
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" 48EI  48EI

)
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where o is the normal stress at a distance y from the neutral surface of bending, M is the
resistance moment of the section at middle span, E is the Young’s modulus of adhesive, I is the
moment of inertia, / is the span of beam, y is half of the height of cross-section, and F is the
induced concentrated force by corrosion at the middle of total span. Let k; = ly/(2EI) and k, =
[3/(48EI). Then the relation between the center displacement (4) to that of the strain on the

embedded FBG sensor (&;) can then be expressed as:

V:k3'A:(

kok
22 g (10)
1

k

Based on the second assumption mentioned above, the total volume of corrosion
products, V, would be linear proportional to the corrosion induced center displacement on the
FBG sensor (as volume increased linearly corresponding to the increase in height), which can be

described as:

V:k3'A:(

k,k
22y g (11)
1

k
where k; is the linear scaling factor between volume of corrosion products and induced center
displacement.

As described in the definition, the corrosion rate (CR) of a metal is the derivative of the
total lost weight of metal (m) due to corrosion with respect to time (¢), and the weight is the
product of the density of metal (p) and volume (V) of the metal. When the type of metal is
determined, the density of metal and the expansion factor (k4) between volume of corrosion
products (V), and lost volume of metal due to corrosion (V’), are constants. Hence, with Equation
(11), the relationship between corrosion rate and strain monitored by the embedded FBG sensor

can be drawn as below:
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dm dv’ dV  pkyksk, de

CR=9r=Par =Pk k,  dt (12)

Combing Equation (7) ~ (12), the measured Bragg wavelength changes of the embedded
FBG sensors can then be related to the corrosion rate of the thermal sprayed coatings or the coated

subtracts as below:

kyksk dAaa dAaa
PraR3IK, —q- (13)

R=1kd-p) a dt

where CR is the corrosion rate, A/ is the Bragg wavelength change measured by the embedded
FBG sensor, and a is the sensitivity of the sensor toward corrosion rate of metals which can be
calibrated with known corrosion rate of one certain material.

With known substrate and coating material properties, known FBG embedment locations
and size of the steel pipes, the parameters, p, k4, k,, k3 , k4, A, and P. in Equation (13) can be
determined and the FBG center wavelength to corrosion rate sensitivity, o, can be estimated. In
addition, the laboratory accelerated corrosion tests also can measure the corrosion rate for a
particular material and coating, which can be used to calibrate the corrosion measurement
sensitivity of the FBG sensors. The calibrated model can then be applied to various thermal
sprayed coatings in field for corrosion monitoring of coated steel structures. More importantly,
as corrosion further develops, cracks will be initialized inside coating resulting in coating
breakages, which will release the induced constrain of FBG sensors and change the boundary
conditions of the FBG sensor for existing corrosion products. The lift-up phenomenon mentioned
above will disappear, resulting in a sudden drop in Bragg wavelength of FBG sensors, which can

be notified and used to monitor the cracks on coatings.
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2.5. Summary

In this chapter, the corrosion risk assessment system design process was demonstrated.
Started from the corrosion principle and the FBG sensor’s working principle, the interaction
between the corrosion products and corrosion risk assessment system had been discussed. The
FBG sensors were embedded and protected comprehensively in designed system. The
mathematical model had shown a positive relationship between the corrosion rate and the Bragg
wavelength change rate of embedded FBG sensors. The presence of corrosion products, which
has significantly increased volume compared with substrate material, causes FBG sensor to be
lifted, resulting in an increase in wavelength of FBG sensor. The wavelength change rate (slope
of wavelength changes curve) has a positive relationship with the production rate of corrosion

products, which directly related to the corrosion rate.
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3. EXPERIMENTAL VALIDATION FOR CORROSION ASSESSMENT

To validate the corrosion assessment system developed in Chapter 2 based on the
embedded FBG sensors in coatings for steel pipelines, in this chapter, systematic laboratory
experiments were conducted to measure corrosion rate using both electrochemical methods and
embedded FBG sensors for coated steel plates and pipe samples using different coatings such as
HVOF thermal sprayed Al-Bronze coating, wire arc Al-Zn coatings, and soft coatings. The
electrochemical method is used to test the corrosion rate for bare steel and the associated
different coatings for a reference corrosion rate to compare with the developed sensing
technology for corrosion measurements. Table 2 showed the detail test matrix for the coated
structure corrosion assessment used in this study. A total of 15 test samples were tested in this

chapter to validate the effectiveness of the developed corrosion evaluation system.

Table 2. Test sample matrix.

Substrate Coatings Electrochemical Method FBG Sensors
Bare steel Sample B Sample #5
HVOF thermal
Steel Plate sprayed Al-Bronze Sample #3 Sample #1 ~ #4
Samples coating
Wire arc Al-Zn Sample A#4 Sample A#1 ~ A#3
coating
Soft coating * Sample S#1 ~ S#3
Steel Pine HVOF thermal
P sprayed Al-Bronze * Sample P#1 ~ P#2
Samples !
coating

Note: * - Not tested.

3.1. Corrosion Rate Measurement Using Electrochemical Approach
Electrochemical method is an existing common method to measure the corrosion rate of a
metal material. Tafel test is one of the most commonly used electrochemical testing approaches

for corrosion resistance evaluation of material for short term corrosion behavior [104-107]. It has
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several advantages over traditional corrosion resistance measurement, for instances, shorter
testing cycle and easier testing setup. In this study, a Gamry Reference 600
Potentiostat/Galvanostat/ZRA was used to perform the electrochemical tests and Tafel tests were
performed to obtain the reference corrosion rates for coated samples using HVOF thermal
sprayed Al-Bronze coating, wire arc Al-Zn coatings, and bare steel samples.

Since the corrosion by nature is one type of electrochemical reaction, the corrosion rate
could be described by its reaction rate, or the electron transferring rate, i.e. the current between
anode side and cathode side. In a typical Tafel test, the testing instrument generates a range of
potential between the anode and cathode, by attached counter electrode and working electrode, to
excite the oxidation reaction on anode aside and the reduction reaction on cathode side. At the
same time, the instrument also records the current for each potential generated during this
process. As a result, two current vs. potential curves, one for the anode side and the other for
cathode side, was plotted in one graph, named as Tafel plot. Figure 10 showed a typical Tafel

plot[108].
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Figure 10. A typical Tafel plot graph.

After the Tafel plot was generated, to get the corrosion rate, the linear parts of anode and
cathode side current vs. potential curves are used to find the balance point of anode and cathode
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side chemical reaction, shown in Figure 10 as dashed line. At the balance point, the chemical
reaction could continue without external interference, which means the current at the balance
point is the corrosion rate of the testing metal. In Figure 10, the corrosion potential is Ecorr, and
the corrosion current is /corr. The larger value of corrosion current indicates a less corrosion
resistance or a larger corrosion rate, vice versa. Thus, the corrosion current can be calculated as
follow:

- Ba " Bc (14)
T 2.3Rp(Ba + Bc)

where the fa and fc are known as Tafel constants, which are the absolute value of slope of linear
part of anode and cathode side polarization curve when current axis is in log scale. R, is the
polarization resistance, which would be determined once the testing environment is settled down.
By fitting the linear part of Tafel plot graph, the Tafel constants, fa and fic, can be
determined. With the value of polarization resistance (Rp) of the material, which determined by

the material itself, and the two Tafel constants, corrosion rate can be calculated as follow:

K-EW
CR = leorr "~ (15)

where CR is corrosion rate, K is unit conversion factor, EW is the equivalent weight of tested
material, d is density of tested material, and 4 is the testing area.

Figure 11 shows the Tafel test setup and Figure 11 shows the electrochemical test setup
used in this study to measure the corrosion rate. In order to conduct electrochemical corrosion
test on sample, a PVC pipe was attached to the sample and then filled with 3.5wt% NaCl
solution to create free electron. After using epoxy to glue PVC pipe to the surface of the coated

sample, a conductive wire connected to the bottom of the sample for connecting testing
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instrument. A scan rate was set to be 0.1 mV/sec and the scan range was set to be £250 mV vs.

corrosion potential.

Floatin
Workin. Groundg
Counter, Electrode
Reference  |Electrode
Reference Bar:
IMnertl
Gamry T Faraday eta
Reference 600 L Shield PVC i
Ptentiostat/ / /_ pipe
Galvanostat/ZRA NaCl
Solution 1
Sample
with coating
Computer /

Figure 11. Sketched electrochemical corrosion test set-up.

NP

Figure 12. Experimental setup for electrochemical tests.

3.1.1. Tafel Test Results of HVOF Thermal Sprayed Al-Bronze Coated Sample

The Tafel plot of HVOF thermal sprayed Al-Bronze coated sample was shown in Figure
13. By using the linear fitting on the anode side polarization curve and cathode side polarization
curve, parameters needed for corrosion rate calculation were obtained. The corrosion rate of the
tested sample was calculated using Equation (15), and the results were listed in Table 3. The

corrosion rate of the HVOF thermal sprayed Al-Bronze is measured to be 0.5054 mil/year.
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Figure 13. Tafel plot measurement result of HVOF thermal sprayed Al-Bronze coated sample.

Table 3. Parameters used for corrosion rate calculation in HVOF thermal sprayed Al-Bronze
coated sample.

