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COATINGS AND CATHODI C PROTECTION 2 APPROACH
OF PILINGS IN SEAWATER: RESULTS OF
5.YEAR EXPOSURE

Test Site
Figure I shows the LaCosta Island test site. The

1 INTRODUCTION 
year ly surface water temperature range s from 550 

t o

90°F ( 13 ° to 32°C), wit h an approximate mean yearly
temperature of 75°F (24°C). The salinity fluctuation

Background due to tidal flushing in LaCosta Island is approximately
The Directorate of Civil Works , Office of the Chief 30 parts per thousand at low tide to 36 parts per

of Engineers, has jurisdiction over many structures, such thousand at high tide. Mean tide level at the LaCosta
as harbors , bridges, and buildings, which are supported site is 1.3 ft (0.4 m) with a spring tide range of 2.6 ft
on pilings in coastal areas. Steel pipe and H-pilings have (0.8 m). Wave action is light , and the bottom material
genera lly been used for foundations in coastal areas ; is composed of approximately equal proportions by
more recently, prestressed concrete pilings have also weight of silica sand and shell. In comparison , the
been used. However , designers of such structures are bottom material at the Dam Neck site consists mostly
faced with a problem: quantitative data on the rate of of fine silica sand with a relatively thin layer of clay
piling corrosion and the performance of coatings and near the surface. This fine sand is easily carried into
sacrificial anodes on steel pilings under long-term field suspension by the surf, causing erosion~corrosion* of
exposures are not available, the pile surfaces.

In response to this problem, the U.S. Army Corps of Test Piles
Engineers and the National Bureau of Standards (NBS) The test piles included H- and pipe piles made of
initiated a corrosion study in 1967 , when 31 sets of eit her American Society for Testing and Materials
piles (three identical piles per set) were installed near (ASTM) A 36 or ASTM 690 (mariner steel). The steel
Dam Neck , VA . Every 5 years , one row of piles was to H piles are 6 in. X 6 in. X 30 ft (15.2 cm X 15.2 cm
be extracted and examined for corrosion damage. To X 9.1 m) and weigh 2 5 lb/ft (37.2 kg/rn). Stainless
determine the effect of geography and temperature , stee l rods were welded between the inside flanges of
two more sites (LaCosta Island , FL and Buzzards Bay, each pile so that electrical contact could be made for
MA) were selected by the Coastal Engineering Research electrochemical measurement. Figures 2 and 3 show
Center (CERC), which evaluated the pilings through the detail sections of the 1-I- and pipe piles. Six pre-
June 1974. when the inspection responsibility was stressed concrete piles were also installed .
transferred to the U.S. Army Construction Engineering
Research Laboratory (CERL). The installation of 31 Some piles were installed without any coating or
sets of three rows of piles at LaCosta Island was sacrificia l anodes , while others have both coatings and
completed in January 1971 . and annual inspections cat hodic protection. Most of the protective coating
have been conducted since then. CERL installed the systems included in the LaCosta Island study are the
pilings at Buzzards Bay in October 1974 and conducted same as those at the Dam Neck site. The systems in-
the first annual inspection in July 1975, 1 

d ude organic coatings , metallic coatings , organic over
metallic , meta l-filled organic, and organic over meta lSObjective

The objective of this study is to evaluate the effec- filled. (See Table I for a complete list of the coatings

t iveness of various commercia lly available coatings and and their sources.) The coat ings were applied after the
1—.

sacrificial anodes in preventing corrosion of pilings in base meta l was sandblasted to near “white metal”

seawater. This report summarizes the results of the according to Stee l Structures Painting Council (SSP(’ )

inspection of test pilings extracted after 5 years of ex- Specification SSPC-SP-I0-63T.
posure at LaCosta Island . FL, and compares the results
to those froni t he 5.year inspection of the Darn Neck ,
VA pilings. SFrosion<orrosion is an accelerated attack on the metal

due to the movement between the corrosive fluid and the
— metal surface. The corroding metal forms solid corrosion pro-1 A . Kum, r arid (‘ . I l ah in . First ,. lnnual Inspection of ducts which are swept away, revealing fresh metal for further . 

-
~~~

Bu::ards Bar f lings . Technical Report M-l 72/A DA 02438 1 corrosion. Although seashells are softer than steel , seashells
V. S. Army Construction l- ng ineer ing Research Laboratory, (limestone) suspended in seawater will cause eros ion-tor ros ion
I(l RLI.  1976) . of steel piling.
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The sacrificial anodes for the cathodically protected electrochemical measurements. Visual observations
piles were mounted near the sand zone and consisted included complete evaluation of coating deterioration
of zinc or alumini~tn . The zinc anodes are 4 X 4 X in accordance with ASTM Standard Methods for Eval.
36 in. (10.1 X 10.1 X 91.4 cm) and weigh about uating Degree of Rusting on Painted Steel Surfaces .
150 lb (68 .0 kg) when new: the aluniinum anodes are D6IO-68 (Table 2).
4 X 4 X 38 in. (10. 1 X 10.1 X 96.7 cm) and weigh
60 lb (27 .2 kg) when new. Two such anodes were Three type s of electrical measurements were taken:
instal led on each pile to he cathodica lly protected. pile corrosion potential measurements , cathodic

protection index measurements , and polarization
The pilings were jetted into place in three rows measurements. Electrical contact with the stainless

parallel to the shoreline (Figures 4 and 5). The rows steel rods in the piles was made using vise clamps
are designated A , B. and C, wit h row A being nearest connected to the cable wires. The pile potential measure-
the beach and row C farthest from the beach. Of the ments were made on piles provided with sacrificial
31 sets of three piles. three are bare carbon or mariner anodes to indicate the protection offered by the anodes.
stee l, two are prestresse d concrete , and the remaining A Miller Model M.3-M !slultimeter was used to measure
are coated steel. Two of the coated steel pile sets are the potential with respect to a copper-copper sulphate
also cathodically protected. The coated piles in row A electrode buried in damp sand and shielded from the sun,
are completely coated; the coated B piles are entirely
coated with the exception of seven 6 X I ~n. (15.2 X The cathodic protection indices (CM) were deter-
2.5 cm) windows (at 2 . 7, 14, 17 . 20, 22 , and 27 ft mined for all coated piles except those with sacrificial
[0.6, 2.1 . 4.3, 5.2 . 6.1, 6.7 , and 8.2 m] from the anodes by forming a galvanic couple between two piles
bottom of the pile on the piling surface facing the of a set and then measuring the potential with zero
beach), and the C piles are completely coated , except applied current. The current was then increased to
for the embedded zone. lower the initial potential measured by 0.150 V for the

meta llic coated piles and 0.85 V for the other coated
Annual Inspections piles. The current was constantly adjusted to keep the

After placement , the pilings were subjected to five lowered value of the potential constant during a 5-
annual inspections consisting of visual observations and m inute run. The initial and final values of the current

and potential were then used to calculate the CPI value
using Eq 1.

CPI~~AV/A I [Eq II

where AV change in voltage
Al = current required to shift the voltage .

-~ 
The corrosion rate measurements were conducted

