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International standard (Swedish Standard)

- St 2: Hand tool cleaning

- St 3: Power tool cleaning

- St 4: Brush-off blast cleaning

- Sa 2: Commercial blast cleaning

- Sa 2 1/2: Near-white blast cleaning
- Sa 3: White metal blast cleaning

Steel Structures Painting Council (SSPC, USA Standard)

- SP-1: Solvent cleaning
- SP-2: Hand-tool cleaning (St 2)

- SP-3: Power tool cleaning (St 3)

- SP-4: Flame cleaning (FL)

- SP-5: White metal blast cleaning

- SP-6: Commercial blast cleaning

- SP-7: Brush-off blast cleaning

- SP-8: Pickling (Be, DIN 55928)

- SP-9: Weathering followed by blast cleaning

- SP-10: Near-white blast cleaning

- SP-11: Power tool to base metal

- SP-12: Water blast (NACE 5)

- SP-13: Surface preperation of concrete (NACE 6)

- SP-14: Industrial blast cleaning (NACE 8)

- SP-15: Commerical grade power tool cleaning

National Association of Corrosion Engineers (NACE)

- NACE 1: White metal blast cleaning (Swedish Sa.3 or SP5 or WJ1)

- NACE 2: Near-white metal blast cleaning (Swedish Sa.2.5 or SP10 or WJ2)
- NACE 3: Commercial blast cleaning (Swedish Sa.2 or SP6 or WJ3)

- NACE 4: Brush off blast cleaning (Swedish Sa.1 or SP7 or WJ4)

- NACE 5: Water blast (SP12)

- NACE 8§: Induster;
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Cleaning Grade | Cleaning Grade | NACE | NACE | SSPC ISO

(abrasive) (water alone) abrasive | SSPC | abrasive | Abrasive Water
NACE, SSPC | ISO, NACE

White metal Bare metal | WJ-1 | SP-5 Sa3

Near-White Very Thorough | 2 WIJ-2 |SP-10 |Sa2'% Wa2lR2
Commercial Thorough 3 WJ-3 | SP-6 Sa2 Wa?2
Industrial Thorough 8 WJ-3 | SP-14

Brush Off Light - Wi-4 | SP-7 Sal Wa l
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SSPC STANDARD DESCRIPTION EQUIVALENT
SP1 Removal of oil, grease, din, soil, salts and contaminants by cleaning
Solvent Cleaning with solvent, vapour, alkali, emulsion or steam
SP2 Removal of loose rust, mill scale and paint by chipping, scraping, ISO St 2
Hand Tool Cleaning sanding and wire brushing to a specific degree
SP3 Removal of loose rust, mill scale and paint by power tool chipping, de- ISO St 3
Power Tool Cleaning scaling, sanding, wire brushing, and grinding to a specified degree
SP5 Removal of all visible rust, mill scale, paint and foreign matter by blast ISOSa3
White Metal Blast cleaning with wheel or nozzle (dry or wet) using sand, gnit or shot. BS4232
Cleaning (for very comosive environment where high cost of cleaning is waranted) (1" grade quality)
SP6 : : : ISOSa2
: Blast cleaning until at least two thirds of the surface area is free of all
Commercial Blast : : BS4232
Cleaning visible residues. (1or rather Severe conaibons of exposure) (3 grade quak
spP7 wwmauemwwm.maMMe.Mt
Brush Off Blast Cleaning ;;dooal:ugs.expoﬂmnmmmiymmedﬂecksofund«'y- ISOSa1
SP8 Complete removal of rust and mill scale by acid pickling, duplex pick-
Pickling ling or electrolytic pickling.
SP10 Blast Cleaning nearly to “White Metal” cleanliness. until at least 95% of ISO SA2.5
Near White Blast Clean- | the surface area is free of all visible residues. (For high humidity, chemical BS4232
ing atmosphere, marine or other corrosive environments) (2™ grade quality)

Note: Besides the above standards, “Chemical Treatment”, such as Iron, Zinc, or Manganese Phosphate treatment,
may aiso be applied. This method is a combination of pickling and blast cleaning.
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GRADE
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GRADE
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GRADE

UNBLASTED

BLAST CLASS 1
Nace No 4

BLAST CLASS 2
Nace No 3

BLAST CLASS 2 1/2
Nace No 2
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BLAST CLASS 3
Nace No 1

UNBLASTED

BLAST CLASS 1
Nace No 4

BLAST CLASS 2
Nace No 3

BLAST CLASS 2 1/2
Nace No 2

BLAST CLASS 3
Nace No 1
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Coatings Surface Profile Requirements, mils ( .4 m)

As required by NACE CSA AWWA
Asphalt N/A N/A N/A

Coal tar (plant) 1.5-3.5 (38-89) 1.5-3.5
Coat tar (field) 1.5-3.5 (38-89)

Tape Not specified 1-3 (25-75)
Tape (for joints) Not specified
FBE (plant) 1.5 (38) 1.5-4.5 (40-110) | 1.5-4.0 (38-102)
FBE (ficld) 2.5-4 (64-100)

Liquid epoxy Not specified
Liquid urethane 2 (50)
2-layer 1.5-4.0 (38-102) |1.5-4.5 (40-110) | 1.5-4.0 (38-102)
3-layer 1.5-4.5 (40-110)

Composite 1.5-4.5 (40-110)

Wax Not specified
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Coatings Surface Preparation Requirements
As required by NACE CSA AWWA
(Standards)
Asphalt N/A N/A N/A
Coal tar (plant) (SSPC-SPI) (SSPC-SP1) SSPC
SSPC SP6/NACE #3 SP6'NACE #3/SSPC SP
or ISO 8501-1 1O'NACE #2
Coat tar (field) (SSPC-SP1)
SSPC SP6/NACE #3
» or ISO 8501-1
Tape Not specified (SSPC-SP1)
SSPC-SP 6/NACE #3
Tape (for joints) (SSPC-SP1)
SSPC-SP 6/NACE#3
FBE (plant) SSPC-SP 10/NACE SSPC-SP (SSPC-SP1)
#2 or ISO 8501-1 | 10/NACE #2 | SSPC-SP 10/NACE #2
FBE (field) (SSPC-SPI)
ISSPC-SP 10/'NACE #£2
Liquid epoxy Work in progress (SSPC-SP1)
(NACE Committee TG SSPC-SP 10/NACE #2
247)
Liquid urethane | Work in progress (SSPC-SPI)
(NACE Committee TG SSPC-SP 10'NACE #2
281)
2-layer SSPC-SP 6/NACE#3 | SSPC-SP (SSPC-SP1)
6/NACE=3 SSPC-SP &NACEZ3
3-layer SSPC-SP
10/NACE #2
Composite SSPC-SP
10'NACE #2
Wax (SSPC-SP 1)
SSPC-SP 2

Type of Abrasive  Mesh Size Max.  Height of Profile

Very fine sand 80 37 microns (1.5 mils)
Coarse sand 12 70 microns (2.8 mils)

Iron shot 14 90 microns (3.6 mils)
Copper slag 1.5-2.0 mm grain size  75-100 microns (3-4 mils)

Iron grit No. G16 12 200 microns (8.0 mils)
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Pressure (bar)| Remo

Up to 500 Fouling, salt and dirt.

> 1000 Also loose rust and paint. 150 (machine)
Firm adherent paint remains.

> 2000 All coatings. Restores original | 5 (handgun)
roughness profile. 100 (machine)

> 4000 All coatings.
Creates roughness profile.
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[Pipeline Coatings]
1
Hot Enamel| |19t Applied| (Cold Applied) |,,., g Fusion Bonded | [ .\ goq Composite
Tape Tape Epoxy
PVC/PS
=Coal Tar Coal Tar A dbiaibve - Epoxy Single Layer =Polyethylene |3 Layer PE
- Asphalt PE/Butyl _C:al Tar Double Layer =Polypropylene =3 Layer PP
" Rubber poxy
L Coating +
Weight Coat
.PP/ Butyl =Urethane .
Rubber
| Coating +
=Petrolatum Rock Shield
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Pipeline Joint and
Repair Coatings

: Cold Applied Liauid Fusion Bended
Hot Applied Tape Heat Shrink iqui et

LHﬂt Micro  Lwax Tape Sleeve Epoxy
Wax
PVC/HDEP

* adbasive Tape Urethane

i HDPE
Butyl Rubber

L PP
Butyl Rubber

(V¥ Wy bglas gl ol 2t samaius BF JSo
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Coating Physical and | Resistance | Resistance | Adhesion Resistance
chemical tosoil stress | to impact to cathodic
stability disbonding

Polyethylene tape Good Poor Good Poor Good

Asphalt enamel Fair Poor Good No lab. data Good

Asphalt mastic Poor Poor Good No lab. data Good

Epoxy Good Good Good Good Good

Coal-tar enamel Good Fair Good No lab. data Fair

Urethane Good Good Good Good Good
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Coating temperature Benefit Disadvantage

FBE 920°C (194°F) |* FBE is more flexible |+ Not as mechanically
than other coatings, robust as 3LPE.
meaning pipes can be |+ Pipe must be heated.
bent after coating in
the ficld.

* Excellent adhesion to
steel.

* Is able to pass cathodic
protection (CP) current
climinating CP
shiclding.

* Curcs instantly.

2LPE 60°C (140°F) |* Cheap cffective * Low temperature
coating. resistance.

3LPE 90°C (194°F) |* Damage tolerant, * Susceptible to
water impermeable cathodic shiclding.
coating.

* Respectable tempera-

3LPP 140°C (2847F) ture resistance.

Liquid epoxy |~ 150°C (302°F)|* Tends to be a wider * Pipc gencrally bent
range of chemistnes before coating.
available 1o suit * Cure is sensitive to
different roles (e.g.: temperature and
cpoxy, polyurcthane, humadity.
elc.). * Very long cure

* Usual for ficld repairs. umes.

Viscoclastic | 80°C (176°F) |* Excellent corrosion * Maintcnance

resistance.

Excellent cathodic
disbondment
resistance.

Sclf-healing propertics.
High tolerance to
underprepared

surfaces.

problematic.
* Limited temperature.
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Cold-tar
NACE RP0399

ANSVAWWA C203

Plant-Applied External Coal Tar Enamel Pipe Coating Systems:
Application, Performance, and Quality Control

Coal-Tar Protective Coatings and Linings for Steel Water Pipelines
~ Enamel and Tape- Hot Applied

NACE RP0602 Field-Applied Coal Tar Enamel Pipe Coating Systems:
Applications, Performance, and Quality Control
Tape
ANSUAWWA C214 | Tape Coating Systems for the Exterior of Steel Water Pipelines
ANSUVAWWA C209 | Cold-Applied Tape Coatings for he Exterior of Special Sections,
Connections, and Fittings for Steel Water Pipelines
NACE MR0274 Matenal Requirements for Polyolefin Cold-Applied Tapes for
Underground or Submerged Pipeline Coatings
FBE
NACE RP0394 Application, Performance, and Quality Control of Plant-Applicd,
Fusion-Bonded Epoxy External Pipe Coating
CSA Z245-20 External Fusion Bond Epoxy Coating for Steel Pipe

ANSUVAWWA C213

Fusion-Bonded Epoxy Coating for the Intenior and Exterior of
Steel Water Pipelines

NACE RP0O402 Ficld-Applied Fusion-Bonded Epoxy (FBE) Pipe Coating Systems
for Girth Weld Joints: Application, Performance, and Quality
Control
Liquid Epoxy

ANSUVAWWA C210

Liquid-Epoxy Coating Systems for the Intenior and Exterior of
Steel Water Pipelines

Liquid Urethane
ANSVAWWA (C222| Polyurcthane coatings for the Interior and Extenior of Steel Water
Pipe Fittings
2-layer, J-layer,
and composite
DIN 30670 Polyethylenc-Coatings for Steel Pipes and Fittings Requirements
and Testing
NACE RPOI8S Extruded Polyolefin Resin Coating Systems with Soft Adhesives
for Underground or Submerged Pipe
CSA Z245-20 Extermnal Polyethylene Coating for Pipe

ANSUVAWWA C215

Extruded Polyolefin Coatings for the Extenior of Steel Water
Pipclines

Wax
NACE RP0375

Wax Coating Systems for Underground Piping Systems
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Ongin Sundard Tile/Scope
German DIN 30670 Polyethylene coating for steel pipes and fitings
DIN 30678 Polypropylene coating for steel pipes and fittings

ISO 1SO 21809-1:2011 | Petrokeum and natural gas industries—exiemal
coatings for buned or submerged pipelines used in
pipeline transportation sysiems
Pant |: Polyolefin costings (3-layer PE and 3-layer
PP)

