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Abstract

Atmospheric corrosion is the degradation and gradual destruction of a steel material
and its vital properties due to electrochemical reactions of its surface with the elements
of the atmosphere surrounding the material. Corrosion changes the micro structure and
drastically reduces the mechanical strength and useful life of the steel materials. The
effects of atmospheric corrosion process enhance a problem significantly. Furthermore,
everyday it encounters with form of degradation, costly maintenance, and expensive
overdesign. It can also endanger safety and hinder technological progress. Since the
corrosion damages the material of the structures in outside condition, the studies about
the corrosion process had paid special attention from the researchers. In addition, many
researchers develop the sensors to detect the atmospheric corrosion using a radio-
frequency identification (RFID) sensor, passive wireless sensor, corrosion potential
sensor and the other atmospheric corrosion monitoring such as atmospheric corrosion
monitoring (ACM). Beside developing the sensors, several techniques for atmospheric
corrosion monitoring such as weight and thickness loss, electrochemical impedance
spectroscopy (EIS), scanning electron microscope (SEM) and X-ray diffraction (XRD)
are necessary to used.

In addition to these techniques, electrochemical methods are useful because they
allow in situ corrosion monitoring. However, precise monitoring is difficult because
electrochemical methods are very sensitive to corrosion reactions. Once an electrode
begins to corrode, the redox reactions of the corrosion products affect the current density
signals. In the case of steel, ferrous and ferric ions coexist in the corrosion product. These
factors ultimately prevent precise evaluation of atmospheric corrosion. Thus, a highly
accurate in situ sensor capable of monitoring atmospheric corrosion is needed. The sensor
for the atmospheric corrosion monitoring that the author focus on is atmospheric
corrosion monitoring based on strain measurement (ACSSM).

This the ACSSM study, the theoretical, numerical and experimental approach in
order to develop the atmospheric corrosion sensor based on strain measurement which
not affected by the temperature drift as a proposed study were presented.

Therefore, the purpose of this study is to develop an amplifier circuit for atmospheric
corrosion monitoring based on strain measurement by using the active-dummy method,
which has high sensitivity and can reduce the effect of temperature drift on the
measurement environment. A dummy circuit compensated for the temperature drift in the
signal with an active circuit was successfully designed and the configuration of active and
dummy sensor to accurately measure the thickness reduction in low-carbon steel test
pieces was compared with the analytical results obtained by the finite element method
(FEM).

The experiments involving galvanostatic electrolysis and under dry wet condition
were conducted by using the strain measurement circuit which consist of active circuit,
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dummy circuit and differential circuit to determine the thinning of test pieces through
strain measurements. In addition, the effect of the temperature on the measurement
environment on the signals, was investigated simultaneously with the strain.

The result of the experiment using ACSSM with strain gauges and FBS sensors in
conducting the galvanostatic electrolysis and under dry wet condition experiment  had
the same tendency for each experiment. In electrolysis Galvanostatic result the initial
measurement that without applying the DC current, the signal is lightly constant and after
applied the DC current, the strain increased gradually by elapsed time. When the ACCSM
applied the dry wet condition using 5% NaCl, the tendency of strain was different worth
galvanostatic electrolysis experiment. There are three stages in this experiment result.
Stage 1 is the initial condition before spraying a salt water. Stage II is the condition after
spraying a salt water and corrosion products were generated. the thickness reduction
shows the negative trend. It indicated that the thickness on the test piece increased due to
corrosion products. Stage III is the condition of further progress of corrosion, resulting
the thickness reduction due to the corrosion including corrosion product. The thickness
reduction shows the positive trend. According to mechanical theory it indicated that the
thickness on the test piece decreased due to corrosion including corrosion product.
Keywords: Atmospheric corrosion; strain measurement; active dummy method,
electrolysis Galvanostatic, dry wet condition



Acknowledgement

First of all, I would like to express my sincere gratitude to my supervisor Assoc. Prof.
Naoya KASALI for the continuous support of my Ph.D study and related research, for his
patience, motivation, and immense knowledge. His guidance helped me in all the time of
research and writing of this thesis. I could not have imagined having a better advisor and

mentor for my Ph.D study.

I would be thankful to my collaborated supervisor Prof. Shinjt OKAZAKI Prof. Yukihisa
KURIYAMA and Prof. Hiroshi KIHIRA for their availability, constant support, and
constructive suggestions which were determinant for accomplishment of the work

presented in this thesis.