~~~~~~~ .~4’I by Schwerdtfege r and McDorman ’s 2 “polarization

~~~ MYERS break” met hod, which uses breaks in the anodic and
cathodic polarization curves to identify the corrosion

~ 
ç ~ ei•s~ rate via a ca lculated corrosion current, I . . I . can he

ca lculated from the following relationship, which was
derived by Pearson 3 and confirmed by Holler: 4

l( = ( I )  (I~ / (I + lq ) I la i 2 1

2 W. J. Schwerdtfeger and 0. N Mi l) o r m a n , Journalo( the
Electrochcmica/ Socien , Vol 99 (1952). p 407.

3 J. M. Peatson, Transactions of the Flee trochemical Society ,
Vol 81 (1942), p 485 .

Figure I. LaCosta Island test site. SI conversion 
~ti. D. Holler . Journal of the Flectrochcmieal Soc le ts ,

f actor: I nautical mile = 1.852 km. Vol 97(1950). p 277.
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Table I
Test Pile Details, LaCosta Island Test Site

No. Dmy Coating
System Type of of Thickness, Coating

No. Piling5 Description of Coating System Coats mils55 (mm) Source Remarks

II Bare carbon steel — — — —

2 II Bare carbon steel with zinc anodes — — - 2 anodes

3 H Bare carbon steel with aluminum anodes -- — — 2 anodes

4 I-I (‘oal-tar epoxy 2 16-20 United States —

lormula C-200 (0.4 1-0.5 1) Steel (U.S.S.)
Chemicals

5 I-I Coal-tar epoxy with zinc anodes
I-orniula (‘-200, polyamide-cured 2 16-20 U.S.S. 2 anodes

(0.4 1-0.51) Chemicals

6 H Coal-tar epoxy, amine-cured 2 16-20 U.S.S. -

Tarse t (0.41-0.51) Chemicals

7 II Coal-tar epoxy, aluminum-oxide’armored at mud line
Formula (‘-200 2 16-20 U.S.S. Third coat +

(0.4 1-0 .51) Chemicals garnet to be ap-
lormula C-200 + aluminum oxide (No . 30 grit) 1 10-11 plied between 11

broadcast into wet final coat )0 ~5-0.28) and 17 ft (3.3
and 5.2 m) from
bottom of pile

8 II Aluminum-pigmented epoxy-tar
Carbomastic #3 1 8-9 Carboline -

(0.20’0.23) Co.
Carbomastic #12- 14 I 7-8

(0.18-0.20)
(arbomastic #5-1 40 I 4

(0.10)

9 U Coal-tar epoxy U.S.S.
Chemicals

U. S.s. epoxy primer 1 3
(0.08)

Tars~t Standard 1 8.10
(0.20 -0 .25)

Iars ct  Standard I 8.10
(0.20-0.251

10 Ii I poxy over inorganic ceramic
Plas-Chi’m Zinc-ite G primer I 3-4 Plas-Chern

(0.8-0 . 10) (‘orp.
l’l,i~.( }II.II1 S (‘eram-it c # 10 1 I 5-6

10.13-0.1 5)
Pl:is-Chem ’s 2140 Z high build epoxy I 7-8

(0.18-0.20)

See foot notes at end of table, p 13.
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Table I (Cont’d)

Test Pile Details, LaCosta Island Test Site

No. Dry Coating
Syste m Type of of Thickness, Coating
No. Piling5 Description of Coating System Coats mi1s~~ (mm) Source Remarks

I 1 H Epoxy over inorganic zinc primer
Zincor #11 primer 1 1- 1.5 Plas’Chem

(0.03-0.04) Corp.
Chem-Pon 23 lOX Red 1 8-9

(0.20-0.23)
12 H Saran

washcoat primer , Ml1-P-15328B 1 0.4
(Formula 117) (0.01)

4 7 6-7 Navy Stock Alternate coat
Formula 113/54; Mil-L-l 8389 (0.15-0.18) white and orange

13 i-I Aluminum, flame-sprayed (wire) I 6 Metalwe ld , Steel wire flash
(0.15) Metco , or bonding coat ,

other 1 mu (0.03 mm)

1 4 H A l u m in u m , f lame-sprayed (wire) Metalweld ,
v inyl topcoat Metco , or
l Iame-sprayed aluminum (wire) 1 6 other Steel wire flash

(0.15) bonding coat
Was hcoat primer , Formula 117 , MIL-P-15328B 1 0.4 1 mil (0.03 mm(

(0.01)

A lum. vinyl . Metcoscal-AV (Alum , Vinyl) 2 2 Metco , Inc.
(0.05)

15 II Zinc , flame-sprayed , w ith Saran topcoat I I Metco Metal
Steel wire flash bond coat (0.03) weld or other

Flame-sprayea zinc ,e) 1 6
Saran. Formula 113/ 54 , a lternate (0 .15)

wh ite and orange: fi’~ish coat , white 7 6-7 Navy stock
(0.15-0.18)

16 11 Zinc , flame-sprayed. with Navy vinyl 1 6 Metco Metal Steel wire flash
topcoat , Flame-sprayed zinc (wire) (0.15) weld or other bonding Coat .
Was hcoat primer , MIL-P-15328B 1 0.4 Navy Stock I mil (0.03 mm)

(0.01)
Vinyl red-lead . l ormula 119 . MIL-P-15929 5 4-5

0.10-0 .l3)

7 I i  l’hcnolic Mastic

,. 
Phenolinc 30(1 (orange) 1 8 (‘arbo tine

(0.20) Co.
Phcnoline 30) ) (gray) finish coat I 8

(0.20)

18 II (‘ssa l-tar epIo.y over organic zinc-rich
U.S S. zinc-rich epoxy No. 110 1 3 U.S.S.

(0.08) Chemicals
oa l-Iar epoxy. ( 20(1 2 12 ‘ I

(0.30)

Sec lool noti’s a t  end of l INe. p 13.
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Table I (Cont ’d)

Test Pile Details , LaCosta Island Test Site

No. Dry Coating
System Type of of Thickness, Coating
No. Piling Description of Coating System Coats mils55 (mm) Source Remarks

1 9 II Vinyl liver inorganic zine-rieh
U.S.S. zinc-rich No. 22 )) I 3 U.S.S.

(0 (18) (‘liemicals
U.S.S. high-build vinyl 1 7

(0.18)

20 H Epoxy-polyamide over inorganic zinc-rich
Carbozinc #11 1 3 Carboline

(0.08) Co.
High-build epoxy polyamide 190 Hil 2 12

(0.30)

21 H Epoxy-tar over inorganic zinc-rich
Carbozinc #11 1 3 Carboline

(0.08) Co.
Carbomastic #14 1 8

(0.20)

22 11 Vinyl Mastic over inorganic zinc-rich
Dimetcote #3+D3 Curing Solution 1 3 Amercoat Curing solution

(0.08) Corp. to be removed
#54 Tie Coat 1 by fresh wate r

(0.03) wash
Vinylmastic #87 1 10

(0.25)

23 H Bare mariner steel — — —

24 Fl Bare mariner steel with zinc anodes .. — - 2 anodes

25 Fl Coal-tar epoxy on mariner steel
Formula (‘-200 2 16-20 U.S.S. —

(0.41-0.51) Chemicals

26 Pipe Bare carbon steel — - - -

27 Pipe (oal-tar epoxy 2 16-20 U.S.S.
Formula (‘-200 (0.41-0.51) Chemicals

28 Pipe (‘oa l-tar epoxy, garnet-armored at mud line
Formula (‘-200 2 16-20 U.S.S. Third coat and

i f -. (0.41-0.51) Chemicals aluminum oxide
to be applied be-

Formula (‘-200 + aluminum oxide #30 gril) I 10 tween II and 17
broa dcast into wet final Coat (0.25) ft )3. 3a ri d 5.2 nil

f rom bottom iif
pile

See luo lnotes  at  end 1)1 table . p 13 .

-5
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Table I (Cont ’d)

Test Pile Details, LaCosta Island Test Site

No. Dry Costing
System Type of of Thickness , Coating
No. Piling5 Description of Coatin gSystem Coats mils 5 (mm) Source Remarks

29 II Polyester glassflake . (‘ar bog las 160 1 , 2 40 (‘arbo line Blast material to
spray grade (1.02) (‘o. prov ide 3-4 mil

(0.08-0.10 mnt)
sur face profile

30 Concrete Prestressed Concrete
10 in.

(25.4 cm)
squa re

31 Concrete Prestresse d Concrete
S I lOin.

(25.4 cm)
octagon

* Steel H-piles are 30-ft (9.1 m) lengths of 6 in. X 6 in. (15.2 cmX 15.2 cm) wide flange (25 lb/ft [37.2 kg/m I) mild carbon steel.
Systems 23 , 24 , and 25 are mariner steel H piles.
Systems 26 , 27 , and 28 are pipe piles, mild carbon steel , 6 in. (15.2 cm) diameter , schedule 40, 0.280 in. (0.7 mm) wall thickness.
Prestresse d concrete piles are as stated in this colu mn.

~~ Film thickness tolerance per Coat may be plus or minus 15 percent of given thickness per coat , except where a range is given.

GENERAL NOTES:

All surfaces were blast-cleaned to near-white metal prior to coating. Systems 28 and 29 were supplied in the near-white condition.
Specimens were numbered A , B. or C. which corresponds to their position (A faces the shore . B in the center , and (‘ faces theGulf) , and have a numeric prefix which designates in what manner they were coated.

13
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A Piles B Pi’es C Piles
H H H _4 

0
H H

H H
i~— ’~ 

I 
~~~

H H H~~~0•
in

H H H
H H H
H H H
H H .  H
H H H
H H H

6”x6 ’xa5lb SteelVtF Piles H H H
H H H~~~
H H
H H
H H

Li LI 0

Lacost a I. Florida H n U’ 
~ Gulf Of Mexico4— H H H a

H~~~H H H~~~
H H
H H H~~~U,
H H H .
H H
H H H~~~
H H H
H H HiO~ Square Prestressed

Concrete Piles 0 0 0
tO~ Octagona l Prest ressed £ ~ o 0Concrete Piles
6” Sched le 40 

___________

Steel Pipe Piles 8 8 8
Figure 4. Plan ~sf LaCosta Island test piles. SI conversion factors: I in .  = 2.54 cm: I ft = 0.3048 m.
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APi les B Piles CPi Ies
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Figure 5. Elevation of pile set for LaCosta Island test site. SI conversion factor: 1 ft = 0.3048 m.
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I alik- 2

Scale and l)escriptioii of Rust Grades5

SSPC-ASTM
Photographic

Rust Grades55 Description Standard

I)) No rusting sIr less than 0.01 percent of surlace rusted unnecessary
9 Minute rusting, less than 0.03 percent sit surface rusted No. 9
8* **  le w  isolated rust spots , less than 0.1 percent of surface rusted No. 8
7 Less than (1.3 percent ut sur face rusted none

Extensive rust spots but less than I percent ut surface rusted N o .  6
5 Rusting to the cst ent of 3 percent of surface rusted none

~~ Rusting to  the extent of 10 percent of surfac e rusted No 4
3ttt Approximately s ine-sixth of t ile sur fac e rusted none
2 Approximately one-third of the surface rusted none

Approx im ately one-half of the surface rusted none
Approximately 100 percent of the surface rusted unnece ssa ry

* Reprinted with permission of American Society for Testing and Materials from Eraluaring /) egree
0/ Rusting on Painted Steel Structures . ASTM 1) 610-68.

* Similar to European Scale of Degree of Rusting for Ant i-( orrosive Paints( 1961 ) (b lac k and w hite .
Corresponds to SSPC Initial Surface Conditions I it) to 0.1 percent ) and BISRA (British Iron and
Steel Researc h Association) 0.1 percent.

t Corres ponds to SSP( Initial Surface (‘onditions I- (0. 1 to 1 percent ) and I3ISRA 1.0 percent.
f t  Corresponds to SSPC Initial Surface Condition (~ ( I t o  10 percent).
t~t Rust grades below 4 are of no practical importance in grading performance of paints.
+ C orresponds to SSPc’ Initial Surface Condition H (50 to 100 percent).

where I~, and = the tangent tn ler sec t io r t s iil thc linear Inspection of Removed Piles
portions of the anodic and cathodic Inspection of the removed piles included coating
curves . respecti sely evaluation before and after clcantng. coating thickness

measurements , flange and web thickness measurements
These polarization curves are obtained by increasing of all sandhlasted piles . and pit dept h mcasure nsents

the current from zero in equal increments of time (in The pilings were photographed both before andthis case 0.1 -ampere t rcrements at 5-minute intervals). . .alter cleaning (Appendix A) . Since the piles ssere
- . . .  . covered by pelican guano in the atmosp heric zone .*Figure 6 illustrates the circuit diagram used tn .fouled by marine organisms in the immersed lone, anditta k iti g the polartia tton and cathodic protect ion index ct)ated with atta ched oyster shells and sand in the

nteasuremeit Is. embedded zone, more t han a conventional water wash
was required to clean them. Hand-scraping aiid water-

Pile Removal blasting removed most of t he guano and marine fouling
The row C pilings were removed in February 1976 without severe damage to the coatings. Following the

by hooking a crane onto the pull-holes provided on cleaning, the coating thicknesses were measured with
t he pilings. Water jett ing was used t o  loosen the bottom an Elcometer. w here possible. (‘harts were constructed
m a t erial around the piles to prevent piling damage . displaying the corros ksn behavior (51 t lmc pilings ) A ppen-
\ l t c r  rems,va l, the piles were transported by h:irges to dix B). and the coated piles were rated in accordance

storage :irc:i near Tampa , Fl.. where they ssere ut i-  w i th ASTM D 61 0-6N .
loaded of l t ss concrete supports. Wood separato rs on ——— -

~~~~~~

t h e  sup po rts proiecicd t h e  coatings from heing damaged ‘I sr discussion purposes . c,tdi 30-t i (9.1 mm h n e t f s  of

- . piling is divided Into (slur cones : atmos pherk lone iii iii f~ I th~ conta c t wit h a Ii ird s u t i  mc.  T h y  piks were spaced L~ 
t I 8 m l )  itnmyrsed zone (6 I Ii It II S to 5 m l )

to a llow easy access arid room to turn the piles for sand-s~ cpt /one ( 17 to 2 1 ft 15.2 to 6.4 m l )  and embedded
inspection sit all su r l aces .  u sfs’ (2 1 Iii .5(1 ft 6 4  to 9 1 ml I 

•~~ 
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‘I
:

- 

lb

I
_________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~

— -  ---u —
~~~~~~~~~~~~~~~



TI~~~~~~~~~~~~~~ ~Ti~~~~ _ _

TO AM~~ TCN
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TO PiL E CuCuSO4 CvICuSO4 TO AU X. PILE

P • MILLER *3 PM! VU OR HUSH RFSISTANCE VU; usr o ro~ MONITORING
I POTCNTIAL.IVOLTAO( OF TEST PILES.