ISODIS 21809-2 | Petroleum and natural gas industries—exiemal

(under catings for bured or submerged pipelines used in

development) pipeline transportation sysiems

[ — | Pan 2: Single layer fusion-bonded epoxy coatings

1SO 21809-3:2008 | Petrokeum and natural gas industries—extemal
coatings for buried or submerged pipelines used in
ppehne transportation systems
Pan 3: Field jont coatings

1SO 218094:2009 | Petrokeum and natural gas mdustries —exiemal
coatings for buried or submerged pipelines used in
pipeline transportation systems
Pant 4: Polycthylkene coatings (2-layer PE)

ISO 21809-5:2010 | Petrolkeum and natural gas ndustries—extemal
matings for hured or submerged pipelines used in
pipeline transportation systems
Pant 5: Extemal concrete coatings

ISO/NP 218096 | Petrokeum and natural gas industries—extemal

(under coatings for buried or submerged pipelines used in

development) pipeline transportation systems
Pant 6: Multlayer fusion- bonded epoxy coatings
(FBE)

Canadian CSA Extemal fusion bond epoxy coating for steel

Z24520-06/CSA | pipefexternal polyethylene coating for pipe

72452106

CSA Z245.20-98 | Extemnal fusion bond cpoxy coating for steel pipe

French AFNOR
Recommended | DNV-RP-F102 Pipeline field joint costing and field reparr of
practice Enepipe coating

Yay
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Single Layer FBE/Multi-component Liquid coating ———# } I coating
—

3
Cold applied tapes/heat shrink sleeves Emmm—
Single/Two layer PE -
e First generation
coatings
Asphalt -
Coal Tar Enamel -
J
40 1950 1960 1970 1980 1990 2000
(V)] g bohas g1y 2dgs glgil 0,18 g 4z b5 £.F S
Current Density microa/m’
10.000 Asphalt
Mastic
Asphalt
1.000 Enamel
Coal Tar
——Enamel
100 Polyethylene
Tape
10
FBE
10 5 10 15 20 25

Time--Years
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Characteristic Grade 105/15 |Grade 105/8 [Grade 120/5 [Method of test "
Filler content by ignition, % by mass 2510 35 2510 35 251035 Annex |
Density at 25 °C, glem® 14101.6 141016 [14t016 |AnnexJ
Softening point (ring and ball), *C 105t0 116 1050116 (12010 1302 |BSEN 1427
Penetration (total moving mass), 10°7 mm
25°C,100g 10to 20 5t012 1109 Annex K
45°C,5049 15t0 55 81to 30 3to16
Flow time, s
230°C 9to 16 9to 16 Oto 24 Annex L
240°C
*The softening point range for this grade may be exceeded by agreement between the manufacturer and
the purchaser.
® According standard BS 4164
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Outer Wrap +—
Enamel <+—

Inner Wrap °—| 5
4
| 3

Synthetic Primer +— 2
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Soil Resistivity  Corrosivity  Coating System

Q-cm
Below 1 000 Extremely 3 coats and 3 wraps
corrosive (7.0 mm, Min)
From 1 000 - 5000 Corrosive 2 coats and 2 wraps
(4.0 mm, Min)
Above 5 000 Non-corrosive | coat and | wrap
(3.0 mm, Min)
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Primer application Primer drving rack
Preheat  Blast clean _\‘\
W g -
First

Enamel
application
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Electrical reflaction paint
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Whitewash or

~ Kraft Wrap

Coal-Tar!
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Asphaltic Mastic Final Surface
Treatment

| Polyolefin
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Electrical Inspection
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Preheat Blast Clean Grind Surface Surface
Defects Inspection — y v
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FBE Application Induction Heat Phosphonc Acd
Wash & Rinse
RN o o o i
Cure Time Quench Electrical 2C Separators Stockpile
Inspection
Stenciling
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Epox powder Water Spray plpe end
Shot blast ' ﬁ—.- cooling cleaning
| b N &

i
1

Induction PE top coat
healing gyiruded PE
layer
Adhesive
Polyethylene or
Bare pipe Primer Polypropylene
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Pipe Size Minimum Coating
(Specified Outside Diameter) Thickness (mm)
<10%" (273.1 mm) 2.5
> 12 %4 (323.9 mm) to < 18” (457 mm) 28
> 20" (508.0 mm) to < 30" (762 mm) 3.0
~ 32" (813.0 mm) 33
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Preheat Blast Clean Grind Surface Surface
Defects Inspection

=

Final Surface
Treatment
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Quench Stockpile
Electrical
Inspection
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Extruded Extruded FBE Application Induction
Polypropylene  Copolymer Heat

olagnh AYus Gidy OY.F
byl > &S G sl slos 7 jsbt (MLPP) &Y sz plays sy e s,
9 mbin Koz BN (050 48 pd g e fdods a5 04l e eolaill b )s 5 Ao
Sl Al szl 0555 lasg 555V olabes 53 5585 s 3o abiliss Klec
Slopsd slp me Voo b Ol Goe plp 0 dilg o g 3)la 1) 10 °C L Sllec slos Joou
Yeoo G U olas a1y ol 5l ooliinl ol PP slapgd b Jg S Canglie Jgone PP
a3 go HLas [, MLPP &Y 0 5V ilg diges 93 paaad VO.F IS ols tulidl O (g %e
oo —ad (0 Slasin 69 g 10 9 Gl dgame MLPP (gl Slasin g as lasl]
33 b ol 65 4 azg5 b .ol BLPO) iyl L &Y aw slojtdes lulys Legac
el sz 2l Bl 1 (68 Sles Sl 1S emm 3 dRs S
sLaml sl 528 ogole ale§ 51 3LPP 2dg s MLPP (5> Gole (2dgy o
Dot ol Iy g LB slaalY oy (Saiez S 5 o BY (Deen

Sz g @S Ay e 9 00 39 ST SLPP (209 L oalp 5 dlg) () €l Ghagn b



sul g ouls cbli> Yof

Wbl Y 553550 (Sl Bile Slall 4 (pliws Gl &5 L iz e dlo gl ol 29 e
Y SO ol Y S ke m ok pd 2l s Jlesl 5l e 0B aalsS 1SS
et Jlosl s 695 Gis ST anl B L oadin s Blusn b

Outer layer

l Insulation
Barrier

‘ Syntactic PP
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Epoxy
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1, Anti-corrosion coating
2 Reinforced concrete
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Mainline Coating Typical Field Joint Coating

Fusion Bonded Epoxy (FBE) FBE,
100% solids liquid, epoxy, epoxy-urethane,
Heat-shrink sleeves (HSS)
Cold-and hot-applied tapes

Two-Layer Polyethylene (PE) Mastic coated two-layer HSS

Cold-and hot-applied tapes

Three-Layer Polethylene

Three-layer HSS with epoxy primer and hot melt adhesive
Multi-layer flame spray with PE

Three-Layer Polypropylene (PP)

Three-layer HSS with epoxy primer and hot melt adhesive
Multi-layer flame spray with PP
FBE, Spray-applied adhesive, coextruded PP tape

Polymeric Tapes

Cold-and hot-applied tapes
Mastic coated HSS

Coal Tar Enamel/Asphalt

Hot applied moiten coal tar enamel and asphalt coatings
Heat shrinkable sleeves with asphalt based mastic adhesive

Y-A
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Material property International test ASTM test method
method
Tensile strength, Young's modulus | ISO 527 ASTM D 3039
and Poisson’s ratio
In-plane shear modulus NA ASTM D 5379
Thermal expansion coefficient ISO 11359-2 ASTM E 831
Glass transition temperature of ISO 11357-2 ASTM E 1640, ASTM D
polymer 6604 or ASTM E 831
Heat distortion temperature (HDT) | ISO 75 ASTM D 648
Barcol hardness BS EN 5 ASTM D 2583
Shore hardness ISO 868 ASTM D 2240
Lap shear adhesion strength (of EN 1465 ASTM D 3165. ASTM D
composite bond to substrate) 5868
Long-term strength (creep-rupture) | ASME PCC-2 ASTM D299%0, ASTM
(optional) mandatory appendix V | D2992
Toughness parameter, energy release | ASME PCC-2 NA
rate (optional) mandatory appendix
v
Structural strengthening (optional) ASME PCC-2 NA
mandatory appendix 111
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oy Polymeric Filler - PF
Fiberglass Fabric - FF — 5
Polymeric Material - PM
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XLPE sleeve backing Field joint epoxy adhesive

Adhesive directly onto pipe SR — \

Sleeve adhesive

Closure wrap
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PROPERTY VALUE TEST METHOD
SLEEVE BACKING
Tensile Strength 2,200 psi min. ASTM D-638
Elongation 500% min. ASTM D-638
Heat Shock Penetration No dripping, flowing or | ASTM D-2671
Resistance cracking 0.02 inch max. | ASTM G-17
Tear Strength 500 Ib./inch min. ASTM D-624
MASTIC SEALANT
Shear 45 psi min ASTM D-1002
EINISHED SLEEVE
Adhesive Peel 30PLI min. ASTM D-1000 (Method B8

w/law Sep. Speed 4"/min.
Impact Resistance 50 inch/Ibs. min, ASTM G-14
(70 inch/Ibs. min.)
Limestone Drop Test 50 drops min. ASTM G-13 (35 Ibs.)
Abrasion Resistance No Holidays ASTM G-6
Outdoor Weathering No deterioration of ASTM G-11
performance

Low Temperature Below-15C
Flexibility :’S"I’ozﬂ c?.lz-isr:’clh Mandrel)
Cathodic Disbondment <=10mm ASTM G-8 (30 days)
Fungi Resistance Rating<=1 ASTM G-21
Bacterial Resistance No growth 21 days ASTM G-22
Water Vapor Transmission| .05 gr/24 hrs/100m*max| ASTM E-96 (Method B)
Dielectric withstand 20,000 volts ASTM D-149
Insulation Resistance 1012 ohmXcm min. ASTM D-257
Thickness Backing .030 inch min. ASTM D-2671(Recovered)
Thickness Mastic - .045 inch ASTM D-2671
Wraparound (As Supplied)
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Electrode Interrupter
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Contacts &
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AC
Transmitter

(d) Digital Display
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Earth
Contacts

(e)
Reference CIPS Cable
Electrodes | (Hybrid Survey) CP Rectifier
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Close- Currenl"."ollag& AC Current
Interval |Gradient Electro- | anenuation
CONDITIONS Survey |Surveys(ACVG Pearson magnetic | Surveys
(CIS) |and DCVG)
Coating holidays 2 1,2 2 1.2
Anodic zones on bare
pipe 2 3 3 3 3
Near river or water
croesing 2 3 2 2
Under frozen ground 3 3 2 1,2
Stray currents 2 1,2 2 2 1.2
Shielded corrosion
activily 3 3 3 3 3
Adjacent metallic
structures 2 1 3 L&
Mear parallel pipelines 2 1, 2 3 2 1.2
Under high-voltage
alternating current
(HVAC) overhead 2 1,2 2 3 3
electric transmission
lines
Shorted casing 2 2 2 2 2
Under paved roads 3 3 3 2 1,2
Uncased crossing 2 1,2 2 2 1,2
| Cased piping 3 3 3 3 3
Al deep burial locations 2 2 2 2 2
| Wetlands (limited) 2 1,2 2 2 1,2
Rocky terrain/rock
ledges/rock backiil 3 3 J - .
TEMPORARY
/7 GROUND BED
1 = TEST POINT TEST POINT
—1 MNO, 1 NO, 2
= D.C. POWER
= - REMOTE REMOTE
BOURGE [1« ELECTRODE * ELECTRODE
@,« POTEMNTIAL CURRENT POTENTIAL CURRENT
k. My o My,
L I L ] L - - [
/[~ Ll CURRENT
FLOW
INTERRUPTER
PIPELINE —— 3 TO 5 MILES TYPICAL —®»
(COATED) e« COATING RESISTANCE —»
DETERMINED FOR THIS

SECTION OF PIPELINE
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Vorr=—0.89 v Veii=— 0.88 v
AV=—086v AV=—-082v
ln=+225A ln=+2.03 A
La=+0.09 A Lg=—0.05 A

Al=2.16 Al =2.08

AV=(—0R86+—-082)+2=—-084v
Al=2.16 —2.08 =0.08
Reon = 0.84 + 0.08 = 10.5 ohm
Effective coating resistance = 10.5 x 50070 = 526000 ohms-ft*
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Coating Type
lg yp poa s 'z '?’b s ff,

