
 

Forsyth 7 

Because of the destructive and unpredictable nature of MIC, both above and below 

water inspection procedures should be put into place immediately if MIC is suspected 

at a given site.  It is essential that inspection personnel be well versed in identification 

and remediation techniques.  With rapid identification and quickly ensuing 

rehabilitation efforts, the lifespan of any steel marine structure can be extended well 

beyond the length that it would have otherwise had.    
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42e use oM non-destructiGe testing tec2niWues suc2 as uCtrasonic puCse ec2o is tPpicaC Mor 
measuring remaining mem%er t2ickness on structuraC pCating Mor determination oM remaining 
serGice CiMe.  XoweGer0 uCtrasonic met2ods are Cimited and can onCP determine !"!a$ materiaC 
Coss across t2e structuraC mem%er - it cannot distinguis2 t2e degree oM materiaC Coss on eac2 
side oM t2e mem%er Y especiaCCP w2en t2e marine enGironments are dissimiCar.  42is paper 
presents a new maintenance inspection met2odoCogP caCCed %e$a!ive *a!e%ia$ $"++ ZRML[ Mor 
appro\imating materiaC Coss on eac2 side oM structuraC pCating separating two or more dissimiCar 
marine enGironments.  42e RML met2odoCogP CeGerages actuaC ]at sea^ enGironmentaC and 
operationaC conditions and t2e reCations2ips %etween eac2 to soCGe Mor materiaC Coss 
contri%ution on eac2 pCate side.  42e tec2niWue can determine t2e eMMectiGeness oM t2e 
structure_s preserGation and coating sPstem in its reaC word operationaC and marine 
enGironments.  BPproducts oM RML incCude Z1[ reduction in precision error and Z2[ Cocation oM 
structuraC anomaCies inside inaccessi%Ce structures suc2 as seaCed %aCCast tanks.  42e paper 
presents a case studP on a si\tP MiGe Pear oCd ]at-sea^ structurea a drP dock caisson gate to 
demonstrate t2e RML met2odoCogP.   
 
BC@!D=EA@BDC(

42e August 2007 U35W %ridge coCCapse renewed pu%Cic concern oGer t2e condition oM t2e U.;. 
aging inMrastructure.  Un 20090 t2e American ;ocietP oM CiGiC +ngineers ZA;C+[ set t2e oGeraCC 
grade point aGerage to a ]D^ and reported a staggering b2.2 triCCion oGer a MiGe-Pear period is 
reWuired to raise t2e Cetter grade to a ]B^.  42is Migure is up Mrom b1.J triCCion reported in t2e 
2005 A;C+ report ZA;C+ 2009[.  Compounding t2is pro%Cem0 economic and poCiticaC 
pressures in t2e priGate and pu%Cic sectors are pCacing new demands to e\tend serGice CiGes on 
aging MaciCities.  42e serGice CiGes oM aging inMrastructure is %eing pressed to0 and more 
MreWuentCP e\pected to0 perMorm %ePond originaC design CiGes ZMeCc2ers 2001[.  As aGaiCa%Ce 
capitaC Mor repCacement MaciCities dwindCe0 serGice CiMe e\tension procects Z;L+P[ are %ecoming 
more commonpCace.  42is trend is pCacing new c2aCCenges on engineers and maintenance 
managers to do more wit2 Cess and is resuCting in a paradigmatic s2iMt towards deGeCopment oM 
new and innoGatiGe maintenance inspection met2odoCogies ZFrangopoC et aC. 2004a MeCc2ers 
2001[.  42is paper presents a new maintenance inspection met2odoCogP caCCed %e$a!ive 