Notation Value

I.orr / Corrosion Current in A 9.5 nA =0.0000095 A
K / Unit Convert Constant 128800

Wk / Equivalent Weight in grams/equivalent | 30

D / Density in g/cm? 4.1

A / Sample area in cm? 17.715

Corrosion Rate in mil/year 0.5054

3.1.2. Tafel Test Result of Wire Arc Sprayed Al-Zn Coated Sample

The Tafel plot of wire arc sprayed Al-Zn coated sample was shown in Figure 14. By
using the linear fitting on the anode side polarization curve and cathode side polarization curve,
parameters needed for corrosion rate calculation were obtained. The corrosion rate of the tested
sample was calculated using Equation (15), and the result was listed in Table 4. Parameters used
for corrosion rate calculation in wire arc sprayed Al-Zn coated sample. The corrosion rate of the

wire arc sprayed Al-Zn coating is measured to be 0.086 mil/year.

31



1.000 A

Tafel Scan

I
|
Tafel fit result
100.0 ma | yd
| o
10.00 mA
|
1.000 mA . o )
Cathodic ‘Anodic
Current | / Current
100.0 pA AN
z |
E  10.00 pA |
1.000 pA l
’ Cathodic Anodic
4 Range Range N
100.0 nA = 4
10.00 nA
— . ?
/ Ecm 1.120V
1.000 nA
-1.400V -1.200V -1.000V -800.0 mV -500.0 mV
VT (V vs. Ref.)
-8 CURVE (2t.DTA) — Fit 1 [Tafel]

Figure 14. Tafel plot measurement result of wire arc sprayed Al-Zn coated sample.

Table 4. Parameters used for corrosion rate calculation in wire arc sprayed Al-Zn coated sample.

Notation Value

Icorr / Corrosion Current in A 0.79 pA = 0.00000079 A
K / Unit Convert Constant 128800

Wk / Equivalent Weight in grams/equivalent | 32

D / Density in g/cm3 6.9

A / Sample area in cm2 5.491

Corrosion Rate in mil/year 0.0860

3.1.3. Tafel Test Result of Bare Steel Plate Sample

The Tafel plot of wire arc sprayed Al-Zn coated sample was shown in Figure 15. Similar

to the other two samples, Tafel fit was applied to the Tafel plot to get the parameters. Corrosion

rate was calculated in Table 5. The corrosion rate of the bare steel is measured to be 1.5458

mil/year.
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Figure 15. Tafel plot measurement result of Bare Steel Plate Sample.

Table 5. Parameters used for corrosion rate calculation in bare steel plate sample.

Notation Value

I.orr / Corrosion Current in A 9.6 nA =0.0000096 A
K / Unit Convert Constant 128800

Wk / Equivalent Weight in grams/equivalent | 28

D / Density in g/cm3 7.9

A / Sample area in cm2 2.835

Corrosion Rate in mil/year 1.5458

3.1.4. Discussions

From the three Tafel test results, it was clearly that coatings could reduce the corrosion

rate comparing to the bare steel. In addition to lowering the corrosion rate, the corrosion products

of several metal, such as aluminum and zinc, would form a thin layer of firm sealing and isolate

the base material from corrosive environment, stopping corrosion progress. This phenomenon is

often known as passivation. Compared with the HVOF thermal sprayed Al-Bronze coating, wire

arc sprayed Al-Zn coating had a lower corrosion rate, mainly because the wire arc sprayed

coating had a lower porosity, and the passivation effect of aluminum and zinc. The Tafel test
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results in this section also served as a calibration base for the proposed corrosion assessment
system in the following sections.
3.2. Corrosion Performance Evaluation of HVOF Thermal Sprayed Al-Bronze Coating
With reference corrosion rate from the electrochemical tests, the corrosion performance
of the steel plates with HVOF thermal sprayed Al-Bronze coating was also assessed using the
embedded FBG sensors inside the coating through laboratory accelerated corrosion tests. Four
HVOF thermal sprayed Al-Bronze coated samples with embedded FBG sensors were tested. A36
structure steel was used as substrate.
3.2.1. Experimental Setup
To create a corrosive environment for accelerate corrosion tests in laboratory, a PVC tube
with a diameter of 2 inches was attached on top of each coated sample with embedded sensors
using heavy duty epoxy adhesive and filled with 3.5wt% sodium chloride (NaCl) solution after
the adhesive was fully cured. The experiments run for 6 days. A total of 5 samples (Sample #1 ~
#4 were coated samples and Sample #5 was uncoated sample as reference) were involved in the
test. The center wavelength changes of the samples were continuously recorded during the test
with a sampling rate of 10 Hz using data inquisitor (National Instrument PXIe-4844). Figure 16
shows the test setup. To identify the corrosion for each sample during the test, scheduled visual

inspections for all the samples were also applied at 12:00 p.m. daily and pictures were taken.
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Figure 16. Corrosion test set-up for hard coated sample plates.

Figure 17 shows the Bragg wavelength changes during the test before the temperature
compensation. After temperature elimination using Eq. (7), the Bragg wavelength changes was

shown in Figure 18.

R | p— Sample 1
G| p———"g

100H — Sample
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0 1 2 3 4 5 6

Durali(.)n (day)
Figure 17. Bragg wavelength changes of embedded FBG sensors before temperature
compensation.
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Figure 18. Bragg wavelength changes of embedded FBG sensors after temperature
compensation.

Figure 19 to Figure 23 show the visual inspection result for all of samples during the test.
From the visual inspection of all samples in Figure 19 ~ Figure 23, new corrosion products were
found in Sample #1, #2, #4, and #5; and Sample #4 was severely corroded, in which coating

cracks were observed.

(a) Day 1 (b) Day 2 (c) Day 3 (d) Day 6

Figure 19. Visual inspection of Sample #1.
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(a) Day 1 (b) Day 2 (c) Day 3 (d) Day 6

Figure 20. Visual inspection of Sample #2.

(a) Day 1 (b) Day 2 (c) Day 3 (d) Day 6

Figure 21. Visual inspection of Sample #3.

(a) Day 1 (b) Day 2
Figure 22. Visual inspection of Sample #4.
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Figure 23. Visual inspection of Sample #5.
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3.2.2. Discussion

From the visual inspection, it was observed that Sample #1, #2, and #5 were following a
similar pattern, as those three samples have newly formed pitting corrosion. Comparing the
visual inspection result with Bragg wavelength change graph, it was also observed that the Bragg
wavelength changes of Sample #1, #2, and #5 were following a 3-stage corrosion phenomenon

shown in Figure 24[20]. The Bragg wavelength changes of Sample #1, #2, and #5 were shown in

Figure 25.
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Figure 24. Multi-phase phenomenological corrosion time model.
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Figure 25. Bragg wavelength change vs time of Sample #1, #2, and #5.

The 3-stages identified from Figure 24 can be described as the following phases:

Phase 0, Short-term influences: at this phase, corrosion is activated, and corrosion
products are filling the pores between adhesive and FBG sensor. As a result, compression is
carried out to FBG sensor, causing a drop in wavelength curve.

Phase 1, High corrosion rate: Oxygen surrounded at corrosion area is consumed and more
oxygen is rapidly absorbed in water. This results in high corrosion rate. Due to the limitation of
space, corrosion products are tending to lift the embedded FBG sensors, causing an increase in
wavelength. In this case, the slope of wavelength change curve in phase 1 reflect the production
rate of corrosion products. Sample #1 and Sample #2 have lesser slope values (8.3 pm/day and
13.4 pm/day, respectively) than Sample 5 (35.19 pm/day), which indicates lower productivity of
corrosion products and thus lower corrosion rates. This result matches the fact that Sample #1
and Sample #2 have higher corrosion resistance as a result of HVOF thermal spray coating. As
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described in the multi-phase corrosion model, the corrosion is linear accumulated, and the curve
slope is assumed to be ro. There was a linear relationship between corrosion rate and the curve

slope which could be shown as follow:

CR=a-k (16)
where CR is the corrosion rate of sample, k is the wavelength change curve of sample, and « is
the gradient; as the bare steel sample tested with Tafel test in the previous section has a corrosion

rate of 1.5458 mil/year, a can be determined by calculation with data from Sample 5:

CRs  1.5458 mil/year
ks~ 35.19 pm/day

a= = 4.393 X 1072 mil - day/(pm - year)

Thus, the corrosion rate of Sample 1 and Sample 2 could also be calculated as follow:
CR;y = a-k; =4.393 x 1072 x 8.3 = 0.365 mil/year
CR, =a -k, =4393 x107% x 13.4 = 0.589 mil/year

These two values were very close to the corrosion rate of the HVOF thermal sprayed Al-
Bronze coated sample tested using Tafel test (0.5054 mil/year), which indicates the curve fitting
of monitored data have potential to serve as a candidate in corrosion rate monitoring on site.
Furthermore, Sample #1 has a lesser corrosion rate than Sample #2, indicating a better coating
quality in Sample 1.

Phase 2, Stabilized corrosion progress: Oxygen starts to diffusion through the corrosion
products to further corrode the steel. However, at this phase, oxygen diffuses slower than phase 1
so the corrosion rate is lowered, and the amount of corrosion product is in metastable. As the
corrosion products further develop and alternate and adhesive been broken through, strain caused
by corrosion products slowly evanesce, and the remaining sensor reading on wavelength change

curve is primarily remnant stress.
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Figure 26. Bragg wavelength change of Sample #3 with no corrosion happened on top of sensor
during the six-day corrosion test.