Unit . | ®em [mm| @’ | @cm’ | mm | Q cm?
Bitumen >14" 4 | 4x10” [3x10°|4w10[ —10*
coating
Polyethylene | 14'® 2 | 4%x10%| 10" |204 | —10°
Epoxy Resin | 14" 0.4 | 4 x 10’ 10" 0.4 -10*
coating
Polyurethane | 3 X 14" | 2 | 6 x10° 10” Z5
coating

Po”-Specific Resistance of Coating, s_Thickness of Coating, ri_Calculated

Resistance Value Based on the pp, /%2 Resistance Value Obtained from the

Laboratory Testing, r_Resistance Value Obtained from the Structure in
Service Media
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current density (mA/m2)

coating
Initial Mean Final

Coal tar enamel coating and concrete, 2 9 15
weight coating in seawater

Coal tar enamel coating and concrete 1 3 6
weight coating in seamud

Polyethylene coating in seawater 5 18 30
Polyethylene coating in seamud 3 6 10
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%0IR = it -100%
(ON oy =~ OFF,,; )+OL/RE
where: % IR - Severity of coating defect
OL'RE - Over the line-to-remote earth potential
ONpor - ON potential of defect epicentre
OFFpor - Polansed (Instant OFF) potential of defect epicentre
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Coating Damage Seventy Classification
Percent IR (% IR) Coating Damage Severity Class
1-15 Small
16 - 35 Medium
36-70 Large
71 or above Very Large
) BTy DY

S 59y (89 45 Sl (G398l (5 So g Pl il i) sl mle Jyaze K
lys=els 2l L sy o SaScbli> b Sha b 4 S 0sd oo Jlosl ate) o
a5l dienvadls Jigb o W el Bbiorcoanaans oS uTion g
Sl Siu e zaatin sl i S 3 clliss jylanany @l a kb AN G JiSias dioils
Sty 5 cdls sl o 3)l5e pdm 53 g (6 Tl dapuslE g Sl g 5,50 L allie
o plond el b Cedlige 5 b Cenga i Coold L phd ol (o5l 5 2158 Slse
ez oo T 59 2 (S b (Ko5)

DS el 8w Gl b olend (658 Wigm S0 )k olend el o
O Slrg e e 5 (b G oliend Sl STy B sk 5l alend (Saies &l
@l slaatsn 5 J5Fge o lis i S e Slml ploend sladion L (J5SUse
sbasSse Jlio jsbods aind oo &) Sz slamg) pled (om0 )0 1) S (25 55
o515 STy Gmsb 5l 45 (Gl aSTs juem (slaog ST L SV e (o318 e 4 (oS!
(S ez 45 S a5 e (TR JS8) 0 s slon] (Sainn igd oo JS25
S (o0 )l B Nigm dine) 9 A 4 pSoe &5 Sl B> alerd LS 5 G plerd

Las ol (slagisg lp Jlal 5 (Farz sl el S (ol St
Sloy Le (oad (St (FOF JS2) 093 o0 dboml s 4 0055 sl 5890 032




Y zhaa po ide g ileoslel o lha fad

B g Sy e (G a3l (GLSo Conlad Gl R 9 ABg 45 Sl Sl
e g Cmde dad 90 ol Cde L it aB S 4 g Bl e b cta il g0 2
Lo Al b Adigy o iS5 aSl 4 dz g b oS obnl (oad g a5 Dy
45 sgtoe Sesl g 035 s | Bl 4250 A 5l 28 el dgly b Sl 1S (530
5 lgyly Ojgo 90 dn (lad disn SV L by ) Je ez a4 20

S
T T

T . TN

[6F] 3¥9 b Sl g I (595 Ok ) oloond Nig Kilod YE.F S

Log o8 5 ) (Son i 5 (K858 5l 50 o2 (Sl (St peilSle 10

B L (ol dgn mesille 93 51 (o Loljen 58 ) mlan b (285 oL (s OB
Sl Jele et ol b e s (6 b (Sl (Saiar 098 o0 Sl gy
g IS gg sl dine) (59 2 O97ge ()98 g (Sutelp olaws (SilSe Sty

Sloml s g Jidg O (SAblie 4By g aRd o |y (K2859,8 (10,5 g 39i 5511 g



6.\51 ) el bl YYA

L lodiie tedgy SaisS 008 a0l V0 oo (Sl dilaie 5l al i Sed o0
o S gl Luslin 95 YYF o YEF cla S8 ccinl Jas o T & 95uns
S gme S &a‘tSUboJ;)lS ‘|°_i.)&.....o.'i|.la..:u..\.bésnou.s|) ksjbf\ﬁo)bé&n

OH OH \

OIH Coating
Fo

w/m; 111/ ///

Steel
OH

Stool l |

d@ JYEL LJYE

CH: CH: CH; CH; CH: CH:
v 2 . 1

CH CIH
|

: ;
|

K H

Hydrogen bond | i Hydrogen bond
H-0 H-O
N N
M M - M

[OF] 5308 dosaj b (oSl K5 (359,000 g (ko igy YO.F S



ya cln..u Gnov.:..:.” [ JjLaoéb] 'P)LQ? J..a’

Mechanical mchoring Contact Charging
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Dipole-dipole-interaction

Diffusion W

e s 5§ © O
‘J C 1 ] ‘ / Hydrogen bridging bonds
\/\/\/
OH OH OH

Oxide Layers

Chemical cross linking

m .j\@ Mirror forces in metals
Uy onihofitc il

NS (888

[0F] (558 dne; 4 (Sile 5 (ploand (Ssienzr gls amlie poas F5.F KD

+40 =
g +30 = vanadolzvp:alosf forces |AVerage energy | Range
§- +20 - Van-der-Waals forces - -
2" r Dipote-dipole. 24ki/mol | g =2k
+10 PO lele) =
J6 (Keesom forces 3G
0
Dista Induction forces 2
40 0.1 nm) | Dipole-induced dipole 15-20k)/mol | _ 2% ¥
- ’ (Debye forces) o
= = Hydrogen bonds - - 3hve
§ - Dispersion forces 5-10k)/mol | E = oV &
H (London forces) v
S 40 — Hydrogen bridgi
z . Chemical bonds e b 40-50kJ /mol |E =@"
60 -
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Corrosivity Former Corrosion Corrosion Typical exterior Examples of
categories ASINTS 2312 | rate for steel | rate Tor zine environmeni interior
Category pm/year pm/vear environmenits
Cl: Very low A =1.3 =0.1 Few alpine arcas  |OfTices, shops
C2: Low B 1.310 23 0.1 1007  |Ard/rural/urban Warchouses,
sports halls
C3: Medium C 2510 50 0.7 2.1 [Coastal Food processing
plants, breweries,
dairies
C4: High D 50 1o B0 211042 |Seca-shore (calm) |Swimming pools,
livestock,
buildings
C5-1: E-l £0 to 200 4.2108.4 |Within chemical Plating shops,
(Industrial) plants chemical sites
CS5-M:Very high E-M 80 1o 200 421084 |Sea-shore (surf)/ —
{Marine) ofTshore
CX — 200 to TOO B.41025 |Shoreline Adjacent to acidic
(severe surl) processes
T: Inland Tropical F —_ Non-coastal tropics
ROTRANR -
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Acids  Alkalies  Salts  Solvents  Water  Weather Oxidation Abrasion
Oil base 1 1 6 2 7 10 1 4
Alkyd 6 6 8 K 8 10 3 6
Chlorinated rubber 10 10 10 4 10 8 6 6
Coal-tar epoxy 8 8 10 7 10 4 5 Rl
Catalyzed epoxy 9 10 10 9 10 8 6 6
Silicone aluminum 4 3 6 2 8 9 4 4
Vinyl 10 10 10 5 10 10 10 7
Urethane 9 10 10 9 10 8 9 10
Zinc (inorganic) 1 1 5 10 5 10 10 10
A value of 10 represents the best protection.
[AY] aloa glgil oy 13 s, £85 ololp Cilisee S, Canglia Y5.F Jeu
Modified
Alkyd  Baking (Styrenated) Cellulose Catalyzed
Alkyd Amino Polyester Alkyd Acrylic (Lacquer)  Epoxy  Urethane
Extenor E E E G E E G E
durability
Salt spray E G G G E E E E
Alkali p F G G G P E F
resistance
Solvent G E E F I F E i
aliphatic
Solvent ketone p p G P p p G E
Flexibility E G E G E E F E
Impact G E E G E E G E
Heat resistance G G E G G P G G
Color retention G G E G E E F E
Gloss retention E G E F E G P E

E = excellent; G = good: F = fair; P = poor.
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: Favorable Unfavorable
e characteristics characteristics i
Water white, outdoor Automotive topcoats
1 durability. chemi Poor-fair adhesion liances, coll coatings,
i Nk :m ; . cal, tendency to be bnittle :ftgmmnn s:dmg general
, N Poor alkall resistance,
High gloss, flexibility, gmerally ot ket Trade sales enamels,
Alkyd good durability, s .'t oot trim paints, exterior enamels,
versatility SREY W e, general metal finishing
’ depending on resin
Excellent adhesion, | Rapid chalking on Maintenance paints,
Epoxy clmmcal reslstance gmt I“” :eextp;ome: xid: apoor“ g | automotive primers,
ﬂe:;xbmt}e, ::rml o acids, yellows inclears | appliances, metal products
Chemical resistance, | e
Vv flexibility, fast air dry, | Generally low solids, . .
’ formability, resistance | low flash points e
to acid, alkali, abrasion Nootal decoratamg pai
High heat resistance, Tendency toward Any finish for high heat
Silicone extenor durability, bnttleness. Unmodified | yegistance, exterior metal
gloss and color types require high coatings
retention balang temperatures
SN B W, Fair adhesion, may Wood finishes, coil coatings
Polyester chemical resistance, hydrolize under certain i ty bk i oatings,
high film build conditions :
e s ‘ © Some types yellow and | Awcraft fimshes,
Folymwlame: | ’mm ﬁnmdxl\ on maintenance paints, metal
Srability enor exposure and plastic coatings
G105, YNDF
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Colour Inorganic Organic
Black Carbon black Aniline black
Copper carbonate

Manganese dioxide

Yellow Lead, zinc, and barium chromates Nickel azo yellow
Cadmium sulphide
Iron oxides

Blue/violet  Ultramarine Phthalocyanin blue
Prussian blue Indanthrone blue
Cobalt blue Carbazol violet
Green Chromium oxide Phthalocyanin green
Red Red iron oxide Toluidine red
Cadmium selenide Quinacridones
Red lead
Chrome red
White Titanium dioxide —
Zinc oxide

Antimony oxide
Lead carbonate (basic)

O O jgmod ot (69)l50 ;0 9 (5,0l S5 olowl ¢ oS ) A O jge dw 4 A,
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Solvent BP ("C) FP(°C) TLV (ppm)
Ketones

Acetone 57 -17 750
Methyl ethyl ketone 80 -4 200
Methyl isobutyl ketone 116 13 100
Diacetone alcohol 168 54 50
Di isobutyl ketone 47

Esters

Ethyl acetate 77 -3 400
Isobutyl acetate 118 16

n-Butyl acetate 127 25 150
2-Ethoxyethyl acetate 156 52' 50
2-butoxyethyl acetate 1 115

Alcohols

Methanol 65 10 200
Ethanol 78 12 1000
n-Propanol 97 22 200
Isopropanol 82 10 400
n-butanol 118 33 50
Isobutanol 108 27 50
Sec butanol 100 14
Hydrocarbons

Toluene 111 5 100
Xylene 138-144 24 100
White spirit (LAWS) 155-195 39 500
SBP 6 138-165 28 —

Boiling points (BP). flashpoints (FP), and
threshold limit values (TLV) for some common solvents

(5] Gilize slaSs, )y 5 glgl Yo.F Jou

Thinners Coatings

"Mineral spirits; | Oils and alkyds;

Aromatics (benzene, xylol, toludl); | Coal tar epoxies, alkyds, chlorinated rubbers;
Ketones (MEK, MIBK); Vinyls, epoxies, urethanes ,

Alcohols (isopropyl); Phenolics, inorganic zincs ;

Water. Acrylics, some inorganic zincs.
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Paint and Coatings Additives

L|Coating Production I_ -Dispersing/wetting additives
- = 4| -Other additives (e.g., antistatic and degassing agents)

-Rheological modifiers, anti-settling
-pH contLol l
. -Freeze-thaw contro
| Package Stability [— " it e scavengers
-Gel control
-Other additives (e.g., chelating agents, preservatives, biocides)

-Rheological modifiers (sag control, brush-ability)

-Foam control
-Surface-active modifiers to overcome film defects (craters, fish eyes, etc.)
-Other additives (e.g., flow and leveling; color float)

. -Catalysts and photoinitiators
-Driers

-Coalescents for latex coatings
-Other additives (e.g., reactive diluents)

—I Coating Functionality |— -é'dhie;ion promoters
-Biocides
-Stabilizers (heat, UV)
-Plasticizers
-Others (impart damage resistance, optical brighteners, flame retardants, etc.)