• M ILLER M-3; FOR AUXILIARY PILE VOLTAGE

Figure 6. Circuit diagram for measurement of cathodic protection index and polarization measurements.

Sandblasting was required to permi t measurement rate was determined from the average web and flange
of metal thickness and determination of pit depth. As thickness measurements, The pit depth data were also
an alternative to the extensive sandblasting required to used in establishing surface factors for the pits accor ding
remove the attached oyster shells and sand from the to type and distribution of damage.
buried zone, a conventional water-blaster capable of
adding an abrasive to the water stream * was used on Pile Structure Factor
some of the more stubborn fouling. Results indicated The piles under examination were subjected only to
that this unit could be used for both the cleaning and stresses induced by current flow. Since t here was no
coating-removal steps, It was cleaner , faster , and less actual loading of the piles (as would be experienced in-
polluting than sandblasting, and its capability of adding service), there was no visible evidence of structural
a rust inhibitor would prevent the piles from further deterioration caused by diminishment of cross section
rusting during the examination period. This would due to corrosion or erosion-corrosion. However , since
ensure that the surface examined would still be in the changes in pile dimensions could be measured , deter-
as-blasted condition. mining an estimated pile structure factor based on

known changes in dimension and the condition of the
Following the sandblasting operation , a pit dept h pile surface was possible. Appendix CT presents the

profile was made for each of the piles containing pits , derivation of a general expression that considers
and flange and web thicknesses were determined along stresses involved in loading the piles based on the
the lengths of the piles. The piles with the coatings assumption that tile upper part of the pile is the
removed were photographed to provide a visual record point of attachment ,
of pit shape , size , and distribution. The average corrosion

Basically, the pile structure factor (PSF) is the
- 

— product of a quantitative measurement of the pile see-
* I he unit use d was the Aqua-Bl aster manufacture d by . .

I’a rte k (‘orp., IIoUstIIfl , TX and available from Boos Industrial tion base d on corrosion measurements and a qualitat ive
I qto pment . l i m ps . i I. assessment of t he pile surface. The calcu lation of a

17
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PSF peritiiis ranking of piles according to their struc- The polyes ter glass fl ake coating (system 29) gave

tura l performai5ce and placing them into one of four t h e best results of any coating in the entire study, with
categories excellent, good, fair , or poor. an excellent visual rating in all three evaluated zones

and an excellent surl’ace factor , The marine fouling was
removed very easil y ,  and no significant damage was
present.3 DISCUSSION OF RESULTS
Metal-I’ll/ed coatings

Only system 8, an aluminum-pigmented epoxy-tar .
Visual Obse rvations was classified as metal-filled. This coating held up

Table 3 presents the surface factors and the ASTM excellently in the atmospheric and sand-swept zones .
D 6 10-68 evaluation results for the coated steel piles, but suffered severe rusting, staining, and pitting in the
Table 4 gives t he surface factors for the cathodically immersed zone. Upon coating remova l, tise surface
protected and bare piles , throughout the immersed zone was found to contain

a large number of deep pits . as evidenced by the
Organic coatings sur face factor rating of 3.

Most of tile damage to the coal-tar epoxy coatings
occurred in the immersed zone due to attack by marine Organic Over Metal-Filled Systems
organisms (especia lly barnac les). The coal-tar coatings Seven coatings with electrically insulating top coats
held up very well in the sand-swept zone , where marine fell into this classification. System 10, a high-build
organisms could not attach themselves to the pile due epoxy over a zinc-rich primer , gave exce llent protec-
to the abrasiveness of tile sand-se a water slurry . This tion in all three zones; there was no indication of
abrasion was not great enough to cause significant significant corrosion damage . System 20 , another
damage to the coatings . and no erosion-corrosion was high-build epoxy over zinc-rich primer , gave excellent
noted, protect ion in the atmosp heric and immersed zones, but

was almost completely removed in the sand-swept
System 9. a coal-tar epoxy over an epoxy primer , zone. After coating removal , the pile surface showed

gave better protection than coal-tar epoxy alone , as some pitting in the sand-swept zone , wit h isolated pits
expected; this was demonstrated by the undamaged on the faces and edges of the flanges.
surface observed after coating remova l. System 7, a
coal-tar epoxy with an alumina armor in the sand- The coal-tar epoxy over zinc-rich primer (system 18)
swept zone , also showed no significant surface damage exhibited excellent protection in the atmospheric and
on coating removal. Coal-tar performed better on sand-swept zones , but performed poor ly in the im-
mariner stee l than on carbon steel. The surface factors mersed zone. However, on coating removal , tile meta l

-
‘ 

show that the polyamide-cured Formula C-200 (system surface was essentially undamaged an indication lisa)
4) provided better protection than the Tarset (system 6) the primer was effective although the visual rating (st
in the imt lmcrsed lotte. while tile harder Tarsc i gave the coating indicated otherwise. 5
better abrasion resistance than t he C-200 in the sand-
swept /one . High-build vinyl (system 19) and epoxy over zinc-

rich primer (system II) indicated fair to excellent
The saran ( polyvinyhidene chloride) coating (sys. protection in all but the immersed zone . where removal

tern 12) gave exce llent protection in the atmospheric of the coating again revealed that the metal surface was
and sand-swept zones , but was completely removed in not severel y damaged. The epoxy system showed souse-
the immersed (marine-fouled) zone. Upon coating what greater damage in the immersed zone, w ith a 5
remova l, the pile surface was irregular and had many roughened surface and a few pits.
continuous shallow pits in the immersed 7.one.

The phenohic mastic coating (system 17) was some- *This o) t cn happens in visual ratings of two~ ir-more~~oaI

what damaged in the atmosp heric and immersed zones , systems over primers or metallized coatings . Breakdown of
t he surface coatinir allows corrosion products to appear onbitt held up excellently in the sand-swept zone. Upon .the surface , thus giving an apparently tower visual rating.

coating remova l, only slight damage was noted on the On coating removal , t he metal surface is found to be ess~n-
flanges in the atmospheric zone. tiat ly undamaged, in direct contradiction to the visual rating.

S
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Table 3

Visual Evaluation of Coated Steel Piles,
LaCosta Island Test Site

Zone Evaluated
System System System Surface

Class Type Number Atmospheric Immersed Sand-Swept Average Factor 5

Organic Coal-tar 9 10 8 10 9.33 10
epoxy 7 6 8 10 8.00 10

25 9 4 8 7.00 8
6 7 3 10 6.87 5
4 9 4 7 6.33 7

Saran 12 10 0 10 6.67 6

Phenolic 17 7 8 10 8.33 9+
mastic

Polyester 29 10 10 10 10 10
glassflake

Metal- Aluminum- 8 9 3 10 7.33 3
f illed pigmented

epoxy-tar

Organic Zinc-rich 18 9 6 10 8.33 10
over primer 10 10 9 10 9.67 10
metal- 20 10 9 2 7.00 8
filled 19 7 1 10 6.00 9

11 6 1 9 5.33 8
21 9 1 3 4.67 4
22 7 2 3 4.00 6

Metallic I- lame-
sprayed,A l 13 7 8 5 6.67 10

Organic Vinyl (A l )  14 8 7 3 6.00 10
over (Zn) 16 10 8 3 7.00 9
metallic Saran (Zn ) 15 5 1 3 3.00 8

Organic Coal-tar 5 10 9 10 9.67 10
coating epoxy 25 9 4 8 7.00 9
with with zinc
cat hodic anodes
protect ion

‘V ms u , i l  Ratings Based on ASTM D 610-68.

4
‘ smi r t ace tactor based on the conditior’ of the pile after blast cleaning, according to type and distribu-

lio n of damage . A rating of 10 indicates surface undamaged and a rating of I indicates severe surface
ii..nlage that could result in structural failure.

19 4
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Table 4 only been slightly damaged in the immersed and sand-
swept zones.

Surface Factors for Uncoated and Cathodically Protected
Steel Piles, LaCosta Island Test Site . .Organic Coating With Cathodic Protection

Coal-tar epoxy with zinc anodes was used on bolh

System System System Surface carbon (system 5) and mariner (sys tem 25) steels. The

Class Type Number Factor system provided better protection to the carbon steel
________________________________________________ 

than the mariner stee l , especially in the immersed zone.

Bare Carbon t 2 The carbon steel surface was virtually undamaged,

piles steel 26 2 while the mariner steel had some slight roughening in
the immersed zone.

Mariner 23 4
stee l Uncoared Piles

— ~~~~~~~~~~~~~~~~~~ — . —  Th t,. •t 1k i, ,l .4
— -~ . e are pi es ot unpro ec e an protecte

(athodica lly Zinc 2 4 were rated to obtain a surace factor to be used in the

protected anodes 24 7 str uctural analysis (Table 4). As the table indicates.
only the mariner steel with zinc anodes provided better

Aluminum 3 3 than a poor surface. The other bare piles were corroded
anodes severely in the atmospheric zone . with less corrosion in

the immersed zone. Corrosion was minimal and no
evidence of pitting was present on the cathodically

The last two systems in this classification gave poor protected piles. Because the anodes protect against

performances in the immerse d and sand-swept zones. corrosion only in the immersed section of the piles

System 2 1 (epoxy-tar over zinc-rich primer) performed (the salt water acts as a medium for electron exchange),

very well in the atmospheric zone, resulting in good the air-exposed portion (atmosp her ic zone) is free to

visual ratings during annual inspections; however , corrode. This is the zone where significant corrosion

removal of the pile revealed extensive damage to the occurred. The bare mariner steel provided somewhat

coating and pile surface. The ininsersed and sand-swept better protection than the bare carbon steel , which

i.oncs were sevet e l y pit ted on all faccs and flanges. The was severely pit ted and contained holes in the web .

viny l mastic over iinc-rieh primer (syst etss 22) provided
only lair protect ion in tisc atmosp her ic -zone , while t h e  Pit Depth Measurements

immerse d and sand-swepf zones received considerable The pit deplis d-a a  were used qualitativel y in estab-

damage . On coating removal, these two zones Showed lishing the sut-fac e factors listed in Tables 3 and 4 . lists

some surface damage in the form of a series of shallow information is important in considering the struc tural

interciinnecled pits on the faces and isolated pits on degradat ion of pilings subjected to corrosion , hut

the edges of the flanges. would be more useful if a procedure for determining
pit density as a function of pit surface area and depth