*a!e%ia$ $"++ ZRML[ t2at can %e used to appro\imate materiaC Coss and coating sPstem 
eMMectiGeness on structuraC pCating su%cected to dissimiCar marine enGironments.  42e %eneMits 
oM RML is wide reac2ing and can %e appCied in industries t2at incCude waterMront structures0 
s2ip%uiCding0 oMMs2ore oiC0 nucCear power and ur%an sPstems Zi.e. underground piping[.  
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42e modern age oM marine corrosion researc2 pursued s2ortCP aMter WorCd War UU Z;out2weCC et 
aC. 197J[.  Un t2e Wuest to understand corrosion in marine enGironments0 researc2ers su%cected 
Garious Merrous metaC test coupons in Garious marine enGironments and measured t2e amount 
oM materiaC Coss oGer time.  XoweGer0 t2e E%i-a sinking oMM t2e Frenc2 BrittanP coast in 1999 
and t2e P%e+!ige sinking oMM t2e ;panis2 BaCician coast in 2003 caused a paradigm s2iMt in 
researc2 direction ZPaik et aC. 200Ja 4sc2eCiesnig 200J[.  Wit2 a 2eig2tened Mocus on structuraC 
reCia%iCitP0 t2e maritime industrP pCaced new demands on %etter understanding and predicting 
marine corrosion on 2uCC structure oM tankers and cargo GesseCs under operationaC and ]at sea^ 
conditions.  More recent s2ip reCia%iCitP and CiMe e\pectancP modeCs com%ine corrosion 
mec2anisms wit2 Garious modes oM 2uCC Coading conditions to predict corrosion %e2aGior Mrom 
a structuraC Cimit state perspectiGe ZPaik and 42aPam%aCCi 2003[. 
 
4odaP_s corrosion modeCs depend on determining !"!a$ remaining pCate t2ickness and stop 
s2ort oM diMMerentiating t2e amount Zor contri%ution[ oM materiaC Coss occurring on eac2 side oM 
t2e structuraC mem%er.  Understanding t2e materiaC Coss contri%ution on eac2 pCate side wouCd 
%e oM GaCue to Z1[ maintenance engineers w2o are interested in optimi8ing oGer2auC and paint 
sc2eduCes0 Z2[ materiaC engineers w2o are interested in measuring t2e perMormance oM Garious 
preserGation and coating sPstems0 or Z3[ corrosion researc2ers w2o interests CaP in %etter 
understanding t2e mec2anics oM corrosion and pitting processes.  
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42e immersion oM a Merrous pCate in a particuCar enGironment0 suc2 as seawater0 produces two-
sided corrosion on eac2 side oM t2e pCate.  42e soCution to determine t2e materiaC Coss 
contri%ution on eac2 pCate side is straig2tMorward w2en t2e corrosion enGironment is 
2omogeneous and eWuiGaCent on %ot2 sides oM t2e pCate.  42e caCcuCation simpCP inGoCGes 
diGiding t2e totaC materiaC Coss %P two.  XoweGer0 uCtrasonic test deGices used Mor measuring 
pCate t2ickness wastage can onCP determine !"!a$ materiaC Coss across 2uCC s2eCC pCatinga t2e tooC 
cannot distinguis2 t2e amount oM materiaC Coss contri%ution on eac2 pCate side.  42ereMore0 
w2en t2e enGironments on eac2 pCate sides are dissimiCar0 determining t2e materiaC Coss on 
eac2 pCate side is not so eCementarP.  42is paper introduces a new met2odoCogP caCCed 0e$a!ive 

Ma!e%ia$ L"++ ZRML[ t2at proGides a useMuC tooC Mor soCGing t2is pro%Cem. 
 
42e RML met2odoCogP CeGerages actuaC ]at sea^ enGironmentaC and operationaC conditions and 
t2e reCations2ips %etween t2em to soCGe Mor materiaC Coss contri%ution oM eac2 pCate side oM s2eCC 
pCating separating two dissimiCar corrosion enGironments.  Un muc2 t2e same Mas2ion as a 
structuraC engineer isoCates coints on a truss and soCGes Mree %odP diagram eWuations to 
determine mem%er Morces0 reCatiGe Coss ZRL[ eWuations are deMined across Garious 
enGironmentaC %oundaries Zi.e. s2eCC pCating[ and soCGed simuCtaneousCP to suggest soCutions Zor 
materiaC Coss contri%utions[.  A uniWue %Pproduct oM RML is precision error0 t2e error t2at 
occurs naturaCCP due to Gariation in t2e enGironment0 is reduced.  42e ne\t section presents t2e 
RML t2eorP using a t2eoreticaC e\ampCe. 
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A singCe ;teeC PCate A ZFigure 1[ wit2 originaC pCate t2ickness 3"A creates a %oundarP %etween 
two dissimiCar marine enGironments >1 and >20 w2ere >1 1 >2.  +nGironments >1 and >2 
contri%ute to materiaC Coss 517!8 and 527!80 respectiGeCP0 suc2 t2at oGer time !0 517!8 1 527!8.  
Corrosion protection sPstems suc2 as coatings and cat2odic protection <1 and <2 resist t2e 
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eMMects oM materiaC Coss 517!8 and 527!80 respectiGeCP.  W2ere > and < are Gectors oM parameters 
t2at inMCuence materiaC Coss.  42roug2 uCtrasonic or caCiper measurement0 a t2ickness reading oM 
;teeC PCate A at time ! is taken to determine remaining pCate t2ickness 37!8A. 
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42e deMinition oM totaC materiaC Coss Zor wastage[ :A across ;teeC PCate A is: 

