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FOREWORD

This st udy was conducted for th~ Direct orate of CIVI l Works . Office of the Chie f of
Engineers (OCE). under CWIS 31 204 . “Corrosio n Miti gatio n in Civil Works Projects. ” The
OCE Technical Monitor was Mr. J. Robertson.

The research was conducted by the Engineeri ng and Materia l s Division (EM) , U.S.
Ar my Construction Engineeri n g Research Laboratory ((‘ERL). Mr. F . Kearney was the
Princ ipal Investigator. Mr. W. Mattheesse n ot CERL . who made the electric field plots .
also participated in the study.

Dr. C. R. Williamso n is Chief of EM. (‘01 i. E. Hays is Commander and Director of
CERL . and Dr. L. R. Shaffer is Technical Director.
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CATHODIC PROTECTION DESIGN FOR Laboratory (CERL ) cathodic protection research to
BRACKISH WATER SYSTEMS: FRESH design a CP system for a hydraulic structure subject to
WATER BAYOU LOC K the operational conditions listed above . The structure

selected as most typical for this program was the Fresh
Water Bayou Lock in the Intracoastal Waterway Sys-

‘ 
tern , New Orleans District , Lower Mississippi Valley

INTRODUCTION Division. Cathodic protection Impressed-current was
previously used in this structure with less than satisfac-
tory results because of poor anode installation and de-

Back ground terioratio n of the electri cal system from saltwater spray.
While the theory of cathodic protection (CP) is well A brief but enlightening history of the nature and ef-

understood , its application to mitigatin g corros ion fects of the hostile aspects of this structure -environment
damage of actual structures can he quite difficult and situation was therefore available.
complicated. App lication of CP theory is particularly
difficult for hydraulic structures used by the Corps of Design parameters for the structure were determined
Engineers in navigational lock systems , because such (Chapter 2). The operating characteristics of cathodic
factors as irregular structure shape , proximity to other protection systems under these conditions were estab-
structures , and variable water velocity must be consid- lished experimentally and a desi~~ facilitating anode re-
ered . Barges and floating debris can also cause damage placement was developed (Chapter 3). Electric field
to anode installations on waterways. analysis was then performed to determine whether vari-

ous anode configurations would provide adequate pro-
Another environmental condition a tTec tingCPd esi gn tective voltage at the structure (Chapter 4). Results of

for these structures is the water conductivity. Since the the various evaluations were then combined to form u-
protection provided to the structure depends on elec- late specific design guidelines (Chapter 5).
trica l current densities , which are partiall y determined
by water conductivity, that conductivit y is a significant Mode of Technology Transfe r
design parameter. For most inland sy stems, only fresh- This study will impact Corps of Engineers Guide
water is involved , and the slight conductivity vari ations Specification CE 1508’ and Technical Manual (TM) 5-
are accommodated in most cases . For coastal systems 811.4 ,2

subject to saltwater “intrusion ,” however , the conduc-
tivity variation is extreme: from fresh water to seawater. Types of Cathodic Protection Systems

and Protection Criteria
In addition to the cons ideration which must be given The two basic types of cathodic protection systems

to the above-described factors in anode selection and are the sacrificial anode and impressed-current types.
confi guration for a CP system . meticulous care must The former uses an anode material that is inherentl y
be taken in designing the ancillary components of the anodic (active) to the components to be protected; the
system. Because of the dynamics of the lock gates , structure is thus made the cathode of a galvanic couple.
anode installation requirements are more stri ngent than In an impressed-current system , positive current is de-
they are for passive structures : the saltwater spray con- livered to the structure through the electrolyte by an
dition imposes severe constraints on any electrical fix- external direct current power supply in conjunction
tures associated with the CP design . with a system of inert anodes. In either case , the metal

to be protected is polariaed in the passive or negative
Objective direction , and its corrosion rate is consequently reduced.