Figure 21 showed the visual inspection Sample #3 and Figure 26 showed the Bragg
wavelength change of FBG sensor embedded in Sample #3. It can be seen that even though the
two pitting corrosion existed from the beginning of the test, no additional corrosion happened
during the 6-day test on top of the sensor of Sample #3. The coating condition and corrosion
were not further developed from the day 1. And the wavelength change curve of Sample #3 was

also stabilized with no dramatic change during the 6-day accelerated corrosion test.
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Figure 27. Bragg wavelength change of Sample #4 during the six-day corrosion test.

Figure 22 showed the visual inspection Sample #4 and Figure 27 showed the Bragg
wavelength change of FBG sensor embedded in Sample #4. As stated before, a Tafel test for
obtaining the corrosion rate of the coatings was performed in Sample #4 prior to the start of
accelerated corrosion test. As a result, Sample #4 was contaminated by the Tafel test and
severely corroded during the accelerated corrosion test. From day 3, a crack on coating caused
by the corrosion can be observed, and it was continuing to grow in the next several days. A
concentrated severe corrosion in the center can be seen in day 6.

With the result of visual inspection, it can be clearly pointed out that the Sample #4 had
already passed Phase 0 and Phase 1 when the accelerated corrosion test started. The two
considerable drops in the wavelength change curve of Sample #4 indicate the occurrence of two
coating breaks (as shown in Figure 27).

The results of calculation and analysis supported the potential that the proposed corrosion

monitoring system could serve as an effective way of real-time corrosion rate monitoring on-site.
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Bragg wavelength change analysis could also be used as a strong tool in real-time coating
condition monitoring.

3.3. Corrosion Performance Evaluation in Wire Arc Sprayed Al-Zn Coating

With successful corrosion performance evaluation of the steel plates with HVOF thermal
sprayed Al-Bronze coating, wire arc sprayed Al-Zn coating was also assessed using the
embedded FBG sensors inside the coating through laboratory accelerated corrosion tests. Three
samples with wire arc sprayed Al-Zn coating were tested using the same experiment setup as for
HVOF thermal sprayed Al-Bronze coating to further evaluate the coating quality and capability
of corrosion assessment system. A36 structure steel was also used as substrate.
3.3.1. Experimental Setup

For the three wire arc sprayed Al-Zn coated samples, the coating thickness varied
between samples. As shown in Figure 28, three samples were noted as Sample #A1, #A2, and
#A3. The coatings on Sample #A1 and #A2 had thickness of 2mm, and the coating on Sample
#A3 had a thickness of 1.5mm. Before the accelerated corrosion test was conducted, PVC pipes
were also attached on top of each coated sample using heavy duty epoxy adhesive by the same
method as previous tests to keep consistency with the HVOF thermal sprayed Al-Bronze coated
samples, as shown in Figure 29. Figure 30 showed the overall setup for the accelerated corrosion
test. The accelerated corrosion test had run for two weeks, and the NaCl solution used in the test

had a concentration of 3.5wt%.
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Figure 30. Corrosion testing setup for wire arc sprayed Al-Zn coating.
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Visual inspections were scheduled daily at 12:00pm each day to spot the corrosion and
record corrosion progress. In Figure 31, data collected from embedded corrosion monitoring
system together with the data collected from the temperature compensation sensor during the
two-week period was illustrated, and the data after temperature compensation was shown in

Figure 32. Visual inspection result had been shown in Figure 33.
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Figure 31. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn coating
before eliminating temperature effect.
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Figure 32. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn coating
after eliminating temperature effect.
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Figure 33. Visual inspection result for Sample #A1, #A2, and #A3.



3.3.2. Discussion

By using the same corrosion multi-phase model in Section 3.2, the corrosion rate of
Sample #A1, #A2, and #A3 could be calculated using the linear increase part of the Bragg
wavelength change graph, as shown in Figure 34. Since the coating property had changed from

the previously performed testing, the linear proportional parameter a has to be re-calibrated.
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Figure 34. Bragg wavelength of embedded FBG sensors with wire arc sprayed Al-Zn coating
with linear increase part marked.

In Figure 34, it was observed that there were multiple spikes on curve of Sample #A1 at
range from 95 hours to 200 hours, indicating the coating structure had been severely corroded.
From the visual inspection pictures shown in Figure 33, it was also confirmed that at bottom left
corner of the sample, severe corrosion had attacked the coating, and started from day 5, the

coating delaminated from the substrate. This also caused a higher corrosion rate for Sample #A1,
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comparing with Sample #A2 and #A3. Possible reason of higher corrosion rate of Sample #A 1
might be a higher porosity of coating, or unevenly applied coating. The final corrosion rate of the
tested three samples are listed in the Table 6. The average corrosion rate of the wire arc Al-Zn
coating is 0.0859 mil/year measured from the embedded FBG sensors. The calculation results
suggested that proposed corrosion assessment system could serve as an effective way of real-

time corrosion rate monitoring on-site.

Table 6. Corrosion rate of tested wire arc sprayed Al-Zn coated samples.

Sample Number Sample #A1 Sample #A2 Sample #A3 All Sample
Average
Corrqsmn Rate 0.1132 0.077 0.0674 0,085
(mil/year)

3.4. Corrosion Performance Evaluation in Soft Coating

With successful corrosion performance evaluation of the steel plates with HVOF thermal
sprayed Al-Bronze coating and wire arc sprayed Al-Zn coating, the performance of soft coating
was also assessed using the embedded FBG sensors inside the coating through laboratory
accelerated corrosion tests. Three samples with soft coatings applied were tested. A36 structure
steel was also used as substrate.
3.4.1. Experimental Setup

Three steel plate samples with soft coating were noted as Sample #S1, #S2, and #S3. The
soft coating used in the test was epoxy (Duralco 4461). One layer of epoxy was applied on
surface of the base material as soft coating. FBG using the same packaging method was
embedded before the soft coatings were applied. After the soft coating layer was fully cured, an
PVC pipe with a diameter of 2 inch was fixed on top of the location of sensor by Loctite heavy

duty epoxy adhesive then filled with 3.5wt% NaCl solution to create corrosive environment for
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sensing area. The preparation procedure of the tested three samples were all the same. An
additional temperature compensation sample was made beside Sample #S3, and it was not filled

NaCl solution. Experiment setup has been shown in Figure 35.

Figure 35. Corrosion monitoring system performance experiment for samples with soft coatings.

Due to strong corrosion resistance of the soft coating, the accelerated corrosion
experiment run for 6142 hours (256 days) in total. The center wavelength change collected from

FBG sensors were shown in Figure 36 and Figure 37.
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Figure 36. Bragg wavelength of embedded FBG sensors with soft coating before eliminating
temperature effect.
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Figure 37. Bragg wavelength of embedded FBG sensors with soft coating after eliminating
temperature effect.
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Because of the nature of soft coating, if it was not damaged, it can isolate the substrate
from corrosive environment outside. Thus, corrosion cannot get initiated without the damage of
soft coating. It was observed that after the first 144 hours short-term effects for coatings and
sensors to be settled down, started from the 144 to 3598 hours, the center wavelength of
embedded FBG sensors of samples fluctuated near zero, except for Sample #S1, which increased
about 20 picometers. However, in practical, soft coating was vulnerable to external physical
interferences such as impact force, abrasion, and metal cutting. To simulate the corrosion
progress after 3598 hours, a cutting damage was intentionally made to the soft coating near

sensor location. The visual inspection results were shown in Figure 38.
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Figure 38. Visual Inspection of Sample #S1, #S2, and #S3.
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3.4.2. Discussion

It was observed from visual inspection that Sample #S1 had corrosion initiation before
the cutting damage was made. This contributed to the 20 picometer increase in FBG sensor’s
Bragg wavelength change of Sample #S1 started from about 1270 hours (53 days), as shown in
Figure 39. This may due to PVC pipe was attached using a different type of epoxy before the soft
coating was fully cured, causing the soft coating delaminated from the substrate. The corrosion

assessment system had successfully caught the corrosion initiation and progress.
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Figure 39. Bragg wavelength change of Sample #S1.

By taking a closer look at the Bragg wavelength change curve of the three sensors
together as seen in Figure 40, it was found that when cutting damages were intentionally made to
the soft coatings, the Bragg wavelength drop dramatically, showing a similar phenomenon to
HVOF thermal sprayed Al-Bronze coating’s crack initiation and crack propagation discussed in
Section 3.2.2. After the initial Bragg wavelength drop, it was followed by a rapid increase
similar to corrosion initiation pattern. This rapid increase suggested that once the soft coating
had been damaged, the bare steel had exposed to the corrosive 3.5wt% NaCl solution, and

corrosion started to attack the substrate.
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Figure 40. Bragg wavelength of embedded FBG sensors with soft coating with partial

enlargement.

In Figure 37 and Figure 40, it was observed that the Bragg wavelength increases were

followed by drops, and each of these drops suggested an internal crack or delamination of the

soft coating. From the visual inspection result of day 270, it can be clearly identified that large

portion of soft coating had delaminated from the substrate, and the samples were severely

corroded. Also, the corrosion rate after the crack was made were listed in the Table 7.

