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| nspection of Deteriorated and Corroded Structureswith
their Anti-Corrosion Strategies

Kuei-Ching Chen

ABSTRACT

Taiwan is an island located at subtropical zone. The climate is much warm
and humid all the years long. Lately, many civil infrastructures such as buildings,
highway bridges, and port facilities were occurred as severely deteriorated,
damaged, and collapsed situations at near seashore area. It threatened the
structures durability and security. Exclusively inevitable natural forces ingression,
structures constructing materials deteriorated and re-bar corrosion problems were
under investigated through non-destructive testing in the field. Their corrosion
prevention strategies for escalating durability and new constructions prerequisite
in the future were also discussed.
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Fundamental and Prevention of Corrosion

J.C.Oung’

ABSTRACT

The cost of corrosion of protection against corrosion is estimated extremely
expensive. Corrosion also causes inconvenience to human beings, and sometimes
even loss of life. Corrosion is a nature phenomenon, but it can be controlled. The
thermodynamic and electrochemical aspects of corrosion are discussed in this
paper. Understanding these principles of corrosion is indispensable, not only to
reveal the mechanisms, but also to control corrosion, to designed appropriate
means of corrosion protection, and to be able to predict the long-term corrosion
behavior of metallic materials.
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AG = 1FE e e e e e e e e e e e e e e—————taeaeeeaaaea——————aaaearanaaans (1)
n F E
E Nernst
RT a .
E=F 4237 10Z— ettt (2)
nF A,
E, (25 latm (activity)) R
T Aoxid> Ared
1
1
Au— Au"+3e 1.42
Pt Pt™+2e 1.2
O,+4H +4e - 2H,0 1.23
Pd - Pd"+2e 0.83
Ag - Ag'+e 0.799
2Hg Hg, "+2e 0.798
Fe™+e - Fe™ 0.771
0,+2H,0+4e - 40H" 0.401
Cu - Cu"+2e 0.34
Sn"*+2e - Sn*? 0.154
2H"+2e - 2H 0.000
Pb - Pb"+2e -0.126
Sn— Sn"+2e -0.140
Ni - Ni?+2e -0.23
Co - Co™+2e -0.27
Cd - Cd"™+2e -0.402
Fe - Fe™+2e -0.44
Cr-Cr+3e -0.71
Zn—7Zn"+2e -0.763
Al AlP+3e -1.66
Mg - Mg ?+2e -2.38
Na - Na'+e -2.71
K- K'+e -2.92

G. Kortum and J. O’M. Bockris. Textbook of Electrochemistry, Vol. 2, Elsevier, New York,
1951, pp.745-755, and W. M. Latimer, Oxidation Potentials, Prentice-Hall, Englewood Cliffs,
New Jersey, 1952, p.39.
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1.Corrosion engineering, M.G Fontana, N.D. Greene, McGraw-Hill. Inc. 1967.

2.

3.
4.Stern, M, and A.L. Geary, J. Electrochem. Soc. 104 56, (1957).

5.1Ibid, J. Electrochem. Soc. 105, 638, (1958).

2-16



93 9

(FHWA) "

RC Structure Design and Acceptance of Cathodic Protection
Yi-Hsiung Liu
ABSTRACT

Corrosion, has been amajor problem around the world, so does Taiwan, especially
for those structure alone seashore even exposed under more Serious corrosive
environment and face great challenge in durability. Reinforced Concrete Cathodic
technology now is recognized which can be achieve long-term protection effectively
and recommended by FHWA that it is the only policy to resist invasion of concrete of
steel by chloride ion. The key point in how to act the efficacy of Cathodic protection
system is based on initial systematic design and result testing. This content introduces
the design and testing of Reinforced Concrete structure Cathodic protection. Cathodic
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Protection systematic design includes protect current demand and distribution
calculation, systematic component custom request and placement planning, anode zone
and detection location distribution, planning design of systematic circuit and
observation system. Protection includes system appearance and hardware and software
checking, polarization capability and protection testing.
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300mV
irxAgr x Ac
A
A/m?
m? / m?
mZ
irxAg  lcp/Ac
A/ m?
[4] 15-35mA/m?
10-20mA/m?
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5~40 mm
potential well potential well

Potential well

Ag/AgCl
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2.5~16 mm?
XLPE

5.1
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[6]

1.

2.

3.
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4.
|
E E-log | 3
5.
100mVv
5.2
7 14~28

(NACE) NACE RP0290-00!" Concrete

Society Technical Report No. 37
(Potential Decay Method)

E1 E2
(E2-E1) 100mV ( )
-1100mV( Ag/AgCl )
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1. Model Specification for the Cathodic Protection of Reinforced Concrete,
Concrete Society Technology Report No.36, The Concrete Society, 1991, U.K.
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Prevention in Concrete: Principles and Applications’, Journal of Applied
Electrochemistry 28 (1992) 1321-1331.
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(m” (A)
1 152.28 1.36
2 81.81 0.95
3 140.13 1.24
4 108.54 1.04
5 254.24 1.83
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a
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C.
] E150( 0~16.5mA/m? )
E300( 0~33mA/m? )
[ | 3~4m
[ | 1.0~1.5cm
|
|
1 A B C D E F G H | 10
Al |(B1B2| Cl1 |DID2|EIR2| FIR2| G1 |HIH2| 11 15
) A B C D E F G H 8
Al |BIB2|CIQ2|DID2| EIR? | FIR2 | G1G2| H1 14
3 A B C D E F G H | 9
Al |BIB2|CIC2|DID2| EIR2| FIR2| G1 (H1H2| 11 15
4 A B C D E F G H 8
Al |B1B2|C1Q2|DID2| E1IR? | FIR2 | G1G2| H1 14
c A B C D E F G H | K L 12
AlA2|B1B2| C1C2| DI1D2| EIR2| FIR2 | GIG2|HIH2| 1112 KIK2|L1L2| 24
] 2
2-1
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a (2.0mm2 XLPE)

b. (2.0mm2 XLPE)

C.

d.
[ |

a

b.

C. P55
[ |

a

b.

C.

d.
[ | (JB) (LRU)
1|J81|JB2|JB3| JB4| JB5|JB6| JB7 | IBS| IBY LRUL
2| JB8 | JB9 | JB10| JB11| JB12|JB13 JB14 |IBI15 LRU2
3|JB14|JB15| JB16| JB17 | JB18|JB19 JB19-1| JB20| JB21 | JB22 10 | LRU2
4| JB2 | JB3 | JB21|JB2| ¥B23|1B24| JB2S |IB26 9 | LRUL
5| JB1| JB5 | JB6 | JB10| JB12|JB16| JB1S |J¥B19| JB23|IB2S 10 | LRU3
[ | 5
[ | (JB) 6
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1~4
(  Concrete
Society Technical Report No 37) 200m°~500m?
2~5A
10~20mA/m? 16 mA/m?
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Ag (M?/m?)
2G6a [0 #3@30 0.11 0.78
4-#8 0.45
2-#8 0.22
2G7a [Od #3@30 0.11 1.01
3-#8 0.34
5-#8 0.56
2G8a O #3@30 0.11 1.01
3-#8 0.34
5-#8 0.56
3G4 O #3@30 0.11 0.65
3-#7 0.31
2-#8 0.23
3G5 [0 #3@30 0.11 0.65
3-#7 0.31
2-#8 0.23
Cl12 O #3@30 0.11 0.65
1-3F |4-#6 0.18
8-#7 0.36
C15 O #3@30 0.11 0.79
1F |12-#8 0.68
C15 O #3@30 0.11 0.65
2~3F (12-#6 0.54
Cl6 O #3@30 0.11 0.90
1F |14-#8 0.79
Cl6 O #3@30 0.11 0.73
2~3F |12-#7 0.62
2B7 O #3@30 0.11 0.45
3#8 0.34
3B7b O #3@30 0.11 0.87
3-#7 0.31
4-#8 0.45
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C7 O #3@30 011 0.88
1F |6-#8 0.34
12-#10 0.43

C7 O #3@30 011 1.03
2F |6-#8 0.34
16-#10 0.58

C7 O #3@30 0.11 1.32
3F |6-#8 0.34
24-#10 0.87

C9 O #3@30 0.11 0.45
1F |12-#8 0.34

C9 O #3@30 011 1.23
2~3F |4-#7 0.41
8-#8 0.71

2G4 |0 #3@30 0.11 0.90
3-#8 0.34
4-#8 0.45

2G5 [0 #3@30 011 0.90
3-#8 0.34
4-#8 0.45

3G4 [0 #3@30 011 0.63
3-#7 0.31
2-#7 0.21

3G5 [0 #3@30 0.11 0.63
3-#7 0.31
2-#( 0.21

C5 O #3@30 011 0.68
1F |10-#8 0.28
4-#10 0.29

C5 O #3@30 0.11 0.42
2~3F |12-#7 0.31

C6 O #3@30 0.11 1.13
1F  |6-#7 0.31
8-#8 0.71
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C6 O #3@30 011 0.70
2~3F |4-#6 0.18
8-#7 0.41
C8 O #3@30 011 0.68
1F |10-#8 0.28
4-#10 0.29
C8 O #3@30 0.11 0.37
2~3F |10-#7 0.26
2B7 [0 #3@30 011 0.90
3-#8 0.34
4-#8 0.45
2B7a [0 #3@30 0.11 0.90
3-#8 0.34
4-#8 0.45
3B7a [0 #3@30 0.11 0.83
3-#7 0.31
4-#7 0.41
3B7b [0 #3@30 011 0.87
3-#7 0.31
4-#8 0.45
C6 O #3@30 0.11 0.98
1F  |6-#7 0.16
8-#8 0.71
C6 O #3@30 011 0.51
2~3F |4-#6 0.18
8-#7 0.22
C7 O #3@30 011 0.88
1F |6-#8 0.34
12-#10 0.43
C7 O #3@30 0.11 1.37
2F |6-#8 0.68
16-#10 0.58
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C7 [0 #3@30 0.11 1.66

3F |6-#8 0.68
24-#10 0.87

4G1 O #3@30 0.11 0.95
3-#38 0.45
2-#8 0.39

4G4 |0 #3@30 0.11 0.68
3-#8 0.34
2-#8 0.23

4G5 |0 #3@30 0.11 0.66
3-#8 0.34
2-#1 0.21

4B6 |0 #3@30 0.11 0.32
247 0.21

4B6a |0 #3@30 0.11 0.63
3-#7 0.31
2-#1 0.21

4B2 |0 #3@30 0.11 0.73
4-#71 0.41
2-#1 0.21

4B2a |0 #3@30 0.11 0.63
3-#1 0.31
2-#1 0.21

4B3 |0 #3@30 0.11 0.73
4-#7 0.41
2-#1 0.21

4bl |0 #3@30 0.11 0.63
3-#7 0.31
2-#1 0.21

4b4 |0 #3@30 0.11 0.79
A-#8 0.45
2-#8 0.23

Abda |0 #3@30 0.11 0.66
4-#8 0.45
1-#7

0.10
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(m’) Ac(m’ i
(mA/m?) Icp(A) (mA/m?)
2G6a 7.6 E300 9.8 33 1.36 12
2G7a 9.9 E300 9.8 33
2G8a 9.9 E300 9.8 33
3G4 12.7 E300 19.6 33
3G5 6.4 E300 9.8 33
C12 117 E300 18 33
1-3F
C15 4.7 E300 6 33
1F
C15 7.8 E300 12 33
2~3F
Cil6 54 E300 6 33
1F
C16 8.8 E300 12 33
2~3F
3.7>1.36 12 <33
84.9 - 112.8 3.7A OK OK
2B7 7.6 E150 16.8 16.5 0.95 13.6
3B7b 14.6 E150 16.8 16.5
c7 5.3 E150 6 16.5
1F
C7 6.2 E150 6 16.5
2F
C7 7.9 E150 6 16.5
F3
C9 2.7 E150 6 16.5
1F
C9 14.8 E150 12 16.5
2~3F
50.1 69.6 1.15A 1.15>0.95 | 13.6<16.5
OK OK
2G4 17.6 E150 19.6 16.5 124 11
2G5 8.8 E150 9.8 16.5
3G4 123 E150 19.6 16.5
3G5 6.2 E150 9.8 16.5
C5 41 E150 6 16.5
1F
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) 5.0 E150 12 16.5
2~3F
C6 6.8 E150 6 16.5
1F
C6 8.4 E150 12 16.5
2~3F
C8 4.1 E150 6 16.5
1F
Cs8 4.4 E150 12 16.5
2~3F
777 112.8 1.86A 1.86>1.24 | 11<16.5
OK OK
2B7 7.6 E150 8.4 16.5 1.04 14.9
2B7a 7.6 E150 8.4 16.5
3B7a 7.0 E150 8.4 16.5
3B7b 7.3 E150 8.4 16.5
C6 5.9 E150 6 16.5
1F
C6 6.1 E150 12 16.5
2~3F
c7 5.3 E150 6 16.5
1F
C7 8.2 E150 6 16.5
2F
c7 10.0 E150 6 16.5
3F
65 69.6 1.14A 1.14>1.04 | 14.9<165
OK OK
4G1 39.9 E150 42 16.5 1.83 11.4
4G4 15.2 E150 22.4 16.5
4G5 7.4 E150 11.2 16.5
4B6 5.4 E150 16.8 16.5
4B6a 35 E150 5.6 16.5
4B2 10.7 E150 14.7 16.5
4B2a 9.3 E150 14.7 16.5
4B3 7.7 E150 10.5 16.5
4b1 4.6 E150 7.35 16.5
4b4 5.8 E150 7.35 16.5
4bda 49 E150 7.35 16.5
114.4 160.0 2 64A 2.64>1.83 | 11.4<16.5
OK OK
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(MA/m?