The objective of this study was to develop cathodic For a more detailed discussion of Cl’ for civil works ,
protection desi gn guidelines for sector gates that  will see CERL Interim Report M -222 . 3
insure effective , long-term corrosion mitigation in con-
ditions of extreme variations of water conductivity and i 

- 
. . -~cathodic Protecru rn Si’ste,n for Lock Mi ter t,ates,CE 1508

moderate to severe stochastic loads induced by gate tOffice of the Chief of Engineers , 1967).
movement , turbulence , debris , etc . 2 -Engineering and Design.- Corrosion Control , TM S-Si t  -4

(Department of the Army , 1 August 19621.
Approach 3 .F. W . Kearney. Corrosion Control in Coat 14 orks; Cathodic

Design guidelines were developed by using results of Protection . Interim Report M-22 2/ ADA O4 S 184 (US. Army
previous U.S. Arm y Construction Engineering Research Construction E ngineering Research Laboratory, July 1977).
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The advantages a nd d isadva n tages of t h~ two t~ p~ s App endL\ A presents the complete qual i ta t ive  spectro-
of systems m ust he wei ghed d o t i n g  the selc~t ion process. chemical ana lysis and concentration estimates ot the
For low -resisiivit ~ envir onm ents . suc h .is sc. s~aier , the ~onsIi!iie n ls Ut one of these sam ples.
r elat i vel~ low driving fo rce or oltage -available from a
sa c t i t ic ia l  sy stem tusual ly less th an I V for steel stru c- Discussion\ wi th  N~w Orleans I) istr ict personnel in-
lure s I is in many cases adequate . in hig her resist ance dic a t ed  that  low water  conditions prevail near the lock
medi a , however , voltage or IR diop throug h the elec- and t h e  saIinit ~ wa~ consequently on the high side.
t r o lyte  is often a l imit ing fact oi . SacrifIcial magnesium Since it was also indicated tha t  condit ions of low salin ity
a nod es , ~ hich ar e abo u t  I V negat i ve t o steel and 0.~ could occur , it was necessary t o determine the operating

~ jcri % e to ei th e r  a l u m i n u m  or ‘inc anodcs , have hccn dia r zw- k - r i s t k \  of ca thodi c  pro t ect i on systems under
s a t t s t a c t o r i k emp lo~ed i n hesh w a t e r s . howeve r . ( t i c  these circumstances and to determine a practical design
higher voltages availab le with inipres sed-~urr en i  c t h ~ d to provide protection between :he dewatering periods.
ic pi ~‘iect ion are often necessary - For this reason , the
la t te r  t \ pe sy stem is mo le  often emp loyed t or  fresh-
w t Cr hy drauli c  s t ruc tures .  1- t i v i ron ment conduct iv i t y
in the im m ediat e v l c i n h t \  of anod es is p art icuI ai1~ mi - 3 EXPER IMENTAL DESIGN PROCEDURE
por tant . since it is h er e that .i signifi cant  fraction ot th e
t o ta l c i rcui t  resistance occu rs . Sonic s t ruc tures  do not
lend tlrci ns e l~ “; to th e u~c 01 impressed- c urrent  sy stems . Effects of Varying Salinity
i.e. . tr .ictor g .ut e.  .~iso , a co m bina t ion  of both types of Iniprt ’sscd—curr en t .~i su ’nm
svst etll s m na~ ield the lo~ est ov erall  annual cost .  The obvi ous approach for an impressed- current de~

si gn under the defined conditions was the use of an
Several criteria ex is t  as t o wha t  cons t i tu tes  protection automatic  control recti f ier .  Two such unr t s  were tested

for s .i rioiis corrosion s i t ua t ions  where cathodic protec- over the range of sal ini ty anticipated (Figure ). As
li on is employ ed . Tire most widel y referen ce d crit erion . Fi gure 2 shows , the variation in salinit y and hence in
which us pa r t i cu la r l~ app licable to coated hy draulic  cond u cti vi ty is well within the automatic control and
st ructures , requires that the steel surface be polari ied compensat ion r anges of both uni ts .
t o Q 55 V relative to a copper .coppe r sulfate (Cu , ’
(‘uSO4 I reference cell. ro .iccom np hish this , a cer t a in  Sacr~tIcial .1m ’de System
current  density 10051 he delivered throug h the electro . Experimental  investigation of a galvanic or sacrificial
lv te to the s t ructure .  In seawater. a current dens it ~ for s~ st emn for the defined conditions was somewhat more
coated steel of about 2 mA sq ft ( I I  . 11  mA n m~ ) is comp lex.
generally necessary for cathodic prote ction. (‘a ic tu l de-

CE RL uses electrol y te tanks (Figure 3~ in its corro-termination ot the proper current  dens it~ is impo r ta n t . ston mit igat ion and cathodic protection research tosi nce exces sivel ~ negative potentials  on co ated steel st ir-
measure the interact ion and interd ependence of variousfaces often resul t  in gas evolution of the metal- coatin g

interface and ‘hlist er ing ’ o f the paint .  The protect ive parameters , such as electrol y te salinit y and anode gc-
otnc tr\ ’ . Since the essential element of cathodic prot ec-properties ot the ciating can t l ic reh ~ he sign iticantl ~ two is an external current  source that  will oppose thecompromised.
corrosion potential  of the metal to be pr otected at every
poit it of the exposed surface (where there is a holida y
in t h e  pain t coating) . the CL’ design must insure that