Table 7. Corrosion rate after the crack was manually made to soft coating samples.

Average
Sample Number Sample #S1 Sample #S2 Sample #S3 Corrosion Rate
C ion Rat
oTrosIon T 0.2377 0.1287 0.0645 0.1437
(mil/year)

The testing results confirmed that proposed corrosion assessment system could be used as

an effective way of real-time monitoring corrosion rate on-site. That it successfully detected the

coating crack or delamination suggested that the proposed system can be used as a real-time

coating condition monitoring tool.
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3.5. Corrosion Performance Evaluation of HVOF Thermal Sprayed Al-Bronze Coating on
Pipe Samples

To see if the shape of the test samples would contribute the corrosion status monitoring,
the corrosion performance with HVOF thermal sprayed Al-Bronze coating was also assessed for
pipe samples using the embedded FBG sensors inside the coating through laboratory accelerated
corrosion tests. Two A36 structural steel pipe samples were tested in order to evaluate the
performance of proposed corrosion monitoring system on pipe shape samples.
3.5.1. Experimental Setup

The pipes had a length of 4 inches, outer diameter of 2.5 inches, and thickness of 0.2
inch. After the FBG sensors were successfully embedded in pipes using the same packaging
technique as before, the Al-Bronze coating was applied using HVOF thermal spraying technique
on a rotating machine. The coating process and final product were shown in Figure 41. Two

samples were noted as Sample #P1 and #P2, respectively.

VR
Figure 41. Pipe sample preparation and coating process.

To create the corrosive environment for pipe samples, PVC pipes with larger diameters
than coated steel pipes were first attached to a plastic plate foundation using epoxy, and then the
coated steel pipes were placed inside it, also fixing with epoxy. 3.5wt% NaCl solution was filled

in between, as shown in Figure 42. The experiment had run for 15 days.
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Figure 42. Corrosion testing setup for HVOF thermal sprayed Al-Bronze coated pipe samples.
The Bragg wavelength change collected from embedded FBG sensors after temperature

compensation were shown in Figure 43. Data collecting rate is 10Hz.
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Figure 43. Bragg wavelength change vs time of Sample #P1 and #P2.
3.5.2. Discussion

By measuring the slop of the linear part of the Al-Bronze coated pipe samples, the
corrosion rate of the two tested samples can be calculated with Equation (16). The corrosion rate
of two samples were shown in Table 8.

The average corrosion rate of the two tested pipe samples was 0.5961 mil/year, which

was very close to the Tafel test result. The test results indicated that the pipe samples showed
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same results as plates and the developed system can be successfully applied to pipelines in
future. The calculation results suggested that the proposed system could be used as an effective

way of real-time corrosion rate assessment tool on-site.
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Figure 44. Bragg wavelength change curve of Sample #P1 and #P2 with linear part measured.

Table 8. Corrosion rate of tested HVOF thermal sprayed Al-Bronze coated pipe samples.

Sample Number Sample #P1 Sample #P2 Samples Average

Corrosion Rate

. 0.4529 0.7393 0.5961
(mil/year)

3.6. Comparison Between Electrochemical Methods and the FBG Sensors
Table 9 compares the corrosion rate testing results of various coatings using the
traditional electrochemical method and the embedded FBG sensors. For HVOF thermal sprayed
Al-Bronze coatings, the measured corrosion rate from electrochemical method is 0.5054 mil/year
and the average corrosion rate detected from the embedded FBG sensors is 0.5366 mil/year, with
a difference of 6.2% in between. For wire arc Al-Zn coating, the measured corrosion rate from

electrochemical method is 0.0860 mil/year and the average corrosion rate measured from the
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embedded FBG sensors is 0.0859 mil/year, with a difference less than 1.0%. The comparison
validated that the embedded FBG sensors can detect the corrosion rate accurately.

When comparing the shapes of the samples by using the HVOF thermal sprayed Al-
Bronze coating, it can be seen that for steel plate substrate, the average corrosion rate detected
from the embedded FBG sensors is 0.5366 mil/year and that for steel pipes is 0.5961 mil/year,
with a difference of around 10%. Thus, the non-flat surface of the pipeline may introduce about
10% measurement variance in estimating the corrosion rate, which is still within the allowable
range of detecting corrosion. In addition, Table 2 also indicated that the FBG sensors can not
only detect the corrosion rate of the coatings, but also monitor the coating corrosion progressing
and detect corrosion induced cracks in coatings and substrates if any.

It also can be noted from Table 2 that for metallic coatings, HVOF thermal sprayed Al-
Bronze coatings improved the corrosion resistance for more than 3 times when compared to bare
steel. The wire arc Al-Zn coatings has an improved corrosion resistance of more than 10 times
when compared to HVOF thermal sprayed Al-Bronze coatings and more than 20 times when
compared to bare steel. The wire arc Al-Zn coatings can be a very promising corrosion

mitigation metallic coating for practical application on steel pipelines.
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Table 9. Comparison of corrosion rate testing result between electrochemical approach and FBG
sensor approach.

Substrate Coatings Electrochemical Method FBG Sensors
Bare steel (Sample B) Corrosion ra'te tested: .
1.5458 mil/year
HVOF th | Corrosion rate tested:
sprayed Atl.%lrl(l)?lze Corrosion rate tested: 0.5366'm11/year -
coating (Sample #1 ~ 0.5054 mil/year Corroswp progress
#4) monitored;
Crack initiation detected.
Steel Plate Corrosion rate tested:
Samples Wire arc Al-Zn Corrosion rate tested: 0.0859'mil/year -
coating (Sample A#1 : Corrosion progress
~ A#3) 0.0860 mil/year monitored:
Crack initiation detected.
Crack initiation detected.
Soft coating (Sample * Corrosion rate after the
S#1 ~ S#3) crack tested:
0.1437 mil/year **.
HVOF thermal 0.5961 mil/year**;
Steel Pipe sprayed Al-Bronze * Corrosion progress
Samples | coating (Sample P#1 ~ monitored
P#2) Crack initiation detected.

Note: * - not tested; ** - all sample average.

3.7. Summary

In this chapter, the developed corrosion assessment system based on FBG sensors were

validated through laboratory experiments for various coatings including hard and soft coatings

by comparing with the traditional electrochemical approach. From the laboratory experimental

results, it can be seen that 1) the slope of the Bragg wavelength changes monitored from FBG

sensors can be directly related to the corrosion rate, 2) the coating failure/ cracks can be detected

by a sudden drop in the monitored Bragg wavelength changes, 3) the turning points of the

measured Bragg wavelength curve from the embedded FBG sensors indicates different phases of
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corrosion progress and the gradual Bragg wavelength changes of the FBG sensor can
qualitatively measure the growth of corrosion, 4) the comparison of the corrosion rate of HVOF
thermal sprayed Al-Bronze and wire arc Al-Zn coatings between the electrochemical method and
the developed corrosion assessment system indicated a difference less than 6%, which validated
the effectiveness of the developed system for corrosion detection, and 5) the shape of the
substrate does introduce some measurement variance within 10% when compared the steel plate
substrate with the pipe substrate. To sum up, the laboratory test results showed that the proposed
corrosion assessment system based on FBG sensors is very promising for assessing the coating

condition and corrosion state for coated pipes.
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4. TWO DIMENSIONAL CORROSION LOCATION IDENTIFICATION

In Chapters 2 and 3, the corrosion status of the steel coatings is successfully related to the
center wavelength changes of the embedded FBGs inside the coating followed by experimental
validations on various coatings. However, since the FBG sensors are point sensors, the corrosion
status of the steel coatings can only be assessed if the sensors were installed exactly at the
corrosion locations, which is an unknown location in practical applications. Thus, if the
corrosion does not occur exactly at the locations of the embedded sensors, or near the sensors,
the effectiveness of the corrosion assessment system is questionable. To solve this challenge, this
chapter develops a two dimensional (2D) sensor network with a limited number of sensors along
the way of the pipeline that would possibly identify the locations of the corrosion on the coated
pipelines. The theoretic algorithm followed by the parametric study through numerical analysis
on the developed 2D corrosion location identification system has been investigated
systematically in this chapter.

4.1. Plate Theory for 2D Corrosion Localization

When corrosion does not directly occur beneath the embedded point FBG sensor,
multiple sensors can be embedded and form a sensor network to locate the corrosion and conduct
the following risk management. However, with a sensor network which will be different from the
one dimensional problem as discussed in Chapters 2 and 3, the relationship between the sensed
strains on the point FBG sensors and corrosion would be a two dimensional (2D) problem.
Assume that the two assumptions in Section 2.4 still apply here, the corrosion induced strains on
the FBG sensors can be analyzed using a simply supported plate for a 2D problem as shown in

Figure 44.
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Figure 45. Corrosion plate theory demonstration.

Similar to the simply supported beam theory, the simply supported plate theory also treats
the corrosion as a concentrated force applied at a single point on the plate as shown in Figure 44
(right). The corrosion induced displacement A has its maximum value at the point of corrosion,
and gradually decrease along the way to the lifting edge of coating surface to zero.

Assuming a square plate, and let the radius of the plate to be 7, in order to get the strain
value at sensor location (X, yc), a differential equation should be solved as below [109, 110]:

ER3
12(1-p?)