Note: For cCaritP purposes0 parameter Gectors > and < are temporariCP omitted.  4o account Mor 
t2e reaC worCd Garia%iCitP0 precision error0 #A7!80 and %ias error0 ;A7!8< are added ZMeCc2ers 
2003[:   

Precision error wiCC occur Mrom t2e naturaC Gariation oM t2e enGironment and %ias error can 
occur Mrom improperCP caCi%rated test eWuipment0 test met2ods or ine\perienced surGePors 
ZFigCioCa and BeasCeP 2001[.  ;oCGing Mor 517!80 a reCatiGe Coss ZRL[ eWuation in terms 527!8 is 
deMined: 

UM t2e test eWuipment is careMuCCP caCi%rated and sound sampCing met2ods are used0 %ias can %e 
assumed to %e unitP ZMeCc2ers 2003[.  42e RL eWuation a%oGe reduces: 

W2ere 517!8 is t2e materiaC Coss contri%ution oM ;teeC PCate A0 on side 1 in terms 527!8.  42e 
parametric Gectors < and > omitted earCier Mor cCaritP reasons are added %ack: 
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:A7!8 is o%tained Mrom direct MieCd measurement Zi.e. uCtrasonic measuring deGice[.  XoweGer0 
t2e soCution remains indeterminate.  ;ince 527!8 is unknown0 it must %e determined eit2er %P 

assumption or modeCed pro%a%iCisticaCCP.  Note t2at t2e scaCar GaCue oM t2e error term #A7!8 did 

not c2ange.  42e important RML c2aracteristic oM precision error reduction %ecomes apparent 
in t2e ne\t section as a t2ird enGironment and a second RL eWuation are introduced. 
 
A second steeC pCate ZFigure 2[ wit2 originaC pCate t2ickness 3"B s2ares enGironment >2 and 
proGides a %oundarP %etween a t2ird dissimiCar marine enGironment0 >30 w2ere >1 1 >2 1 >3.  
;ince aCC t2ree enGironments are assumed to %e 2omogeneous0 t2e assumption 527!8PLA>E A ? 

527!8PLA>E B is made. 
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42e deMinition oM totaC materiaC Coss oM t2e steeC pCate0 :B across steeC pCate B is: 

42e %ias error0 ;B7!8 and precision0 #B7!8 are added: 

;oCGing Mor 527!80 a second RL eWuation is deMined: 

Com%ining t2e two RL eWuations Z3[ and Z8[ and soCGing simuCtaneousCP0 t2e RL eWuation in 
terms oM 517!8 is deMined as a Munction oM 537!8: 

Rewriting t2e RL eWuation to isoCate t2e two error terms: 
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Assuming t2e test eWuipment is careMuCCP caCi%rated and sound sampCing met2odoCogies are 
used0 %ias is unitPa t2e RL eWuation reduces to: 

<*";&-&,8("**,*(*"1:;%&,8K  From a deterministic perspectiGe0 under conditions w2ere #A7!8 $ 

#B7!80 an argument is made t2at t2e composite precision error term in eWuation Z11[ approac2es 

8ero and can %e negCected under speciaC conditions.  42is state is said to occur w2en t2e 
manuMacturing0 maintenance and measurement processes are consistentCP appCied t2roug2out 
Zt2e structure[.  For e\ampCe0 iM procedures Mor surMace preparation and coating appCication are 
standardi8ed and controCCed0 t2en t2e precision error Mor t2e drP MiCm t2ickness ZDF4[ is 

assumed eWuiGaCent across aCC s2eCC pCate coGerage0 supporting t2e argument t2at #A7!8 $ #B7!8. 

UM #A7!8 and #B7!8 are treated as random Garia%Ces and second moment aCge%ra is appCied0 t2is 

t2e precision error reduction t2eorP does not 2oCd. 
 