(m?m?) | (mA/m?) )
2G6al 0.78 12 154 RE4
2G7al 1.01 12 11.9
2G8a| 1.01 12 11.9
3G4 0.65 12 185 RE3
3G5 0.65 12 18.5
C12 0.65 12
1-3F 18.5
C15 0.79 12 15.2 RE2
1F
C15 0.65 12
o-3F 185
C16 0.90 12
1F 13.3
C16 0.73 12 RE1
2-3F 16.4
2B7 0.45 13.6 30.2 REG6
3B7b| 0.87 13.6 15.6 RES8
C7 0.88 13.6 155 RE7
1F
C7 1.03 13.6
oF 13.2
C7 1.32 13.6
£3 10.3
C9 0.45 13.6
1F 30.2
C9 1.23 13.6 RE5
2-3F 11.1
2G4 0.90 11 12.2
2G5 0.90 11 12.2 RE12
3G4 0.63 11 17.5 RE11
3G5 0.63 11 17.5
C5 0.68 11 16.2 RE10
1F
C5 0.42 11
2-3F 26.2
C6 1.13 11
1F 9.7
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C6 | 0.70 1 RE9
o ar 15.7

C8 | 068 1

e 16.2

C8 | 037 1
gt 29.7

2B7 | 090 | 149 16.6 RE14
2B7a| 090 | 14.9 16.6
3B7a| 0.83 | 14.9 18.0 RE16
3B7b| 087 | 149 17.1

C6 | 098 | 149

s 15.2

C6 | 051 | 149 RE13
o ar 29.2

C7 | 08 | 149 16.9 RE15

1F

C7 | 137 | 149

. 10.9

C7 | 166 | 149

ar 9.0

4G1| 095 | 114 12.0 RE20
4G4 | 068 | 114 16.8

4G5 | 066 | 114 17.3 RE19
4B6| 032 | 114 35.6 RE17
4B6a| 063 | 114 18.1 RE22
4B2 | 073 | 114 15.6
4B2a| 063 | 114 18.1

4B3| 073 | 114 15.6

4b1 | 063 | 114 18.1 RE21
4b4 | 079 | 114 14.4
dbsa| 066 | 114 17.3 RE18
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(1)
(E) E-log |
(
100mV
(RE)

RE1 RE2 RE3 RE4 - -
RES REG RE7 RE8 - -
RE9 | RE10 | RE11l | RE12 - -
RE13 | RE14 | RE15 | RE16 - -
RE17 | RE18 | RE19 | RE20 | RE21 | RE22
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RC

Guideline of Cathodic Protection for Reinforced Concrete Structures
in Marine Environments

J.S.Luo® JC.Oung> K.C.Chen* C.Raf
ABSTRACT

Corrosion of reinforced concrete structures in marine environment is
apparent. Cathodic protection has been confirmed to be the most efficient
method to prevent steel corrosion in concrete. Therefore, guideline to perform
the cathodic protection technique at reinforced concrete structures in marine
environments is introduced. It is highly expected that the accomplishments
would afford adequate cathodic protection technique to harbor authorities.
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1.3
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2" " CNS-13519 H3164 1995/4
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3 " CNS-13520 H3165 1995/4
/
4 " CNS-13521 H2118
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5)“ () 1990/3 /
(6)” ()
" 1997 /

(7) RP0290-00, “ Standard Recommended Practice for Cathodic
Protection of Reinforcing Steel in Atmospherically Exposed
Concrete Structures’, 1990, Nationa Association of Corrosion
Engineers, U.SA.

(8) Model Specification for the Cathodic Protection of Reinforced
Concrete, Concrete Society Technology Report No.37, The
Concrete Society, 1991, U K.
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100 mV ( 4 24
>100 mV)
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34
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4.1
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0.3 mm

4.1.3

ASTM, NACE Standard, British Standard
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4.1.4

28 40 N/mm?

4.2

Titanium, Grade 1 per ASTM B265
(Mixed Metal Oxide, MMO)

( ) ( ) 30x70mm 100 x 200 mm
200 mA/m?
10-50
(FHWA) Concrete Society
110 mA/m?
10-50 mA/m?
10-15 mm ( )
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2.
ASTM B6/B69
3.
ANSI/AWS C2.18-93
Florida Department of Transportation, FDOT
0.38~0.5mm Concrete Society 0.2 mm
4.
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AC
110/220 volt 220/480 volt 60 Hz
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20%~50%
5~48 Volts
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7.3
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An Overview of Sacrificial Cathodic Protection of Reinforced
Concrete Structure via Thermal Spray

Peter Chen PhD’

ABSTRACT

This paper discusses the solution of metallized sacrificial cathodic
protection (SCP) to protect reinforced concrete structure from corrosion.
Solutions incorporating zinc are only regarded as effective in certain environment
and thisis proven in the experiment on Su-Ao Harbor. Its enormous consumption
has raised an issue concerning natura resource depletion. Consequently,
researchers have been engineering a better alloy for corrosion protection to in all
environments.

According to studies, utilizing the newly developed Aluminum-Zinc alloy
for cathodic protection of reinforced concrete is proven to be very effective.
Cathodic protection is available in the forms of ICCP (Impressed Current
Cathodic Protection) or SCP (Sacrificial Cathodic Protection). Both are based on
different but similar principles to control corrosion. While both practices are
equally practical, the adoption of SCP is more common mainly because its
application is more simple and economical.

To ensure an adequate level of moisture for a continuous conductive
electrolyte to flow between the anode and cathode, Zinc Hydrogel and
Aluminum-Zinc-Indium (Al-Zn-In) alloy are introduced along with experiments
to further testify improved superiority. Since no applications of Al-Zn-in have
been conducted in Taiwan, the experiment conducted on the Bryant Patton
Bridge in Americais examined for our reference.

The results from the experiment of Bryant Patton Bridge demonstrates that
for structures cathodically protected by Zn and Al-Zn-In alloys under the same
temperature and relative humidity, the current density generated by Al-Zn-In
alloy is approximately 4 times greater than that of Zn, or 4 times more protective.

" Berlin Co., Ltd. Kaohsiung, Taiwan, R.0.C
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1. INTRODUCTION

The practices of corrosion control have persisted worldwide. Studies
have demonstrated that coating, metalization and galvanizing all have similar life
expectancy (Figurel and Figure 2). Thus, it is considered that when conducting
implementing corrosion control, the “material” not the “method” should be
elected. Thematerial Znis currently regarded as the standard and the paradigm.
Itsloading is the key in determining the service life of the coating.
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Taiwan, an island locating at the subtropics is well acknowledged for its
high humidity and temperature. Combining with the presence of chlorides
comprised in the seawater surrounding the idand, it presents a severe
environment for corrosion to occur up on steel structures (Figure 3). The
corrosion in Taiwan is very severe that the quantity of zinc required for corrosion
control in Taiwan exceeds 10 times to that of US. To solve the problem of zinc
depletion in corrosion control, Zn-Al aloy is utilized.

Among the diverse effective solutions to control corrosion of reinforced
concrete structure- coating is the predominant practice. On the other hand, the
majority selects various ineffective solutions based on their ssimplicity and
inexpensiveness involved with applications to control the corrosion of reinforced
concrete structures- thus no standard solution for reinforced structure is
established at present.

However, studies have indicated that to mitigate the corrosion of
reinforced concrete structures, cathodic protection (CP) is the most efficient
corrosion control technique. Two forms of CP system are accessible for different
requirements in applications. Impressed current cathodic protection (ICCP) and
sacrificia cathodic protection (SCP).

The performance of adopting Zn in SCP for reinforced concrete structures
viathermal spay in the case of Su-Ao Harbor was proven to be effective. One of
the results observed during the experiment was that galvanic current density
varies with relative humidity (RH). Evidence of this was also found in another
experiment- Bryant Patton Bridge. It indicated that Al-Zn-In alloy performs more
effectively than zinc under the same conditions- temperature and RH.

2. MATERIALSAND METHODS
2.1Zinc

To determine the quantity of Zn required for corrosion control of RC
structures, the information provided ANSI/AWS is recommended. However, the
life expectancy of Znin Taiwan isrelatively shorter than US.
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In U.S, zinc coating with the thickness of 75um is reported to sustain
approximately 10 years in heavy industrial areas (Figure 4). Compared to the U.S,
with the corrosion rate in Taiwan, zinc coating with the thickness of 75um is
incapable of withstanding its ambient conditions for 2 years in coastal and
industrial areas as indicated in table 2, where a 41.6um thickness of zinc layer
depletesin 1.6 year in Mai-Liao (Coastal area, Industrial area). The corrosion in
Taiwan is very severe. It is considered to be more than 10 times worse than that
of the category C5 of 1SO 12944-2 by published study as shown in table 3.

According to US Geological Survey (USGS), the world production and
apparent consumption have increased at an appreciable rate since 1960's (Figure
5). To cope with the problem of zinc depletion for corrosion control, a recently
improved alloy- Zn-Al is utilized.

2.2 Aluminum - Zinc

The adoption of Al-Zn alloy is capable of aleviating the depletion of Zn
resource and performing more efficacioudly for corrosion protection. According
to the test conducted (Figure 6), the performance of auminum and zinc are
distinguished as the data demonstrates that the two alloys of Zn and Al-
Galvalume (55%Al) and Gafan (Al5%) produces 3 times and 8 times,
respectively, higher performance of the anti-corrosion than zinc, because it takes
a longer period for corrosion to occur upon on Galvalume and Gafan applied
structures than that of Zn.

Several Zn-Al coatings have been researched and developed contemporarily,
in particular “Wellzinc 850" series; a Zn-Al coating researched and developed
conjointly by Berlin Company with well-known research institutes.

The uniqueness of Wellzinc 850 is characterized by its uncomplicated
application, glossy appearance and single-coat system.

The comparison of Wellzinc 850-series's performance with other productsis
illustrated in figure 4 showing that after 4700 hours, the corrosion of structures
protected by other products commence, however, no optical symptom of
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corrosion is apparent for the structures protected by Wellzinc 850-series (Figure
7).

2.3 Cathodic Protection

Several methods have been utilized to mitigate the rebar concrete structure
corrosion, such as waterproof membranes and sealants, which even though
justified to inhibit corrosion occurring in low chloride contaminated rebar
concrete structures. However, as for higher level of chloride contaminated rebar
concrete structures no evidence of corrosion protection is yet been collected.

“The only rehabilitation technique that has proven to stop corrosion in
salt-contaminated bridge decks regardless of the chloride content in the concrete
is cathodic protection.” (Barnhart, R.A., FWHA Position on Cathodic Protection,
Internal Memorandum, April 23, 1982).

Since 1973, when the first installation of CP on a chloride contaminated
concrete bridge deck in Sly Park, California, more than 1.9 million m2 of rebar
concrete structures have been cathodically protected globally. Even until today
no sign of physical decay of such deck can be visually discovered.

There are two types of Cathodic Protection systems available: Impressed
current cathodic protection system, and galvanic or sacrificial anode cathodic
protection system. Both of them have been adopted to control corrosion of rebar
concrete structures.