(1] &, G595l Slga ganazus FAF SO

(painST) 0428y &gt A, abl Sglite wilg co o] S 5 oK) £45 4 Aty

Wb ye ol S0g38l g ) wamd e LSS Ojs e (b Pl 5 S5, el ol L

ol SLgime o 1) IS 00 ) 45ty e 5l (s gl YAF SO 05,05 )3 gam

Folre g a3 8)laz b T F S ams e Gl St 55, 2 Jlesl JE LSS,
A o Bl 1, K cole



sl g guils cbli>  YY?

Paint Contents
55 gallon Drum

Solvent

Vehicle

Solids

Solventborne Paint Waterborne Paint
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Wetorliquid tests | ASTM | o flm ASTM
”‘“’"mm D2369 | Hiding power D 344, D 2805
Vehiclesolids | D2698 | Specular gloss D 523
Pigmentcontent | D 2698 | Abrasion resistance
Weight pergallon | D 1475 Falling sand D 968
Flash point gfg-;é Taber abraser D 1044
Viscosity Adbesion D 2197
Ford cup D1200 |Dry film thickness
Brookfield D2196 | Magnetic gage D 1186
Stormer D562 | Mechanical gage D 1005
Zahn D3794 |Hardness
Gardner Holt tubes | D 1545 Pencil D 3363
Reduct mmT Sward Roeker D 2143
Drying time . Indentation D 1474
Humidity resistance D 2247
ot speay B117
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Deposition At the Cathode (+) Electrode :

R-NH," + OH — R-NH; + H,O
OH' ions are generated (reduction) which raises the pH
and precipitates the e-coat on the car body
At the Anode (-) Electrode:
H" + solubilizer anion — acid
H,0 is oxidized to form H*
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Parameter Cathodic Anodic
Solid (2 h at 1307°C), wt % 15 - 25 B 15
Ash (450°C), wt% 1 - 5 2 - 6
Solvent, wi % 1 - 4 4 - 10
pH 4 - 17 7 -9
Specific bath conductivity (20°C). mSjcm 08-1.5 0.8- 1.5
Voltage, V 250 450 150 =350
Maximum current density, mA/jem? 4 f 4 - 6
Bath temperature, 'C 25 - 35 20 - 28
Coalting time, s 120 -240 120 -240
Deposition equivalent, mg/C 30 40 60 - RO
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Successful Adhesive Cohesive Mixing
coating fracture fracture failure
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Dry flm Lo
TP o 2 o g :? average film
Surface Paint system Binder type Coats  thickness . o oes
(um) (um)
Bottom Primer Oil-modified phenolic; 34 40-60
bitumen
Barrier coat 1 50-60 ~265
No.l Bitumen/limed rosin
anti-corrosive
Anti-fouling ‘Soluble matrix® based | 50-75
on boiled oil/limed
rosin; Cu or tributyltin
oxide (TBTO)
toxicant'
Boottopping Primer 655 Tung/linseed- 2-3 40-60 ~200
modified phenolic
Finish Tung-modified 2 40-60
phenolic
Topside and Primer Medium oil length (a) 2 50

superstructure  (quick-drying)  linseed alkyd
(55-60% OL)

Undercoat Medium oil length 1 50 ~220
linseed alkyd
(50-55% OL)

Enamel Long oil length soya 1-2 35-50
alkyd (65% OL)

" Three grades are available, ‘Atlantic’, “Tropical’, and ‘Supertropical’ in which the level and choice of
toxicant vary.
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% by weight
Aluminium paste, non-leafing (65% in naphtha)  20.0

Zinc oxide 1.0
Blanc fixe 10.0
Thixatrol ST (thixotropic agent) 0.5
Alloprene R10 (chlorinated rubber) 15.0
Cerechlor 70 (chlorinated wax plasticizer) 1.5
Cerechlor 42 (chlorinated wax plasticizer) 7.9
Propylene oxide (stabilizer) 0.1
Xylene 284
Solvesso 100 (Naphtha) 10.0

100.0

[88] Kdglins &) gl Ky oS5 YOF Jooo

Cuprous oxide 24.0
Zinc oxide 5.0
Tributyltin oxide 2.0
Red iron oxide 8.0
Paris white 9.0
Tale (10um) 6.0
Bentone 38 0.3
n-Butanol 0.1
Limed rosin/boiled linseed oil, 3:1, 60% in naphtha 41.0
White spirit 4.6

100.0

[88] Lb 8 5,055 (il lp ) S5 YEF Jou

Paint system Advantages Limitations
Zinc silicate outstanding neutral solvent poor acid and alkali resistance
resistance poor film formation at low
humidity
Epoxy cured with tolerant to application conditions  poor resistance 1o polar
polyamide wide range of solvent resistance solvents minimum application
Epoxy cured with amine temperature 5 °C
adduct
Epoxy cured with low temperature, elastic and poor alkal resistance
isocyanate adhesive dangerous to human health
Epoxy phenolic resin outstanding overall resistance, requires heat for ultimate cure
including methanol
Polyurethane excellent low-temperature curing  poor methanol alkali resistance

and dangerous to human health
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Cathodic protection
of application

Poorly coated line
100 amperes

1.8-

Well coated line
10 amperes

Pipe/soil potential-Volts

1.00+
0.85+ e
(YT Y e— N .
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potential
n.unﬂu, T T,

Kilometers along the pipeline
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Transmission rate  Film thickness

Coating in mg.r"r:m2 day in pLm

Organic coating
Epoxy/polyamide 15.5 10
Chlorinated rubber (plasticized) 9.5 10
Styrene acrylic latex 230 10
Vinyl chloride—vinylidene chloride copolymer 2.8 10
Polybutadiene 3 2
Polytetrafluoroethylene 0.48 25
Cellulose nitrate 63 25

Paint films
Vinyl chloride—vinylidene chloride copolymer 6.8 10
latex
Chlorinated rubber, unmodified 5.0 10
Coal tar epoxy 1.5 10
Acrylic water-borne primer 180 10
TiO2-pigmented alkyd 65 10
Red lead-oil-based primer 54 10
Alkyd resin 2 100
Polyurethane 1.4 100
Phenolic resin 1.1 100

VF] 1 sl i, 51,3 50mST J &5 lin FAS Jpir

Transmission rate  Film thickness

Coating in mg/cm?® day in pLm
Cellulose nitrate 0.106 100
Epoxy resin 7.3 x 1073 100
Vinyl chloride/vinyl acetate copolymer 7.5 x 103 100
Chlorinated rubber 22 x 1073 100
Alkyd 15% poly (vinyl chloride) 6.8 x 1072 87
Epoxy/coal tar 4.1 x 1073 33
Epoxy/polyamide 6.4 x 107* 38

Polybutadiene 25x 1073 25
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Transmission rate  Film thickness

Organic coating in mg/cm? day in pm
Chlorinated rubber 6.00 x 1073 59
Vinyl 0.31 x 1077 63
Epoxy 0.90 x 1073 19
Alkyd/iron oxide 0.52 x 1073 62
Alkyd/red lead 0.20 x 103 75
Epoxy/polyamide 0.21 x 1073 100
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Type of soll
» Sulfate
reducing
Degree of aeration ——» Anaerobic conditions ———» bacteria
l (SRB)

Drainage ~_» Moisture  Alkaline species
groundwater
l Weak acids

 _—¥ Resistivity «—— pH<—Total acidity «— Strong acids

Organic acids
Rate of Corrosion

Inorganic acids
Passive film !ormatio‘n ~ v
and breakdown o Sulfides

lonic specie

—— Cathodic reaction ¢———

—» Amount of dissolved oxygen
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Variable Relation
Soil texture Direct
Presence of water Direct
Aeration Direct
pH Inverse
Resistivity Inverse
Redox potential Direct
Ion contents Direct

Bacteria Direct
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DC Power Supply H,‘l‘
2 Pole Double Throw —___ Control
Switch. Center Off x\w Resistor

A I
Ammeter +—

f;\l Valtmeter
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DC Power Supply

2-Pole Double-Throw
Switch. Center OFF 2

«— Control
Resistor

Ammeter —*

Voltmeter

.PZ

Soil/Water Box
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Type of Soil or Typical Usual Limit (Q/m )
water Resistivity
(Q/m)
Sea Water 2 0.11010
Clay 40 8- 70
Ground  well  and 50 10 - 150
spring waler
Clay and Sand mix 100 4-300
Shale, Shates, 120 10 = 1000
Sundstone
Peat, Loam and Mud 150 5-250
Lake and Brook 250 100 = 400
Water
Sand 2000 200 = 3000
Morane Gravel 3000 40 ~ 10000
Ridge Gravel 15000 3000 = 30000
Solid granite 25000 10000 — 50000
Ice 100000 10000 - 100000
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Highly Corrosive 1.5 0.4
Moderately Corrosive 09 0.2
Mildly Corrosive 0.5 0.1
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Climatic condition
Mormal and high rainfall, | Low rainfall |Underground
i.e. > 500 mm/year and desert waters (saline)|
conditions,
Type of soil i.e.< 250
mm/year
Probable Range of Range of Range of
value values values values
encountered encountered encountered
1 2 3 4 5
Alluvium and lighter clays 5 - A) 1-5
Clays (except alluvium) 10 5-20 10-100 1-5
Marls (e.g. Keuper marl) 20 10-30 50-300 —
Porous limestone (e.g. chalk) 50 30-100 — —
Porous sandstone (e.g. Keuper 100 30-200 — —_
sandstone and clay shales)
Quartzite, compact and 300 100-1000 —_ —_
crystalline limestone
(e.g. carboniferous sediments,
marble, etc.)
Clay slates and slatey shales 1000 300-3000 1000 upward  30-100
Granite 1000 - —_— |-
Fissiles shales, schists, gneiss and 2000 1000 upward — —
igneous rocks
4! Depends on water level of locality.
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Soil Type Soil Resistivity]  Moisture Corrosion Rate
(ohm-cm) (mm/year)

Muskeg/sloughs/ <5(M) Always wel Very corrosive (>1.0)

free water accumulations

Loams/clays 500-2000 Mainly wet | Corrosive to moderately

corrosive (0.5-1.0)
Gravels, sandy 2000-10,000 | Mainly dry | Mildly comrosive (0.2-0.5)
And, sandy = 10,000 Always dry Noncorrosive (<0.2)
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Overall Corrosion Rate (mm/year) Maximum Pitting Rate (mm/year)

Environmental
Factor Maximum Minimum Average Maximum Minimum  Average

Resistivity (Q-cm)

<1000 0.063 0.018 0.033 0.31 0.11 0.20
1000-5000 0.058 0.006 0.017 >0.45™ 0.05 0.14
5000-12000 0.033 0.005 0.018 0.23 0.06 0.14
> 12000 0.036 0.003 0.014 0.26 0.03 on
Drainage

Very poor 0.058 0.038 0.046 >0.45" 0.16 0.28
Poor 0.037 0.010 0.024 0.23 0.05 0.14
Fair 0.063 0.018 0.022 0.31 0.08 0.16
Good 0.022 0.003 0.010 0.18 0.03 on
Air-pore space (%)

<5 0.033 0.010 0.021 0.20 0.05 013
5-10 0.063 0.009 0.024 0.31 0.10 0.17
10-20 0.037 0.006 0.017 0.26 0.05 0.15
20-30 0.058 0.012 0.025 >0.45" 0.10 0.20

>30 0.038 0.004 0.013 0.23 0.03 0.09
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pH Resistivity ().cm) Corrosion
<35 Any High
<4500 High
Sy >4500 Medium-High
<4500 High
45-5.5 4500-5000 Medium-High
>5000 Medium
<1000 High
1000-5000 Medium-High
el 5000-10,000 Medium
>10,000 Medium-Low
<1000 High
1000-3000 Medium-High
6.0-9.5 3000-10,000 Medium
10,000-20,000 Medium-Low
>20,000 Low
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Concentration (ppm) Degree of corrositivity
Chloride
=5,000 Severe
1,500-5,000 Considerable
500-1,500 Corrosive
<500 Threshold
Sulfate'
=10,000 Severe
1,500-10,000 Considerable
150-1,500 Positive
0-150 Negligible
pH
<5.5 Severe
5.5-6.5 Moderate
6.5-7.5 Neutral