24w a*w  9*w
D (17)

pp +2 dx7y? + ay4> =F(x,y), where D =
With the given boundary condition and the known material property (Young’s modulus

E, Poisson’s ratio p, and coating thickness /) of the coating, the strains of any given locations on

coating surface under the applied force F could be solved. As the actual boundary condition and

the external force F' are not explicitly known, and the strain has only one exact solution, the

strain value could be implicitly as in Equation (18):

Ss = f(xC!yC!r! F; E;p; h;xs;ys) (18)

The function ftook inputs of physical properties of the entire system, the corrosion
location and severity, and output the strains of an embedded sensor, so the function frepresents

the transfer function. In Equation (18), the material property, the boundary condition, and the
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sensor embedment location stay unaltered when the system is designed. The coating’s Young’s
modulus £, Poisson’s ratio p, and thickness 4, are constants as well as the sensor embedment
location (xg, y5). Thus, in Equation (18), only x,, y., and F are unknown, which are the

corrosion’s location and severity. Thus, Equation (18) can be rewritten as:

& = f(xcrya F) (19)

From Equation (19), it could be seen that the strains on embedded sensors were only
related to the corrosion location and corrosion severity. Therefore, for this 2D problem, if only
one sensor embedded providing one strain measurement, there would be three unknowns in one
equation. Since the number of unknown parameters had exceeded the number of equations, the
equation could not be solved for both the corrosion location and the corrosion severity. As a
result, if only one sensor embedded in the system, it could detect the corrosion initiation, but not
the corrosion location and corrosion severity simultaneously.

It could also be seen from Equation (19) that in order to get both the corrosion location
and severity information, a sensor network composed of multiple sensors was required. With
multiple sensor covering the same sensing area, for a single corrosion initiated within this area,
different sensors would have a different strain reading. Thus, the number of equations had
increased but the number of unknown parameters remain not changed. For instance, if there were
n sensors embedded in the area to assess the potential one single corrosion, the total number of
strain reading would be n, and so was the total number of equations, as shown below:

&1 = f1(xs, Y5, F)
&2 = f2 (-xs: s, F) (20)

Esn = fn(xsrysr F)
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There was a total of three unknowns to be solved in Equation (20), therefore, in case of
n = 3, there were enough equations to solve corrosion location and severity information for a
single corrosion. Thus, a minimum of three sensors were needed to locate and characterize the
corrosion in coatings. Figure 46 shows a potential sensor network consisting of three sensors and

a single corrosion.

Lo Substrate Plate

Figure 46. A three-sensor network demonstration.

However, without knowing the actual transfer function f; the equations would remain
unsolved. In next section, the transfer function fon the corrosion localization algorithm would be
derived through numerical analysis.

4.2. Transfer Function from Numerical Analysis

To derive the transfer function, f, between corrosion location/severity and the measured
strains from the embedded sensors, numerical analysis using the finite element model (FEM)
analysis was conducted since an analytical solution for the above mentioned differential
equations would be very complicated and time-consuming [111-113].

The numerical analysis can be performed using fixed the sensor location at the center of

the simply supported plate and altering the corrosion locations and severity. As seen in Figure
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47, if the sensor location was fixed at the center (0,0), with multiple corrosion cases at (0,1),
(1,0), (1,1), etc., the transfer function from corrosion location/severity to the measured strains
from the embedded sensors could be obtained. However, this approach would result in a large
number of cases, depending on the precision requirement. For instance, in Figure 47, if the
precision is required to be 1, and the corrosion severity between two discrete corrosion locations
had to be interpolated linearly or using curve fitting techniques. Thus, if an accurate location

detection was desired, it may require thousands of cases to meet the precision.

Corrosion5  Corrosion7 Corrosion8
(0.2) (1.2) 22

O .....

Corrosion2  Corrosion3 Corrosion6

0.1 (LY @1

® O O -

FBG Sensor Corrosionl Corrosiond
(0,0) 1,0 (2,0)

Coating Surface

Figure 47. Simulation model with sensor at fixed location.

Instead of creating multiple models that has the sensor in the middle and varies the
corrosion location to getting the strains to corrosion location/severity relation, another approach
is to fix the corrosion location as shown in Figure 48 and create a strain distribution, which can
be inversely used to get the corrosion location/intensity. Compared with the altering corrosion

location, this approach is much time efficient, which was applied in this study.
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Figure 48. Simulation model with corrosion at fixed location.

Based on Figure 48, a FEM model was set up in ANSYS as seen in Figure 49. Since it
was assumed that the coating was not de-attached from the steel substrate, the out ring of the
simply supported plate was fixed all degree of freedom (DOF) as boundary condition. The
corrosion was simulated as a 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 represent a direction point up side in Figure 49. Detailed

configuration about the FEM model was shown in Table 10.

Table 10. Configuration of the circle plate FEM model.

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
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Figure 49. FEM model of the proposed plate theory using ANSYS.

4.2.1. Numerical Analysis Results

Figure 50 (a ~ d) show the simulation results. Since the corrosion initiated at the center of
the circle plate, the results showed the maximum strain was at the center area of the plate. In X-
direction strain distribution, it was observed that the gradient of strain along the X-axis was
higher than gradient in Y-axis. The distribution of the strain intensity (showing the all directional
strain level) and Z-direction displacement were similar as seen in Figure 50(c, d).

Figures 50(a, b) also show that the distributions of X-direction strain and Y-direction
strain had a 90 degree difference. Since the FBG sensors can only measure strains in its
longitudinal direction, 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. These strain maps in Figures 50(a, b) were later used to derive the transfer

function.
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Figure 50. Simulation results of the proposed plate model (a) X-direction strain, (b) Y-direction
strain, (c) strain intensity, and (d) Z-direction displacement.

In practice, the coating might not form an exact circle under corrosion attacks. To search
for the possible differences in strain distribution between shapes, defects were also simulated
using numerical analysis as seen in Figure 51. There were in total of 6 partial circles being
substrate from the original plate model, and their radius were 0.05mm, 0.08mm, 0.06mm,
0.12mm, 0.12mm, and 0.06mm, respectively. Other modeling data of the irregular-edge plate
model was the same as the original plate model shown in Table 10. In Figure 52, it can be seen
that a non-uniform distributed coating bonding strength or defects may result in irregular edge

for the circle plate which were simulated in this study.
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Figure 51. Simulation model of circle shape plate with irregulated edges for defects.

The simulation results were shown in Figure 52. From the X-direction strain and Y-
direction strain results, it was observed that the distributions of strains in center area of irregular
edge circle plate were similar to circle shape plate (in Figure 50), and the only differences were
at edge. Other than that, because the boundary condition, their strain intensity had a 10%
difference.

The similar strain distributions in X-direction and Y-direction suggested that although the
coating bonding strength varies, by using the results from the circle shape plate, the proposed
corrosion identification system may still locate corrosion successfully. The corrosion severity,

however, may not be over-estimated or under-estimated for different defect types.

69



ANSYS| . ANSYS|
NODAL SOLUTION R18.1 NODAL SOLUTION R18.1
STEP=1 uu 5 2018 STEP=1 ocr 5 2018
5UB =1 14: 5UB =1 14:15:0
TTME-1 TTME-1
EPELX  (AVG) EPELY  (AVG)
RSYS=0 RSYS=0
DMX -28960.3 DMX -28960.3
SMN =-5538.3 SMN =-5488.14
MX =5530.3 SMX =5499.14
L —
55 8.3 -307€.83 —€15.36€ To16.1 1307.56 -5453.14 -3055.08 —€11.015 1833.05 4277.11
-4307.56 -1846.1 615,366 3076.93 5538.3 -4277.11 -1833.05 611.015 3055.08 5499.1¢
ANSYS| ANSYS|
NODAL SOLUTION R181 NODAL SOLUTION R18.1
STEP=1 ocr 5 2018 STEP=1 ocr 5 2018
sUB =1 14:15:34 sUB =1 14:16:08
TTME-1 TTME-1
EPELINT (AVG) vz (2VE)
DMX =26960.3 RSYS=0
SMN -2.22653 DMX -28960.3
SMX =5558.38 SMN =-.845881
SMX =20960.3
2.22853 123.93 2471.63 370€.33 4941.03 -.84588L €431.56 12870.8 15306.€ 25742.4
619.577 1854.28 3088.98 4323.¢68 5558.38 3217.06 9652.86 16008.7 22524.5 20960.3

(c) (d)
Figure 52. Simulation result of circle plate with irregular edges model (a) X-direction strain, (b)
Y-direction strain, (c) strain intensity, (d) Z-direction displacement.
In addition to the circle shape, rectangular and ellipse shape coating plates were also
simulated, as shown in Figure 53 and Figure 55, and their simulation results were shown in

Figure 54 and Figure 56. The dimension configuration of these two models were shown in Table

11, and other configurations were kept the same as in Table 10.

Table 11. Configuration of the rectangular and ellipse 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.)
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Figure 54. Simulation result of rectangular plate model (a) X-direction strain, (b) Y-direction
strain, (c) strain intensity, (d) Z-direction displacement.
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Figure 55. Simulation model of ellipse shape plate.
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Figure 56. Simulation result of ellipse plate model (a) X-direction strain, (b) Y-direction strain,
(c) strain intensity, (d) Z-direction displacement.
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Similar as the circle shape plate simulation results, if the corrosion initiated in the center
point of the plate, the rectangular and ellipse shape plate would have an x-direction strain and a
y-direction strain with 90 degree difference. The distributions of strain were similar to the circle

shape plate.