2.3.1 Impressed Current Cathodic Protection System- Zn and Ti

An impressed current cathodic protection employs an external power
source to provide the current discharged by external anode onto the cathode- the
cathodically protected metal. Two types of materials are commonly utilized as
the external anodes: Titanium and Zinc. The benefits and cautions for the two
materials are demonstrated in table 4 and table 5, respectively.

The benefits of utilizing Ti mesh for ICCP are as reported: The
honeycomb-like pattern of the mesh provides increased bonding and a uniform
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distribution of current across the structure as well as low circuit resistance. Its
prolonged service life of 60~90 years, is considered to be longer than other
anodes.

In contrast, the benefits of Zn for ICCP are as reported: 20 years of
successful applications in US and European countries, cost-effective
(2000~5000NY O/m2), excellent plasticity, double layers of protection (Thermal
spray and Zn) and uncomplicated for maintenance.

On the other hand, the cautions for the application of ICCP via Zn are: the
currently recommended 375um thickness of Zn layer is insufficient for Taiwan's
corrosive environment, thicker Zn coatings require more surface preparation to
avoid the falling spots and Zn anode is not permanent asit is consumable.

Similar to Zn anode, cautions are required for Ti anode: the numerous shorts
escaping the inspection and imprecise installation of rebar can induce the failure
of the entire CP system, the service life of rectifier is shorter than expected,
scarcity of engineering know-how, and installation of anode often cause several
undetected air pockets to render the failure of the anode.

2.3.2 Sacrificial Cathodic Protection System- Zn and Al-Zn

Galvanic Anode Systems are based on the principle of dissmilar metal
corrosion and the relative positions of specific metalsin the galvanic series. Zinc,
aluminums and magnesium-based alloys are commonly utilized as galvanic
anodes. The metal- such as Zn with higher potential is sacrificed by releasing its
anode to protect the cathode- substrate with lower potential, thus cathodic
protection is formed.

The type of cathodic protection system to be employed depends on the
structures being protected and its environments. However, the benefits and
cautions for both systems are reviewed here.

2.3.3 Benefitsand Cautionsfor ICCP and SCP Systems

The comparison between ICCP and SCP is summarized in table 6 and figure
8. According to the summary, ICCP is adopted for providing complete protection

5-6



93 9

of corrosion. Its application is relatively more complicated as it requires
installation of external equipments, such as an external source of power, a
rectifier and reference electrodes.

In contrast, SCP mitigates the corrosion instead of terminating it. It requires
no rectifiers whose service life is generally shorter than expected. The
application of such system is less complicated, unlike ICCP, whose complex
system and installations usually induce the entire CP system to fail. A successful
application of SCP requires thermal spray and it is competitive in cost.

2.4 Humitant

For conventiona CP systems (SCP or ICCP) to function properly, it
reguires the presence of a continuous conductive electrolyte between the anode
and the cathode. Namely, both systems should be installed in moisturized
concrete structures in order to conduct sufficient electrolytes to form a closed
circuit. When electrical discontinuity occurs, reinforcing steel would not be
cathodically protected. Thus, the existence of adequate moisture in the rebar
concrete structure is an issue highly regarded

One of the recent innovations to solve the problem of electrolyte
discontinuity is the self-adhesive and conductive zinc-hydrogel anode that
provides continuous electrolyte to be conducted between the anode (Zn) and the
Cathode (rebar) embedded in the concrete structure. Electrolytes are capable of
conducting from the anode to the cathode through the zinc foil coated with an
ionically conductive hydrogel pressure-sensitive adhesive (Figure 9). The
hydrogel is covered with a liner to assist in avoiding contamination. During the
installation, the protective liner is removed from the hydrogel manually, and the
zinc-hydrogel anode is adhered to the previoudly treated concrete surface.

This zinc foil anode coated with hydrogel is provided in roll form for
coverage to protect the concrete surface. The ionicaly conductive hydrogel
provides two functions:

1. To enable the anode securely adhered to the exterior surface of the concrete
structure.
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2. Acting as a continuous conductive electrolyte between the anode and the
concrete structure,

2.4.1 How does Zn Hydrogel work?

As shown in Figure 9, the zinc foil is applied to the surface of concrete
structure. The pressure sensitive adhesive (conductive hydrogel) connects the
zinc anode (foil) and the concrete surface to allow continuous electrolytes
flowing from the anode (foil) to the cathode (rebar).

The zinc foil must be electrically connected to the rebar by wires for electrons
to flow through the wire from zinc (anode) to rebar (cathode). Conventional
current conducts in the opposite direction of electrons, for instance, conducting
from cathode to anode. lonic current is transferred by Cl-, Nat+, OH-, Ca2+ etc.
across the electrolyte (concrete + hydrogel). Cathodic protection is indicated by
the potential of rebar and the current conducting between the zinc foil and the
rebar

2.4.2 \Why does Zn Hydrogel work?

The oxidation reaction involved in corrosion of rebar is represented by the
following formula

Fe==>F&" + 2e

When aneutral iron atom discharges 2 electrons it becomes a proton. Metals
discharging electronsis considered as the tendency for metal corrosion.

When zinc foil is electrically connected to the rebar, electrons are conducted
from zinc foil to rebar, therefore, the steel’ s tendency to lose electrons is reduced
and the rate of corrosion (oxidation) too. Because zinc is more reactive than steel,
it has a much greater tendency to lose electrons than steel. As electrons carry
negative charges, the accumulation of electrons in rebar causes the steel to be
more negatively charged inducing cathodic polarization or cathodic protection.
(Figure 10)
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2.4.3 Zinc Hydrogel in Practice

Theoretically, Zinc Hydrogel, the humitant appear to be the ideal solution
to control the corrosion of rebar concrete. However, in redlity, as according to the
inventor of Zn Hydrogel, this may not be the case.

According to the inventor of Zn Hydrogel in the NACE conference,
failures of such protection system occurred after two or three years. The two
main causes inducing the failure are:

1. The penetration of moisture into the hydrogel, cause it to swell and lose its
bonding strength.

2. A corrosive exterior environment induces zinc consumption to occur.

Despite coatings are applied on the exposed surfaces, the protection
system still failed (Figure 11).

2.5 Zn Coating via SCP thermal spray

The technique of Zn coating via SCP thermal spray is reported to be very
effective. The benefits and cautions of Zn anode are restated in table 7. To
illustrate the feasibility of Zn coating via SCP thermal spray, the case of Su-Ao
Harbor is studied in this paper.

In September 2002, athermal sprayed zinc coating SCP was applied to the
underside of the deck to mitigate the corrosion of reinforced concrete. One span
of the #13 wharf deck was tested. The test result obtained, following 270 days of
monitoring, is promising:

1. Observation made on Day 180 showed that few white particles appeared on
the topcoat. It was presumed that the white particles were Zn (OH)2 and/or
ZnO precipitated through the topcoat after the oxidation of zinc anode. The
consumable zinc anode reaction is:

2Zn+ Oz +2H:0 % Zn(OH):
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Under drying conditions dehydration of the zinc hydroxide may occur:

Zn(OH:, —»  ZnO +H,0

2. The depolarization potential meets the National Association of Corrosion Engineers
International (NACE) 100 mV criteria- indeed, 170mV with galvanic protection
current density ranging from 7.8 to 16.7mA/m2.

3. Galvanic current density generated in the Zn SCP, varies with the level of humidity.
Anincrease in humidity induces an increase in the galvanic current density generated,
thus the degree of protection increases.

2.6 Installation of Zn Galvanic Anode System

2.6.1 Requirementsfor successful application

In order for the sacrificial cathodic protection system via Zn anode to be
successful, the following factors require concerning:

1. Surface Preparation: Abrasive blasting equipment should be utilized to ensure
adequate bonding between concrete and thermally sprayed anode. All repairs
need to be completed prior to the preparation of concrete surfaces. When the
ambient temperature is under 5 , concrete surfaces should not be sprayed.
To ensure proper operation, guidelines for surface preparation.

2. Electrical Continuity of the reinforcing steel: Due to the redundancy which
significant structures, such bridges and wharves, possess, electrical
discontinuity of the reinforced steel is usually not a problem. However,
continuity still requires checking during the repair stage at a minimum of 5
locations per 100m2 and between all steels under exposure. A DC Millivolt
drop method, which consists of a standard DC voltmeter, test leads and wire
reel, is utilized to test discontinuity.

3. Availability of Moisture: As aforementioned, the level of moisture determines
the galvanic current density generated. Thus, candidate structures for galvanic
thermal spray systems should be located in environments where the relative
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humidity on average exceeds 40% throughout the maority of the year.

4. Experience of thermal spray operator: The thermal spray operator must
possess adequate technical experience and qualification to apply the anode
coating on concrete surfaces competently.

2.6.2 Thermal spray application

The arc spray application is regarded as the most effective method for
achieving high productivity, good mechanical bond and a cohesive uniform
coating. The electric arc spray simultaneoudly feeds two Zn wires at a constant
speed through the spray gun. The Zn wires melt and the molten Zn metal is
applied onto the concrete surfaces via pneumatic air pressure to form Zn
metallized coating (Figure 12). A minimum thickness of 300 microns (12mils) of
Zn anode should be applied onto the surface. For additional redundancy, anode
connector plates are installed (Figure 13). Usually one conductive plate is
sufficient for 100m2 of concrete surface area

2.6.3 Quality control.

To ensure an adequate quality for the application, the following criterions
should met:

1. Reference Sample: the reference samples are used as benchmark for concrete
profile, adhesion and appearance throughout the project.

2. Thickness Measurements: At least 300 microns (12 mils) thickness of Zn is
essential for long-term performance of the SCP.

3. Adhesion Testing: It is essentia for the adhesion strength to achieve a
minimum of 100psi

4. Monitor coverage: The estimated coverage for Zn at 300 microns thickness is
1.0kg/m2.

5. Visua Inspection.
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2.7 Zn Performancein Taiwan

Data recorded from 25 weather stations throughout Taiwan indicates that
during the period from 1971~2000, the average temperature and relative
humidity were 21.3  and 80.68, respectively. According to the results from the
experiment conducted by Federal Highway Administration (FHWA), the
probability for Zn CP to succeed in Taiwan environment is approximately 50%,
or half of the Zn cathodically protected reinforced structures are not generating
sufficient protective current to mitigate corrosion (Figure 14).

2.8 Al-Zn-In

2.8.1 Temperature Humidity Chamber

Under the intensive research and development funded by Federal
Highway Administration (FHWA) in 1994 to develop new sacrificial anode
materials for cathodic protection of rebar concrete, Aluminum-Zinc-Indium
based alloy was developed to provide a more advanced cathodic protection to
solve the problem of electrolyte discontinuity.

With the incorporation of Indium into the original Al-Zn based aloy for
cathodic protection, the new aloy now enables rebar to be cathodically protected
successfully even in drier less humid areas. This is evident in the experiment
conducted in laboratory testing by FWHA.

During the test, the alloy with 80 percent Aluminum, 20 percent Zinc and
0.2 percent Indium, was compared with pure zinc, where both materials were
adopted for cathodic protection under the same conditions- temperatures ranging
from 4 to32 andreative humidity from 40% to 90%.

The results generated from the test proved that the Al-Zn-In based alloy
performs more superiorly than the pure Zn in terms of the current produced as
illustrated in figure 15. The Figures show that at 21~ and 70% relative humidity,
both aloys produced the highest current density with Zn of 6mA/m2 and
Al-Zn-In of 23 mA/m2.
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The protective current generated by Al-Zn-In CP demonstrates its
feasibility in Taiwan. It is presumed that the sufficient current generated by
Al-Zn-In CP enables the probability for this CP system to succeed is 100%
(Figure 16).

2.8.2 Case Study: Bryant Patton Bridge

As part of the study for FHWA, Bryant Patton Bridge in Florida was
experimented with anodes- Aluminum-Zn-Indium and Zn. They were applied on
to the rebar concrete structures via thermal spray. The results recorded over a
four-year period still demonstrated the superiority of Al-Zn-In over Zn aloy.
Although the current varied throughout the period with the change in moisture,
the average anode current density of the new Al-Zn-In aloy are higher or 4 times
greater than that of Zn (Figure 17).

2.8.3 Other installations

Several installations were completed in both marine and northern deicng
salt environments, whose thermal spray contractors noticed a production rate of
10-15m2 per hour. High bond strength was demonstrated and the protection level
of the rebar surpassed the 100-mV polarization development criterion cathodic
protection of steel-in concrete.