Metallic C-tati ,tgs existed.
Only sys te ti t 13 . a flame-sprayed aluminum, came

tinder t ise metallic classif icat ion. Visually, this coating Pile Structure Factor
di- 5p layed significant rusting in all three zones , but on Table S lists pile performances based on the (‘SF
coating remova l the surface was excellent , indicating according to t h e  magnttudc of the importancy factor.
that the sacrif icial protection offered by t he coaling k 2. whic h reflects the sensilivity of the PSF to  surface
was still itt operat ion . condition . The magnification factor . k 1 . is held con-

stant at 0.l.*
Organic Over ,t!eta ilu Si -st ems

Vinyl was used as a coating for both flame-sprayed As Table 5a shows . the PSI is less sensitive lii the
alunsinutsi and iinc. Visually, the zinc (system 16) large variati ons in surface condition (stru cf t l ral surface . -

appeared to he providing better protection. hut the factor ) when the importatics factor is assigned a value

altinsinuni-coateil p1k (system 14) showed a better
• surface on coating re moval, Saran over flame-sprayed 7 -Appendix ( describes the co mplete derivation of the

,inc (system 1 5) appcared he giving very little pro- structure fact oT equation, and deta its the definition of the

tect ion . bitt tin remova l, t he surface of the pile had importanes and matzn t t mc a t t n fa c to r s

20
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of 0.5. With an importancy factor of 1.0 (Table 5b), surface coatings may be rated poor even though the
t he PSF varies linearly with variations in t he surface piles are structurally sound due to sufficient primer
condition. With yet anot her increase in the importancy or metallizitsg. The surface and coating characteristics
factor (k2 equals 2.0, Table Sc), t he PSF becomes very were compared with the structural c lsaracter of the
sensitive to small changes in surface condition, system to determine the system ’s overall effectiveness.

The piles were ranked according to their calculated Organic Coatings
PSF and grouped into categories based on structure in the organic coating class , the polyester glassflake
factor and surface condition. After considering the (system 29) and C-200 coal-tar epoxy over epoxy
relationship between visual observations and PSF, the primer (system 9) were found to be providing exce llent
linear model (Table Sb) was chosen as the basis for protection. Coal-tar epoxy with aluminum oxide armor
evaluating the total effectiveness provided by each (system 7) , coal-tar epoxy over mariner stee l (system
system. In all, seven piles were rated excellent , six 25) , and phenolic mastic (system 17) showed goci
good, f ive fair , and eight poor. Appendix C presents protection. Coal-tar epoxy C-200 (system 4) gave fair
the complete results of the structure factor analysis , protection , while Tarset coal-tar (system 6) and saran
including the actual pile rankings and weighting, mag- (system 12) provided poor protection. For nearly all
nification, and importancy factors. coatings in the organic class , the effectiveness of pro-

tection was primarily affected by coating (and hence
Correlation of Visual and stee l) degradation in the immersed zone , where marine
Structural Properties fouling damaged the coating and promoted corrosion.

Table 6 illustrates the correlation between the
visual and structural characteristics of tLe steel pilings Metal-Filled Coatings
and gives a total view of the protection offered by eac h The one system in the metal-filled class - the alumi-
system. It indicates the weakest coated area and aver- num-pigmented epoxy-tar (system 8) — was rated as
age coating eva luations based on ASTM D 6 10-68, the poor. This was a three-coat system in which two coats
surface rating based on magnitude of surface factor , of epoxy-tar e lectrically insulated (lie outer coat
the structural rating (from Table Sb), and the overall containing the aluminum pigment from the metal. This
effectiveness of the protection. The weakest coated system ’s mechanism for sacrificia l protection depends
area eva luation was included to point out that coatings on electron exchange between the pigment and the
can be rated as good overall but perform poorly in a steel , which can come about only through a very slow
particular area of importance. It also illustrates that the diffusion mechanism; t lsus . the aluminum pigment

cannot provide sacrificial protection. The coating was
perforated by barnac les , which are suspected of causing

Table 5 t he severe pitting in the immersed zone.

Pile Performance Based on Structure Factor Organic Over Metal-Fi lled Systems
Overal l, this class provided very good protection

a.  k = 0.1. k 2 = 0.5 although visual analysis indicated only fair perforns-
I- xcellent - . 29. 18, 10 , 14 ,5 ,9 ,  13 ance. This systcnl ’s e ffect iveness depends on the
Good 24 . 7, 16. 25 . 17 capability of ’ t lse metal-fil led primers to provide sacr i-
I-air 20. 15 ,4 ,22 , 19 .6 ficial protection : the cover coat is a diffusion barrier.
Poor . 2 1 .8. II , 12 ,2 , 3.23 , I - . .Epoxy over inorgarsic ceramic and zinc-rid s prinser

h. k = 0.1. k 2 = 1.0 (system 10) was rated excellent in all areas , whi le
1-scetlent 29 , 18 . t O , 14 ,5 ,9. 13 coal-tar epoxy over an organic zinc-rich (conductive )
(;R,d 7 , 16 , 25, 17 , 20. IS coating (system 18) provided excellent overal l pro-
I-air 24 . 4 , 22 , 19 .6 tect ion. High-build vinyl (system 20) arid high-build
Poor 21 .8. 11 , 12 .2 , 3 , 23 . 1 epoxy (system 19) on inorganic zinc-rich primers were

k = 0 I k 
rated as good; epoxy (system 11) and vinyl (system 22)

2 -.  over zinc-ric h primers were rated as fair; and epoxy -tat
t xeellent 2Y . 18. 20 . 10 , 15 over an inorganic zinc-rich primer was rated poor.Good - 7 , 16. 14 , 25 , 17 ,5 .9  . . .

I-air 13. 4 . 2 2 .24 , 6 , 19 Again . most of the coating degradation leading lü
Poor 2 1. 8. II , 12 . 2 , 23. 3 . I corrosion was its t ise immersed zone due t o  marine

— fouling.
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Table 6
Correlation of Visual and Structura l Characte,istics*

System Syste m System Weakest Coating Surfac e Structu re Effectiveness
Class Type Number Coated Area** Averaget Factor Factor of Protection

Organic (‘oat-tar 9 G-l F F F I
coat ings epoxy 7 P-A G E G C

25 P-I G F G G
6 P-I F P I p

4 
— . 

4 P—I F F I F

Saran 12 P-I I- p P P

Pheno l ic 17 G-A G F G 6
mast ic

Polyester 39 1 F F F; F
glassflake

Metal- A lum inum - 8 P-i C P P P
filled pignsented

epoxy tar

Organic Zinc-rich IS P-I G E E F
over pr imers 10 1’. E E F F
metal- 20 P-S G C F C
filled 19 P-I F I-. 1- G

11 P-I P G P F
21 P.I .S  P P P P
22 P-l .S P G P

Metattic Flanse- 1 3 P-S I - I F F
sprayed A l

Organic Vinyl ( A l >  14 P-S I- F I I
over (Zn) 16 P-S 

- F I- C C
metallic Saran (Zn ) IS P-I. S P C I I-

Organic ( oat-t ar 5 F I- I- 1
coating epoxy
with
cathodic with zinc 25 p-I C F C
protect ion anodes

Cathodically Zinc 2 - — P P Pprotected anodes 24 — - C I P

Aluminum 3 P P I’
anodes

Bare iii’ s I P I’ P
piles stee l 26 — P

4 Mariner 23 P P P

‘~~ .,r mni .s I I ~cetlt iit. C = Good, I-’ = I air, P F Poor. - —

‘OTt of co. i l if l~ sulic rit ig t he most dansage - A = Atmos ph eric , I = Immersed , S = Sand-swep
t Ra l ing based on periornsance in all zones , 

‘
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Metallic Coatings Table 7
Flam e-sprayed aluminum (system 13), which was

the only metallic coating without a cover coat , was Potentials of Protected Piles With Respect to

found to provide exce llent protection in spite of its copper-Copper Sulphate Haif-CeD

only fair visual performance. Inspection Inspection
Pile Results Results Nature

Organic Over Metallic Systems Number 1972 1976 of
Overall, this classification is rated very good. In the and Row Voltage Voltage Coating

vinyl system , t he aluminum flame-sprayed provided
better protection than the zinc flame-sprayed system. 2 A 1.080 1.11 Bare carbon steel

with zinc anodesThe saran over zinc flame-sprayed system was only B 1 .808 1 .05
fair. These performances suggest that the sacrificial C 1.080 1.10
protection offered by the flame-sprayed metals is still
operative after 5 years immersion, with aluminum 3 A 0.990 1 .09 Bare carbon steel

providing better protection than zinc, wit h aluminum anodes
B 0.990 1.05
C 0.995 1 .05Organic Coatings wit h

cathodic Protection 5 A 1.080 1 .09 Coal-tar epoxy
The very effective protection offered by the coal-tar with zinc anodes

epoxy zinc anode combinations (systems 5 and 25) B 1.100 1.10

indicates that an organic coating coupled with cathodic C 1.090 1 .09

protection provides an effective means of protecting 24 A 1.075 1.10 Bare mariner steel
the expose d portion of the piling, as well as cathodic- w ith zinc anodes
ally protecting the immersed section should any break B 1.080 1.10
in t he coating occur. C 1 .080 1.10

Uncoated Piles
The unprotected steel piles failed due to severe

rusting in the atmospheric zone. When cathodically
protected, the air-exposed part of the steel corroded Recent laboratory investigations of vinyl and coal-

severe ly, since the sacrificial anodes are only operative tar epoxy coatings and bare stee l immersed in tap and
in the salt water. The mariner steel performed well salt water at CERL have demonstrated the direct

enough in the atmospheric zone to be classified as fair corre lation between change in current and change its
overall, bare stee l area (Figure 7). Since CPI is inversel y propor-

tional to the change in current (by Eq 1). a direct
Electrochemical Measurements corre lation exists between CPI and bare steel exposed
Potential Measurements to an aqueous medium. A decrease in CPI is indicativ e

The potentials of the protected piles (Table 7) were of a larger area of bare steel exposed to water (large r
measured wit h respect to a copper-copper sulphate change in current required): a decrease in CP1 is there-
half-cell. The results of the 1972 and 1976 inspections fore an indication of coating deterioration.
show t isat no significant changes in potentials have
occurred , although a slight trend toward higher cathod- Figure 7 also demonstrates the need for higher

ic p( itentia ls can be observed. These results indicate currents for cathodic protection in salt water.  whic h
that the sacrifici: i t an odes are providing protection in is more corrosive than tap or fresh wat e r :  thus , the
(lie imisiersed zone, magnitude of the CPI also depends on the test or

service environment.
(‘athodic Pro tccticni Ip lmlC X
((‘P1) it ’feasuretnen s Table 8 shows t h e CPI for the 1972 through I Q7~