Besides my supervisor, I would like to thank the rest of my dissertation committee: Prof.
Hideo OTANI, Prof. Atsumi MIYAKE, Assoc. Prof. Tadahiro SHIBUTANI for their
insightful comments and encouragement, but also for the hard question which incented

me to widen my research from various perspectives.

I thanks to KASAI laboratory member for the stimulating discussions and teach me how
to make a simulation with my limited knowledge of computer language, for the sleepless
nights we were working together before deadlines, and for all the fun we have had in the

last four years.

The last, I would like to thank my family: my beloved husband Dasa Putra Andius, my
sons Muhandis Bayu ADJIE, Dwikashinta Purwanda PUTRA, Abqari Althof Wianda
PUTRA, my parents in heaven and to my brothers and sisters for supporting me spiritually
throughout writing this thesis and my life in general. Thanks to Directorate General
Resources of Science, Technology and Higher Education, Ministry of Research,
Technology and Higher Education Republic of Indonesia for financial support and the

University of Lampung for the valuable support and give a chance to take this opportunity.

vi



TABEL OF CONTENT

Abstract

Acknowledgement

Table of content

List of Tables

List of Figure

Chapter 1

INEEOAUCTION ..ttt ettt sttt et et et st e b et e saee b enee 1

L1, Back@round .......c.cooiiiiiiiieeiiee et 1

1.2. Atmospheric Corrosion Sensor based on Strain Measurement (ACSSM) .............. 5

1.3, OBJECTIVES. ettt ettt ettt ettt e sae et s ae et e 8

1.4. The Outline of DiSSErtation........c..cecuerierieriirieniieieeie ettt 9

Chapter 2

Principle Of ACSSM ..ottt sttt 12

2.1, INEPOAUCTION ...ttt sttt et e e ens 12

2.2, Strain under BENding........ccooveiiiiiiiiiniiiiicieee e 13

2.3. FEM simulation for ACSSM.......cooiiiiiiiiiiiiiieeeee ettt 16

2.4. Design of Test Piece and Apparatus.........ccceeeevuerieneriienieneenienieneeiesieese e 22

2.5. Concept of Active-dummy Circuit Method ..........ccceveiiiiiiiiiiiiiee e 26

2.6. Design of AMPLTIEr CIrCUIt ...ocvieriieiieeiieeie et 27
2.6.1. Strain Measurement CIrCUIL ......c...eiruiiiieeiie ettt 27
2.6.2. Temperature Drift Compensation............ccceeevueeriieeiieenieeiieenie e 32

vil


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%201.docx%23_Toc535877015
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%201.docx%23_Toc535877016
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%201.docx%23_Toc535877017
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%201.docx%23_Toc535877018

2.6.3. Voltage vs Strain TeSt......cccuieiiiieiiieeiiie ettt 34

2.6.4. Thermography TEST ......cceeeiieiiieeiieiieeie et ettt ettt et saeebeesaee e 37
2.7. FBG Sensor MEaSUICIMENL .....cccuetiiiiiiniiiiiiieeeiieeeitee ettt ee st et et e e e e as 39

2.7.1. Principle of FBG Sensor Measurement ...........cccueeeveereveerieenieenieeneesineenneeens 39

2.7.2. Temperature and Strain SENSTEIVILY ....c.eeevveeerieeeiieeeiieeeee e 40

2.7.3. Temperature COMPENSAtION. ......ccvieruieereeriieereerieeereerireeseeseeeseesseesseessneans 42
2.8, SUIMIMATY ....vvviiieeiiiieeeeiiiieeeeeteeeesestreeeestrteeesssssaeeeasssseeeessssseeeeasssseesassseeeesssssneesannns 43
Chapter 3

ACSSM with an Active Dummy Method Using Strain Gauges by Galvanostatic

ELECIIOLYSIS vttt ettt ettt e s it e et e e sate e bt e sneeenbeenneeens 44
3.1, INErOAUCHION ..ottt ettt 44
3.2, Experimental SELUP ......ccceeiiiiiiiiiieece et 46

3.2.1. Strain Gauges and Their Configuration on the Test Piece ..........c.ccceceennenee. 46

3.2.2. In Situ Monitoring of Thinning of Test Piece by Galvano Static Electrolysis

...................................................................................................................... 50
3.2.3. Experiment for the Compensation of Thermal Strain..........c..ccccceceeveenenne. 51
3.3. Results and DISCUSSION.......ccuiiriiriiriiiiiiiieiieieetest ettt 52