- None (alkaline)
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Exposure conditions Exposure classification
Chlorides CI
) Resistivity | Soil condition | Soil condition
pH In soil In groundwater iRl A* Bt
ppm ppm
>$ <5000 <1 000 >5 000 Non-aggressive | Non-aggressive
4-5 5000-20.000 1 000-10 000 | 2 000-5 000 Mild Non-aggressive
3-4 | 20,000-50.000 | 10 000-20 000 | 1 000-2 000 Moderate Mild
<3 =50,000 =20 000 <1 000 Scvere Modcrate
*Soil conditions A-high permeability soils (¢.g.. sands and gravels) that are in groundwater
TSoil conditions B-low permeability soils (e.g.. silts and clays) or all soils above groundwater
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Risk of Corrosion | Resistivity pH Chlorides Sulphates

High <10 Q.m <45 :)?(:;:; pom) (1205;:; opm)
Medium 10-100Qm [45-6.0 ?5?)3._1 gb:)(ﬁpm) :1(;610:5062?”@
Low >100Qm |>65 ;03'23 Z::m> (‘1 gg(;/:)pm)

V2] S Saijes cald ge) ppH g 0ol Jo Slilge g 0IS e canglis 36 1Y Jeo

Soil Water Soluble | Water Soluble | pH Degree of

Resistivity | Chloride Sulphate Level Corrosivity

(Qm) Concentration | Concentration

(ppm) (ppm)

0.5 Over 5,000 [ Over 10,000 |- Very
Severe

5-10 1,500-500 1,500-10,000 | <5.5 Severe

10-20 500-1,500 120-1,500 5.5-6.5 | Moderate

20-100 Below 500 - 6.5-7.5 | Mild

Above 100] - 0-150 > 7.5 |Negligible
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B-1 25 B-115-20

Sample 1D Weathered Siit Stone
Resistivity Units
as-received ohm-cm 600 540
saturated ohm-cm 480 480
pH 77 7.2
Electrical
Conductivity mS/cm 218 253
Chemical Analyses
Cations
calcium Ca® mgkg 1812 2,628
magnesium Mg®* mg/kg 181 157
sodium Na" mgkg 835 502
potassium K"  mg/kg 113 93
Anions
carbonate CO,> mg/kg ND ND
bicarbonate HCO;" mg/kg 143 88
fluoride F“  mgkg 20 56
chioride  CI"  mg/kg 44 17
sulfate SO mgkg 3555 4,129
phosphate PO~ mg/kg 14 24
Other Tests
ammonium NH,'* mg/kg ND ND
nitrate NO," mg/kg 04 14
sulfide s*  qual na na
Redox mV na na
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B-1 2% B-115-20

Sample 1D Weathered Siit Stone
Resistivity Units
as-received ohm-cm 600 540
saturated ohm-cm 480 480
pH 77 72
Electrical
Conductivity mS/cm 2.18 253
Chemical Analyses
Cations
calium  Ca* mgkg 1812 2628
magnesium Mg** mg/kg 181 157
sodium Na' mg/kg 835 502
potassium K"  mgkg 113 93
Anions
carbonate CO,> mg/kg ND ND
bicarbonate HCO;" mg/kg 143 23
fluoride F"  mgkg 20 56
chioride  CI“ mg/kg 44 17
sulfate SO mgkg 3555 4129
phosphate PO, mg/kg 14 24
Other Tests
ammonium NH,'* mg/kg ND ND
nitrate NO," mg/kg 04 14
sulfide $* qual na na
Redox mV na na
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Center Al Fe Na S Mg Ca
No. | (ppm) | (ppm) | (ppm) (ppm)| (%) | (%)
1 19593 | 11742 | 23496 | 21121 | >2 >10
2 30188 | 18579 | 67536 | 12693 | 2 >10
3 32678 | 17510 7685 | 3480 |0.17927 | ~10
4 28527 | 17712 18985 | 1278 | >2 >10
5 26046 | 14046 | 21943 | 11456 |0.17546 | ~10
6 26519 | 14245 | 36761 | 1317 |0.19848 | ~10
7 26539 | 15041 9019 | 2748 |o0.18510 | ~10
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Ey=Ep+250+60 (pH-T7)

Connect Connect Pt
reference 160 mv elecirode to
electrode to voltage
"'c-orl‘!l‘nm' terminal
terminal

© @

Voltmeter

Reference

electrode,

ceramic tip P‘t electrode

in contact 4 13 sunoulnded

with sodl by a sea
made from the

soil extracted
and pored into
the hole as a
slurry
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Ey(mV SHE) | E,;(mV CSE) | SRB corrosion
probability

<100 < =200 High

100200 =200 to =100 Moderate

200400 =100 to 100 Limited

>400 >100 Nil
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Reaction En (V) AG

Reductionof O, AEROBIC OXIDATION

0O, +4H "' +4e > 2H,0 +0.812 299
Reduction of NO;' DENITRIFICATION

2NOy +6H +6e —> N, + 3H,0 +0.747 | -284
Reduction of Mn"*

MnO, + 4H' + 2e > Mn’* +2H,0 +0526 | -233
Reduction of Fe™*

Fe(OH), + 3H' +e —> Fe’’ +3H,0 -0.047 -10.1
Reduction of SO,

SO, + 10H" + 8¢ —> H,S + 4H,0 -0.221 59
Reductionof CO, METHANOGENESIS

CO, +8H" +8e > CH, + 2H,0 -0.244 56
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Biochemical Reactions and Corresponding ORP Values

Biochemical Reaction ORP, mV

Nitrification +100 to +350
¢BOD degradation with free molecular oxygen  +50 to +250
Biological phosphorus removal +25 to +250
Denitrification +50 to -50
Sulfide (H,S) formation -50 to -250
Biological phosphorus release -100 to -250
Acid formation (fermentation) -100 to -225
Methane production -175 to -400

R
Sdsls )8 ol b 30,8 o 8 Xl Cblis Cod AT | Saie Ol ) g b
CaSl cblis> b slasols O] Eidn g (S5, e ol CinS § &P 4 s
1 3355 JAS oty 5 ol (S5 lien Jols (oand 59 alss Sglica ol
009 (sorh (owdiir 3 (o SRS 5 (53,63 ludige Sou )50 0)lsen o ;0
el Lapd Ol 5l et o jlame (im0 s gole Of Jo (dims s slael b g oo ooty
D ool S )50 OL? ui 3 ‘szla..) ‘_glbui L;Ju)? J..lb‘s ) J).'.'..S 6',. .)9.:0‘54
O )90 30 § bl dpdal o S Bg, 5l Wb (V2D JSD) olge LI L g Waons;lasl
oolat il Lavoas lo5L 83,55 9 uloasls olge g Il gldl ol @ dass o weSas joul 5l 5L
VL cmaSh ol sl g ilug b mlo b s ks Je (ol 5)l5e 0 055
S JoLS sla B, 5l o waSae el 3l eslazul g (g5lup p aidal Oldec 5l s (Con
23y €35 4 azg L coled )0 5 0l )3 dszse layeslS 5 bagysal JalS Bix (ol
Dgd oo oalazl 3
L5 oS ol Gk 5l ol 005 sl 2 (8 e po byo ol 5l eslinl (ol
O IR G S o e S B S| Nl 09 YU Jdods 005 3929 weSas jou!
il )0 w85, At L algs uilS clilis dlgds o yaloes (slooslos 51 (g kans oVl



YV  lases Slasiae ooy fad

C'.basu.n u))b ‘sél__a_) Canottl SL> J_‘:.a \_’] > as 4_?,u’| .A_b'o ‘:9_’ Q;«A,LS.A ‘_55’0)55
ez ol als Loy O cuglie 6505050080 3y ol o 82503510 s o oguase
3,5 solizul po Ol & g5 TauS (5,051l slaolKiws ;|

lT'TIT]IT'.TTIITTIT
A-Water treatment

o

- B-Cathodic protection
C-Anodic protection
. 0, E D-Passivating inhibitor
, E-Alloy:Cr, Ni, Mo
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Water p, {1 - em
Pure water 20,000,000
Distilled water 500,000
Rainwater 20,000
Tap water 1000—-5000
River water ( brackish) 200
Seawater (coastal) 30
Seawater (open sea) 20-25
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- ::::(“".E:énﬂ Classification
<15 Very soft
15-50 Soft
50 - 100 Medium hard
100 - 200 Hard
=200 Very hard
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2FeCl, +3Ca(HCO,), - 2Fe(OH), +3CaCl, + 6CO,

2FeCl, +3Ca(OH), — 2Fe(OH), +3Ca(l,
AlL(SO,),.4H,0+6H,0— 2AI(OH), +3H,80, +4H,0
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Ca(HCO,), + Ca(OH), —» 2CaCO, + 2H,0
Mg(HCO,), +2Ca(OH), — 2CaCO, + Mg(OH), + 2H,0
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CaSO, + Na,CO, — CaCO, + Na,S0,
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Ca(OH), + Ca(HCQO,), »2CaCO,+2H,0

LI= pH - pHs :(Langelier) 55V ol

RI=2(pHs) - pH :(Ryznar) 33!, el

Pl = 2pHg - pHey :(Puckorius) egs ;8591 (il

Jade e H g A a5 Al = pH + log(A) (H) :(Aggressiveness) 5o, ol
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[YA] pHs &lne 1 A, B, C, D nolie N4.8 Jous

TDS A | Temp. | B | Calcium hardness | C Alkalinity D
(mg/l) (°C) (mg/l, CaCOy3) (mg/l, CaCOy3)

50-300 0.1 0-1 |26 10-11 0.6 10-11 1.0

400-1000 02| 26 |25 12-13 0.7 12-13 1.1

7-9 24 14-17 0.8 14-17 1.2

10-13 [ 2.3 18-22 0.9 18-22 3

14-17 [ 2.2 23-27 1.0 23-27 1.4

18-21 | 2.1 28-34 1.1 28-35 1.5

22-27 | 2.0 3543 1.2 36-44 1.6

28-31 [ 1.9 44-55 1.3 45-55 1.7

32-37 | 1.8 56-69 1.4 56-69 1.8

3843 | 1.7 70-87 1.5 70-88 1.9

44-50 | 1.6 88-110 1.6 89-110 2.0

51-55 | LS 111-138 1.7 111-139 2.1

56-64 | 1.4 139-174 1.8 140-176 22

65-71 | 1.3 175-220 1.9 177-220 2.3

72-81 [ 1.2 230-270 2.0 220-270 24

280-340 2.1 280-350 2.5

350-430 2.2 360-440 2.6

440-550 2.3 450-550 2.7

560-690 24 560-690 2.8

700-870 2.9 700-880 29

870-1000 2.6 890-1000 3.0

A= (log [TDS] - 1)/10 ..
B=-I3|2><Iog(°C+273)+3455
= log [Ca’ ] 0.4.
= log [AIK] .
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Ryznar Stability
Index Tendency of Water
<4.0 Extremely scale forming
4.0-5.0 Strongly scale forming
5.0-6.0 Scale forming
6.0-7.0 Uncertainty zone, scale/pitting corrosion possible
7.0-8.0 Corrosive
8.0-9.0 Strongly corrosive

>9.0 Extremely corrosive
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Index Equation Index value Water condition
Langelier saturation index (LSI) LS! = pH - pHs LSI=>0 Supersaturated, tend to precipitate
CaCo,
pHs = A + B - log (Ca°') LSI=0 Saturated, CaCO; is in equilibrium
~log (Alk) pH < =9.3
pHs =93+ A+ B)-(C+ D) LSl<0 Undersaturated, tend to dissolve
(3) pH > 9.3 solid CaCO;
Ryznar stability index (RSI) RSI = 2pHs - pH RSI <6 Supersaturated, tend to precipitate
CaCo3
6 <RSI <7 Saturated, CaCO3 is in equilibrium
RSI > 7 Undersaturated, tend to dissolve
solidCaCO,
Puckorius scaling index (PSI) PSI = 2 (pHeq) - pHs PSl <6 Scaling is unlikely to occur
pH = 1465 + log (TALK)  PSI>7  Likely to dissolve scale
4+ 454
pHeq = 1465 x log(T.ALK)
+ 454
Larson-skold index (LS) s = (- + SOAMHCO3  LS<08  Chloride and sulfate are unlikely to
+C0yY) interfere with the formation of
protecting film
08 < LS < 1.2 Corrosion rates may be higher than
expected
S=12 High rates of localized corrosion may
be expected
Aggressive index (Al) Al = pH + log[(Alk)H)] Al > 12 Nonaggressive
10 < Al <12 Moderately aggressive
Al <10 Very aggressive