The (‘P1 indicates tlse current required to cathod- pile measurements. The 5 yea rs of data show CPI vs
ica lly protect the hare area in the immersed zone by time of exposure as a straight line ois log-log coordi-
determining t he amout tt of current required to shift nates . indicating t hat the CPI follows a relation of the
t he poient ial of tIme pile in the cathodic direction by type:
lSOmV. or at ta in -0.85 V with respect to copper-
copper sul phate e lectrode. CPI = Kt m + Co (I 

~
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Bare Steel Area (sq In. )

Figure 7. ~I as a function of bare stee l area in tap and salt water. SI conversion factor: 1 sq in. = 6.4156 cm 2 .

where m — -0.65. with values ranging from +1.688 to on the coating and mil thickness. Slopes for piles with
- 1 . 890 (indicates rapidity of decay of coating effective- and without windows are the same for each particular
ness ) coating, but the absolute values of the CPIs of piles

with windows are always lower.
K = ordinate intercept at log t =
Co constant at I (initial CPI at immersion) Table 9 summarizes the values of the exponent m,

= tits ie of exposure . which measures the rapidity of decay of coati nsg effe c-
tiveness,

Plot t ing t ime ca t h odic pr t mtecf i o n irsdices vs. t ime
slut ,i>iot i~ si n log-big plots II- igures 8 through 11) per- Consparison (if ‘I’ahl e 6 and Figures S t lsrou g hm II
n s t fs  prediction of the deteriorat ion (if the coatings slsows a very strong correla tion between the rank of

• liver a long period of time. Deterioration of the coat- the effectiveness of protectiot i atsd Cl’l fur a1 m dc-
usgs general ly resulted in a drop in CPI ,asdetnonstratcd pendent genetic systems. Only in the category of
by a negative slope averaging approx imately -0.65 for organic over nscta l-fi lled coat its gs is the correlation
all coatings (Figures 8 through 10). 1-lowever , some weakened, possibly because of the dit ’t ’eretsce in con-
coatings , such as flame-sprayed metat lics , have a corn- ductivity of the various metal-filled undercoats.
pletely flat slope or a slightly positive one , indicating 

. -
formation of protective corrosion products, such as Polarization Measurements —

a luminu m oxide or lu te oxide , in t he porous flame- The corros ion rate or rate of metal loss can be
sprayed metal . A ll other systems show negative log- determined from the aveTage corrosion current density:
ar t t h in im c  behavior, wit h decay of index ni depending the higher the corrosio rs current density, t he higher the

‘S
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Table 8 Table 9

(‘atho c Protection Indices of the Pilings5 Deterioration of Coating Systems
( V/ A)

Coating Rapidity
Pile System of

Number Generic Code Decay.
and Row 1972 1973 1974 1975 1976 Classification Number m5

4 .~( 8.95 3.61 1.6 1.14 1.72 Coal-tan epoxy 4 1.515 )
413 2.38 1.72 1.1 0.71 1.63 Coal-tar epoxy 6 - 1.7! 6
6A 7.1)0 2. 21 1.3 0.76 15 4  Coal-tar epoxy. aluminum-oxide-armored 7 0 .5 7 !
68 1 .45 0.930 0.68 0.59 1.89 Coal-tan epoxy,  aluminum-pigmented 8 1.590
71 I 3. 0 9.10 7.2 5.67 5.06 Coal-tar epo\y, aluminum-pigmented 9 — 0.543
7B 3.02 2.46 2.0 1.98 2.43 Coal-tar epoxy, organ ic zinc 18 — I - 95
8A 2 1 . 7 3.76 1.7 0.92 1.72 Coal-tar epoxy. Inorganic zinc 2 I — 0 .637
8B 2 4 8  14 8  1.1 (1.59 4 ,59 Coat-tan epoxy 25 - 1 .890
9A 19.7 I 5.5 1.1 8.42 7 .23 Coal-tar epoxy 27 0 . 577
913 1.97 1 .94 1.6 1.46 2 .11  Epoxy, inorganic zinc 10 0.485

IOA 4 .17 3 .26 2.4 (( .23 0.37 Epoxy, inorganic zinc 20 - 0.834
lOB 4 . 1) 2 4 .55 3- 8 4 .17 3.26 Epoxy. inorganic zinc 11 0.227
I I A  ( ( .303 0 .139 (( .12 0. 11 1.37 Vinyl , inorganic zinc 19 (( .655
II B (1 .257 0.137 ‘( . 1 I 0. 11 1. 3 )1  Vinyl mastic , inc rganic zinc 22 - 1.0 3 1
I 2A 0.27 1 0. 162 0.12 0. 11 1,4 ) 1 Flame-sprayed aluminum 13 +0 .145
1213 0.5 )0 0.228 0.15 (1.1 3 1.36 I- lame-sprayed aluminum , vinyl topcoat 14 + 1.685
I 3A 3.85 5. 17 5 . 4 4.69 4.59 Flame-sprayed zinc , saran topcoat 15 + 9.54 .)
138 3.66 5. 12 5.7 6.00 5 (10 Flame-sprayed zinc , Navy vinyl 16 +0. 7 51
l4A 6.45 3.23 2 13.64 16.30 Phenotic mastic 17 - 1.476
148 4 .2 5 .36 5.6 7_ SO 5.25 Saran , MIL-L-I8389 primer 12 0.51 8
ISA 0.518 0.794 .81 1.13 2.34 Polyester glassflake 29 — 0 .576
1515 0 .425 0.593 .75 1.07 2.54
I6A 0.728 0 893 t.5 2.1 1 3.49 *Negative m indicates decay of the coating rating, whereas
1613 (1 ,987 0 9 3 8  .13 1.97 4.69 positive m indicates rating improvement.
171 11.3 4 .1 1  2.9 1.47 2.04
178 2.27 1.88 1- 3 1.03 1.74
18A 34.2 17.4 10 6.30 046 Tab le 10
1813 2.47 2.2 1.6 1.30 1.91
19-\ 2. 18 0.327 ( ( 2 1  0.19 iso Polariza tion Data for LaCosta Island Pilings
1913 (( . 975 0 ,2 52 0.17 0.16 1.32
201 7(1.5 46.9 21 23.08 16 .85 Bare Carbon Steel Coating Systems
21 ) 13 2 . 53 2. 73 3.7 4 .05 5 ,67 Variable I 7 28
21 A 53.6 39.0 24 48.39 16.00
21 13 2 0 5  1 .41 0.65 0.35 1.35 I , mA 5) 10 ISO 380
221 1 95  2. 13 0.32 0.18 1.34 p

2.213 2.79 2.03 0.50 0.27 1.33 I , mA 440 15(1 3 ’ S
25..\ 5 . 4 5.00 1.7 1.07 18.91 q

2513 2. 52 1.53 0.78 0.62 1 .74 t ol 01 +1 i 234 75 i S Y
26A p q ~ q

2613 Average e r r  Sl il
• 27 1 7.87 5.30 4. )) 3. 7 4 .2 5  current density, 2 .92 093  2,30

1711 2 .09 2,34 1.9 1.89 2.25 mA /sq ft ( inA iti I (0.27 ) (0.09 1 ((1 . 4 9 )
251 7.75 3.7 2.94 3.26
2513 2.85 1. 9 1 .94 2.21
2 1  \ 17 . 1 12. 5 It) 7.92 7.69 metal loss or the corrosion ra te .  Table 10 suniniar i/es
2913 2 .44 1 35 2 2. 14 2.88 the corrosion current densities per square toot , based

(in Schwerdtfege r’s cquatiot i (E q 2). for s~ s t e t t i s  I - 7 .

AV Al  and 28. Detertssination of l~, and was accomp lished

whe re ~ l = the I r r cn l  required to stsil t the voltage to 085 ’ by extending the tangents of Itnear portions of the 
—

wt t t r  res pect to a clIpper-topper sulphate tal l-s-elI curves and determining their intersectiots . as slsown in
= t h e  JialIge in voltage. i- lgurc s 12 through 14 , •:.~~

- - -
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4 COST AND EFFECTIVENESS expensive coatings are also providing only fair to good
OF PROTECTION protection.

Of the systems providing excellent protection .
The total cost of preparing and applying a protec- system 9 (coal-tar epoxy over an epoxy primer) was

tive coating to a new stee l structure depends on many the least costly (24~ /sq ft [$2.58/m 2 1), followed
factors (Table 11). This cost , however , is only one of closely by a high-build epoxy over an organic zinc-rich
the variables to consider in selecting a coating system primer (system 18) at 28 ~ /sq ft ($3 .01 m2 ). Ot hers pro-
(Table 12). viding exce llent protection were system 10 (high-build

epoxy over inorganic zinc-rich primer) at 35~~/sq ft
Most of the items shown in Tables 11 and 12 are ($3.77/rn2 ), polyester glassflake (system 29) at 41 ~ /sq

themselves composed of many factors , depending on ft ($4.4 1/rn2 ). flame-sprayed aluminum (systens 13) at
t he actual application. Consequent ly, estimating and 50~ /sq ft ($5.38/ rn2 ), and vinyl-sealed flame-sprayed
comparing all these factors for the numerous coatings aluminum (system 14) at 58~ /sq ft ($6. 24/ m 2 ) .
considered in this study would be a time-consunsing
task. However , if all factors except the cost of the Good protection was afforded by coating systenss
coating itself , the number of coats , and t he effective- ranging between l6~ and 58~ /sq ft ($1.72 and S6.24i
ness of protection provided are assumed constant for m ). while fair coating systems were on the order of
all the coatings , the cost per square foot of each l6~ to 46~ /sq ft ($1.72 and $4.95/ m 2 ). and poor

coating system at the recommended thickness can be coating systems ranged from 15 ~ to 2 I ~ /sq ft ($1 .61
estimated and compared with the protection provided to $2.26/ rn2 ).
(Table 13).