Asthe anode is a galvanic system, it is unnecessary to monitor or maintain.
The anode coating appears to have a gray-silver color resembling concrete.
According to the predicted consumption rates, the aluminum-based alloy should
provide alife expectancy of 10-15 years before the next application required.

Other sounding results produced by the comparison table of the aluminum
aloy and the zinc is displayed in table 4. The most prominent results
demonstrated from the table are the current density of Al-Zn-In compared with
Zn in FWHA Temperature/Humidity Chamber at 21 and 70% relative
humidity, in which Al-Zn-In’s current density is 15 times more than that of Zn.
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3. CONCLUSION

1. Thedepletion of Zn resource should be highly regarded.

2. ICCP via Zn is more preferable than Ti, based on the relatively less
complexity of Zn.

3. SCP via Al-Zn Alloy for controlling corrosion of reinforced concrete
structure is the most economical and effective solution available in Taiwan.

4. To ensure the electrolyte continuity between the anode and cathode during the
cathodic protection of reinforced concrete structure, the humitant- Zinc
Hydrogel is recommended.

5. With the adoption of electric arc spray, Al-Zn-In is capable of achieving the
best performance even in cooler less humid aress.
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Tablel Mean Relative Humidity (RH) and Temperature (Temp) in Taiwan,

1971~2000

Station RH % Mean| Temp. M ean Duration
Alishan 86 10.8 1971-2000
Anpu 20 16.7 1971-2000
Chengkung 80 23.7 1971-2000
Chiayi 82 22.8 1971-2000
Chutzehu 86 185 1971-2000
Hengchun 76 25 1971-2000
Hsinchu 78 22.2 1991-2000
Hualien 78 23.3 1971-2000
[lan 84 22.3 1971-2000
Jihyuehtan 82 19.2 1971-2000
Kaohsiung 77 24.7 1971-2000
Keelung 80 224 1971-2000
Lanyu 90 22.6 1971-2000
Pengchiayu 83 21.8 1971-2000
Penghu 82 234 1971-2000
Suao 81 224 1981-2000
Taichung 77 23 1971-2000
Tainan 78 24.1 1971-2000
Taipel 78 22.6 1971-2000
Taitung 75 24.3 1971-2000
Tanshui 80 221 1971-2000
Tawu 75 24.8 1971-2000
Tungchitao 84 234 1971-2000
Wuchi 78 22.8 1976-2000
Yushan 77 3.9 1971-2000
Taiwan 80.68 21.3 1971-2000
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Table2 Zinc Corrosion Experiment in Taiwan

93

Locations | Atmosphere  |{Zn Corrosion ratetim/y) Service yrs. 90%) | Service yes. (50%4)
Ol |Clotung | Foaral 3.1 219 12 2
02 [ ocbmg Hebee Marine 5.4 124 B9
04 | Eaoksimg | Industrial 4.1 160 25
05 |Hsindar | Matine  [ndnstrial 473 156 26
0 [Mt. ¥ anghling| Sulfrons Rural 11.9 57 332
07 [Shulin | Industrial. Tihan 3.2 209 15
02 |Tuhemg | Industrial 3.5 192 107
09 |HsiaoGang | Industrial 3.1 218 12 1
10| HaLo-fui |Poal | Marine 30 2 22 132
11 |Torchemg |Fual  Marine 3.3 203 11 3
12 | Mailiao | Marine 26.0 26 14
13 |Hsinehn | Thpan 3.7 122 101
14 [Fongshan | Bval | Marine 2.4 2% 1 156
15 |Docman | Ruwal 3.2 21 4 113
16 |Keebmg | Thhan ,, Marine 3.1 215 1210
17 [Huslien |Maine 0.4 33 1.2
12 | Taitmz  |Marine | Ushan 6.7 101 56
19 [T Marine " Byyal 7.3 93 52
20 |Hsinying  Than 6.0 03 55
21 |Hwushi  |Marine 133 51 23
77 |csc Usban |, Industrial 3.3 211 117
25 | NSTSU | Uban 43 150 %3
24 |NTUH | Usban 3.1 21 8 121
25 | Linko Marine | Industrial 34.1 20 11
26 | Mailiao | Marine  Industrial 41 6 16 ik
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Table3 SO 12944-2 Corrosion Environment Category
Unit-Surface mass/thickness |oss
Corrosion Low-carbon steel Zn Cases
Environment M
o g/m2 |ThicknessLoss| p m
Loss
C1 10 13 0.7 0.1
Very low 10-200 1.3-25 0.7-5 0.1-0.7 |Low air pollution (Rural)
Urban, industrial
c2 200-400 |  25-50 1 0.7-2.1 |Amosphere, moderate
i 55 515 "7~ |carbon dioxide pollution,
low salinity seashore
I 400-650 50-80 15-30 2.1-4.2 Industrial area, moderzte
ow i i ) % |sdlinity seashore area
Industrial area of high
C3 650-1500|  80-200 30-60 4.2-8.4 |humidity and corrosive
atmosphere
Table4 Zincvs. Titanium
Impressed Current Cathodic Protection
Titanium Zinc

Longer Service life than other anodes 60
-90 years.

For thickness of 300~400um, the estimated service|
lifeis 20 years.

Honeycomb-like pattern of the mesh
would alow for increased bonding to
the concrete

20 years of Successful application in US and
European countries.

Low circuit resistance

Relatively more cost-effective:

2000!~5000NTO/m2

approx.

A uniform distribution of current across
the structure

High Plasticity- able to be applied to structures of
different age and forms.

Efficient anodes for use in the cathodic
protection of concrete bridge decks

Double Portection: Thermal Sprayed layers insulate
the factors for corrosion and Zn provides
protection for RC corrosion.

ICCP or SCP via Zn thermal spray protects RC
corrosion effectively.

Appearance: similar to the color of concrete.

Mai nt e ripplicetien: a any time with

uncomplicated maintence.
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Table5 Cautionsfor ICCPSystem

Titanium

Zinc

Lots of shorts can escape inspection
inducing the entire CP system to fail.

Taiwan is very corrosive so Zn must be thick,
the current advised 375 um may not be
sufficient.

Theinstallation of Rebar is often imprecise |A thicker coating requires more surface

and well connected, causing the system to
fail.

preparation as it may be the falling spot.

The service life of therectifier is shorter
than expected.

The anode is not permanent as it is consumable.

Installation of anodes often |eaves many
air pockets undetected rendering the
anode to fail.

Lack of Engineering know-how.

Table6. ICCP vs. SCP

ICCP

SCP

»  Confirm complete insulation between
Zn therma sprayed anode and the
rebar, do not alow short circuit to
occur between Zn therma sprayed
anode and the rebar.

»  Provides complete corrosion protection.

»  The method is similar to protection via
Ti, and is more complicated that SCP.

»  Electricity conductive cement,
reference electrode and rectifiers must

be installed.

» The cost, excluding repairs for rebar
and concrete, NT 3000~5000/m2 20
years guarantee.

»  Power source must be installed at
places where power sources are

supplied.

Confirm the connection between Zn
thermal sprayed anode and the rebar to
form acircuit.

Simple application, thermal spray only.
The cost, excluding repairs for rebar and
concrete, NT 2000~3000/m2 20 years
guarantee.

Regular maintenance inspection.

RC Zinc thermal spray: US ANSI /AWS
C2.20 Specification.
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Table 7. Theintroduction of Zn SCP.

Benefits

Cautions

For thickness of 300~400um, the estimated
servicelifeis 20 years.

Taiwan isvery corrosive so Zn must be thick;
the current advised 375 um might be
insufficient.

20 years of Successful application in US and
European countries.

A thicker coating requires more surface
preparation as it may be the falling spot.

Relativelymore cost-effective: approx.
2000~5000NTO/m2

The anode is not permanent asit is consumable.

High Plagticity- able to be applied to structures
of different age and forms.

Double Portection: Thermal Sprayed layers
insulate the RC

factors for corrosion and Zn provides
protection RC corrosion.

ICCP or SCP via Zn thermal spray protects RC
corrosion effectively.

Appearance: similar to the color of concrete.

Ma i nt e Applicatioa :a any time with
uncomplicated maintence.

For thickness of 300~400um, the estimated

servicelifeis 20 years.

Table 8. Comparison of Properties, Zn vs. Al-Zn-In

Zme Al Fn-In Comments
[Theovetical Cxevgy Cap acity 3T TE0-1,090 |Al-Z1-In 2-3x energy capacity of ine
CAnp-he./b [Anp - Th.)
Consnunption Rate at Bryant Patton Bridge, MNil 1Iniicrorser. |[10-15 year life expectancy for AlL-Zn-
[Florida DSmilsyr.] ||nin Florida
Cnrrent. Dengify At Kryand Fatinom Hridge 1. SdmAmZ? SlmA™Z  JLALSn-In U cnrrend dersity ve zime
[after 5 years (0 0ESmA) (04 Al
lAc tual Owiput at Que=n Isabella Canseway, 0. 34 Amps 1.505Aamps  |JAl-En-In @& cwavenk devsity vs., zim
[Texas D510:00) {0 2BmAf2) 0.95mARZ)
Carrert Density in FHWA 043 i nd 6 EomAl AL Zr-[n 0= curvest deveity ve, zine
I'enprranime’Himdd ity {HHmATD) aLAalmATR2)
Chanherigs21C &T0%RH
| 4orerage Anode Open Ciroiuit Potental in - e 1t 1055 m |Al-Z1-In O current decsity ve, zine
Aarine Frwinnmmnend, LN ] [NE)
[Average adheslon test restls 10 Ldbhipa 1.7-24kIpa ||Skniar adbesion Strength vs. Zine
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13

Impressed Current Cathodic Protection Applied to Highway Bridges
and Wharf Decks

JH. LI
ABSTRACT

Chloride penetrated into reinforced concrete inducing re-bars severe
corrosion, reducing section thickness of re-bar and strength of concrete element.
Impressed current cathodic protection (ICCP) technique is successfully approved
to stop re-bar corrosion in reinforced concrete and it is commercially applied in
western countries for many years. In the paper, three cases of applying ICCP
lately in Taiwan were introduced and discussed. Two of them were applied to
highway bridges and the other one was applied to wharf decks.
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4,
|| |
v
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v
|| |
v
|| |
B.
1
110mA/m° 18.8mA/m’
( NACE 75
TM0294-94 )
110 mA/m*
220 mA/m?
1.14m
1.415mm
3Ammx 76mmx 0.64mm
M? 0.17m*/m?
0.390hm/m
(Iridum)( )
ASTM B265 1
8.7x 10°/ %k (0.0000048/in/in/ °k)
20°C 15.6W/m*-“k (9.0 BTU/hr/ft?/ ° F/ft)
0.000056 ohm-cm (0.000022 ohm-in)
105GPa (14,900,000 PSI)
245M Pa (35,000 PSI)
175Mpa (25,000 PSI)

24%
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110 mA/m? (10mA/ft?)
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13mm
1.3mm
2.5mmx 4.6mmx 0.6mm
M 0.032m2/m (0.105ft2/ft)
0.390hm/m
(Iridum)( )
ASTM B265 1
8.7x 10-5/ 0 k (0.0000048/in/in/ 0 k)
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0.000056 ohm-cm (0.000022 ohm-in)

105GPa (14,900,000 PS)

245MPa (35,000 PSl)

175Mpa (25,000 PSI)

24%
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(4)
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5
5 CP
mV
R1 R2 R3 R1 R2 R1 R2 R1 R2
86.09.07
-115 | -113 | -67 | -171 | -124 | -130 | -141 | -261 | -211
86.09.17 | -455 | -356 | -381 | -316 | -432 | -434 | -212 | -608 | -863
90.12.17| -502 | -312 | -519 | -483 | -559 | -488 | -420 | -633 | -571
91.06.14| -568 | -311 | -745 | -501 | -617 | -506 | -505 | -588 | -698
91.12.17| -598 | -331 | -735 | -524 | -624 | -527 | -519 | -593 | -675
92.06.24| -589 | -317 | -685 | -458 | -330 | -630 | -391 | -499 | -638
92.12.01| -520 | -331 | -532 | -434 | -324 | -587 | -419 | -490 | -595
13