[¥e] o5 2 s 50 gy s3I 5 I35 (sl (59,95 (slajbone Y8 Jour

Metal Corrosion rate (mm/yr)  Classification
Mild steel piping < 0.0254 Excellent

> 0.0254 to 0.0762 Good

> 0.0762 to 0.127 Fair

> 0.127 t0 0.254 Poor

> 0.254 Unacceptable
Mild steel heat < 0.0051 Excellent

exchanger tubing > 0.0051 to 0.0127 Good

> 0.0127 10 0.0254 Fair

> 0.0254 to 0.0381 Poor

> 0.0381 Unacceptable
Copper and copper < 0.0025 Excellent

alloys > 0.0025 to 0.0051 Good

> 0.0051 to 0.0076 Fair

> 0.0076 to 0.0127 Poor

> 0.0127 Unacceptable
Galvanized steel < 0.051 Excellent

> 0.051 10 0.102 Good

> 0.102 to 0.203 Fair

> 0.203 t0 0.254 Poor

> 0.254 Unacceptable
Stainless steel < 0.0025 Acceptable

> 0.0025 Unacceptable
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H.S0O, + Ca (HCO,), = CaS0O, + 2H,0 + 2CO;
2HCI + Ca (HCO3): = CaCl; + 2H:0 + 2C0O:
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Usual
Biocides Properties concentrations
(mg1)
Chlorine Effective against bacteria and algae; oxidizing; 0.1=0.2
pH dependent continuous
Chlorine dioxide | Effective against bactena, in a lesser extent 0.1-1.0
against fung! and algae; oxidizing; pH-independent | "
Bromine Effective against bacteria and algae; oxidizing; 0.05=0.1
wide pH range =
|Ozone Effective against bactena and biofilms; 0.9-0.5
oxidizing; pH-dependent = P
Isothiazolones | Effective against bacteria, algae and biofilms; 0.9-10
non-oxidizing: pH-independent )
QUATs* Effective against bactenia and algae; 8-3%
non-oxidizing; surface activity
Glutaraldehyde | Effective against bactena, algae, fung: and .
biofilms; non-oxidizing; wide pH range 10-70
THPS® Effective against bactenia, algae and fungi;
low environmental toxicity; specific action against _—
sulfate-reaucing bactena.
*Quaternary ammonium compounds. *Tetrakis-hydroximethy! phosphonium.

Wl e > B jeboas laaslusl g laoss losh dlge 5l solaial ; S 595 glroaiylojl
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Classification of Inhibitors
|
| }

Environmental Conditioners
(Scavengers)

Interface Inhibitors

——
Vapour Phase | Liquid Phase |

'Anodic (passivators)l I Cat;:odic I | Mixed (adsorption) ]

!

I Poison I lPreeipitators‘” Physical || Chemical ”Fi!m forming‘l

[¥0] caro ;3 (53,05 sloows o3l (sananws IV Ko

e acids
e anodic  neutral solutions
* cathodic * paints
* mixed * gaz phase
¢elc.

partial reaction «——s application

N/

reaction mechanism

* adsorption

* passivation

* film precipitation

* climination of
oxygen

[¥5] Gl 5 G2l 5 Shae 5 Jaoee 3,15 Lo 28Ty punilSa ulil s Wos o3l (gomaius NF.H JSb

Ed(a) Ed(b) Ed(c)

" “Tnhibitor ~ inhibitor
Sonap wa.‘ ""f_—" Ecm :
et I / S e /@
Inhibitor
I 1 | Inhibitor
Tearr2 Tcomt logi i(on.z i,,,‘. log i icwr,l icon'.l logi
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System Inhibitor Metals Concentration

Acids

HC1 Ethylaniline Fe 0.5%
MBT* g 1%
Pyndine + phenylhydrazine .. 0.5% + 0.5%
Rosin amine + ethylene oxide .. 0.2%

H,S0, Phenylacridine 0.5%

HyPO, Nal 200 ppm

Others Thiourea 1%
Sulfonated castor oil 0.5-1.0%
As20; 0.5%
NaAsO, 0.5%

Water

Potable Ca(HCO3)2 Steel, cast iron 10 ppm
Polyphosphate Fe,Zn, Cu, Al 5-10 ppm
Ca(OH)z Fe,Zn, Cu 10 ppm
Na;Si0, " 10-20 ppm

Cooling Ca(HCOy), Steel, cast fron 10 ppm
NazCrO, Fe, Zn, Cu 0.1%
NaNO, Fe 0.05%
NaH2PO, 1%
Morpholine 0.2%

Boilers NaH,PO, Fe,Zn, Cu 10 ppm
Polyphosphate i 10 ppm
Morpholine Fe Vanable
Hydrazine o O3 scavenger
Ammonia Neutralizer
Octadecylamine Varniable

Engine coolants NaxCrO, Fe,Pb,Cu,Zn 0.1-1%
NaNO, Fe 0.1-1%
Borax - 1%

GlycoVwater  Borax + MBT* All 1% + 0.1%

Oil field brines Na,SiO, Fe 0.01%
Quaternaries 10-25 ppm
Imidazoline 10-25 ppm

Seawater Na;Si0, Zn 10 ppm
NaNO, Fe 0.5%
CalHCOy), All pH dependent
NaH2PO, + NaNO; Fe 10 ppm + 0.5%

*MBT ~ mercaptobenzotriazole.
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Ca™ slagesls ;5 2351y Bl 5 039 658 (9 Glgreas (HSO3 ) sl Sigilgms
...bﬁ:‘s.o 53.01 )| |) I‘Ia+ 3 h/lg‘k+

Ca 2HCO, Ca 2H,CO,
Mg || SO, +2R-8SO,H —> 2R -50,| Mg |+| H,S0,
2Na )\ 2CI 2Na 2HCI
Applied pressure Pure water
;‘1..
Salt
water v L
Osmotic Salt Fresh
pressure water
Fresh
water ‘
: . & | Semi-permeable ¥ | Semi-permeable
: membrane
° o
o o
. Water flow __ Water flow
Osmosis Reverse Osmosis
[Ta] LusSae joul 9 ol pines 3 Shos 519z b 5.0 JS5
Fabric Backi Tri
R ik CCHORE
TEIESE, | A
Brine Spacer the exit w.,,m, mmglass Membrane Shell u.: m;n?bn’:e) -

(Encases the membrane)

DESALTED
WATER

Salt-

Rejecting Membrane Fiberglass

Exit Tube Cast on Fabric Backi Pressure Vessel
(Coats the fabric backing to (To contain the clement)
water molecules to pass through)
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Ippm N, H, =1ppm O, (1.5-2)
Na,S0, + %U: — 2Na,50,

Tppm Na,SO, 2= = Ilppm O,
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Comant Type A A m N ¥

Aluminum oxide (ALLO,), max, % 6.0
Femc oxide (Fe_O,). max. % 60 65
Magnesium axide (MgO), max, % 6.0 6.0 6.0 6.0 6.0
Sulfur tnoxide (SO,), max, %

When (C,A) is 8 % or less 30 3.0 35 23 23

When (C,A) is more than 8 % 35 45
Loss on ignition, max, % 30 30 30 25 3.0
Insoluble resxdue, max, % 0.75 0.75 0.75 075 075
Tncaicium silicate (C,S), max, % 35
Dicaicium silicate (C.S). min, % 40
Trcalcium aluminate (C,A). max, % 8 15 7 5
Sumof C,S + 4.75C,A,. max. % 100 ?
Tetracalcium aluminoferrite plus twice
the tncalcium aluminate (C,AF + 2(C,A)).
or solid solution (CAF + C_F), as applicable 25
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Classification Characteristics Applications
Type 1 | General Purpose Fairly high C3S content General construction (most
for good early strength buildings, bridges,
development pavements, precast units,
ete)
Type | Moderate sulfate Low C3A content (<8%) | Structures exposed to soil or
1 resistance water containing sulfate
ions
Type | High early strength | Ground more finely, may | Rapid construction, cold
1 have slightly more C3S wecather concreting
Type | Low heat of Low content of C3S Massive structures such as
v hydration (slow (<50%) and C3A dams. Now rare.
reacting)
Type | High sulfate Very low C3A content Structures exposed to high
Vv resistance (<5%) levels of sulfate ions
White | White color No C4AF, low MgO Decorative (otherwise has
properties similar to Type I)
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Indiw/ UK USA Typical Compounds®
(ASTM)

OPC (1S 269, | Type I' | CsS 55%. CsS 19%., C:A 10%.

IS8112 and CAF 7%, MgO 2.8%., SO; 2.9%.

IS 12269) Ignition loss 1.0%. and free CaO 1.0%
(CiA < 15%)

Type II' [ CiS 51%. CaS 24%. C1A 6%. C/AF
1%, MgO 2.9%, SO, 2.5%, Ignition
loss 1.0%, and free CaO 1.0%
(CA < 8%)

Rapid Type HI' | C3S 5§7%. CaS 19%., C:A 10%,

hardening CAF 7%. Mg0 3.0%. SO; 3.1%,

Portland Ignition loss 0.9%, and free CaO

cement (IS 1.3%

8041:1990) Its seven day compressive strength is
almost equal to Types | and 11 28 day
compressive strengths.

Low heat Type IV | C,S 28%, C,S 49%, C,A 4%. CAF

Portland 12%. MgO 1.8%. SO, 1.9%, Ignition

cement (IS loss 0.9%, and free CaO 0.8% (C,A <

12600: 1989) 7% and C5S < 35%)

Sulphate TypeV | C,S 38%. C.S 43%. C,A 4%. C,AF 9%.

resisting MgO 1.9%, SO, 1.8%, Ignition loss

Portland 0.9%, and free CaO 0.8% [C,A < 5%

cement (IS and (C3AF) + 2(C3A) < 25%]

12330:1988)

PSC (IS Type IS | Made by grinding granulated high-

455:1989. 1S quality slag with Portland cement clinker

12089:1987)

PPC [IS Type IP | A blended cement made by inter-

1489- grinding Portland cement and pozzolanic

Part 1:1991 materials without burning

(fly ash

based), IS

1489-Part

2:1991

(calcined

clay based)]

Temary Type A blended cement made by inter-

blended IT(SX) grinding Portland cement, slag, and

cement (PY)? pozzolana without burning
Noves:

"Iypes la, la, and 1la have the same composition as Types 1, 11, and 111, but
have an air-entraining agent ground into the mix.

*The letters X and Y stand for the percentage of supplementary cementitious
material (SCM) included in the blended cement, and S and P are the types
of SCMs, where S is for slag and P for pozzolan. For example, Type IT(S25)
(P15) contains 25 per cent slag and 15 per cent pozzolans.