In general , the coatings providing the best protec- Table 12
tiun are more expensive , although some of the more Variables to Consider in Selecting Coating System

- Total cost of preparing and coating (Factors from Table I t  I
II. Durability with respect to application

Table II A. Protection
Factors Affect ing Total Cost of Coating IS. Appearance

New Steel Structures Ill. Ease of Application
A. Number of coats (Total Millage per Coat I

I. Surface Preparation H- Special surf ace or coating preparation
A. Blasting. degreas ing C. Special application environment
13. Inspection I. Humidity
C. Touch-up blastin g 2. Temperature
1). Inspection 3. Need for ventilation

II. App lication ot Coating D. Touch-up
A. Number of coats I. Need for special preparation

1~ Miflage per coSt 2. Capability to be touched-up
-
~ 

. 
2. Total millage IV . Curing

13. Type (ii application A. l.nvtronmc( It

I - Type of equipment I. h umidity
2. A ss lij led material losses 2. Temperature

C. lnstscct io is B. Time
I) . I ouch-up 1. Need to cure between coats

I. .Su rtac s - prer.Irat ion 2. Capability to cure
2. Sp~s (.11 to uc h -up nsaterials V.  Safety

I - Inspection A. Flammability
Ill. Mater ials B. Toxicity

A . (‘ oat t t ig C. Ventilation
I). l’htnncr D. Special clothing ~ -

(‘. Solvent Icleanup) L. Air-fed respirators
I). Rags . - ic .  I - Solubility in application environment -~~, -

‘

I Touch-up linsmersion service)
I - Shipping G. Reaction with environtnent

I - N~ n-governms-nr-Iurnished I. Chemical
2 ( ; ,sc r i r me n l - furnished 2. Physical

31 
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Tab le 13

Rela tionsh ip Between Cost and Effectiveness of Protection

System System System Total No. Effectiveness Coating Cost/Sq Ft
Class Type Number of Coats of Protection (/m 2 )

Organic Coal-tar 9 3 E 24~ ($2.58)
coa t ings epoxy 7 3 G l6~ ** ($1 721

25 2 G l6~ ($ 1.72)
6 2 P I6~ ($1. 72 )
4 2 F l6~ ($ 1.72 )

Saran 2 8 P t

Phenohic 17 2 G 24 c ($2.58 )
mastic

Polyester 29 2 E 4 1 ~ ($4.41)
glasstlake

Metal- Aluminum-
filled pigmented 8 3 P 21 c ($2.26 )

epoxy-tar

Organic Zinc-rich 18 3 F 28~ ($3.01 )
over primers 10 3 F 35~ ($3.77)
metal- 20 3 25 ($2.6 9)
filled 19 2 G 25(2 ($2.69)

II 3 I- 3 I C  ($3.34)
21 2 P 15 (2 ($ 1 .6 1)
22 3 I- ’ 46 (2 ($4.95 )

Metallic Flame-sprayed 13 2 I 50~ ($5.38 )
aluminum

Organic V inyltt

over (aluminum) 14 4 E 58 ( 2 ($6.24 )
metallic (Zinc) 16 7 G 58 (2 ($6.24)

Saran (Zinc) 15 9 F 40 (2 ($4.3 I )~

- I * Based only on cost of coating per applied thickness.
* l) ies no( include aluminum oxide grit.

t Saran coaling is no longer made.

- 
, t ‘ lhe v inyl in this case refers In a sealer which is mostly absorbed by !he porous metallic coating.

- ‘ 

+ ( o s  does riol include Saran . which is no longer made.

Sitice the coa hit ig cos t has been es hit isated to he I ~ but has been found h~ otiser investigators 5 to be pro-
t o  15 percent ~sf t h e  (otal  Cost of app lying a coating to  viding excellent protection after more than 18 years of
a t iew St ruc ltir e . I he Cost of the coating is secondary to immersion se rvice .
t he e f f e c t i v e t ies s  ~ prolechion. After 5 years , six of the
it dividtia l et ia t i t ig  s~ s tc t1 is  have provided excellent 

~( t  Schrichcr , I N Longo. and G. .1. I)uiman, Pro ( / -

protecl init it  a reas otta h ic Cost . The flame-sprayed 
~~~ Of the Offshore Technological conference. Report ‘so

Iluittit luni is inure expensive t isan the organic coatings . /59 t 974 .

5 
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5 COMPARISON OF LACOSTA ISLAND contra s t , the LaCosta Island site is well protected t roiss
AND DAM NECK SITES violent wave action. The bottom material at LaCosta

Island consists of coarse sand and shell , while Ihat of
Dam Neck is primarily fIne sand over a thin layer ofEnvironmental Effects
clay . These contrasts in physical characteristics suggestTable 14 compares the data gathered after the
that the LaCosta Island site would be m ore conduciveremoval of pilings from the LaCosta Island and Dam to damage by marine organisms and higher averageNeck sites. In addition to the rank , average visual rating
corrosion rates (associated with increase in tempera-(AS TM D 610-68), and corrosion rate listed for Dam
ture and salinity), while Dam Neck would be affectedNeck ,6 this table also provides the normalized struc- 
more by erosion-corrosion and damage to the atmos-lure factor an d coating costs for LaCosta Island. The
pheric-s plash zone. Successfu l coatings at LaCostainformation from this table , along with the physical 
Island would be those more resistant to at tack bycharacteristics of the two sites (Table IS), indicates
marine organisnss , while the durability and abrasionthe difference in corrosion behavior that can be asso-
resistance of t he coatings at Dam Neck would be moreciaterl with the contrast in environment.
important factors.

Since the mechanism of corrosion depends on the
corrosion environment , temperature , salinity, water Table 14 indicates the importance of the location
(wave) velocity, and bottom composition can affect and physical environment on the protective behavior
the extent and form of corrosion. It is well known that of any system. Coal-tar epoxy over zinc-rich pru ner .
corrosion reactions (kinetics) increase with tempera- vinyl-sealed , flame-sprayed aluminum , and polyes te t
ture and that the velocity and composition of the glassf lake performed extremely well at butts ksca h ioii s :
corroding slurry affect the extent of erosion-corrosion. similarly, the coal-tar epoxies and saran did f ’airl~ and
Marine (biological) fouling, whicis depends on water poor ly, respective ly, at both sites.
velocity, tempe ra tu r e , biological slime film, type and
texture of surface , gravity, light , exfo liating nature , Comparison of Corrosion Rate
and surface free energy ,7 can also affect coating per- Profiles and CPI
formance. Figures IS through 19 give t h e  corros lors r a t e  pro-

files for pilings of hare carbon steel , bare mar utse r st ee l .
Table 15 indicates the physical differences in the catisodicafly protected hare carhiut s teel . co ,ul tj r

LaCosta Island and Dam Neck sites. At LaCosta Island, epoxy with cathodic protection . atid c a l - l a m e p \ ~t h e mean year ly temperature is 23°F (10°C) higher , over art organic zinc-rich printer ex posed at L .e( osta
t he salinity 6.2 ppt higher , and the wave action less Island. The corrosion profiles arc ~ery smu i lat to n all
severe than at Dam Neck. At Darn Neck the wave systems in the embedded lone. stt o e a ll pi lings ~ eie
action is quite severe . since the pilings are exposed bare in this zone. The average co rrsistott t ile f s i t  the
directly to the Atlantic Ocean and the wave action embedded zone was found to he 1. 1 mit se . i t  ( 0 ( 1
associated wit h coastal weather. The strong surf action mm/year). which is comparable to the sa luc ot I -I itti l
and crosscurrents associated with the Dam Neck site year (0.04 mm/year )  found h~ Hunter and h o t  toil 5 

to

cause suspension of large volumes of sand and debrts , be the corrosion rate of steel embedded in sand
which impinge eifl the piles , thus increasing suscepti-
bihilv to erusioni~orros ion damage . Local eddy cu r rctsts A sli ght it icrease iii the corrosion t ie  iii Ice s.ciid-
ca u sed by ilie pi ltttgs a lso Increase the water ve loc ily swepl lim e was neil iced heir t h e  hate pilings s iti i c u d
ti lhe v ic itsily ot the pilings. T h e hotheins elevation of wit lsoul ca lhodte- pw t e c t r ) t e This indicates t h u

h lte Dam Neck site is ceustinuall y changing due to local dam age due to  ereisk sn o rt ems ie i t s  is nit uii r ria l Ott coate d
sand ac t iec t i  ats d movement of sand associated with piles , t he rate of cor ros ieits its t h e  sa ttd -sss t’pt /one ‘s~ as
wi t t Ie r  Stc ) rt i iS . hurricanes , and Icing summer swe lls.8 In found to be very low , with t lse suspended s cu d and

- shell acti ng ho clean t h e  surface with out appearing Iii6 i. H. I e sre eck , ( opte j j ( i opi 0) Ti-st Piles ,lfter 5 )~‘ars 0J physica lly daissage the coating.I s posure at Dane ‘s eek - I .~i . Interim Rep(irt (Coastal Engineer-
ing Researc h (‘en t er . 19 76) .

H. Sa ro~ en . at a l . .  Industrial Engineering Chemical . The corros ion profile of the hare niarinet steel is
Proee ’ ’ / r n g s  of the Ri-si an—i, Die ision , 9-2 ( 1970) . p I 23.  very sinsi lar to that of the bare carbon steel in both th~ 4 . .8~ L-.sca hanrc . et a t., Protection of Steel Piles in a Vattiral
Sc ams -awn L,ei ir on,neni Part II . NIISIR 76-1104 (National 9 A . I). Hunter and C. II, Horton . ( n derwager I- ngineening
Bureau cii Sta nt la .ds , 1976) . (November 15 , 1 96(1)
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Figure IS. Corrosion profile of bare carbon steel. SI conversion factors: I ft 0.3048 mis : I mil 0.0254 mm.
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Figure (6. ( orros ksn profi le of bare nsariner steel. SI conversion fac t o rs .  I ft 0.3048 m; I mit = 0.0 S 4  mm.
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sum factors: I ft = 0.3048 iii . I mil = 0.0254 mm.

Table 15 sacrificial prot ecti c m rs mcchanmsns is e mi ts  per .c is e in’
the immerse d zone.

Physical Characteristics of LaCosta Island
and Dam Neck Sites The addition of a coaling to a cat isodicahly pro-

tected system reduces the corrosion in the atmosp h eric
zone. The corrosion profile of a coated, catho dicaF\

LaCosta Dam Neck protected pile is nearly identica l to the profile of a
- coated pile providitsg equivalent protection. The

Mean yearly temp. 75 °F (24 °C) 58°F (14 C) advantage of the coated, cathodically protected system
Mean sal in e rv 33 ppt 26.8 ppt is its capability to protect t h~e steel when damage to the
Me.’.en tide level 1.3 ft (0.4 m) 1.7 ft (0.5 m) coating in tlse immersion zone e~.., urs. This should

- . . - extend the long-term life of the svstens .Spring tide range 2.6 ft (0.8 m) 4. 1 It ( 1 .2  m) -

Wave . e c t i i e e i  Light breakers Heavy breakers The rate of consumption of the zinc and aluminum
~ _ _ __~~~~~~~~~~~~~~ ._________________________________ - anodes applied to the bare pilings at LaCosta Island ss as

(‘em a.C t and I,eioj 1’fee Sun - e u ’  Pu/i, 3 / . !  4t h ed. (U. S Depart- found to he I -~~ and 0.8 lb/year (0,7 and 04  kg \ e. c t I.
P1K’fl i ot (‘ot nnit- rce . e 7 2  I respective l y. 1-igures 20 and 2 I show the pit d istrihei-

I tori t ’s mr the respective anodes the average pit dept h

immersed and atmosp heric zones: the diffcret sce ~ 
wa s (in the order of 0.25 in. (6 .4 mm) ic r  bolts anodes .

corro sion rate is not great enougis to justify use of the The corrosion profiles constructed by Esca lante , et
mariner stee l alone as a means ee l corrosion prevention. al.’ 0 for t he Dam Neck piles indicate similar behavior 

- 

-.

The use te l  zinc and aluminum anodes reduces 
— -  

~~ F sc.m~a mrte ,  ci ai.. Pnote ’ctio,i of Steel Piles cci a .Vatura l
corrosion in the immersed tone, but has little e ffect Seawate r Enc-ironme, tt Part II . NUSIR 7). 1 1 1 1 4  I ~~e ri ri ,el
on corrosion in t ime atmosp heric zone , because t he Bureau of Standards . 1 )7 (c )
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Figure 20. Pit distribution for zinc anodes. SI conversion factors: I in. = 2.54 cm: 1 lb = 0.4536 kg.

AL A N O D E — 4 s 4 x 38

ORIGINAL WEIGHT ~ 6O L BS

WEIGHT LOSS • 08 LBS/YR

•0

8
I-

a
S

40

it ’ I
I

.

so 

-0~~~~~~~~~ 
‘I’

S T~~~~~ - --o
i#4 &#f 314’ ,~~~~~

DL~~ OF ~ T
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t o those (51 1.aCosta Island. No comparison of cat lsod- 24. A computer at ia lysis was co isducted 10 determine
ical ly protected systen is ca ti be itsade because cw data the degree of correlation between corrosion current
for cat hodically protected pilings from time Darn Neck atsd corrosion rate. A strong correlation of 0.’-) was
system -are  available , found to exist . Since the corrosion current is deter-

mined by polarization measurements , this method
Figures 22 and 23 show the cathodic protection provides a nondestructive testing technique of moni-

index ’ as a function of corrosion rate for the LaCosta toring corrosion of steel immersed in water.
Island and Dam Neck pilings, respectively. The data
Irons both sites reveal sharp declines in CPI with in-
creas ing corrosion rate for each independent generic
syste mic . At low corrosion rates , the CPI app ears to 6 CONCLUSIONS AND
depend on the specific generic system, while high RECOMMENDATIONS
corrosion rates are associated wit h low CPI, regardless
of the generic systen .. The bare steel baseline was
included to indicate the how CPI coupled with the high Conclusions
corrosion rates generated by the bare steel , in compari- The following cotsc lusions are based on the 5- ea r
son to any of the coating systems. The correlation results:
between CPI and corrosion rate was determined by
computer analysis to be 80 percent for all systems. I. Coal-tar epoxy over organic ~.. :oich primer .

polyester glassf lake. and vinyl-sealed . flanse-sp raye d
Data presently available from the Dam Neck site aluminum coatings performed excellentl y at both

were used to analyze the behavior of corrosion current LaCosta Island . FL and Dam Neck . V A test s i t es .
with respect to the corrosion rate , as sh own in Figure
_____________ 

2. Sacrificial anodes of zinc and alutnirtunl c l le ~-
~5f Romanoff , et at., “Protection of Steel Piles in a tively reduced the corrosion in the immersed zone

Natural Seawater Fnvironment.” Proceedings, Third Inter- from 26.2 mil/year (0.67 mm/year) to 4.0 and 0.~
nationa l Congress on 3lar uee Corrosi on and Fouling 1973 ) .  mit/year (0.10 and 0.02 mm/year), res pect ivel y

‘4

o ~~TAL(C AND ORGANIC
OVEN N(IAI,IX

A ORGANIC OVER META L F1U.~~

0 NIGC~~.LAN(~ US ORGANIC AND
10 Nt 5X4 FiLLED ORGANIC

• ORGANIC 

4:IrI ~.~
~~~~V~ OR lAT1iNYs/~~ANi S -