4.2

D
(2)
3)
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cm kg/m®
0.0~15 7.13 2350 kg/m3
1.5~3.0 11.11
3.0~4.0 8.50
4.0~6.0 0.69
6.0~7.0 2.14
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7
(cm) (KN) (kg/lem?)
01-1 5.5 84 361
01-2 5.5 78 335
02 55 52 223
03-1 55 85.6 368
03-2 5.5 89.6 385
4.2.6
20% 0%
20%
28%
( )
10%
()
. b=100 cm
[ >
° ° ° o | AJ:4f6  fc'=210kglem’
h=15cm fy = 2800 kg/cm?
® o o o o |, .ot FEs=204x 10°kgcm’
1 a
C. =0.85f.'ba=17850akg
a

—— =25

T.= A'f, = 4x2865x (282——.0.003-204x10%)

0.85
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_ 7013522212 g
a

T, = A f, = 5x 2.865x 2800 = 40110kg
SF=0-C+T.=T,

17850a + 70135# _ 40110

a=2.17cm
(2
x=—2_ —255¢cm
0.85
_ _o5_ f
e, =97 %0003 1272522550 403 012> ¥ — 00014
X 2.55 E,
- OK.
) M,
M, =Cq-(d=2)+T,-(d - o)
—17850-2.17- (125 217y 4+ 70135. 2212125 (155 5
2 2125
— 456698kg-m
= 457t-m
) 20%
(1) a
C. =0.85f_'ba=17850akg
ai —_
T, = A'f, = 4x2.865x (%.o.oos- 2.04x10°)
0.85
_701352=21% g
a
T, = Af, =0.2x5x 2.865x 2800 = 8022kg
YF=0-C,+T, =T,
17850a + 70135# — 8022
a= 163cm «—
2 M,
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a a
M,=T.-(d=2)+T, - (d-=
=T d-D)+ T (A=)

2.15-1.63 1.63

=8022- (125 1'—23) +70135. (25-=7)

= 129625kg-m
=1.3t-m

28%

() 0%( )
D a

C. =0.85f_'ba=17850akg

o5 &

T, = A'f, = 4% 2.865x (—282.0,003. 2.04x10°)
C S a

0.85
7013521278y
a

YF=0-C,=T,

17850a = 701352~ =12
a=153cm

@ M

a
M, =T, (d-=
w=Te (A=)

u

=17850-1.53- (2.5— 1'—23’)

= 47384kg-m
=0.47t-m

10%
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90
2. NACE Standard PR0290-2000, Item No. 21043 NACE Inter national.

3.
85
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Thelnvestigation of Corrosion Situationsand Perfor mance of Cathodic
Protection for Wharf Steel Piles

Jeng-Long Ko’
ABSTRACT

Steel piles were extended applied at harbor wharfs engineering, but they
were easily corroded and must use anti-corrosion methods to protect steel
structures and assured operation safety and extending the life of facilities. In the
study, steel piles of wharf at commercial ports were under surveyed through field
investigations and their cathodic protections performance were also evaluated.
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E 2 W — e

T SEmiea
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T
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4
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Ve mm/yr.

Vp mm/yr.

YC Yr.

Yp Yr.

mm
P
2.4.3
Cu/CuSO,
2
-850mv " "
-800mv. " " 5
2
-780 mV SCE
-800 mV Ag/AgCl/seawater
-750 mV Ag/AgCl/sat'd KCI
-850 mV Cu/CuSO,
A
“6S0mv Cu/CuSO,
-850 mV
-900 mv
v
5
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3
(m) | (m) mm ()
5 260 | -9.5 |Belvol-Z 152 102 50
6 150 | -85 | Z-25 130 96 60
21 236 | -10.0 Z-38 172 114 50
22 190 | -11.0 Z-38 172 114 50
33| -45 | Zz-14 94 82 67
7 236 | -13.0| Ss41 12.0 72
12 170 | -6.0 | PU32 19.5 83
3 170 | -7.5 Lalszsen ot 25.4 90
30 320 | -13.0 | Ss41 12.0 84
99 250 | -12.0 | SS41 12.0 84
3 160 | -9.0 | PU32 19.5 80
4 160 | -9.0 | PU32 19.5 80
69 320 | -14.0 | FSP6L 27.6 67
70 320 | -14.0 | FSP6L 27.6 67
3.2
30.9 34.7 0/00
43.2 52.7 mmho/cm 190 232 Q/cm
52 8.3mg/L 16,500~24,000 ppm
~8.3
3.3
331 5 6
5 6 8 Z
5 80~120
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|
10 5 11 5
6 112 25
2
4 12 13 +0.50
m 0.08 mm/yr.
3.0 mm
20
3 5 6
(m)
+3.3|+2.6|+1.8|+05|-1.0|-15|-20(-25|-3.0|-35
004 | 004 | 004 | 008 | 0.08 | 0.07 | 007 | 0.07 | 0.07 | 0.07
5 0.05 | 0.05 | 0.05 | 0.08 | 0.08 | 0.07 | 0.07 | 0.07 | 0.07 | 0.07
005|005| 005|008 |008|0.07|0.07|007|0.07|0.07
(m)
-02(-04-06|-08|-10|-15|-20|-25|-3.0|-35
0.06 | 0.05 | 0.05 | 0.04 | 0.03 | 0.03 | 0.03 | 0.03 | 0.02 | 0.03
6 0.08 | 0.08 | 0.08 | 0.07 | 0.07 | 0.07 | 0.06 | 0.06 | 0.06 | 0.07
0.05 | 0.06 | 0.04 | 0.04 | 0.04 | 0.03 | 0.02 | 0.02 | 0.02 | 0.03
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22 0.18 mm/yr. 0.20m -0.30m
3.68 mm 2.71 mm 1.90
mm 1.68 m 1.39mm 1.58 mm
540 7.40 mm 21
20
21 22 81
1
3.
— 924 mV —
1209 mV — 850 mV
5 21 22
m
+0.7 +0.2 -0.3 -4.3 -5.3
0.07 0.11 0.07 0.06 0.05
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6 7
(m)
-1.0 -1.7 -3.2
0.07 0.06 0.02
A 0.07 0.07 0.04
0.05 0.05 0.02
0.07 0.05 0.04
B 0.09 0.06 0.05
0.05 0.04 0.03
A B 17 306
(m)
+0.7 +0.2 -0.3 1.7 5.7
7 0.05 0.06 0.0 0.07 0.07
— 1047 mV — 1083
mv 7 — 913 mV — 1051
mV — 850 mV
0 0
| A ] B
1 — 1 —
g e | 44
fol fo ]
_ _ Legend
3 — 3 —— side
—&— concave
[ ‘ [ [ ‘ [
0 0.1 0.2 0 0.1 0.2

Corrosion rate (mm/yr.)

20 A B
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7 24 25 2
0.05 0.07 mmliyr.
0.10 mm/yr. 3.36
3 0.14 mm/yr.
0.02 0.03 mm 3
2
2 -585 mV -899
mV 2 120 -850 mV
-600 -800 mV 3
-850 mV
7 3
M 1+03|+ 00| -10|-20|-30| -40 | -50 | -6.0 | -7.0
2 0.09 | 0.09 | 009 | 010 | 011 | 0.10 | 010 | 011 | 0.10
3 - 014 | 014 | 014 | 014 | 014 | 014 | -
1. 2 Om 8m 120m 3 6 14
29 49 269
2. 3 0Om 105 -1.0m
-20m -30m -40m-50m -60m
630
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2.0 0.0
1'0_: -l.O—-
0.0 M
o -2.0 M

-1.0 =

g 2.0 _- E -3.0

%. -3.0 —- ?— -4.0 =

a ] fal
407 -5.0 =
-5.0 =
60 _' —6.0—-
-7.0 _- -7.0

0 O.Il I 0.2 0 I 0.I1 I 0.2
Corrosion rate (mm/yr.) Corrosion rate (mm/yr.)
24 2 25 3
335 30 99
12 mm
26 4.5
03m 52m
PE PVC -2.0m -3.0m
2
1
99
26 30 99
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8
0.10 mml/yr. 27 28
0.14 mm/yr. 0.01 0.09 mml/yr. 99
0.20mm/yr.
— 981mV — 1100
mV — 850 mV ( Cu/CuSOq, )
30 99
+4.5 +3.0 +1.0 -1.0 -3.0 -7.0
30 0.06 0.07 0.07 0.09 0.08 0.08
99 0.06 0.06 0.06 0.05 0.06 0.07
1
2.30 5 7 9 11 13 14
3.99 6 7 8 33 34 35
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Depth(m)

Depth(m)

Depth(m)

Depth(m)

I
0.1

93

28

Corrosion rate (mm/yr.)

99
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0 0.1 0.2 0.2
#13
symbol
——x 1
BH—H—4™H L2
KA L3
H—o—9% 14
A —4A A |5
[ B == P
KA L7
U v U v U
o] 0.1 0.2 0.1 0.2 0.1 0.2
corrosion rate (mm/yr.)
7 8
B L N
0 0.1 0.2 0.1 0.2 0.1 0.2
33 35
5 4
4 -
3 -
»
.
o
R
2 -
27 Symbol
ymbol
-4 — S L1
-5 = B——8—=_ L2
X—%—X L3
6 - —o——o L4
7 A——4—a |5
T T T
0 0.1 0.2 0.1 0.2 0.1 0.2
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3.3.6 3 4
3 4 29 PU32 U
-2.0m -5.0m
O R
e L i
pa [ ! ~not il
__m-ﬂ:-iﬁ—ﬂ':,:-— - ~.|’I El.l'em”u
oS s
|.‘.. FI3F TELE @00 I
e ?ﬁwnﬁifﬂ-ﬂj'r“' _Irn_iti{.'i" -
!i“ L5p Py -Eaam
f
|
29 3 4
1.
2.
9 30 31
0.03 0.06 mm/yr.
9 3 4
M 1 +03| 00 |-10|-20|-30|-40] -50] -6.0 | -7.0
3 0.04 0.04 004 | 005 | 005 | 005 | 0.05 | 0.06 | 0.06
4 0.04 0.04 005 | 005 | 005 | 005 | 0.05 | 0.05 | 0.05
3.
3 -928 mV -1025
mV 4 -942 mV -1068 mV — 850 mV
( Cu/CuSO, )
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1.0

0.0 1
-1.0
-2.0

-3.0 1

Depth(m)

-4.0 -
5.0 -
6.0

-7.0

L) I L)
0 0.1 0.2
Corrosion rate (mm/yr.)

30 3
3.3.7 69 70
69 70
FSP6L U

-2.0m -55m -9.0m

1.
2.
0.02 0.03 mm/yr.
3.
69
mV 70 - 892mVv

Cu/CuSO, )
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Depth(m)

-1.0
20
30
40
50
60

-7.0
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1.0

0.0 1

L) I L)
0 0.1 0.2
Corrosion rate (mm/yr.)

31 4

22

-12.5m 83

30 31

— 956mV — 1030
— 993 mV — 850 mV (
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10 69 70
(m)
+0.1|-10|-20|-30| -40| -6.0 | -80 |-10.0|-11.0|-12.0
69 002 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02
70 003 | 0.03 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02
1.0_ 1.0-
0.0_= 00
1.0 1.0
2.0 2.0
—3.0_= —3.0_=
— 40 —~ 40
E sof E sob
ﬁ_ 6.0 g_ 6.0-@®
8 0 S 70
—8.0_= —8.0-=0
—9.0_= —9.0_=
-10.0_= -10.0_=
—11.0_= —11.0_=}
-12.0 = -12.0 =
L) l L) L) l L)
0 0.1 0.2 0 0.1 0.2
Corrosion rate (mm/yr.) Corrosion rate (mm/yr.)
32 69 33 70
34
341
11 — 967 mV -
1155 mV
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11 mvV
(mVv) (mV)
vS.Cu/CuSo, vS.Cu/CuSo,
21 -1016 -1089 30 -1036 -1118
22 -967 -1047 99 -1008 -1073
-990 -1036 3 -1058 -1073
7 -1084 -1155 4 -1012 -1063
2 -882 -886 69 -1016 -1065
-1012 -1063 70 -1078 -1103
1
3.4.2
12
0.10 0.60 0.15 0.80
12 A
2 0.10 0.10 0.10 0.30 0.30 0.30
3 0.60 0.10 0.14 0.70 0.18 0.37
99 0.50 0.10 0.25 0.80 0.30 0.46
3 0.40 0.10 0.23 0.50 0.25 0.45
4 0.30 0.10 0.21 0.80 0.25 0.46
69 0.52 0.17 0.35 0.53 0.20 0.36
70 0.26 0.13 0.18 0.30 0.15 0.22
1
3.4.3
13
Al OH
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70%

20
3 4 15 5 8
10 13 20
20
13
cm kg kg kg kglyr. year
21 863 963 | 1496 (9.3 1198|133 37.0| 13 37 20
22 860 90.0 | 1496 114 121 | 282 351 | 28 35 20
883 920 | 1496 133 137 | 121 168 | 12 17 20
7 913 97.0| 1496 1195 146| 39 301 | 04 30 20
2 61 73 149.6 80.8 54.2 6.0 15
3 20 110.2 102 109 | 1.2 81 | 05 32 20
30 72 81 137.6 195 126 | 81 15 | 18 26 20
30 88 96 1105 | 925 984 | 121 18 | 14 21 20
99 20 1105 | 844 974 | 37 11.7 | 04 35 20
3 31 63 134.98** | 256 71.2 |63.8 109.4| 49 84
37 75 134.98** | 366 663|686 984 | 53 7.6 7
69 85 96 134.98** [958 1216|134 392 | 13 40 20
70 84 95 134.98** |96.3 119.8| 152 387 | 15 3.9 20
* 2 1
.
4.1
1. 5
2.
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-850mV  vs.Cu/CuSO,

81 (

81 (

2002

2002

59

1990

) 1992

) 1994
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4.0 mm

69
21

81 1993

CHMT 9101 2002
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8 2/3
2004
9.
No.501 pll 1984
10. -
p3-14 1997
11. " " 1982

12.Mars G. Fontana, "Corrosion Engineering”, 3rd ed , McGRaw-Hill Book
company, U.S.A., 1986.