' See Tuble 1.5 for explanation of these compounds,
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Degradation M =========+ Corrosion of
ofconcrete |--------- -* reinforcement
L Causes

| N S S

Mechanical | Physical [Structural |Ghemical E!iologicall Corrosion [—®

: ; I

Abrasion Overloading Fouling \
Erosion Settlement Biogenic attack
Impact Cyclic loading l l
Explosion ‘ Carbonation Stray
Freeze-thaw Alkali-aggregate reactions Chiorides urrent
Fire Acid attack

Sulphate attack
Attack by pure water
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Reduction in cross

section of rebars | decreaseof  °Tensile strength
1= S = eElongation

6 — ) eFatigue strength

Cracking
of concrete

e Loss of bond
Effects strength

of - “}' G — e ®|ncrease in
corrosion (' corrosion rate

e Concrete disbonding

Hydrogen ; :
- = eoBrittle failure

embrittlement :
of reinforcement
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% 2 OCP Values
Riskof Commoslon — v v5.6C8 _ mV v, CSE
Severe <-426 <=500
High <-276 <-350
Intermediate -126 to -275 -350 to -200
Low >-125 >-200

[FAL (opglbae 51 mg YA 5oy 50 52 50 9IS (s 355 (o YYD Jgur
Concrete quality Rate Chloride diffusion coefficient (m°/s)

Good Low <Ix 10
Average Average Ix10”-5x 10"
Poor High S 107

o=l lanasly goeall |, CIT/OH cuns jgile,] S0 95 9,5 sl oliixe oan

Sl 323 90 (AiSTg 40 CI g3
2Fe + 6CI — 2FeCl; +4e

FeCly;”+20H™ — Fe(OH), + 3CI™
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Chlornde limit for new construction
(0 by mass of cement)
Test method
Acid-soluble Water-soluble
Category ASTM C 1152 | ASTMC 1218 | Soxhlet’

Prestressed concrete 0.08 0.06 0.06
R_cmlprced cqx'xcrc.le 0.10 0.08 0.08

i wet conditions
R'eunmﬁ'ce(l concrete 0.20 0.15 015

mn dry conditions

"The Soxhlet test method is described in ACI 222.1.

g
£
6 bad qualit
= \ . 1
= g
E §
-
S @ uncarbonated
@/{/ concrete
\\% 7
0.4% e
> carbonated
> concrete
|
- >
50% r.h. 85%rh. 100% r.h. Environment
constant changing constant
(low corrosion risk; (high corrosion risk)  (low corrosion risk;
clectrolytic process lack of oxygen)
impeded)
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DELAYED ETTRINGITE FORMATION (DEF)
i

' '
EXTERNAL SULFATE INTERNAL SULFATE
ATTACK ATTACK
« It occurs when ennvironmental « It occurs in a sulfate-free environment
sulfate (from water or soil) for the late sulfate release from
penetrates concrete structures gypsum-contaminated aggregates,
in service. sulfur-rich clinker phase and/or
high-sulfate cement.
« It occurs in a permeable « It needs preliminary microcracks
concrete. where deposition of ettringite crystals
can occur.
= It occurs in a moist « It occurs in a moist environment
environment favoring diffusion of SO,” and other
favoring diffusion of SO,” reacting ions (Ca" and aluminate)
through the aqueous phase through water-saturated capillary
of the capillary pores. pores.
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Resistivity, kQ-em Corrosion rate
>20 Low
10 to 20 Low to moderate
5t 10 High
<5 Very high
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‘—b- Galvanic anode M—M"*+ ne-
+ + + + +

] lonic current flow from anode

¥ {

H,0 + %0, +2¢ +20H

Cument Flow

1 Concrete

Monitoring
system

Power supply + =—* * |* |Ar:ode e Gt
approx.10V DC

' ‘ lonic current flow from anode | 2

1% _ —Reference
- | P ~electrodes
Cr headll 3 -

(U e Cr |

Reinforcing steel becomes negative
cathode

|

Current

Concrete
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Chloride % by wt of cement
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Chloride by mass Chloride by mass Current needed

of cement of sample (mA/m?)
<0.2 <0.6 0

0.2-0.3 0.6-1.2 L)

0.3-08 1.2-13.0 13

08-1.6 13.0-6.0 17
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Standard Rehabilitation New Construction
European Standard
pr EN 12696-1 2 mA to 20 mA/m’ | 0.2 mA to 2 mA/ m’
Standards Australia
AS 2832-5-2002 2 mA to 20 mA/m’ | 0.2 mA to 2 mA/ m’
British Standard
BS 7361 — Part | 5 mA to 20 mA/m’ N/A
NACE Standard
RP0290-2000 N/A N/A
Japanese JIS N/A N/A
Aramco Standard
SAES-X-800 20 mA/m’ N/A
Royal Commission
Section 16645 N/A 2mA/m’
SABIC Standard
BO1-E04 20 mA/m’ 5 mA/m’
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Environment surrounding steel reinforcement Current density in mA/m’
of reinforcement

Alkaline, no corrosion occurring, low oxygen resupply 0.1

Alkaline, no corrosion occurring. exposed structure 1-3

Alkaline. chloride present. dry. good quality concrete, 3-7

high cover. light corrosion observed on the rebar

Chloride present.wet, poor quality concrete medium-low 8-20

cover. widespread pitting and general corrosion on steel

High chloride levels, wet fluctuating environment, high 30-50

oxygen level. hot, severe corrosion on steel, low cover
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Coated
titanium mesh
and
cementitious Conductive Thermal
Property overlay coating Discrete anode  sprayed zinc
Installation Fixing of mesh  Surface Caremustbe  Correct surface
can be time preparation of taken to avoid  preparation to
consuming concrete must  hitting steel ensure bond
Roughened be correctand when drilling to substrat
substrate coating applied holes to May require
required for in good accept anodes use ofa
overlay weather humectant

conditions

Anode service Up to 120 years Upto |5 years Up to 50 years Up to 25 years
life*

Ease of repair or Difficult as both Familiar Anode can be  Zinc coating
replacement overlay and technology drilled out and can be
mesh have to  Re-coating is replaced in the reapplied over
be removed generally event of a existing sound
and reinstated  relatively easy  defect substrate

Budget cost® £60-£100/m*  £20-£40/m? £40-£100/m?  £60-£100/m?

* Service life based on average current output. Life will be reduced at unduly high currents or for
inadequately designed, installed or maintained systems. Replacement systems may be able to use
some of the original wiring and connections.

* Figures do not include for concrete repairs prior to installation of system (Design Manual for
Roads and Bridges, 2002).
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- Croasing Hara,
- -.80V = Point of Current
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% =, 70V = tactad Line
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= _ a0V 1 L L L 3 1 L 1 L 1

1 P2 Py B, Pg Pg P, Py By

Distance Along Protected Line
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Potential (wvolts).
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TEST POTENTIAL VERSUS | TEST POTENTIAL VERSUS
COPPER/COPPER COPFER/COPFER
EOARE SULFATE (V) EQINE SULFATE (V)
Pl -0.883 Fl -0.832
P2 -0.876 F2 -0.810
P3 -0.864 F3 -0.765
P4 -0.927 F4 -0.746
P5 -1.058 F5 -0.421
Pé -1.012 Fé -0.386
P7 -0.881 F7 -0.405
P8 -0.854 F8 -0.413
P9 -0.836 F9 -0.419
Q ) Pipeline protected
cathodically
Unprotected pipeline \ \

Anode
Rectifier /
~
b)
Ed

03} anodic zone
e
o)
:
o
o H
; 7 cathodic zone
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09
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TYPICAL FOREIGN LINE CROSSING
TEST POINT INSTALLATION

BOND TYPICALLY TERMINAL BOX MAY BE BURIED,
AN ADJUSTABLE / IF NECESSARY RATHER THAN
SLIDE RESISTER POST-MOUNTED
CONNECTED
BETWEEN THE
HEAVY LEAD
TERMINALS FOR HIGH RESISTANCE
WIRES FROM TEST VOLTMETER
FOREIGN AND
PROTECTED
LINES
COPPER SULPHATE
ELECTRODE DIRECTLY
OVER FOREIGN LINE
AT POINT OF MAXIMUM
EXPOSURE
o T ey ey e |
(TYPICAL)
NOS & NO 12
BLACK INSU-
LATED WIRES
FROM FOREIGN
LUINE
FOREIGN LINE
BEING AFFECTED
BY STRAY CURRENT

NO & & NO 12 WHITE INTERFERENCE

INSULATED WIRES
FROM PROTECTED
LINE

PROTECTED PIPELINE WITH RECTIFIER
(INTERRUPTED) CAUSING INTERFERENCE
ON FOREIGN PIPELINE
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DISTANCE A AND B ARE AREAS
OF DEPRESSED POTENTIALS ON
PIPELINE UNDER TEST PRIOR
TO CORRECTIVE MEASURES

FOREIGN LINE

CAUSING INTER-
COATING WITH GOOD FERENCE
ELECTRICAL AND LIMIT OF
MECHANICAL STRENGTH POTENTIAL
APPLIED TO THE FOREIGN DEPRESSION
LINE AREA
PROTECTED
PIPELINE
UNDER
TEST

A" AND B', EQUAL TO DISTANCES

A AND B RESPECTIVELY, REPRESENT

THE LENGTH OF FOREIGN LINE
TO BE COATED
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TEST POINT

ONE PIPE LEAD AND
LEAD FROM ANODE
BED JOINED BY LINK OR
CURRENT MEASURING
SHUNT. OTHER LEADS
FOR POTENTIAL TESTS

COATED CATHODICALLY
PROTECTED PIPELINE
AFFECTED BY STRAY
CURRENT INTERFERENCE
FROM BARE PROTECTED
LINE

AREA OF DEPRESSED
POTENTIALS AS A
RESULT OF INTERFERENCE
»l

>

PERMANENT

REFERENCE
ELECTRODE
(CSE)

FIVE FOOT LONG MAGNESIUM
OR ZINC ANODES, PACKAGED

OR BACKFILLED WITH SPECIAL
FILL

12"+

2" ETC. TO 5 MAX
CATHODICALLY PROTECTED

BARE OR VERY POORLY

COATED LINE

HEAVIEST ANODE AT
POINT OF MAXIMUM
EXPOSURE
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cathodic protection applications is typically
a Titanium anode with a Mixed Metal Oxide
coating (TVYMMO). These anodes have
extremely long service life and very low
consumption rate measured in the 1-2

mg/amp-year.

SN | Impressed Current CP System Galvanic anode CP system
1 | Longer Design Life (25+ Yrs.) Short Design Life in comparison to ICCP
anode.

2 | Once installed only requires annual system | Disruptive - repeating repair cycle.
checks. Replacement of anodes costly.

3 | External power source required. No external power source required

4 | Impressed current TYMMO anodes are Galvanic anodes are typically designed
capable of operating at significantly higher | to operate at much lower current
current density discharge rates — up to 100 | densities.

2

A/m ; however, in most cases the operating
levels are much lower.

5 | Current is controlled & variable Cannot control limited current

6 | High (5-25V) & variable driving force Low (<1v) & fixed driving force

7 | Works with any resistivity electrolyte Requires low resistivity electrolyte

8 | Proactive & Sustainable Reactive

9 | Today's standard for impressed current Zinc and Magnesium anodes are

typically used in galvanic systems and
they have a nominal consumption rate
of approximately 11.24 Kg/Amp-Yr. for
Zinc and 7.9 Kg/amp-Yr. for
Magnesium.
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A: 2Fe — 2Fe ™ + 4¢”
C: 20, + 4¢"+2H,0 — 40H
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At Cathode

O,+H,+4e 5 40H

2H,04+2e = H, T +20H (At high Potential)
Ca  +HCO, + OH — H,0 + CaCO, ¢ (Calcareous scale)
Mg’ + OH” = MgOH 4 (Calcareous scale)

At Anode (Impressed Current System)

At Anode (Galvanic Ancde)

2H,0— 0,T+4H + de”
2CI = Cl,T+2e"

Zn— Zn"" + 2 e (Dissolution of Zinc)
Al - A" + 3 & (Dissolution of Aluminum)
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Metals Soil Scawater

V CSE |V Ag/AgCl |V Zn
Carbon stecl:
- Aerobic (.85 (.80 +(.25
- Anaerobic | —0.95 ~(.9() +0.15
~ In concrete 0.75 0.70 +00.35
Copper -0.30 —0.20 +0.70
Lead (.50 0.45 +0.50)
Zinc =1.00) =1.05 (.0
Aluminium .80 —(0,90) +0.15
Stainless steel | —0.40 =(.50 +0.55
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Metal or alloy Reference electrode (and conditions of use)
Cu/CusO4 Ag/AgCl Ag/AgCl Zn/sea-water
andfreh Gy O fcenaeyy oo D
water) electrolyte)
\Y \' ' AY
Iron and steel
aerobic environment |- 85 -0.75 -0.8 +0.25
anaerobic environment |- 95 -0.85 -0.9 +0.15
Lead -0.6 -0.5 -0.55 +0.5
Copper-based alloys -0.5 t0-0.65|-0.4 to-0.55 |-0.45t0-0.6 | + 0.6 to + 0.45
Aluminium
Positive limit -0.95 -0.85 -0.9 +0.15
Negative limit -1.2 -1.1 -1.15 -0.1

1 For use in clean,undiluted and aerated seawater.The seawateris in direct contact with the metal electrode
2 All figures have been rounded to the nearest 0.05 V.
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Materkals Minimum negative Maximum negative
potential V potential V
Carbon steels
z SMYS >
Immersed in seawater -0,80 =110 sy MPa.
Buried in sediments -090 For -1,10 35K
Austenitic stainless steels Rcasronicane
PREN = 40 - 0,30 - 1,10
PREN < 40 -0,50 -1,10
Duplex stainless steels -0,50
Martensitic stainless (13 % Cr) - 0,50
steels
The potentials are referenced to an SCE reference electrode,which are equivalent to aJ
silver/silver chloride reference electrode (Ag/AgCl/seawater) in 30 -cm seawater.
PREN = %Cr + 3,3 %(Mo+0,5W) + 16 %N.
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OH + HCO; — CO3* + H,0
Ca®" + CO3* — CaCoO;
Mg™ +20H™ — Mg(OH),

Mg(OH), and Iron oxide
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Re Ra
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T . A
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PIPE

lg = CURRENT THROUGH THE SOIL

Ip = CURRENT THROUGH THE PIPE PATH
Ra = ANODIC RESISTANCE

Re = CATHODIC RESISTANCE

Ep = ANODIC POTENTIAL

Ec = CATHODIC POTENTIAL
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I” = External Anode Current Ea = Pipe Anode Potential
Ra= Anode Resistance of Pipe to Soil Ec = Cathode Potential
Rc= Cathode Resistance to Soil Ei = External Anode Potential
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(a) Partial protection I1 > 0.
(1) Physical circuit.