Figure 22. Cat hodic protection index as a lunclion of corrosion rate for [ i( ’ e s t a  Island
pilings. St conversion factor: I mil 0.0254 mm.
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cORROSiON RAT E IMPJYLAA)

Figure 23. (‘at hodic protection index as a function of corrosion rate for Dam Neck pilings. (‘Ph da tc  w ere obta ined
Irons M . Reensa rsof ’f. et a l.. ~Protect ion of Ste el Piles in a Natura l Seawater Enviroisnient Pro eeeelings ,
Th ird International Congress c c i i  Marine C’orrosion and l ou/mg ( 1973 I. and corrosion r: r tCs f re ei t t  I
Lscalante. et at.. h~etecrton of ’ Steel Piles in a .‘s ’a,ural Seawater I:nm’iron,nent Part 1/. N BSIR 7(e- 1 104
( N:ctiona l Bureau of Standards , 1976). SI conversion factor:  I mu = 0 .0254 nitsi .

CORRELATION FACTOR=0.926
E 200

I-z
15 0 -

z I::

r

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CORROSION RATE (mu / year )
I- igure 24 Cot ne s e c e n  rate vs . corrosion curre nt .  SI convee ci e cr e f ac to r :  I mil (1.1)254 mm -
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3. Coal-tar epoxy coating with zinc anodes for Evaluating Degree of Rusting on Painted Steel Struc-

cathodic protection provides protection to the atnios- lures , ASTM D 610-68 (American Society for
phertc zone and immersed zone and has t lse added Testing and Materials , 1968).
capability of protect ing the steel in t ise imniersed zone
should damage to lime coa litsg occur . h o ller , H. D., Journal of the Electrochemica l Soeie it .

Vo l 97 (I950). p 277 .
4. Elect rochemical measurements of catho dic pro-

tectiots index atid polarization current provide a Hunter , A. D. and C. H. Horton , Unde,water 1:ngineer-
powerfu l nondestructive testing tec hnique for nsoni- ing(November 15 , 1960).
turing corrosion of stee l immersed in water.

Kumar , A. and C. Hahin , Firs t Annual Inspectio n of
Buzzards Bay Pilings . Technical Report M- I ~‘2

Recommendations ADA02438 1 (U. S. Army Construction Engineer-
It is recomissended t hat : ing Research Laborato~ [CERLI . 1976).

- Zinc-rich primers be used as a means of reducing Lesnick , J. R.. Condition of Test Piles after 5 Years of
corrosion. Exposure at Dam Neck , VA, Interim Report

(Coasta l Engineermg Researc h Center , 1976).
2. Sacrificial anodes be used as a means of providing

cat hodic protection to the immersed zone of coated 01 Pearson , J. M., Transactions of the Electrochernical
bare stee l. Society , Vol 8 1(1942) ,  p 485.

3. Use of the cat hodic protection index and polar- Romanoff , M. , et al., “Protection of Steel Piles in a
i/.ation measurement be continued for development as Natural Seawater Environment ,” Proceedings .
nondestructive testing tec hniques for monitoring cor- Third International Congress on Marine Corrosion
rosion of stee l immersed in water. and Fouling( 1973) .

Saroyan J. R., E. Lindner, C. Dooley. and H. R. Bleile.
Industria l Engineering (‘hemical , Proceedings of

REFERENCES the Research Division , 9- 2 (1970), pp 122 - 133.

Coast and Geodetic Survey , Pub. 31-1 , 4th Ed. (U. S. Schrieber. C. F., F. N. Longo . and G. J. Duiman. &o~
Department of Commerce . 1972). ceedings of the Offshore Technological Conference .

t Report No. 1 9 5 9 (I 9 7 4 ) .
Escalante . E., et al. , Pratection of Steel Piles in a

Natural Seawater Environment - - Part II , NBSIR Schwerdtfege r ,W. J. and 0. N. McDorman ,Journal o.!
76-1 104 (National Bureau of Standards , 1976). the Electrochemica l Socie t , Vo l 99 ( 1952) .p 407 .
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APPENDIX A:

PHOTOGRAPHS OF CORROSION
DAMAGE TO STEEL PILINGS AT
LACOSTA ISLAND , FL

~~~~~~~~~~~~~~~~~ !~~!~
- . 

~Ww±.

Figure Al .  Ui(’osta Island piling test site.
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Figure MO. Epoxy-tar over zinc-rich primer after sandblasting. Severe pitting in the
immersed zone is indication of structural degradation caused by corrosion.
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APPENDIX B:

CHARTS OF CORROSION
BEHAVIOR OF STEEL PILINGS
AT LACOSTA ISLAND , FL
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APPENDIXC: 
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where r = pile surface shear st i~ ss
DERIVATION OF PILE 

~ axia l load
STRUCTURE FACTOR c,\ = c ircu rnl eren l ia ]  area.

In the pile design for axial load (neglecting buckling
; The design app lication to r the piles tested is un- for the time being). SA and 

~ A are structura l section
known. However . it one considers t he top of the pile factors of importance . A decre ase in either SA ~
as the point of attach ment in the design application , wil l affect the design stress.

C then the top Of t he pile may be subject to four sets of

forces and or cou ples in general. The forces and For t he transverse loads on a pile acting along the
couples on the pile top are termed : -principal axes of inertia . F and I . a bending moment

I . Axial force P running lengthwise along the pile 
~ created in the pile. The expression for the s lress In

‘ y

~
C Transverse forces , I- and F . . in principal mu- t h e  pile resulting from app lication of ~

- 
~ and F,, is. x

inent of inertia axis direction s ~ ,
3. A coup le . T , producing a torsiona l moment on M ~ M

~~~~~~~~~~~~~~the pile. I I
These lorces and couples will be tran smitted into the ‘ Y

pile and result in stresses that must be designed for for
in any application.