...................................................................................................................... 52
3.3.2 Strain Due to Temperature Change of Measurement Environment .............. 55
R TR TN 11 011 0 | 2SR 59

viil


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879399
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879400
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879400
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879401
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879402
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879403
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879404
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879404
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879405
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879406
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879407
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879407
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879408
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535879409

Chapter 4

ACSSM with an Active-Dummy Method FBG Sensor by Galvanostatic Electrolysis...61

4.1, TNITOAUCTION ...ttt ettt b e et e bt e et e bt e et e eaeenneas 61
4.2, EXperimental SELUD ......cccccieiieiiiieiieeieerte ettt ettt ete et e b ebe et eeabe e saeenneas 62
4.2.1. FBG Sensors and Their Configuration on the Test Piece.........c.cccccvvvenneenn. 62
4.2.2. Experiment for the Compensation of Thermal Strain...........c.ccccceevirienne 66
4.2.3. Accelerated Laboratory Test Using Galvanostatic Electrolysis................... 69
4.3, Results and DISCUSSION. ....c..cccuirieriiiiiitieieeie sttt ettt s eeeeees 71
4.3.1 Experiment for the Compensation of Thermal Strain............ccccceveeeiienen. 71
4.3.2. Galvano Static Electrolysis EXperiment............cccoeeeercieenienieenieenieeieennnens 72
4.3.3. DISCUSSION .uttieuiieiiietieeiieeiee st etteeiteebeesiteeabeesateenbeesateenbeesateenseesseeenseenneeans 74
4.4, SUINIMATY ..eeeeiiieeiiieeeiieeeieeesiteeesteeeseaeeeneteeeeaeeensaeeansaeeansaeessseeessseeessseesanseessnseesnnses 75
Chapter 5
Dry-wet Method for ACSSM ..o 77
5.1 INOAUCTION ..ot sttt et st e e eas 77
5.2. Experimental Setup for Dry-wet Method Using ACSSM..........coceviviiiniininicnnns 79
5.2.1.Dry-wet Method for ACSSM Using Strain Gauges ........cccoeeveevevveenveeennnennn 79
5.2.2.Dry-wet Method for ACSSM Using FBG Sensor .........cccceceeveevcrieneenennne. 82
5.3, Result and DISCUSSION ..c...eeiuiiiiiiiniiieiieniie ettt ettt e 84
5.3.1 Dry-wet Experiment for ACSSM Using Strain Gauges........c..ccccceceereeuennne. 84
5.3.2 Dry-wet Experiment for ACSSM Using FBG Sensors.........ccccceevveeevveennenn. 90
5.3. Mechanism of Corrosion Behavior Measured with ACSSM........c.cccoeviininiennens 92
B TR TN 11 011 0 1 2RSSR 98

iX


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876252
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876253
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876254
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876255
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876256
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876258
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876259
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876260
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876261
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876262
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535876263

Chapter 6

CON C LU SION . 99
0.1, CONCIUSION ..o 99
6.2. Future Research and Recommendation...........coovveeeeeeeeeeeeeeeeeeeeee e eeeee 101
REF E R EN CES .. 102
LIST OF PUBLICATION ..ot 110


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%206.docx%23_Toc535880231
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%206.docx%23_Toc535880232
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%206.docx%23_Toc535880233
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%206.docx%23_Toc535880234

Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 4.1

Table 4.2
Table 4.3

Table 5.1

Table 5.2

LIST OF TABLES

The calculated strain obtained using FEM

Sign for strain gauge component

Position and purpose of strain gauges in Figure 3.1.

Determination of thickness reduction from measured strain, thickness, and
weight.

Variable description for FBG temperature probe

Comparison of thickness reduction with the measured thickness and weight.

Comparison of accuracy parameter for ACSSM using strain gauges and FBG
sensors

Error calculation between ACSSM and coupon

Iustration of the behavior of Agto indicate strain gauge behavior in Stage
1.

X1


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%202.docx%23_Toc535880719
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%202.docx%23_Toc535880720
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881551
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881552
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881552

Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

LIST OF FIGURES

Research flow chart of ACSSM study

The illustration of test piece in normal position and bending position: (a)
non-corroded test piece, (b) corroded test piece

The test piece model and boundary condition

Strain distribution on the test piece before reduction of thickness

Strain distribution after corroded on (a) the upper side and (b) under back
side of the test piece with a reduction in thickness in the x direction,
simulated by FEM

Strain distribution after corroded on (a) the upper side and (b) under side of
the test piece with a reduction in thickness in the z direction, simulated by
FEM

The validation of the analytical model and FEA in the x direction (a)
between strain ¢in pe and h in mm and (b) between A¢in pe and Az in mm.
Magnification of the strain distribution on the back side of the test piece
with a reduction of thickness of 0.27 mm simulated by FEM in the x
direction.