13.F. P ljsseling, " General Guideline for Corrosion Testing of Materials for
Marine Application ", Report of the Europea, Federation of Corrosion
Working Party on Marine Corrosion Br. Corros J, Vol.24, Nol, pp.55-78 ,
1989.

14.Francis, L. LAQUE, "Marine Corrosion Cause and Prevention , pp95-163.",
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Guidedline of Cathodic Protection for Harbor Steel Structures
J.S.Luo' J.C.Oung® K.C.Chen’ C.Rau’

ABSTRACT

Corrosion of harbor steel structures in marine environment is apparent.
Cathodic protection has been confirmed to be the most efficient method to
prevent steel corrosion in submerged and mud zones. Therefore, guideline to
perform the cathodic protection techniques at steel structures in marine
environments is introduced. It is highly expected that the accomplishments
would afford adequate cathodic protection techniques to harbor authorities.
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24 AT =
w8 *#— £ & 5 4 ENE A 3 RN VP S O SR L ]
(Ag/AgCl/seawater) %% aifh_:ﬁ' ﬂ% » 5-800mV £ {7

s
LafmfmE™ ARk G T @ gL onain » @ L f B
wAE o BH A RE EAp R HERE - ?%iﬁ«ﬁ’ééﬁ e i®ab > Bl

P2 R fiz s AT

2.% i RAZAZC) %S T8t & 76 - *”*‘“”ﬁ%v’ iR SRk E ok E
it 42(Ag/AgCl/seawater) %+ T & 3 % & &k 5 4 4v KCl 3% > B 5 & v
% 1“8 (Ag/AgCl/sat’d KCH) %% = 1‘?4_%_ o

3.2 7 % (aerobic)sIk B ¥ 0 &3 A J\ v {gﬂ;f?‘@,}wmrﬁé&"’ s AR F
(R A Sy %&E(Ag/AgCl/seawater)E‘ Bl m E R D-800mV LT > Ak
e P et R o ARE (anaerobic)I%P‘ B o(deid R P) 0 A i
P A7 FEE 3-900 mV 2 T (vs. Ag/AgCl/seawater) o 12 B~ |5 4 T
=7 ¥ 42F-1100 mV (vs. Ag/AgCl/seawater) > 4-% 2.4.1 #77 o

22413 5F BRBERIBB LT FE

1 A H B AT B PAT

mV vs. Ag/AgCl/seawater mV vs. Ag/AgCl/seawater
AR TS £0 -800 -1100
3 HB -900 -1100

4.%4 THE* BER ARBEL T OERT T AFL T PR E DT
Hooja R @ % hgd THRL A RE AT H&(Ag/AgCl/seawater) &2 47 v
ARISCE)> @ 2 A F a3 B RMaRES Y > Pl IR e {op ik
4 T H(Cu/CuSOy) - 4T =Bk ERIFR Y Py THaa B » £ 242
%%ﬁé%tﬁ¢N19F2kﬁi%ﬁlfﬂ%fﬁﬁw% o & B
TAROT B Aok 243 Arog o
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%242 Bk gL PR RET 2R

BT 53 R iR
-780 mV vs. SCE tried AT 18
-800 mV vs. Ag/AgCl/seawater Ak E VAT
=750 mV vs. Ag/AgCl/sat’d KCl1 ey AT R
-850 mV vs. Cu/CuSOy, tr{ohifadl T 1R

E»s i Ak S gl e
%4 TR (mV vs. S.H.E., at 25°C) BT iR A B g
s )i ff"- ﬁsl (l’l’lV) —Er ES
AR F V4T Ag/AgCl 250 - -800 |#c-50 mV
r{o4 & 7 & Hg/HeCl, 241  -0.76 mV/°C | -780 [|*:-70 mV
& ok i dF 7 & Cu/CuSOy 316  4+0.90mV/°C | -850
&34 Zn £-800 - +250 |4c-1100 mV

SR Aok B iR ded 242 0 0 FaEE 2 T L EREED
BRTLEEITETR MR L R L E R AT mE
TV P AT RER R AR o Ak P REY TS B
FHiERr 2 T ER800 mV 3 VE 7 Mt b s R 0 REER
-800 mV 2717 Pl T iR A izk stk A i 2] 7% b4 2.4.1
PO

8-10




AERE T A SR et R SBINS BT g AR 93 £ 9
r"; r’/gfs

+
A BETRApPAIETE
R E
-650 mV
Aok E "'ff‘l?}“rl; =
AT = -800 mV
-900 mV

S
&
Ex
?\‘V‘E\;@
*
e

Bl 2.4.1 HEiRfF 4% 2

25 R XM RGHBFPRAT

#EAR R P O 8T PR H] £-800 mV ~ -1100 mV (vs.
Ag/AgCl/seawater) °

)ff 2

-/ﬁ«%%fﬁm#?&*‘i’%ﬁé B[P AT DR 0 G
T EREN Y C AL pAT 2R 2-800 ~-1100 mV
(Vs Ag/AgCl/seawater)z. fF » ¥ E * £ 5 @ffste |42 @ A (2ol £

P
%
If LU o

26 A IFATIADE
ARG F AR N R R iE T PR TR B A R oo
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=Y
% & Eisl 4
A8 AT % R (mA/m?)

‘ ok 100

) g T 50
A AR 20
Wl | 150
% PR 75
e 30

| Ak 150

o Wl T 75
7k e 30
g ~ 1 m/s 160
@ | 2m/s 230

3 m/s 270

QAT RR AP EFNFART CREAT (VAR 2 H EG
t:Li‘rﬁ, ml,‘FE\au/n °

3T IR R E T A RIR R G A T A B S R R
Ly z @ 2

7
2% Ai‘“/@”éﬁﬂ—*/\ﬁlﬂ—al‘ﬁéﬁ?ﬁ%

Boigm gty DR PR

REHEIEROGE DRI BILARE N G RAR

oo~ AR e s pH f_ﬁ_wkiﬁ’_w‘%i{a‘i\ THEEFRIER)RIERE
BABHEARRE

4ﬁ$ﬁﬂ§$9‘$§i pH B¢ X 3)im & H s k2 e Fpt

*+7}<%‘r%’“¢?i”’\ RYAELELD) YR i m,#;k*’xé’*Fg#éff%l/zﬁjiil’?éé
TINBRE® éﬁmj,, AT BB o ARE HapR R Eﬂ?‘ ERx35 3
BB TR B § AL RV A s B ET 0 TR L
AT R e

PRI K B0 R AR
2 T AR E(F) FfER 0 [NH, (ppm)
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+1CT (%)) 3 B e i 44t § 5 4R EA N 08PFLF4AE -

6.4 k¥ o BHE PG D BTN GRES KINE R F B A B
@ﬁﬁ%#ﬁ?ﬁ%&@Zﬁ%g?o

TR AR NHP Bk 2 BiRE 6
SO FHMA o FRERAPBAETIRER o

8.7a k¥ AR R Y AL BRET T O LTI R AT SR 4w
T RRART - R ML RN RAHIRLTARA LR LA
Aok R TIEARRGER AR e B kehpH B g A 0 U ERE
é%%ﬁﬁﬁ&ﬂﬁikﬂﬁﬁmﬁﬁﬁé’&mﬁ%ﬁ;ﬂ?mﬁ
(calcareous deposits) o 4% F /T AR ¥ ) = FpAclaat 0 FLak A KPR § iR~
ERpAe o EREREETTIPATINRA % AT IRRR Y S
AR BET IR REZ 50%-

27T R EMBRBHRBF P BTG AR
FEARMERFEBEPBADFRAT R TROEY BT RYE K
RIS o AT
##=20+ixB  mA/m’
Mg+ =10+ixB mA/m’
7B A=ixB mA/m’
1A T IR E o R 2.6 S ARG P T TR E

_ B ERSAR RN
ESAE

T AR V<SRN VYRS VS L EN S AR B Y
BAR R FIT G A g g i b4 g o
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28 %% ?3 gL 1
AR R 2t AR R R 4
(1)“!‘%#&51‘?%&’* 4 £ £4R 1" > CNS-13518 » H3163 » 1995/4 »
A REARE R R R
2Q)"IEtRlF 4" £ & é%#’é‘.l’%fﬁ” » CNS-13519 » H3164 > 1995/4 >
?OEARGEARE R SR
B)“Ktap 4t gFE S4B 4R > CNS-13520 » H3165 » 1995/4
PEAREAR RS S
(4)“?4 Bl AR tR R R S 27 CNS-13521 > H2118 > 1995/4 »
A REAR R R
O)“BAE G2 F AR f2E(GLITR) > P ﬂ\iﬁﬁi@?] BEAERE
3o P ANEEEE 0 198972 ¢
(O) 38 P 3 hdnipd 2 TF PR E(E) FRRFE P A
G I AT AT 1991/3 -
(7)“Cathodic Protection Design” » DNV RP-B401 > Det norske
Veritas » 1993 -
(8)“Cathodic Protection, Partl. Code of Practice for Land and Marine
Applications” » BSI-BS 7361 - British Standard » 1991 -
(9)“Corrosion Control of Steel Fixed Offshore Platforms Associated
with Petroleum Production” > NACE- RP0176 > NACE
International > 1994 -

(10) 2tz A1 23 > (VB3 EdRAE > ¢ B/ & o> 1998 -

fRE 0 B ISR AR B AL 2 e T
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KRR RE AR L AR LT E P RP B401 (1993) BS 7361 RPO176-94(Rev’d Mar. 1994)
- H - %’!,-J{ KRSy o G A ol A % * 3 dp £ (%) -k j& 8| Cathodic Protection Design Part 1: 1991 Corrosion Control of Steel
(*%374K) (1989.2) (1991.3) Cathodic Protection Fixed Offshore Platforms
(#1248 0) Associated with Petroleum
(GR)P ~ B85 8) (B AE® G 2 AT ) (DNV) (BSI) Production (NACE Int’l)
FaT i |24 T4 T (E = mV) kB4 T =(SCE) BB P 4T (Ag/AgCIsw]) | B 54 TP & T = |4 & #(Ag/AgCl [sw])
oy AT i Hix:mV Hi=:V E=:Vpair -080VmT
(SCE) -770 ')%" R 770 % F BnRB 080 4T |Z & MR B REAT AR Lf
AokE VALY TR I -900| RF MHIER -0.90 2 ¥ |Cu/CuSOy4 -0.80 T | e 245 300 mV et
(Ag/AgCl [sw]) -780 B oonidk A i =770 Ag/AgCl[sw] -0.80127F
Gemfidr 24 T Ag/AgCl [sat’d KCI] TR AT R (E V)
(Cu/CuS0y) -850 (B2 kT * 2 x4 7 =(SCE) -0.75 Cu/CuSO, -0.85 1T
-770 ~-1050 Zn +0.25 T SCE -0.78 12T
Zn +0.25 1T
UAE MRS 35 Ag/AgCl [sat’d KCI]
Cu/CuSOq, -0.95 1 -0.75 2T
Ag/AgCl [sw]  -0.90 12
Ag/AgCl [sat’d KCI]
-0.85 1
Zn +0.15 ™
AR A E AT AR R
A-ke 100 mA/m’ B4 F n % A (mA/m?) 2] h g ek 3 A
Y 50 mA/m’ 5 BiEb & AR & wpmlma | PELARR
&2 ¢ 20 mA/M T lrwrawe [griaws petigk At © (Vi)
fE ¢ 10 mA/m’ - P 100 50 (©.cm) | (0C) | T |
| B |agae 20 10 S o B 200 22| o] ss| 7S
s R EA PP RT IR AR /s P 100 x F soxp |- TELEF E Ly 24| 15| 150 90| 100
BaTana|EE 20+100S mA/m’ B i o A 20xF 10xF "IP’P,??%; R 50 2| 430 380 380
Rt 10+100S mA/m? N - 100 x K 50 x K B‘»fﬁéz " s 26~33] 0~12| 180 90 120
3R 100S mA/m’ al T lamae| 20xk oxk SR #iaes| 26~33 0~12] 150 90| 100
i 1 mis 160 80 v L 15| 30| 130 65| 90
Siptdf = AT RAA S # | 2 230 115 0.1~025 ;gr 23~30{12~18]  130] 90| 90
eSSl 3 m/s 270 135 = g 20| 15~20| 180 65 90
FalismBBa4 95 1.0~15 sipa g 20~30] 5~21|  130] 65| 90
Kiisg#ar H512~15 Er R 19 24 110 55 75