42e parametric Gectors < and > omitted earCier are added %ack to deMine a ]8ero error^ RL 
eWuation 517!8 as a Munction oM 537!80 :A7!8 and :B7!8: 

ACt2oug2 t2e eWuation is stiCC indeterminate0 additionaC inMormation in terms oM :A7!8  and :B7!8 
are known.  UM 537!8 is known or can %e reasona%Ce assumed0 an appro\imation oM 517!8 is made 
using eWuation Z12[.  gnowing 517!8 or 537!80 527!8 can %e directCP caCcuCated using +Ws. Z1[ or 
ZJ[0 respectiGeCP. 
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42e case studP inGoCGes a J5-Pear-oCd drP dock caisson gate Cocated at Nort2rop Brumman 
;2ip%uiCding in Newport News0 Iirginia.  Because oM t2eir passiGeness0 caisson gates are 
uniWue marine Ca%oratories t2at are ideaC Mor researc2ing marine corrosion Z+rnsting et aC. 
2009[.  42e drP dock caisson gate ZidentiMied as ]D^[ is a MCoata%Ce steeC GesseC positioned and 
su%merged on t2e siCC oM t2e open end oM t2e drP dock to serGe as a %arrier %etween t2e Mree 
water and t2e drP dock interior ZFigure 3[ 
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Nnce t2e caisson gate is in pCace and t2e s2ip aCigned oGer prearranged %Cocks0 t2e drP dock is 
dewatered and t2e s2ip is saMeCP Cowered onto t2e %Cocks.  As t2e water CeGeC oM t2e drP dock 
Cowers0 2Pdrostatic Morces Mrom t2e Mree-water side oM t2e gate increase and cause a naturaC 
water seaC0 Morcing t2e caisson gate ru%%er seaC to press into t2e concrete a%utments around t2e 
%ottom and two sides oM t2e gate.  Upon compCetion oM drP dock dewatering and t2e s2ip saMeCP 
seated on t2e %Cocks0 s2ip maintenance and repair operations can saMeCP %e conducted on t2e 
s2ip 2uCC0 water%orne structures0 and mec2anicaC sPstems ot2erwise e\posed to t2e sea. 
 
E8&U:"(7$*&8"("8'&*,87"8%-K  Caisson Bate ]D^ main %aCCast tank s2eCC pCating is e\posed to 
MiGe marine enGironments: %aCCast tank atmosp2eric Z+1[0 marine atmosp2eric Z+2[0 %aCCast tank 
immersed Z+3[0 riGer water Z+4[0 and concrete %aCCast Z+5[.  4en Z10[ reCatiGe Coss ZRL[ 
eWuations are deMined incorporating Garia%Ces t2at identiMP t2ese enGironments at LeGeCs A0 B0 
C0 D and g and on ;ides ]A^ and ]B^ ZFigure 4[.  W2ere :DB+*SP is t2e totaC wastage measured 
on side +0 CeGeC * and 0e* is t2e reCatiGe Coss contri%ution inMCuenced %P enGironment e< at CeGeC 
*.  For e\ampCe0 :DBAASP is t2e totaC wastage aCong ;ide ]A^ at LeGeC A.  01a is t2e reCatiGe Coss 
contri%ution Mrom +1 at LeGeC A. 
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Caisson Bate ]D^ is reGersi%Ce and is oMten rotated end Mor end to e\tend coating CiMe and 
preGent permanent deMCection Mrom occurring due to 2Pdrostatic pressure.  4o account Mor gate 
rotation0 an operationaC parameter0 E0 is incCuded0 w2ere E is t2e percentage oM time ;ide ]A^ 
2as %een e\posed to >4 Zor conGerseCP0 E Y 1 e\posure to >2[.  For Caisson Bate ]D^0 E h .84 
Z+rnsting 2009[. 
 