Test piece and apparatus for ACSSM sensor.

(a) The picture of cover (b) Dimension of the cover of the apparatus for
ACSSM. Unit is in cm.

(a) The picture of base (b) Dimension of the base of the apparatus for

ACSSM. Unit is in cm.

xii


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%201.docx%23_Toc535877249

Figure 2.11
Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15
Figure 2.16
Figure 2.17

Figure 2.18

Figure 2.19

Figure 2.20
Figure 2.21

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Design concept of active-dummy method.

Wheat stone bridge circuit with four strain gauges

Electronic design of the strain measurement circuit by active-dummy
method (a) active circuit (b) dummy circuit and (c) differential circuit

(a) CAD of electronic circuit and (b) photograph of the strain measurement
circuit with an active-dummy method.

The experiment set up for voltage vs strain test.

The result of experiment voltage vs strain with different Rg

The sensitivity of amplifier circuit with different Rg

(a) Thermograph result of circuit (b) photograph of amplifier circuit that
took in the same time

(a) Thermograph result of test piece (b) photograph of test piece that took in
the same time

The principle of FBG sensor operation in unstrained condition

The principle of FBG sensor operation in strained condition

Configuration of strain gauges on test piece for ACSSM sensor. (a) TPA
with 900 mm? corroded area at the center and the remaining area uncorroded.
(b) TPD, with the entire test piece uncorroded.

Experimental setup for measuring the thinning of a test piece by Galvano
static electrolysis.

Experimental setup for experiment for the compensation of thermal strain
Strain signal pattern as function of elapsed time during electrolysis process.
Close-up of Figure 3.4 around the start of the electrolysis process.

Signal pattern before corrosion is applied.

Relationship between voltage temperature.

xiil


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881316
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881316
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881316
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881317
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881317
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881318
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881319
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881320
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881321
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881322

Figure 3.8

Figure 4.1

Figure 4.2.

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 5.1

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure. 5.5

Figure 5.6

Signal pattern of voltage before corrosion is applied with the moving
average.

Configuration of active and dummy FBG sensor on the (a) back side (b)
front side of the test piece

The diagram of 0s3200 FBG sensor (a) Dimension of 0s3200 FBG sensor
and its protection (b) Position of gratings in FBG sensor

The experimental set-up for the compensation of thermal strain

The photograph of 0s4200 FBG temperature probe and its dimension

The experimental set up for the accelerated laboratory test using
galvanostatic electrolysis

Variation in the strain signal pattern before corrosion occurs.

Strain signal pattern as function of elapsed time during the electrolysis
process

(a) Configuration of strain gauges in test piece with 1350 mm2 corroded and
the remaining area uncorroded. (b) the real picture of strain gauge attached
in the test piece

The experimental set-up of the dry-wet method for ACSSM using strain
gauge

(a) Configuration of FBGs in test piece (b) the real picture of FBGs at the
back side of the test piece

The experimental set-up of the dry-wet method for ACSSM using FBG
Compensation of thermal strain experiment signal before under dry-wet
condition

The result of a dry—wet cyclic exposure experiment with ACSSM.

Xiv


file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881323
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%203.docx%23_Toc535881323
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881730
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881730
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881730
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881732
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881732
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881734
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881734
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881735
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881736
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881736
file:///C:/Users/poerw/Documents/NINING/01%20STUDY/1%20Thesis%20Disertation/Chapter%205.docx%23_Toc535881737

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.13

The result of under dry—wet cyclic condition with ACSSM in 83 days after
moving average analysis and applied the offset value. The green line with
double arrows shows the different of 4 last data between ACSSM and
coupons

The result of under dry—wet cyclic condition with ACSSM in 83 days after
FFT analysis

Picture of corrosion evolution for 83 days measurement. Note that there are
stains due to the spray salt water in picture at Day 15%.

Compensation of thermal strain experiment signal before dry-wet
experiment using FBG sensor

Strain signal pattern as function of elapsed time during the dry-wet
experiment using FBG sensor

Mechanism of corrosion behavior based on strain measurement

The magnification of Stage III of Figure 5.6

(a)The effect of active and dummy gauges position in active circuit to
behavior of the test piece in strain measurement (b) position of strain gauges

in the bridge circuit.
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