2 COLLATION OF DESIGN PARAMETERS protec t ing  po ten t ia l  is maintained despite change s
in str uc tura l  geoinct r -s . To accomplish this , a design ap-
j~roach based on the continuum aspects of the anode
electric Ield and t h e  associated curren t distributi on is

The ~~~ Orleans District tons .irde d random s.inip les used. Fxa tupks of the many field plots made usin g this
canal water to (‘F RI h oni  ..~pr i l  throug h August techni que during this investigation for various conduc-

I ‘1~o Figure I shows the loc .i t rons at the lock where t i v i t i cs .  geometrie s .  etc.,  are shown in Figures 4 and 5.
samples were taken.  The constituents in these samp les
were determ ined in order to prevent discrepancies b~ - —

*Thc us o unit s differed in the transfe r mode of the feedback
tween laborator y tests and field conditions caused by -sig nal from the reterence hal f cell ; unit ‘R” used a conti nuous
spurious compounds that  would change the basic d cc- feedback voltage signal . while un it “H” used a pulse d or inter-
trochemical conditions. No such t ii ateria l was detected. rupted feedbac k signal.

8

_ _ _ _ _ _ _ _ _  _ _ _ _  -——--~~~~~~~~~~~~~~~~~~~~~~



-— - ‘
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~r 

- 
~~~
‘
~~
“ -

~~~~~
-- ‘--

~~~~‘~~~ 
“

~~~~ 
-

A sacru trci al atsode r .u s an e l ec t r i c  field gr . id ie nt  the p i o t e c r i s e  va lue ut the tub es would d ecreis t ’ due to
whose value depends on both t h e  j i t , r d& ’ ur , i rer  tal i t se l t *  mechani ca l  ss e a k e i t u r i g .  Therefore , an electr ica l-mechan-
and the cotid uc us i t\  ot the medium in st f u ic hi  the anode iLa l  opt im 1.11 tori  m ust he established -

u m i u t u e r s e d .  l I m e  g e o r r i e t i s  , mi l ie r e s u l t a n t  ek c t u  ic
tie ld depends on the g e o t u u e i t ~ t t h e  h n u r u d , u r t e s  Flu e To determin e the effec t of aper ture  size on the re-
distance at ss hi tch a c e r i u m  s p c c u t u e d  voltage o c c u r s  is su i l t an t  d e L -tu e  fI eld , a sCiuCs  of plots s~.is t uade in a 0. 1
de l liied as t he “li i i  owi ng poss ci ’’ t h a t  ;m i u mdc elect ro- per cent salt  e l ect r u ly te - The fleW associated wi t h  a
lv te  c o mnh in .u tu o tu  1st  d e t e r t i r in c  the c i t e d  of sa r iab le  h a t e  / in e  anode is shown in Fi gu r e ~: a value of Q .Q 17
sa l in t t ~ on the ‘‘t hro ss tug p ustei ’’ of atm anode, a li ne to O t l L )  V is obtained at  a r ad ius  of I f t  ( 0 3  ni )  f rom
anode as suspend ed in the dccii 1s te tank at .i , l is- t h e  anode Holes ss et c  dril l ed in a 4-in.  I I 0 -nimr t )  diatit -
tance ot 2 .s I t  (0 .~ m s m i t t  f r o n t  the r i t t e r sec t i o i r  o f tw o et er p l a s t i c pipe to r e r t i s s e  I percent of the pipe ’s su m-
todd steel pl ates (F igure  ts l .  Soduu itu chloride was added face  are a;  a sec i ioi t 01 th is tube is shown in Fi gure q

to t h e s’. aid in the ek c t ro l ~ Ic t ank 5  to obta in d i f t e i co t  The drilled pipe vs as use d with a 2 in. ~ 2 in - (51 mom
degrees of s. u l r n u t s  . an n t e t v a l  of  t i tne  wa s allowed be- X 5 1 m m )  zinc anode - The resul tant  field p lot is given
ween ad di t to i rs  to .iIl ~ vs t he po~. u r i t a i u s m u m  v o l t age to m e~ in Figure 10: a v o l t a g e  ot 0. ° I to 0 . ’°2 was obtained

stabi lize T h e  soi t age ii  the point ot t i t t e r s e e t r o i m  vs as :11 a I —ft (0. 3 -rn ) radius.  Figures I I  t h roug h ft show
mir o n i tored vs irh .i lv ei -s i lv er  ch lor t d e  t e ferenc c eke~ dri i lv  U pipes and thei r  respective fie ld plo ts fot surface
trode . F i gure  7 gives the  re su l t s  of th is  te s t  - a m ea ret tu ov . i ls  of 3 .5 . 6 ‘~~, and 26 percent . As shown in