4.2.2. Corrosion Localization Algorithm

The four simulated cases above covered different boundary condition of proposed plate
theory. In all cases, the maximum strain value appeared at the center of the plate, which was also
the axis for both X-direction strain and Y-direction strain, and the distributions were symmetric
to X-axis and Y-axis. These symmetric distributions suggested that the FBG sensor installation
should avoid symmetric locations in order to achieve corrosion location detection. Even though
the strain value in the four cases were different, the strain distribution could be used for
corrosion location detection. Now, let’s solve the transfer function equations (Equation (20)) to
locate the corrosion using the method of exhaustion. As shown in Figure 57, if the sensing area
was divided in several subareas, and using Euclidean space to describe these subareas, for every
sensor and every possible corrosion initiated, their location could be demonstrated using the
subarea that contains them. In the specific example in Figure 57, Sensor 1, Sensor 2, and Sensor

3’s locations could be noted as (3,4), (4,1), and (6,2), respectively.
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Figure 57. An example for method of exhaustion in corrosion location detection.

Before the corrosion initiated, sensors would have similar readings close to zero. Once
the corrosion had initiated, these three sensors would have three different readings because the
strains induced by the corrosion at different location varied as mentioned in previous section.
Thus, in Figure 57, the strains measured from Sensor 1, 2, and 3 were noted as &;, &, and &3.

However, due to the fact that there is only one corrosion, &;, €,, and £; must follow one
same transfer function, using the same severity input, with different location inputs. Since the
corrosion severity was linear to strain induced by corrosion, Equation (20) can be re-written as:

& =S5 fe(Xsc1) Yse1)

&=S5" fc(xsc2:ysc2) (21)
&=S5- fc(xsc3rysc3)

where f. is the transfer function for corrosion c; x,. and y,. are the relative location for three
different sensors in regarding to corrosion c¢; and S was the linear corrosion severity factor.

Since the sensors’ locations were fixed after installation, for any possible corrosion
initiated at location (x., y.) with severity factor of 1.0, the strains at all the three sensor locations

could be calculated as:
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& =10" f(xc,yc)(xscllr Vsc1')
& =10" f(xc,yc)(xsczlr Vsc2') (22)
&=10" f(xc,yc)(xsc3’r Vsc3')

As a result, if we could calculate the strains for every possible corrosion location in the

area, and then find a match that:

_ f(xc,yc)(xscllr yscll) _ S- fc(xsclr yscl) _
B f(xc,yc)(xsc3’r Vse3') R fc(xsc3r ysc3) Bl
_ f(xc,yc)(xsczlr ysczl) _ S- fc(xscb yscz) _
B f(xc,yc)(xsc3’r Vse3') R fc(xsc3r ysc3) Bl

&/&

&1/¢3
(23)

&/&

£2/&3

then the corrosion location ¢ could be estimated at (x, y.). And the linear corrosion severity

factor could be calculated as:

S=¢&/8 (24)
In the example of Figure 57, the corrosion was initiated at (3,2), then the measured strains
that sensors were:
& =S5-1002)
& =5"f.(1,-1)
& =S5"1.(30)
As the computer program try to exhaust all possible corrosion location, it would start at
possible corrosion location (1,1), and the calculation would be:
& =10-£(23)
& =1.0-1.(3,0)

&=10-£G1)
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which definitely would not match & /&, = &; /¢, and &, /& = &,/¢&5. So, the method of
exhaustion corrosion location detection algorithm would move on to the next possible corrosion

(2,1), and calculated again, as shown in Figure 58.

AY
Sensor 1
Y
3.4
Actual
Corrosion Sensor 3
-~ | (2 (6,2)
Possible ——
Corgswn Move on Sensor 2 D
(1,1 [CN)) X
0 >

Figure 58. Method of exhaustion in corrosion location detection iteration.

Until it reached the possible corrosion location (3,2), the calculated result would be:
& =1.0-1.(0,2)
& =10-f.(1,-1
& =1.0-1.(30)
This result finally matched the actual sensors’ reading, because we had:

o 10-£02)  £(02) S £(02)
£1/& = 10-£.30) £(30) S -£(30)

10 £(L-1)  £(A,-1) S fi(1,-1)
£2/8 = 10-£.30) _ £(30) _ S £(30)

£1/&3

=&/&;

Thus, the corrosion location had been detected successfully at the current location (3,2).
For higher corrosion location detection precision requirement, the total area could be

divided into a greater number of and smaller subareas. In this case, the computing power
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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 corrosion location could be calculated once and stored. Thus, when the corrosion
detection system was running, instead of exhausting the whole area for every single sensor strain
reading, to achieve corrosion location detection only requires the comparison between the
monitored strain value ratio and stored strain value ratios, which could save huge amount of
time.
4.3. Proof-of-concept Experiments and Data Analysis

To validate the corrosion locating algorithm mentioned in last section, laboratory
experiments were conducted, and corrosion localization was performed using the developed
algorithm.
4.3.1. Experimental Setup and Results

One steel pipe with a layer of epoxy soft coating was served as test sample for the proof-
of-concept experiment. The material of sample was A36 structural steel, which was same as
previous samples. The pipe was NPS size 6 schedule 40, which had a diameter of 6.625 inches, a
thickness of 0.28 inch and a length of 10 inches. Soft coating used in this experiment was epoxy
(Duralco 4461), which was same as soft coating used in Section 3.4. Three sensors were
embedded before soft coating applied. Sensor location and the pipe sample set up were shown in

Figure 59.
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Figure 59. Steel pipe sample preparation for corrosion location detection.

The steel pipe sample was buried in sand after 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 steel pipe. The experiment setup was shown in Figure 60.

Figure 60. Experiment set-up for corrosion location detection.
The experiment run for a total of 60 days. In the 31st day, a small crack was made
intentionally near Sensor 1 on coating to accelerate the corrosion initiation, since the

deterioration rate of soft coating was slow, and the corrosion may not initiate before the damage

of soft coating. Crack location was near Sensor 1 as shown in Figure 61.

78



i
1
i | Connected to Data Inquisitor

|
|
|
L
™
\

Temperature Compensation

\ Sensor 1 Sensor 2

Crack

\

Sensor 3

Figure 61. Coating crack location on steel pipe.
4.3.2. Experimental Results

Figure 62 shows the measured Bragg wavelength changed of tested steel pipe sample
with soft coating. In Figure 62, the crack making time is marked in graph. It can be seen that the
Bragg wavelength increased for a short time before it dramatically dropped for Sensor 1 and
Sensor 3 after the crack was made. The Bragg wavelength of Sensor 2 was nearly not changed
much (within 5pm) during the entire experiment, which indicate the corrosion was initiate far
away from Sensor 2.

Similar to the phenomenon shown in Section 3.4, corrosion at first would increase the
Bragg wavelength and dramatically decrease due to coating delamination, which was caused by

aggressively expanded corrosion progress.
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Figure 62. Bragg wavelength change curve of steel pipe sample with crack making time marked

4.3.3. Corrosion Location Identification

The transfer function used in this experiment was simulated using FEM analysis and is
shown in Figure 63. The entire sensing area was set as half of the pipe surface, and the area was
divided into 10,000 subareas with 100 rows and 100 columns as seen in Figure 64. Every 1 unit
stands for 0.1 inch. Sensor 1 location was (15,50), Sensor 2 location was (85,50), and Sensor 3
location was (15,18). The crack made intentionally was at (15,45). All sensors’ locations were

using the mid-point of the Bragg grating.
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Figure 63. Corrosion induced strain map.

Sensor 1 (15,50)
Crack (19,45)

Sensor 3 (15,18)

80

100
X-axis

120

140

160

180 200

60

150

Figure 64. Steel pipe with definition of subareas.
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Sensor 2 (85,50)

Before the crack was made to the soft coating, since these was no corrosion, the Bragg

wavelength changes of all three sensors were close to zero, and the strain ratios (g; /€3 and

&,/ €&3) were unstable. As a result, the corrosion location detection algorithm cannot match any

corrosion location during this period.

After the crack was intentionally made to soft coating, the corrosion started to initiate.

However, the corrosion caused a coating crack in a short time before the Bragg wavelength

change curve having a stable increase, so the corrosion location detection algorithm was not able
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to match any location in the first increase of Bragg wavelength change curve. The main reason is
the strain value of Sensor 1 and Sensor 3 were close to zero.

After the Bragg wavelength change curve dropped due to the coating delamination, the
corrosion location was successfully detected during the second increase of Bragg wavelength

change curve (shown as the highlighted part in Figure 65).
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Figure 65. Bragg wavelength change curve of steel pipe sample with successful corrosion
location detection

The zoomed in detail of highlighted part of the Bragg wavelength change curve was
shown in Figure 66. It was observed that the Sensor 1 and Sensor 3 clearly had larger Bragg
wavelength change comparing to the Sensor 2, and the ratio of Sensor 1 to Sensor 3 was stable.
The Bragg wavelength change curves were denoised using wavelet package before the corrosion

location detection algorithm applied, as shown in Figure 67.
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Figure 66. Corrosion location detection inputs.
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Figure 67. Denoised Bragg wavelength change curve inputs.