/--:75%&,8-K  XoweGer0 t2e soCution in Figure 4 is indeterminate Z10 eWuations0 15 unknown 
Garia%Ces[.  4o soCGe Mor t2e unknown Garia%Ces0 more inMormation is reWuired.  Ut is reasona%Ce 
to assume t2at w2en a side is e\posed to t2e marine atmosp2eric enGironment0 +20 materiaC Coss 
is reCatiGeCP smaCC compared to t2e ot2er enGironments and materiaC Coss contri%ution is near 
8ero.  AdditionaCCP0 is it reasona%Ce to assume t2at t2e marine atmosp2eric enGironment is 
eWuiGaCent at aCC caisson gate CeGeCs.  42ereMore0 Mor caisson gate ]D^0 t2e MoCCowing assumption 
is reasona%Ce: 

 022222 A#### -35;a 00000  Z13[
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C"2$%&'"(W$-%$2"K  During data anaCPsis0 manP oM t2e measured uCtrasonic readings produced 
negatiGe GaCues0 giGing an interesting perception t2at t2e s2eCC pCating t2ickness was actuaCCP 
iE5%ea+iEg Zor negatiGe wastage[.  A Minding Mrom t2e studP suggests t2at t2is p2enomenon is 
CikeCP caused w2en t2e originaC pCate t2ickness is assumed nominaC and t2e aCCowa%Ce miCC 
toCerance Mor t2e pCate is ignored.  42e aCCowa%Ce oGerage oM t2e s2eCC pCating is 1.78mm 
ZA;4M 2007[ and Mound to %e cCose to t2e needed GaCue to 8ero out t2e measurements.  
42ereMore0 1.78mm is added to eac2 GaCue oM :DBE*SP to account Mor ]negatiGe wastage^ and 
caCi%rate t2e RL eWuations Z+rnsting 2009[. 
 
!"#$%&'"(#,--('$*&$X#"(Rem(-,#:%&,8-K  42e ten RL eWuations in Figure 4 are com%ined wit2 t2e 
MiGe assumptions made in +W. Z13[ to produce 15 eWuations and 15 unknowns ZreCatiGe Coss 
Garia%Ces0 0e*[.  42e soCutions to 0e* are soCGed using a sPstem oM Cinear0 simuCtaneous 
aCge%raic eWuations suc2 t2at: 
 

 W2ere x h Mrame Cocations 20 50 80 i41 Zeac2 t2ird Mrame Cocation num%er starting at x h 2[ 
 
42e process a%oGe is repeated Mor aCC caisson gate CeGeCs and on %ot2 caisson gate sides Mor eac2 
caisson gate Mrame Cocation0 x.  For e\ampCe0 at Mrame Cocation x h 100 a summarP oM t2e 
soCutions is presented in 4a%Ce 1. 

@$X#"(JK(!)+(A,8%*&X:%&,8-Y(c(t) Z$%(4*$7"(#,;$%&,8[(6\J]^(

1.78 Ma*Bl Loss A**riDu*ed Dy:

0.84 Elev -allas* River A*m 1o*al

D-AASP 101.3 1.370 M0.009O 0.000 1.361

D-ABSP 93.3 1.031 0.641 0.000 1.672

D-ACSP 85.3 2.681 1.036 0.000 3.717

D-ADSP 77.3 1.497 0.840 0.000 2.337

D-AKSP 69.3 1.037 1.577 0.000 2.613

D-BASP 101.3 1.370 M0.002O 0.000 1.368

D-BBSP 93.3 1.031 0.122 0.000 1.153

D-BCSP 85.3 2.681 0.197 0.000 2.879

D-BDSP 77.3 1.497 0.160 0.000 1.657

D-BKSP 69.3 1.037 0.300 0.000 1.337

n =

Thickness add = RML Con*riDu*ionsR c(t) : 4as*age

Example
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42e 4a%Ce 1 e\ampCe reads as MoCCows: At caisson gate Mrame Cocation x h 100 CeGeC C0 ;ide 
]A^0 t2e totaC materiaC Coss across t2e s2eCC pCating is 3.717 mm.  42e Coss contri%ution due to 
%aCCast tank water conditions is 2.J81 mm Z72j[ and Coss contri%ution due to riGer water 
conditions is 1.03J mm Z28j[.  42e Coss contri%ution due to marine atmosp2eric is assumed to 
%e near 8ero and t2ereMore0 negCigi%Ce.  42e reCatiGe materiaC Coss can %e e\pressed as a ratio 
suc2 t2at: 