&
o o W dFH

L EY e

Hd THUW S T

=z
N

4
z

W6 FEokd s 94
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b
(F 1)

B ESRE S
/ﬁ/ ‘:‘-\}:%E’\;}ijﬁgﬁk ﬁg;ﬁ.‘
(72375%) (1989.2)

((GBR) P &~ E B ¢ )

RP B401 (1993)

BS 7361
Part 1: 1991
Cathodic Protection

RP0176-94(Rev’d Mar. 1994)
Corrosion Control of Steel
Fixed Offshore Platforms
Associated with Petroleum
Production (NACE Int’])

FaTIRR

A % 34 45 (%) - fZ 3| Cathodic Protection Design
(1991.3)
(P AZEXE L AT 9T (DNV)
|
i I 4% % A (A/m?)
() A L #F i T
(>20°C) |(12~20C)| (7~12°C) | (<7°C)
4= 4 0.15 0.17 0.20 0.25
0~30 | T35 0.07 0.08 0.10 0.12
T 0.09 0.11 0.13 0.17
A= 8P 0.13 0.15 0.18 0.22
>30 | T 0.06 0.07 0.08 0.10
T 0.08 0.09 0.11 0.13
BRLIEIE LG ER
T fo 44 i x 100 (%)]
fo (T 3)=K1 +K2 x % 2-at* & /2
fo(Bo#)=Kl+K2x % -at* &
B OAE A ik
% LY
I 1 I v
# % |Primer 1 % |Primer 1 % +|Primer 1 % +|Primer 1 & +
ki |DFT=50 ym|3 I E
(m) AR B AV RN S ENER K]
DFT min.= |[DFT min.= |DFT min=
150~250pm |300um 450um
K1 0.10 0.05 0.02 0.02
0~30|K2 0.10 0.03 0.015 0.012
>30 (K3 0.05 0.02 0.012 0.012
DFT: 3z %5 &

(25Q.cm)

A= 8/ =100 mA/m*
£ 7=30~70
mA/m’

A
10 ~ 30 mA/m>

g EKA Y

(4 tar epoxy, 5 &
=0.2 mm)

5 mA/m’

g

&
F 6 F oMY B W VB AR AT HUEF T W L W v



g B ED BT AR LTFP RP B401 (1993) BS 7361 RP0176-94(Rev’d Mar. 1994)
A B %1!,.,{ %2 PR M- iR |4 K 3 4p #5 (%) - F f& 35| Cathodic Protection Design Part 1: 1991 Corrosion Control of Steel
(¢2375%) (1989.2) (1991.3) Cathodic Protection Fixed Offshore Platforms
(#1248 0) Associated with Petroleum
(P *EFE€) (P 2% B2 AT (DNV) (BSD) Production (NACE Int’l)
ol e
FoP Al-Zn-In | @& 8L 4 i -
2 e Zn-In |4 4L 4 BELE |4 %L B 7oA P
g 2.6~28 7.14 B E W) (Avkg) BETE | AR
BEHET = (Vvs. SCE) 1.08 1.03 B 000 BT [P Big | $0c |42
$HB g 20D = (V) 0.25 0.20 Thase -1.05 oY 2| 22 |kgAyr
2500 max. |[|[Mg-Al-Zn | -15~-1.7| 8
mHE A TE (Ahlg) 2.87 0.82 b 200 rmaLcd o5 NS Volts  |A-hkg
n-base n-Al- -1.
o 9 80 | 90 95 -1.00 Al-Zn-Hg |10 [2760 [3.2
N ; e ; *(/—:‘) (Ah/g)  |230] 2.60 0.78 750 max. [) Zn-Hg 105 12 o 2840 |~3.1
I mAfem? |© 7%= wE ANE e ' o Al-Zn 097 | 4~8 - —
W AR (kg/Ayr) 38| 34 11.8 BT = (vs. Ag/AgCl [sw]) aiznsn |t 11| 4o |[AVZoIn 105 2200 |38
B Timred (%) 65* 65 R4 ’ ’ -1.05 |~2600 |~3.4
i 0.03mA/em’® |3 %54 2 (A * s AlZnHg | -105 133 A1 zn-sn |- 930 9.5
® . em’ [§%%2 2% (A 1.86 0.53 e |5 eiE |12 = o5 AACI pw) n-Sn )
(o ¥ [ ¥ — .
T T 8 L) * gas 110 |~2600 |~ 3.4
. mn ) (Ah/kg)
. " s £ Zn(MIL-A[-1.0 770|112
B -0.95 .
# jf, H B 4% ~ Mg-Mn| Mg-6A1-3Zn 7 Base 0.95 B -18001j)|~ ~820 |~10.7
g 7 wE 174 177 f-oase = Mg(H-1 [-1.05 |1100 [8.0
s i BB BT = (Vvs. SCE) 1.56 1.48 Alloy)|-1.0
L2 i— et 2w d i (V) 0.75 0.65 ik 3 ¥ ~
g | [ERELEE (b 220 221 BEuE  |BEilr s 4105
ped . oo (%) 50 55 Long slender -1.4
ke 0.90 16
= , |%% 2T E (Ahp) 1.10 1.22 Stand-off ~-1
I mA/em® | .
PR (kg/Ayr) 8.0 7.2 Long' flush-mounted 0.85
ER = (%) 40 50 Short? flush-mounted 0.80
0.03mA/cm’ |5 4 2§ (Ah) 0.88 1.11 Bracelet 050
half-shell type '
el Bracelet 0.75
J— FE 4 #t% | Mgt g | |Segmented type '
BE. T = (Vvs.SCE) | -1.08 ~-1.15 -1.10 -1.50 DHIEE >4 BA
BB (%) 80~ 95 95 50 DEEE R<4x BB
#4 3£ (Ahkg) 2300 ~ 2750 780 1100

g

&
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v v/

31 iR 4 5 SLEHR
AR SRR Feal S EaE AU TR 1 L S R 2
ERNAPPRTE BRIV HEY o

e
L BAmHREFEEP 12 Y BEBES S bp TR ARk
s AR SRR TR B g R e TR S

2. KA REFETRCR 310 AF o

B 4

| E1E | apEEE
BEBES |2 & (@ OH g

Aeg IR & AR | AF S

=h

Aok e

RS
(e ok )

h 4
WA B “hde FE A b TR
(B-KBRBP R*4EL LB (TR =44)) (F & T 248+

W 311 Kibr 4 & SiE TR R
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AUETRB T 4K S5 RS b%%*j—f?lz*ﬂfé*éfﬁé&;}iﬁ&ﬁf@w = ‘f‘%’ 3 93 & 91
e v o

3.2 B &S
321 R A A &

WEFRAYRT AR UEEFAT -
(DFEBFEE - REERERF Lo REEPRBTIHR -
)R ﬁﬁﬁ'ﬁ‘pﬁfﬁw*”'ﬁ BIRE s R R PR
BBt & i o
OEE T
(5)azE gL o

L
B o

p— I
. ™
s

PP a8 2 0n i R i TR ek el g R B T R g 2.6 &4 27
GA-T 2 oA TIERE R BRPB R E ORI FERER

LG -

BHBEHE G FLE BL A HLAEBEHE Y REEE
«f*l“*ﬂibi%b‘{%’f LB EE TR OE L TR A BRI
AME O GEH AN ER BRI P oS AR R F B A S M

G ONEKE AR BB L BB R IR hh ok
Eaddp £F@7 0 FREuUTEBER Y &3

BWEFRES S 06 AR ES R 2 5 - LESBET R
T3P =T 30cme 4 EtRn 2 0 RBIF UE 2~8 L E -
Hix ol AFhuit, 228 X500 A7 2A7F 7 H5m
FAZ AL o g thm s B ABRFEE -t tgzx X
BBPFF Gt P Bt T LA B R R P ¢ o kiR
Wajpuddk o AAREMTRE o

SR R 2 R R L TR FIH R Ak g ISR
b i BN R BE TR B
%F’f’a,b"’ﬁ%’fﬁ’f’a,w#&ﬁﬁﬂ 71;,}_») v 1R ﬁ’é'—»ﬁ_,m ) ﬁ;@fi?,ﬁﬁ*éﬁ
};é_o

FEE 2 T RS 150m~100m R A RR] B4
AP IR AT RE R A TR R P TR EL R ST R

H T
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v

TE P RRT

v

EEBEHEZ g
>y
VEREBERIFLTE
R TeAlsER o
TEERPBERTEE

v

ErEEAL BTN Bt
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R 1

323 w# e 3t E
BRI E G IR G EE ALY G

e
I EANA kY miE ek R R E T80 = (MLW.L) 2T

>~
AAFRRORETE cLE L RRFRE L R ERT T EP >
(MWL) T 3% K&+ BFenf Bty o o7 3 B4R 3.2.3.1 #57 o

N
-.---!I_"II L L A ﬂ_"'
W Lii E -"\\
ML WL E
TLWL it
I
H .IE e+ ‘r"'.

™

g

e
b A SN
' /ffﬁ’_'fx’;
{ ol AN ¥

| i 1 i

=
s

B 3231 A kP i B3I E T B

2. EaHReEF o P E G
(1) 4 4= ¥
AkY e fF Ag=nxLxH,

KNP A=A R G A om
L= tH A& & > m
H=/a"k¢ £ & >m
=P B GB(RAFRINSD B o 4ok 3231 975%)
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AR T SR AR P A ED SRS BY P AR 93 £ 9

= i

/;‘}}%;l L 7%: ASZZHXLXHZ

AP AR Y G om
L= th /- BEE R > m
H=3&k2 7" £ & 'm
n=4 % 5% F ik

()4 ¥
Aok? a ff Ap=nDxH;x N
XA EE AR G o m
D=4 ¢ 52 /< > m
Hi=/%k? £ & >m
N=ék ¢ 52 #ik

AR P e Ap=ntDx Hyx N
AP A=t e 2 s o m
D=4 ¢ /52 /< > m

H=3&k2 7 £ & 'm
N=ék ¢ 52 #ik
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GBETRBE TASRES e