The strain inputs were divided into three segments and the average strain ratio value for
each segment were served as input in the corrosion detection algorithm, as shown in Figure 68.
For the first segment (Segment 1), the algorithm located corrosion at (25,32). For the second and
the third segment (Segment 2 and Segment 3), the algorithm located corrosion at (17,42) and

(23,47). From the crack location and visual inspection result shown in Figure 69, the actual
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corrosion location was at (19,45), which was 1.3 inches away from estimation of Segment 1, 0.4

inch away from estimation of Segment 2, and 0.4 inch away from estimation of Segment 3.

&/8=1.692 &/&=1.546 &/5=1471
&/€=0.198 &/&=0.055 &/&=0.050
T ' T ' T
Sensor 1 : {
| Sensor 2 | I |
20 Sensor 3 | |
_ | )
g | |
— 15 | 7
[}
‘é[) | |
< | |
5 2 I T
Z10F | | .
5 T I
5 | |
) | |
> o | | 4
= 3 | |
. | |
M\ & — ! & | &
0 ' — l T
L | [ / . =
Segment 1 : Segment 2 : Segment 3
1 1 1
980 1000 1020 1040 1060 1080 1100

Duration (hours)

Figure 68. Bragg wavelength change curve segments and the strain ratios.
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Figure 69. Visual inspection result for the steel pipe sample at 60th day.

From the corrosion location detection algorithm estimation results, it could be found that
the corrosion location detected from Segment 2 and Segment 3 were more accurate comparing to
Segment 1. It could be predicted that this algorithm is more accurate when the corrosion was at a

stable increase stage.

84



4.4. Summary

In this chapter, the corrosion location identification using the developed corrosion
assessment system was developed. The 2D plate theory can be applied to identify the corrosion
location using a sensor network with minimum of three embedded FBG sensors in the coating.
The transfer function between the corrosion locations and the severity can be set up using FEM
analysis. By using the method of exhaustion, a corrosion locating algorithm was successfully
programed. With the transfer function’s numerical solution from finite element model, method of
exhaustion can be used as algorithm to estimate corrosion locations and severity when Bragg
wavelength change curve of sensors were interrogated from embedded FBG sensors. The proof-
of-concept experimental results indicated the proposed corrosion assessment system could

successfully locate the corrosion positions.
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5. SYSTEM PLACEMENT OPTIMIZATION - EXAMPLE CASE STUDY

With the developed real-time corrosion risk assessment system in previous chapters, the
corrosion initiation and expansion could be monitored and assessed in a timely manner.
However, due to fact that the pipeline is very long (millions of miles in United States [10]), the
locations to place the sensing units is very challenging. For an effective corrosion risk
assessment system, the sensor placement needs to cover the key locations to avoid large possible
oil/gas discharges. Thus, the sensor placement locations can be optimized and guided through the
worst case oil/gas discharge analysis. In this chapter, an example case study was used to
demonstrate how to use the worst case oil/gas discharge to determine the placement locations of
the real-time corrosion assessment system, and how much oil spill could be prevented if the
system is in place.

5.1. Worst Case Qil/Gas Discharge Method

To determine the most critical locations for system placement along the pipeline,
preliminary analysis can be performed using worst case oil/gas discharge calculation. The
locations need to install the real-time corrosion assessment system can be ranked using the worst
case oil/gas discharge analysis. Then the placement of the system can be installed in respect to

the available budget from top ranking down.

5.1.1. Worst Case Oil/Gas Discharge Volume Calculation

The “worst case discharge”, according to United States Code of Federal Regulation, is
defined as “the largest foreseeable discharge of oil, including a discharge from fire or explosion,
in adverse weather conditions” as stated in 49 CFR 194.105(b). To determine a worst case

discharge, if a flow rate of the transport fluid/gas in pipeline is known, the discharge can be
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calculated based on the responding time which include both the detection time from the leakage
detection system and the response time of the pipeline operators.

Since the main focus here is the corrosion and the corrosion threat mostly would induce
pin-hole damages in pipeline, the worst case discharge in this study will focus on the worst
discharge induced by pin-holes. Since the United States doesn’t have requirement for pipeline
operators to report the pin-hole size when a failure occurred, the hole size related statistics was
not available in United States. In European countries, in a pipeline failure report drafted on 2009
[114], 46% of the failure was caused by small holes with diameters less than 20mm (0.79 inch),
20% of the failure was caused by middle size holes with diameters between 20mm (0.79 inch)
and 80mm (3.15 inches), 20% of the failure was caused by large size holes with diameter larger
than 80mm (3.15 inches), and the rest 14% of the failure was caused by rupture. Thus, if a pin-
hole has a size larger than 3 inches, it could be treated as rupture. And generally, if a rupture
happened, the leak detection system could immediately confirm the failure.

Thus, in this study, the leak discharge of pin-hole with sizes typically between 0.79
inches to 3 inches were identified as target for analysis. When a corrosion induced pin-hole is in
place, there are two stages of oil/gas discharge including oil discharged before and after isolation
valves closure. The oil/gas discharge volume before the isolation valves closure (V) can be

calculated as:

Ve =Qp tp + Q" tg (25)

where Q;, is the fluid/gas flow rate, £, is the detection time from the leakage detection system,
and tp is the response time for the pipeline operators.
After the isolation valves are closed, if the pipeline is above water table, all the oil within

the two isolation valves eventually will discharge just a matter of time. If the pipeline is beneath
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water table, since oil (usually had a specific gravity of 0.7 ~ 0.9) and gas is lighter than water,
the water started to replace the space originally occupied by oil in the pipeline. However, water
cannot replace all oil transported in the pipeline due to water pressure to stop oil/gas existing in
the pipeline coming out. When the two forces reach a balance, the oil discharge stops. Thus, in
this case, the oil between the leak location and the lowest elevation of a pipeline would be
discharged.

Due to the fact that the corrosion risk assessment will only influence the oil/gas discharge
volume before the valves closure, in this study, only the worst case oil/gas discharge before
valves closure was analyzed to determine the optimized sensor placement location ranking.
5.1.2. Detection Time

In Equation (25), t, represents the detection time from the leakage detection system. It
describes a time between the initialization of a leak and someone confirmed, or some assessment
system detected this leak but not yet took any mitigation action. The detection time usually are
determined by the factors such as resolution of the detecting system and the training of
employees, etc.

The traditional leakage detection system on site in industrial mainly consisted of pressure
gauges, flow rate gauges, temperature gauges, and fluid level gauges [1, 115-118]. When a leak
occurs, the flow rate gauge would give different readings before and after the leak location. Oil
and gas transmission pipelines are mostly running at high pressure [10], so leak will cause
pressure loss which could be detected by the pressure gauges. If the leak occurred at position
under water, and the fluid running in the pipeline had temperature difference compared to the

outside water, then the temperature gauge will also contribute to the leak detection.
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The maximum detection time which can be achieved by the current available leak
detection system are shown in the Table 12, for a leakage of 5%, 3%, and 2% of total flow rate.
It could be seen that for smaller leak, the detection system requires more time to conform a leak.
A 2% of leak required more than 35 minutes to detect it using the current available corrosion
detection systems in market. Based on Table 7, an exponential curve fitting was made to estimate
the leakage detection system’s performance under different sizes of holes failures as shown in
Figure 70. It can be seen that if a below 2% leak detection is required, much more time is

demanded by using the current available pressure detection system.

Table 12. Normal detection time for on-site leak detection system.

Leak Intensity (of total flow rate) 5% 3% 2%
Detection Time 5 minutes 17.5 minutes | 35 minutes
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Figure 70. Estimated detection time for different leak level.
5.1.3. Response Time

The response time describes the time between immediately after the leak detected and

liable parties started to take action to shut down the pipeline or any other operation to stop the
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discharge continuing. The response time usually is determined by the valve closing speed and the
training of employees[3, 119]. According to the operation schedule from the pipeline operator, if
a leakage indication signal initiated by the system, the direct liable party or responsible
employees have normally 15 minutes to determine the severity of situation and give a conclusive
response. The pumps and valves on site could be shut down remotely within 1 minute. As a
result, the most common response time for a leak is around 16 minutes, which may be longer
depending on the actual situations. However, when a rupture occurred, the indicating signal
would be extremely strong, and usually the decision to close the isolation valves is immediate so
the response time of a rupture could be down to 1 minute.
5.2. Example Case Study

The example case study was assumed to be a pipeline system crossing a lake with the
vertical profile as shown in Figure 71. Total length of the pipeline was assumed to be 4 miles
with NPS 20 Schedule 60 (outer diameter 20 inches, wall thickness 0.812 inch). Maximum flow
rate of the pipeline system was assumed to be 25,200 barrels per hour. There were two cases
assumed for the on-site leak detection system including: 1) all available commercial flow gauges

and 2) the proposed real-time corrosion assessment system to identify leakage.
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Figure 71. Pipeline elevation profile.
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5.2.1. Commercial Detection System