Meaning t2e reCatiGe materiaC Coss on t2e s2eCC pCating inside due to %aCCast tank water at t2is 
Cocation is 2.59 times t2e outside surMace e\posed to t2e riGer side. 
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For eac2 t2ird Mrame Cocation aCong t2e ;ide ]A^ oM caisson gate0 GerticaC proMiCe Cines Z%Cack 
Cines[ oM t2e totaC wastage as measure in t2e MieCd and corrected Mor negatiGe wastage are pCotted 
ZFigure 5[.   42e mean GaCue point estimate at eac2 CeGeC is t2en caCcuCated and proMiCe pCotted 
Zindicated %P t2e t2icker red Cine[.  42e t2in %Cack Cines proGide an appro\imate conMidence 
interGaC oM t2e point estimate. 
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42e GerticaC proMiCes Mor t2e riGerside contri%ution are pCotted ZFigure J[.  A Ceast sWuares Mit is 
perMormed %etween t2e Mour mean GaCue point estimates at CeGeCs B0 C0 D0 and g and proMiCe 
curGe deGeCoped Zadc. R2 GaCue h 94.5j[.  Note t2at t2e inMCection points oM t2e %ootstrapped 
conMidence interGaCs suggest Cocations oM structuraC anomaCies suc2 as c2ange in s2eCC pCating 
orientation ZeCeGation 72.8[0 Cocation oM 2ori8ontaC pCate stiMMeners ZeCeGation 82.8[ and top oM 
%aCCast tank water CeGeC ZeCeGation 88[.  42us0 t2e RML met2odoCogP can aCso serGe as a means 
Mor Cocating structuraC anomaCies 2idden inside inaccessi%Ce areas or seaCed containment. 
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And CastCP0 GerticaC proMiCes oM t2e materiaC Coss contri%ution Mor inside t2e %aCCast tank are 
pCotted ZFigure 7[.   
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Comparing t2e LeGeC g GaCues in Figure J wit2 Figure 70 t2e RML soCution suggests t2at t2e 
2ig2est rate oM corrosion is occurring on t2e inside surMace oM t2e concrete %aCCast tank area.  
42e concrete %aCCast was poured w2en t2e caisson gate was constructed circa 1940.  NGer its J5 
Pears serGice0 t2e concrete was neGer repCaced.  42ereMore0 it is reasona%Ce to assume t2at saCts 
Mrom t2e constant contact wit2 t2e saCtwater %aCCast ZdirectCP a%oGe[ CikeCP Ceac2ed t2roug2 t2e 
concrete %aCCast oGer time and made its waP to t2e inside surMace oM t2e s2eCC pCating at LeGeC 
g.  42is RML soCution 2as identiMied t2e LeGeC g inside surMace as a criticaC area Mor Muture 
inspection and maintenance considerations.  Again0 notice t2e inMCection point near eCeGation 
82.8 appears to correspond to t2e Cocation oM t2e 2ori8ontaC pCate stiMMener.  Again0 supporting 
t2e idea t2at RML can aCso serGe as a means Mor Cocating structuraC anomaCies 2idden inside 
inaccessi%Ce areas or seaCed containment. 
 
F$#&1$%&,8K  For GaCidation0 Pearson product correCations are perMormed %etween t2e materiaC 
Coss proMiCes on eac2 pCate side and t2e enGironmentaC Mactors known to inMCuence marine 
corrosiona nameCP water temperature and dissoCGed o\Pgen content ZMeCc2ers 2005a MeCc2ers 
and JeMMreP 2008[.  42e correCations are signiMicant and wit2in t2e standard 4Ppe U error oM 
aCp2a h 0.05 and supports GaCidation oM t2e RML met2odoCogP Z+rnsting 2009[. 
 
ADCA+E9BDC(

42e reCatiGe materiaC Coss met2odoCogP proGides Z1[ a new paradigm Mrom w2ic2 marine 
corrosion researc2ers can appCP t2eir corrosion modeCs directCP using actuaC ]at-sea^ conditions 
as weCC as Z2[ a new maintenance inspection met2od t2at can %etter appro\imate marine 
materiaC Coss and coating eMMectiGeness directCP Mrom structuraC s2eCC pCating t2ickness 
measurements taken Mrom ]at-sea^ marine structures.  42e new met2odoCogP takes a 
deterministic approac2 %P incCuding actuaC operationaC and enGironmentaC conditions oM t2e sea 
structure into t2e RML modeC.  42e new tooC giGes materiaC science researc2ers and 
maintenance engineers t2e a%iCitP to studP operationaC and enGironmentaC eMMects on s2eCC 
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