M~~~M 5 NI (I Iy ‘~~ ~Computation of the stresse s within the pile requires
use of all the structural section factors considered of NI = M M ( I  I I

S Y ‘ ‘S ‘importance to this study. It should he noted that the
mode of failure of the pile may be ot her than that I = I I (I .1

-‘ S Sy \~ \~
re lated to the pile stress , e.g., axial buckling or tor-
sional buckling. However , the structural section factors I ‘ I I (I I

4 y y x y  ‘)- ‘

needed in these expressions are also contained in all
the expressions for stress within the pile resulting from where a = bending stress
end loading. Examination of the expressions for pile x = distance of point oI app lication from the
stress is a convenient means of defining the structural x-ax is  I k-axis a centro idal ax is )

section factors. It should also be noted that only y = distance of point of app lication t i c / r n  the
actors entering the elastic desi gn of the piles are y-axis (s -ax i s  a centro idal axis I

considered. This simplif ies the presentation and pro- M~ = bending momenl about the x-axis from

vides adequate information considering the coarseness component s F and I-
5 5

of the analysis based on the minimal adequacy of the M~ = bending moment abouI the y -axis from
data obtained for structural evaluation, components of F and F

‘ y
moment of inertia of the section about

x
I /Cl  an axi. load P on a pile , there are two expres- the x centroidal .cxis

o S i t i l l s  I C C I  stress that are important in the pile desi gn I~~ = product of inertia about the x . y cen-
app lication. ilie first expression is the compressional troidal axes
(or tensile) s t r ess on the section defined by denot es corroded section -

This formula is for unsymmetrical bending and is c~IP IEq (‘ I I  sufficient generality to define the stres s on .‘ section(J —
SA of the pile at point x . y. The structural section factors

w here a = ci I l l i l ) ICS\ t / ) t i  tensi l in stress of importance here are I I - and I - These factors
X~ V 5 5

- ix al load are also important in lateral h~ickIing of piles -

S = cros s -sect i onal  area c i t  the pile. —

The last fac t I t  il imporlance in Ihe study is derived
The second expr ession is the shear stress act ing on from the expres sion t ic r  shear s t r ess  on the pile result- - 

-

t he surface ol the pile from the inetal-sedinient inter-  ing from a couple . r. on the p lc - The shear st te ss tuas
l ice. This is defined bY he w r i t t e n
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— ‘F r - , (0.03 nut vi  I- I l te cort oded sect io n di i i iei isj out~ sb -etc7 — -- -— I l .q (4 1 :. -~ J obi airted siniilarl~ I~ averaging t h e  Ilatige atid s~ ch
t hicknesses c l V C I  t h e  corroded sect ion.

w here i = shear stress from torsion
T = couple 1)11 section A coniptiter program was developed to provide a
r sectio n diniension convenient m eans oI com paring the pile sect ion con-
J = polar m o m ent of inertia of the section . figurations. T h e  program takes the four flange and sx e h

th ic kt ics s nicas u ic titetit s for each section along a given
l iii rectangular sections or sectio ns composed of pile . in addition to a iioininal section Ilange and s~ch

rectang les . J is taken as th~~kt tess , and com putes t h e  fol lowing quantities

J = 
~; ( I . .- 3 )blt 3 

~ 
hi.1 (~S 

J 
I . The pile nom inal sect ion based on an avera ge ill

k f lange ard web th ickne ss measured f rom the portion
of t lie pile in (lie sediment

csl ie re h = long dimension of the reetang le
h = short dimension oI~ t h e  rectang le 2 . X . y - I~ . I~ - l,~ - SA C 

~ A 
j~ 1

5 5
. I fo r the

k = index over all re c tang les composing l Ire nom inal pile secti~ltt and the corroded pile s e e t i l c t l  wi t i t
sec lion, or wit Ii out a hole for e acli sec t  iou along the pile len gi Ii

J is also found in design expressions lor torsio nal for w h ich measurements were taken
stabi lity of structural m embers. The centroid of t h e
s ec t i o t  is computed from 3. T he  ratio of each of the quantities in 2 of the

corroded section t o  the nominal seet i l i l l  and a pile

~ structural factor
-\ —

~~~
-
~~~

—
~
- (Li

I 
4. The mean and standard deviation of all the

whe re x = lota~ section centroid section properites plus 3a to +3o variation of the
= centroid for ~~ rectang le section properties
= area of ith rectang le.

5. A gross aver aci e Ilange thickn ess and web thick-
T h e  moments oI’ inertia about the princi pal axe s ness over all measurements made and the rat io of the

are det e r m ined from the formulas sec t iO t t  properties based on this average t i c  the nominal
section properties , t he mean and standard deviat ion of

I~ F l~ I l~ - _, measurements of t he gross Section. the 3a to +3oI -—— cos2 O I . sin2O ( l - q ( I - - - -
‘‘ 2 2 5% variation . atid a pile structural factor.

Table (‘I presents the weig lit uic t a c t i t s  or each of
S 

I = 
I ~~~~~~ 

+ ~~~
- -__

~~ c02 (2 0 +( ) I si i i ( 2 0+~ 
the structural factors. T Ite factors were determined

-- 2 -- based on the influence ci i  each str uctural factor on the
I Eq c~ mntegr it v of the pik’ -

for The pile structural secti on t ac t ir is def imied to  he a

2 1 weighted surt i of Ihte corroded section properties over a
tan 20 = 

~~

__

~~~~

_ weighted sum of the nominal section properties . that is

where I .  I~ and I are as defined above. PSSF 
W ~~~~~~~~~~~~~~~~~~~~~~
w~ x ± w ~ v +w 7 I5 -4- w 4 I5 w~

Because I di f ier e tt cr -s in measured pile cross
sections ri t he embedded (buried) zone . delining cacti +~ S 4-~~ C +w I ~ ~ I 

- 
+~ j

- - - - 6 t 7 A 8 s s  t Ot ic s no mu tt na l section separately was necess~irv. T ltis ~~~~~~~~~ 
- 

+~ss is di ne h~ is c i  ii iitlO Ihe Ilanci e and web thicknesses (C -\ 7 -\ 8 ‘.5  y
~ 

w~~1i 4_

to t  m tt ~- b itt cit ‘cetion I bottom ‘~ t i (2 iii I ). ‘~ Ilkil
55 .15 .i’SU 1IICc I t~i ~ t i i I C d C  .41 a c I l i s t an t  rd t C  ~st 1 . 1 m i t vi (I c i i r (

_____ ~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~ ~. . -  -‘- -  -- -~~ — -- -- _ _~__._~~~~~~~~~ s ~~~~~~~~~~~~~ ~~~~~~~ ‘ — “ ‘
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Table CI The msieasurements made on either the flanges ot web
- . - - - . seldom reflect the dept h of the c / I l l / I S I S  C pits orStructural Properties and Associated W e.~htmg I-ac tors - - - - -w hether either flange or web contains boles. l i e  site

— and de i is i tv  of pits or irregular surface on an~’ one

weiglitmg particu lar sectio n can be im portant t a c t c > r s  iii assessing
Properly Definition Factor the degree of structural degradation.

- - 
As a result 1)1 these observations , a second fa ctor

C entroid of section ‘. 0 - - - -t hat qua lm tativ e ls assesses the e f fec t  of surface struc-
V (‘ent~ojd of section ~ 

ture on the overall section properties was developed.
This second factor , termed t he structural surface factor

I Mcjr nent of inertia about x 0.05 (SSF). is defined as follows:

t~ Mc~inent of inertia abo um Y 0.05 SSF = I - k t ~~~~~~~ [Eq C 10$
I - Product c f  inertia about x . y 0.05 - -‘S where SSF = structural surface factor

S~ ( I C C S S ’ s c c t i C nat  ari. ii oi pile 0.20 k 1 
= magnification tactor

importancy factor
( C irc ummi fe rcnti a l area of pile 0.05 x = surface factor (an intege r number from

C 

- - - O t o lO).
Polar moment of inertia of section 0.20 - . .  - - - -I— or a pile with no ~ I I lace deg~eda tiomu ix = 10), SSF is

I\\  Prci ducm of inertia for ~ 0.20 1.0. For a pile with severe pitting and structural degre-
dation (x = 1). SSF is between 0 and 1.0 . depending on

~~ Product cit  iner mia for y (( .2 (1  the values of k and k. . The particular selection of the
expression for the SSF wi th k 1 and k 2 variable pro-
vides a degree of flexibility t h at allows modehimig
according to the degree of importance attached to

where the SSF.
PSSF = pile structural section factor
W 1 = = 1 . 10 weighting factor The pile structural factor (PSF) is the product of
‘ denotes corroded section the pile structural secmion factor and the structural

and other variables :ire as defined above for the corroded surface factor:
and nominal sections.

PSF = ( PSSF )X(SSF )  j l - q C I l $
Time pile structural section factor is inadequate to

fully assess the pile structural degradation because it Table (2  shows the PSFs for each pile for three
does not consider the surface condition of the piles. combinations of k 1 and k , -
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Table C2

Pile Structure I- actors

~orma1ized
Pile Structure
No. PSP Ran k4 PSF~~ Ranka PSF+ Rankf Factor* $

-c IC 77 337  26 . 78 139 26 7 4 4 ~)~ 26 77 05
2C . 865 (1 14 23  . 88 146 23 . 9 I / 3 Y ~ 23 86 . 92

82111.1 24 .83287 24 .85 fi t S 25 82 . t 3
4C 94852 I S  .973 38 I~ 1414 44 ( 4 95. 99

SC 998 4 5 5 . 99845 5 9 14845 II 95 45
bC . 1 (26 5 1 18 14 7 16 t8  . 14 7 205  17 93.40
7C .97027 9 .99 193 8 I . 01(0145 6
8C 9 186 1 20 .9323t 20 9~ 336 20 9 t  ~4
‘K .99740 6 .99740 6 . 1 4 9’4 i I  12

15  1 .00355 3 1 .00355 3 I .1(0355 4 98.96
lb. .90790 21 .93 139 21 . 14 4 6 ( 1 1  2 t  9t . 84
12C .88941 22 .91199 22 9 1479 22 89.93
I3( 9( 12 7 .99612 7 99612 13 95.23
t4 (  .999ut 4 .9996 1 4 99961 8 98.5’
15( .96 (62 14 .98650 13 1. 00261 :S 97 s
16C .96935 10 .99(00 9 1 .15591 1 7 97.72
l7 .9682 1 12 .98983 It  . 9coS tS~ t O ‘97 .61
18C 1.00646 2 1 .00646 2 1 ( 1 1 6 4 / ,  2 99.25

t9( 938 24 I l  .95919 17 .96791 1$ 94.58
20( .96384 13 .98878 2 t.00492 3 97.50
2 t C  .92 1t6 19 .93860 19 96256 19 92 .56
22( .94298 16 .96769 16 98 tS f 4  5 95 .42
23( .8152 1) 25 83063 25 .85183 24 8 1 9 1
24C .97616 8 .97616 1 4 9 7 6 ( 6 16 96.26
25( 96890 11 .99054 t O .99954 9 9768
29C 1. 11 1 4 1 ( 14  1 1. 1 14 11 1) i c1 4 0 1 (  I 100.00

Rct ~ rs lc , k 1 = 11 . 1 and k , = ( 5
‘ R i i c T ,  lic k 1 

( . 1 and C; = I Ii
t Refe rs It) C I = ((.1 and  k = 2.0

tPRe f e rs  mu catc ul , i t ions miiiide fri/mn PSI I t  ~ I and 1.0

0~
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