To calculate the worst case discharge based on Equation (25) for using commercial
detection system, the leaking flow rate Qv is required. A larger leaking flow rate requires a
smaller detection time. The estimated detection time (t,) when leaking flow rate (Q;) was

known could be calculated as:

tp = 134.3 - ¢~0:002673-0L (26)
Taken into account that a regular response time is 16 minutes and combined with

Equation (26), we have:

Vrp = Q1343700026730 4 16-Q, (27)

Let f(Q,) = Q- 134.3 - ¢70:002673:¢. Equation (27) can be rewritten as:

VT(QL) = f(QL) +16-0Q, (28)

In order to get the maximum discharge volume, the first order derivative of function

V7 (Q,,) needs to be zero as below:

Vr'(Q) =f'(Q)+16=0 (29)
where
f'(Q,) = 134.3:¢70002673:QL — (0,6737 - Q,, - 134.3 - ¢70:002673°Q
By plotting V' (Q,) as shown in Figure 72, it can be found that there are two solutions
for V' (Q,) = 0, which means the function V(Q,) does not have a maximum value. V;(Q,)
could increase to infinity as the value of Q; increased after the second solution (when Q; >
1000 barrels per hour). Thus, the maximum discharge volume before isolation valves’ closure

cannot be directly calculated based on mathematics.
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Figure 72. Leaking flow rate vs. first derivative of discharge volume

To find the maximum flow rate, water energy equations below were used. With the
limitation of physical properties in the operating pipeline system, the maximum discharge

volume could be found. The flow rate by its definition was calculated as:

Q=VA (30)
where Q is the flow rate, V' is the flow speed, and A4 is the flow cross-section area.

To perform the water energy analysis, station was assumed to be located at two ends of
the pipeline as shown in Figure 73. At station, the oil flow was assumed to have a flow rate of
Qs = 25200 barrels per hour, flow speed of Vs = 5.966 m/s, cross-section area of pipe of A =
0.1864 m?, operating pressure p;, = 180 psi, and elevation of 178.87 m (586.84 ft). For any
other location (in this example, location 1), the oil flow had a flow rate Q;, flow speed V;, and
elevation of H;. The cross-section area of pipe would not change along the lake-crossing pipeline
system. Thus, assuming the operating pressure in the pipeline system does not change and the oil

flow at station was a full pipe flow, then we have:

92



ps Vs b1 1
+ == =4+
pg 29 ' pg 29
700 T T T T T T
650

D
(=
S

Elevation (ft)
N W W
W (=] W
S & &

N
[
S

w

W

(=]
T

Fd Pipeline Station
Pipeline Elevation [
—— Surface Water

300 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3

Chainage (miles)

€2y

Figure 73. Lake-crossing pipeline system water energy equation demonstration at station and a

random location.

If the leakage occurred at location 1, as shown in Figure 74, we have

VlAl = V2A1 + V3AL

where A; is the cross-section area of the leakage hole.

Figure 74. Pin-hole size leak on a pipe.

(32)

With elevation profile and Equations (26) to (32) available, the maximum possible leak

before valve closure of isolation in this lake-crossing could be plotted as shown in Figure 75. For

getting a more realistic result, an additional condition was set that if the leaking flow rate was

larger than 20% of the total flow rate (20% of 25200 barrels per hour), the leakage detection

system and employees would immediately treat this incident as rupture [114].
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Figure 75. Maximum possible leakage before the valves' closure at different leaking hole size
and location.

It was observed from Figure 75 that, most of the locations could reach the maximum leak
of 1461 barrels before valve closure. However, at different locations, the minimum required
leaking hole size to reach this maximum leakage would be different. At the two points where the
pipeline met the water surface (one was at 0.05 miles and the other one was at 3.74 miles), the
maximum leakage of 1461 could be reached at a local minimum leak hole size (about 12% of the
cross-section area of pipe), which was 2.4 inches. The sudden drops near 1461 barrels of leakage
indicated that the leaking hole size was too large so that it triggered the 20% of the total flow rate
condition and was treated as rupture. A total oil discharge before closure of isolation valves of

1461 barrels for a regular detection system.
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In addition, these two locations, one at 0.05 miles and the other one at 3.74 miles, where
maximum leakage could be reached by minimum leak pin-hole sizes would also be the best

locations to install sensors of proposed corrosion risk assessment system, as shown in Figure 76.
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Figure 76. Best locations to for sensor placement.

5.2.2. The Developed Corrosion Assessment System
By applying the proposed corrosion risk assessment system, the corrosion could be
detected before it caused severe damage to the pipes. As the pipeline operators was aware of the

initialization of corrosion, there would be enough time for them to conduct the corrosion
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mitigation plan. Either replacing or continuing to use the existing pipes with extra caution could
prevent the pin-hole leakage caused by corrosion on the pipeline system [9]. Thus, with the
developed system, the detection time, #p, in Equation (25) equals to zero and only rupture may
cause severe damage and the worst case discharge volume before the valve’s closure, therefore,

Equation (25) can be rewritten as:

Vr=0Q-tg (33)
where Q is the maximum operational flow rate, and tR is the responding time.

As mentioned in Section 5.1.3, since the indicating signal of commercial detection
system in a rupture case was extremely strong, the liable party might immediately determine the
situation and close the valves. As a result, in rupture cases, the response time, #r, is shortened to
one minute.

Hence, based on Equation (33), we have a discharge volume before the isolation valves’

closure of:

1
Vr = 25200 X 0" 420 barrels

Comparing this result, 420 barrels to the situation where only commercial detection
system was utilized, which could be 1461 barrels as shown in Section 5.2.1, the implementation
of the developed system can reduce the worst case oil discharge before the isolation valves’
closure by over 70%.

5.3. Summary

In this chapter, the system placement optimization was analyzed using worst case
discharge method. An example case study was run to show how the system placement
optimization can be achieved for a lake-crossing oil transmission pipeline. Due to the fact that

corrosion often caused small pin-hole size leakage, the worst case leak introduced by pin-hole
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leak was analyzed and the locations for the worst leak based on the pin-hole leak was analyzed
by comparing the current commercial leak detection system and the developed corrosion
assessment system. The developed corrosion assessment system can detect the corrosion and its
induced damages in real time which reduce the response time to be one minute, which will

significantly reduce the oil/gas leak if in place.
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6. CONCLUSIONS AND FUTURE WORK
In this dissertation, a novel real-time corrosion risk assessment system based on
embedded FBG sensors was developed for coated steel pipelines. Two theoretical models for
corrosion monitoring system with substrates, sensors, and coatings were developed to
quantitatively analysis the corrosion rate and corrosion severity. Simply supported beam model
was used for assessing one-dimensional corrosion and the simply supported plate model was
used to locate two-dimensional corrosion. Multiple laboratory experiments were conducted to
validating the theoretical study. To optimize the locations to place the corrosion risk assessment
system, the worst case oil/gas discharge analysis was proposed to determine the sensor
placement locations which was demonstrated using an example case study. Based on the
abovementioned comprehensive investigations numerically and experimentally, specific
conclusions could be drawn from this study as follow:
1) Corrosion products occupied far more space compared to the original steel metal.
This excessive volume increase would lift existing coating and induce strain that
could be detected by the FBG sensors on top of it. The Bragg wavelength change rate
could serve as an indicator for corrosion rate because it has a positive relationship to
the production rate of corrosion. By calibrating the factor in their positive
relationship, the corrosion rate could be calculated with the slope of Bragg
wavelength change curve.
2) From the experiment results of different types of coatings, the proposed corrosion risk
assessment system can effectively measure the corrosion with less than 6% of
difference when compared to the electrochemical measurements. Experimental results

also showed that when the corrosion continued to grow without control, it can
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penetrate or delaminate the coating from the substrate which releases the compressive
strains on FBG sensors. As a result, a sudden drop in the Bragg wavelength can
indicate a coating failure or crack. In addition, the turning points in Bragg wavelength
change curve could serve as indicators for different phases of corrosion progress.
Using the multi-phase corrosion growth model, the corrosion progress could be
clearly observed from the Bragg wavelength change curve, as Bragg wavelengths of
the FBG sensor change with the growth of corrosion qualitatively.

3) The finite element model analysis using ANSYS indicated that the developed 2D
simply supported plate model can analyze the transfer function of corrosion
localization using multiple sensors. To locate a corrosion in 2D, a minimum of three
embedded FBG sensors are required. After transfer function was successfully got
from the numerical analysis, the 2D corrosion locations can be estimated using the
method of exhaustion. The proof-of-concept laboratory experimental results showed
that the exhaustion method can identify the corrosion locations effectively within 0.5
inch.

4) To optimize the system placement for such a big pipeline network, the worst case
oil/gas discharge method can be used to rank the most needed locations to place the
real-time monitoring systems. An example case study showed that the developed
corrosion risk assessment system if placed in the optimized locations can reduce the
impact of an oil/gas discharge amount significantly.

From the conclusions, the current system can only identify one single 2D corrosion, in the
future, the corrosion risk assessment system will need to further advance to detect multiple

corrosion occurred at the sensing area which requires a sensor network with more than three
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sensors embedded and an updated corrosion location estimation algorithm. In addition, although
the proposed corrosion risk assessment system was validated by several laboratory experiments
and showed potential in practical application, to date, no field application has been done using
the developed system. Thus, it is of interest to apply the developed corrosion risk assessment

system to an actual pipeline for a field testing, which hopefully can be done in near future.
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