(1) Equivalent circuit.
. Ice=Ni+ 1
() EXTERMAL
D SOURNCE
Ex Ra
4
Ec (5) Complete protection Iy = 0.
w (1) Physical circunt.
< Ic _/9 (ii) Equivalent circuit.
Ie =12
e ap—————
(i) I_ (s}
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ANODE

En - ANODEPOTENTIAL

Ec = CATHODE (PIPE) POTENTIAL

Ry = RESISTANCE OF CONNECTING WIRE

Rap = ANODE FILM RESISTANCE

Rag =~ BACKFILL RESISTANCE

Rgg = RESISTANCE OF ANODE BACKFILL TO SOIL
Rg = RESISTANCE OF THE SOIL

Rog = RESISTANCE OF THE PIPE TO SOIL

Reg = CATHODE FILM RESISTANCE

ln = ANODE CURRENT
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Ep,s = polarized polential
of structure (V)

Rsre = resistance of structure
to remote earth (ohm)

Remote Rare = resistance of anode(s)
Earth to remote earth (ohm)

Ep.a = polarized potential of
A ; . anode(s) (V)
-Ep+ Rc = cable resistance between

Re a anode & structure (ohm)
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R¢ s = resistance of negative
g B cable from the structure

Ep.s = polanzed potential of
s.re structure (V)

Rs re = resistance of structure

DC Power Remote to remote earth (ohm)

Supply Earth
. 3 Rgb,re = resistance of groundbed
b.re to remote earth (ohm)

—d Ep.a = polarized potential of
Rca Epa " the groundbed (V)

Rc.a = resistance of positive
cable 1o groundbed
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Measurement
Criterion Condition Comments
1. Potential less than —0085 WV vs, Cu Current on (1R g Meamngful in some
saturated CuOy for steel present) COVIrONIMeEnts
Uncertain due wo [R.g
2. Cathodic polarization more than 300 mV Current on ([R.g Uncertain due to
active to corrosion potential of structure present) interferences from
1 L
3. Cathodic 'I,'lulilr'i?:ll."l{'ll'l more than 1000 mYy Current |1|h.‘rr|.1|1-rin|1 h.':'hnup.u'ﬂ
act i.".'{" By COTT l.‘i'i[l'l] F'H.'l[ L'I“‘i.'lll Hj- structure ‘ill' t.‘rruptl‘:l ll‘i'rll:'l I|1. T i.lllI'!Ii."I]ll.'['lt
(TR absent)
4. Cathodic polarization to a potential where | Current vanable Infficult to detenmine in
Tafel behavior achieved (1. gy present) presence of 1R
5. MNet protective current flows from Unspecified Correct in theory
electrolyte into the structure surface Difficult to determine
in practice
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ddolee 3illas (YV.F S2) canl O + 2H,0 + 2 — Hy + 2(0H) & ja0a 5L g S

‘b e oo Fe — Fe' +2 € YY s

23)Fe — Fe’" +2¢° E=E"+ RT/nF In Fe*'
L =-0.44 +0.0295 log Fe*" =-0.44 + 0.0295 log 0.357 = 10°°=-0.630
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IR=p.j.d

p: soi1l resistivity (€2 m);

j: protection current density (A/m” );

d: the distance between the pipeline and the reference electrode (m).
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Protection
Metal or allo 2
Y Medium potential, E,
T<40°C - 0.85"
T=60°C -0.95"%
Wister &l acll Aerated sandy
Mon-alloy and low aerobic sl 078
alloy Fe materials | conditions | 100<p<1000 Om
with Aerated sandy
¥s S 800 Nmm? soil -0.65
p=1000 m
Water and soil
anaerobic -0.95
conditions

NOTE1: All potentials are IR free and refer to a copper/saturated
copper sulphate reference electrode, E;, = Ey - 0.32 V.
"For temperatures between 40 and 60 °C the protection potential

may be interpolated.
"l Increasing risk of NaOH induced stress corrosion cracking with

increased temperature.
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Minimum negative Maximum negative
Material potential volt potential volt

Iron and steel

aerobic environment | -0,80 -1,10

anaerobic environment | -0,90 -1,10
High strength steels -0,80 (see Note 1) -0,95 (see Note 1)
Aluminium alloys -0,80 (negative -1,10
(Al Mg & Al Mg Si) potential swing 0,10 V)
Stainless steel

Austenitic steel

- (PREN = 40) -0,30 no hmit

- (PREN < 40) -0,60 (see Note 2) no limit

Duplex 0,60 (see Note 2) (see Note 3)
Copper alloys

without aluminium -0,45 to 0,60 no limit

with aluminium -0,45 to -0,60 -1,10
Nickel base alloys -0,20 see Note 4
1 For high strength steels susceptible to hydrogen assisted cracking the
maximum negative potential should be more positive (less negative) than
0,83 V (Ag/AgClsea water reference electrode).
2 For most applications these potentials are adequate for the protection
of crevices although higher potentials may be considered.
3 Depending on metallurgical structure these alloys can be susceptible to
cracking and high negative potentials should be avoided (see 8.3.2.2).
4 High strength nickel copper and nickel chromium iron alloys can be
subject to hydrogen assisted cracking and potentials that result in
significant hydrogen evolution should be avoided.
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Current Interruption Technique

Vmeasured = Velactrode + I {Rg + Rpyik!)
for I=0 Vmeasured = Velectrode distance
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Pipeline reactance effect Depolarization

Pipe /soil potential®

Time - not to scale
cpon/\ CRoff
Switch off
1) This period significantly shortened in the presence of sulphate-reducing bacteria.

) With respect to copper/copper sulphate reference electrode.
3 C.P. = Cathodic protection.
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Total CP being applied = -650 mV, Meeting -850 mV Criteria
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Current density, mAJ/it*

polarize  polarization

Bare steel
To After
Environment  polarize  polarization
Moving 30-35 7-10
seawaler
Stagnant 15-25 4-7
segwater
Soi1l zone 4-5 1-1.5
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ENVIRONMENT

(mA/ft2)

Snil with resistivity <1,000 ohm-om

S0il with resistivity >30,000 ohm—-cm

5till fresh water
Moving fresh water
Turbulent fresh water
Hot fresh water

Still seawater

Moving seawater
Concrete

Soil with resistivity 1,000 = 10,000 chm-cm
Soil with resistivity 10,000 = 30,000 chm=cm

Highly aggressive so0il with anaerobic bacteria

=
O LW LA LN B B3R R LT
f

. * "

. .
L5 s e o s o s s s o L o e

tnin - L= LI un

Ll e I s I S PV I S
. (A f .

Me D &« OO OO0 0
= Lo ] = =

[F] Calisea sla titey L aVsd gl cbiliz 5l 5ee ol e diiils VP Jgus

ENVIRONMENT (ma/fE2)
Pipeline, epoxy or other high performance coating 0.001 - 0.005
Pipeline, reinforced coal tar 0.005 - 0.025
Pipsline, grease cocating with wrapper 0.05 = 0.150
Pipeline, asphalt mastic 1/2" thick 0.001 - 0.005
Pipeline, old asphalt, or other deteriorated coating 0.05 - 0.35
Fipeline, old paint coating 0.10 = 0.30
Tank bottoms 0.05 - 2.0
Tanks for cold potable water .05 - 2.0
Tanks for cold seawater 0.05 - 4.0
Turbulent cold water or hot potable water tanks 0.30 = 2.0
Steel sheet piling fresh water side 0.10 - 1.5
Steel sheet piling seawater side 0.10 - 2.0
Steel sheet piling scil side 0.05 - 1.0
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Environment Current density (mA/m?)
Soil. 50 to 500 Q.cm 20to 40
Soil. 500 to 1500 Q.cm 10to 20
Soil. 1500 to 5000 Q.cm Sto 10
Soil, over 5000 Q.cm 5
Fresh water 10 to 30
Moving fresh water 3010 65
Brackish water 50to 100
Sea-mud zone 20to 30

(el s o il s ol clslis ol > daedls AY.F Jous

Organization |  Location 're:,;fe(rC) Tnitial Cmn::-?e =y (M:::.)n
Gulf of Mexico 2 10 55 7%
U.S. West Coast 15 150 % 100
N. North Sea 0-12 180 90 120
NACE | 5-SouthSea 0-12 150 % 100
Arabian Gulf 30 130 65 90
Cook Inlet 2 430 380 380
g»urn':d/Mud all 10-30 10-30 10-30
Tropical 20 150/130 70/60 90780
Sub-Tropical 12-20 170/150 8070 110/9%
DNV Temperate 7-12 200/180 100/80 130/110
Arctic <7 250/220 1207100 170/130
'Z’o“"“:‘“"" all 20 20 20
Non-Buried 20 ; 70/60 90/80
12-20 = 8070 11090
1SO 712 : 100/80 130/110
< - 120/80 170/130
all 20 20 20
Note: DNV and 1SO format: “(depths less than 30 m)/(depth greater than 30 m)"”
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Environment Current density (mA/m?)
Soil. 50 1o 500 Q.cm 2010 40
Soil. 500 to 1500 Q.cm 10 to 20
Soil. 1500 to 5000 Q.cm 5to0 10
Soil. over 5000 Q.cm 5
Fresh water 10 to 30
Moving fresh water 30to 65
Brackish water 5010 100
Sea-mud zone 20 to 30

[¥8] Lo oF bl (ol clilis b o dodls AYF Jooo

b §
Ovgaaizstion |  Location Te‘::;rC) Initial Cmn:::-?e = (mAi:I.niI
Gulf of Mexico 22 110 55 75
U.S. West Coast 15 150 9% 100
N. North Sea 012 180 20 120
NACE |- South Sea 0-12 150 90 100
Arabian Gulf 30 130 65 9
Cook Inlet 2 430 380 380
'2’0“‘:"”““" all 10-30 10-30 10-30
Tropical >20 150/130 70760 90/80
Sub-Tropical 12-20 170/150 80/70 110/90
ony | Temperate 712 200/180 100/80 130/110
Arctic <7 250220 120/100 170/130
Z‘;‘:"’M“" all 20 20 20
Non-Buried >20 - 70/60 90/80
12-20 - 80/70 110/90
150 712 : 100/80 130/110
<7 = 120/80 170/130
all 20 20 20
Note: DNV and ISO format: “(depths less than 30 m)/(depth greater than 30 m)"
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E. =L, exp (-ax)

I,=1_ exp(-ax)
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Environment MA/m?
Soil with resistivity < 1000 £2-cm 66-275.0
Soil with resistivity 1000-10,000 Q-cm 33-66
Soil with resistivity 10,000-30,000 Q-cm 22-33
Soil with resistivity >30,000 £2-cm 11-22
Highly aggressive soil with anaerobic bacteria | 165.0-440.0
Still fresh water 22-44
Moving fresh water 44606
Turbulent fresh water 55-165.0
Hot fresh water 55-165.0
Sull seawater 11-33
Moving seawater 33-275.0
Concrete (0L.55-1.65

VAl o) ele Joe cliliz g 5Li 2530 ol &cdle JOF Jgusr

Design

Condenser materials current density AWTHE.E.
water salinity
Waterbox Tubesheet Tubes amp/ fi? amp/m? ppm
Carbon steel  Aluminum 90-10 Cu Ni .03 0.54 1000
bronze
Cast iron Muntz AL-6X stainless 0.1 1.08 35,000
steel
Epoxy-coated Epoxy-coated Titanium 0.07 0.75 35,000
carbon steel  copper-nickel
Carbon steel Muntz Aluminum brass 0.06 0.65 1000
Carbon steel  Muntz 90-10 Cu Ni 0.06 0.65 1000
Carbon sieel  Muniz Aluminum brass 0.2 29 30,000
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Voltmeter

Switch
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Electrode
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