14

LB GRS Y Pt g AW I3 E 9

Y

4 3231p 22 Ry S Rk(EHGFRINH B)

i ey % i il oy %
YSP-1 I | 125 YSPZ-14 Z14| 1.6
YSP-II  NKSP-II I | 135 YSPZ-25 FSPZ-25 25| s
YSP-III  NKSP-III | III | 1.45 NKSPZ-25 KSPZ-25 '
S,JYSP-IV NKSP-IV | IV | 1.6 ;JYSPZ-32 FSPZ-32 2| 185
=%
ég YSP-V V | 1.65 ﬁ NKSPZ-32 KSPZ-32
¥ [YSP-Us NKSP-Us | Us | 13 | # |YSPZ-38 FSPZ-38 S
YSP-Uys NKSP-U, | Uy | 14 NKSPZ-38 KSPZ-38 '
YSP-U;s NKSP-Us | Uis | 1.55 YSPZ-45  FSPZ-45 45| 105
YSP-Uy; NKSP-Usy; | Ux | 1.7 NKSPZ-45 KSPZ-45 '
FSP-Il  NKSP-II, 1| s E] YSP-B66
KSP-Il  SKSP-II ' iﬂj YSP-B74 1.2
FSP-III  NKSP-III, # |KSP-H
I | 1.65
KSP-III  SKSP-III £ |YSP-F FSP-F o
FSP-IV  NKSP-1V Wl 1es | KSP-F
KSP-IV  SKSP-1V ' ngsp-FA FSP-F, . O
A .
FSP-I, NKSP- I . 4 ¥ |[KSP- Fu
o [KSP-1,  SKSP-1I, A ' YSP- F, KSP-F, | F, | 1.1
2l IFSP-I,  NKSP-II,
i Iy | 1.6
# |KSP-II,  SKSP-II
Ly FSP-III,  NKSP-III,
IVa| 1.7
KSP-III,  SKSP-III,
FSP-IV,  NKSP-IV, &
IVy| 1.8 E 1.57
KSP-1V, SKSP-1V,
FSP-V;  NKSP-V,
v | 1.7
KSP-V;  SKSP-V,
FSP-VI;  NKSP-VI;
VI | 1.75
KSP-VI;,  SKSP-VI;

TR kR TARY I ABHEEF LT F L
B3 AT A0 1991 o
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BOETRE T M R MR R RD B Y P g LR 93 & 9
r'a r'/gf's

324 BT E

et

IZZiiXAi

5\‘ L) I—HT@ F}‘éﬂ. “i_,/!l ’mA
i~ BBEY2LPRBEATREGIFATIE®AR) > mA/m’
AFidok? g R P 2 RS G Hom’
i
I PETERRDEY TGP T AR E 3 o RIR 26 &2 27 &
A
(1) % 4w
LR 4
IS ‘ - -
47 8P 7 A 7 T B R (mA/mY)
" ke 100
_ :? PR 50
A AKd 20
i ke 150
. ‘,7]\ { '
Ak 4 30
. ke 150
n 4 ral 75
23 ARt e 30
ol 1 m/s 160
: % 2 m/s 230
3 m/s 270

) % Eik Rt b
% #=20+ixB  mA/m’
MEd=10+ixB mA/m’
7B A=ixB mA/m’
iIFATIRRRE > 2.6 SARMGH S T AREE T

H AN AR RBIE G A

B: f —
AR s
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AERE TS RR SR A A B SRS B g AR E 9T
r'a r'/gfs

3.25 %*}r%’}’ﬁ]}‘_ 5 s 'E_;-'-_:B:
RFERE T 2 FEBART GRS IE R AR 2 IET O R
Bz #4 2 g ETE -

Is:ixIOO
R

a

70 =R R EROF A T mA
E=7 % T =L (SBHBHTR) V> & & £H&: 02 Vo 48
L EHEE 025V
R=#k B it Kk ehR [ > Q

FRi L R REHA R T IEL 3 o RBEBRSAK S 40T
()£ ik ia (et i Hd 4 4 6 §B4E >30cm > 2 L>4)

Ra= (1 “L_lj
27L r

¢ O REERBE BB RDTIE Q
p=ia ke e s Qeem v AR R B A T
L=F1i&E£ & > cm
r=H 2 S (2 B iR E e fE) > cm
FHREFIR > PIBREscd T r

C
yr=_|—
T

C=H R eP¥7% & f# » cm’
Q)£ iEt kB R (Hp g d 4 5 R4 >30em > ¥ L<4r)

T T 2
+—— .1+ —
oG]

PP R=HREBEHA ROTIE S Q

8-25




AERE T A SR et R SEINS BT g AR 93 £ 9
- :l “ :?
v v/

p=iz K T > Q-cm
L=H{&£ B > cm
FHEEL S (A EEE L jE) o cm

SR 0 Rl R % 2 ey

(3) 4 % 15 1

Razﬁ
28

Y REREBEEAROTE > Q
p=ia K F e > Q-cm

S=EiRE BE R R DTIBE > cm

(4) 2 1 250k 2 1 el

0315

- A

P R BB A kTR 0 Q
p=r K e Q-em

A=Htmehd 6 #f > om’

Ra

Dwight, H.B., “Calculation of Resistance to Ground”, Electrical Engineering 55,
12 (1936): pp. 1319-1328.

McCoy, J.E., “Corrosion Control by Cathodic Protection”, Transactions of the
Institute of Marine Engineering, 82, No. 6, June, 1970, pp. 82-86.
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AETRE T4 SRS ‘Vt’fvﬂﬁﬁfﬁ-miﬂfﬁ”ﬁﬁfﬁéﬁﬁﬁﬁf@"Eﬂ?‘fﬁ AEI93 £ 9
r"; r’/gfs

326 HEpEHEET 235
B AR (R 2 P )T R R s
1i x Ai
Ig

PP N=& o~ d kP (852 P BRI T F R R
e
im:RBHEFLFBRTIEFRGLEBEIFER TR
A) > mA/m’
Amibokd (255 2 92 B 6 4 0o m’
[=5 Bk B HEaE 4 208 > mA

Ni=

SRR TeAi SRR
=(OINi) x (1 + 44 % dic)

B0 AR Al 10% ~20% o

327 BiEd 435

NxWxu
QXIavg

$7 o L=BiRi * & & > year (yr)

N=A Fih R % 97 F [ i o i

W=& BB &hi-E € > kg

Q=H &} £ & > kg/A-yr
Lyt 2L P FP L TDRETR A ST N5
CRET AR RETE NRT N 05~055 B A4 iagE
850677

u=H el 5 0 L iE KBRS 0.90 ~ 0.95 > 455" (Bracelet)
Bii 0.75~0.80 H i a5k % 0.75~0.90

L=
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OETER T A SR SRR B IAED N R P g AR 93 £ 9
r'a r'/gfs

328 HpBiEprL 4L

BHBAREISS 6 B R FE SR 0 T S - BEEBET
B T T IEIGR =T 30 cm e H4 G T 0 BRI UE 28 L
5"E”’% SEIEE F 3-8 LACEES ¥ 4 e MRS

EHBERET AL AR ERT o AR T AR 2 e
iR Eapid s RALFEWMT A o

33 ?]" 4\2 W /n'- 7N
331 A A4

WP LRTINEE > UEEFAT -
() BAIFE R FERES LG REE PBTARA -
(2) BiaiFE gt -
3) HiEpel
(4) FAREEFFERP TS AR
(5) TRTE-
(6) ki nT L -
(7) AR TFBZBE-

4y

Y

AR R R E Y B A R TR BT R Py 2.6 & 27
ERPE N

Al TS EREE TR Y TR PEEEEE RS R SR 2B
MR EI Mt & &K s kY > & % &40 £ (platinized titanium)
fa At R £ 1Y $ (titanium coated with the mixture of noble and
non-noble metal oxides) % [% & -

Biafe g BRI R R EFPER s ® 5 RA -

BATRLTRTRALO0V T o ¥ R EF CNS RfEF L
@ CNS%#'H’_BB °
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e v - g

SEATT N ﬂg‘fﬁ Gy #ﬁéﬁ%’f“i }f{'ilﬁﬁl TR B o B T R AL I
BTG AR TR A
B Rk S RIERAS R
e H s FRATR N IR =R R N i ﬁ&%
ﬁ%ﬁif;ﬂyﬁis’ %ﬁﬁ*%?ﬁwﬁﬁﬂiim#%T’
T §FAFRATR IR e S RRATT R S R g R
gy g AR RAATENT R .

Q\-“\«
g}:’ﬁ_t

ey 2 T pE SR > 50m~100m RS RB o E Y g
wEFE2 TP
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15 L3

332 E3inAe

B 4

W aER btk BREY 2 F
%5 ﬁ‘:;‘L"E”* I N A N

AR A ARR

ErABBY 2 PRTIRRA

(hrid k@~ k1P %)

v

. PR SR
PFEzpeET IR

v

BB 2R R B Ix (1+4R45 (k)

>y

Higgzgra gl

v

e A2 R R N=1I/Ig
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r'a r'/gfs

333 W H 3-8
BRI E G FA R G EA ALY G

1R B 323 EApk o

334 pag ity

I~ BB 2ZPRT A RAG AT A% A)  mA/m’
AFidokgdia 2 P 2 g F e ff o m’

R 324 H4pk o

335 Elu \?,I;f?i
ERE L Tn g B Ix (1404 T i) ©

FRL 1 AR alic s 10% ~20% o

336 B2 ¥4 Tt
4 d R 2 BRI HATE A o
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r'a r'/gf

337 H - Eix g;;{;_l.ﬁ] NEREE

£v o E=H - & ﬁﬁ%l:". TR
E~BEHA KTmAL 2 RREETEF QAT x B
B AEKTIE)V
E=# g TR » Vo (s k7 E~0)
E, =t B ¥Rz TR -V

e=keha 2T R Vo (Rik-k? e=20V)

#70 Eou=H- R ERPEATE OV
E_E ii_g/n ggﬁ;‘}l ' é?@,v
X=ARAL (% #c

3 AR il s 10% ~20% ©
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PR T M LR RS SR SIS ED SRS T g AR 93 & 90
r'a r'/gfs

Yr g HPz2 %R

4.1 HEF &

411 B & &
(DE G Apg chiddd > 2 22 g Bl -
Q%R FHREL ] 403 g AL JRfRES
B)e R E G B hRIREF o TFEFLT

ARTE ;&3 S

AHeitEFEF THrLEZFg L < o
G)FBAFEFZNE > 3 5LEE

R R R RR R do 2.8 R AT o

4.1.2 el 5%k
=y CNS 13521 Mistmpr & R BRI RHRZ | 2H 38 & §
lﬁmiﬁ$%ﬁ¢’@5%ﬁ%ﬁﬁﬁ%$’ﬁﬂéﬁ:
(H)F %% 2 T 2 (Ahkg)
(2) % 5 (%)
(3)if 4= & (kg/A-yr)
() B e PR 7

R L R RO A (R R e
FLRTEANWK)  AFATEATAGE ¥
FELLEAERF LT EP A &ﬂﬁ’%%%ﬁﬁ$%%°@

#5 CNS 13521 » % P

B k) BB
S EELEREELTE 4T

*er@z2 28 (Ah)
wmEC2ZERE (2)

o e s TE
LoORHwLRE (Ahkg ==~ x 1000
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R 4 S RRD P P IR ED S HIRR T B E AR 93 E 9
r'/gf

=

2
'

(A.h)x100%

T ¥
2, mmxﬂ(%yw%ﬁﬁ?:
3. WS (kg/Ayr) =

S
X

£% (g)

B3
T
ZHELTE (Abkg)

Fug s T8 (Abke)

4. BRBRTETEEEEAL
1iEg i+ 4 %ﬁ_}‘%#ﬁ

o

TRERY 2 p REBT T -FRT =
TiERY 2 ERHEE R

413 f%’}’é I m '59:—1%

#yz CNS 13521 % » 48 ¢ &

LEPHET RS D )

2 R o
R AR L AB A RN T Y T HRE o

7 p 1 *
(S.CE) = 1.10
BB i T (-V) Cu/CuSO4 = 1.15
Ag/AgCl/Seawater = 1.10
3 RRE (V) =0.25
2&H%E 2T E (Ahkg) 2900+ 2%
T E (%) >90
3 7R £ (Ah/kg) > 2600
WA F (kg/Ayr) <3.40

8-34

x 365 x 24 (h/yr)

LR




PERESS ¥4

t"

T%%“ﬁiﬁﬁﬁﬁm#Wﬁﬁﬁﬁﬁﬁ%%pig AR93 £ 9
v o

4.2 #F 4 g N

4.2.1 &ttt

TS B 0F 45 % M Bt 4

(ERE

S
>

2} be @ ER /:_ q-\‘ F% ’E‘ﬁﬂhl’f"\ /ﬁ %j"’_'%

¥ g

TR VST ER
P j\r’ﬁ’%@“ﬁw#ﬁ% AIG AP (ReRTR) 7] g 4.2.1 91T o

4 421% 4 T N AR R

WA 1 e %A mA/m?
i =
kg/A-yr Aok |k k] 4 3
B # 48 (Fe-14.5% Si) 0.25~1.0 - 26 11
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