Fi gure I t . whe n u percent of the surface area is r e~
I or the ins st pioh. i l s le  c o n d u c t t s m i s  v a r i a t i o n  in the moved , the tield is 0.~04 to 0 1)06 \ at a 1 ‘ft (0. 3 ml

water  at th e Fresh Wate r  Bay ou I oek - the vo l ta g e pt o~ radius. This value is 10 to 12 tnV below the value oh-
vide d hs a u ric sac rifi c ial anode s\ steu lm would prov ide ta m ed vvit h an unprotected anode.
a n adequate p r otec t iv e  voltage for  a concent r a t io n  as
loss as 0. 1 percent sodium ch loride. Based on the c’s- The current  h o w  in the sacrificial system would also
per imental results , t he wor st condit ion (lowest conduc- he a ffected 1w the site of the aperture in the protective
t w it% ) was defined as 0. 1 percent  sodium chloride , s t ructure .  As the expose d area increased, the current
Subsequent testing was done at this con centration level , would also increase unt i l  it reached the l imiting value

w i t h  the ent i re  anode exposed (Fi gure 17) . The current
Facilitation of Anode Replacement value at ~u percent exposure is 9 .1 mA compared to

smn c e anodes on hy draul ic  s t ruc tur e s  are su i h ~ecte d the ‘1.6 ; mm .\ obtained with the unprotected anode. The
to mechanical sir  essCs . design must fac i l i tate anode re- vo l t  age plot for a I -ft (0 .3-itt ) rad ius is also included on
placement i t  depletion occurs before .u scheduled t it ajor this curve . As shown , the curve becomes as\ -tnpt otic at
maintenance a d t u v m t ~ - Some t y p e  of p r o t e c t i v e  st ructure  about a 25 percent area removal : this would appear to
around each anode would also he r r r d k ’.ited. The mos t be the appropriate  compromise between electric al and
ob v i o u s  and p m ,uc t u c . i l  p r o t e c t s e s t r u c t u r e  would he a mechanical protecti on -

simple c i rcul ar  t r i be  of n o n c o n d u c t i n g  i m i a t e r i a l  rugged
enoug h to v v i t h s t . u i t d  c o n d i t i on s  to vv hi ich it wil l  he sub—
tecte d. Si i,.’lu a t r i hu i la r  piotes ’ t i t t ’ s~ v t c r i t  would also
pro v ide a pe rm anent  guide to m t a t s i t t g  and lowering a 4 ELECTRIC F I E L D  ANALYSIS
st r ing of ‘‘sausage ’’ .umuo ~lev . Oh vu o ursk  , the protec t i v e
tubes wou ld require apertures t o  permit  (‘P current
flow . As the area of ’ these apertures  increase d , h owever , In a practical , site-s pecific (‘P sy stem , the i si rl y en-

te n on of a satisfactor y design is a survey of th e protected
—~~~~~~~~~ ____________ 

s t ruc ture  sur r f ;uce t i s i t i g a reference half e lh to insure
Appendix H presents the calcu lati ons mms ’cess ,irv to diner- proper (‘P v o l tage levels. To accomplish this . the pat tern

mine the total pound s of anode required t~ produce a given of the electri c field (which determines the current dis-
cu rrent density for ~i given numb er  oi ye ars t r i h u t i o n)  must he approximately  constructed during

t Alt ilo ugh corros ion engineer s typica lly express corro sion the desi gn phase . Parame ters inf luencin g the fleW are
pote ntials ~i nd cathodic pr oi ect ion sss t t a gL ’ levels in ter ms ot anode potent i al . electrol yte co nduct iv i ty . an d s t ruc tu re ’
nicas ur e m e n ms made with a eopper ’copper sul fate hatf etl , t h is anode geottretr v .
i s pe ot cell cannot he used in brack i sh envsronmen is because
oi cell contaminat ion .~~~ si tvt ’r-s i tvs ’r ch tssr idehalf ’cetl was there—
fo re used in this study Appendix U presents da i ,t for comp ar- The anode potent ia l  is easi ly determined: for sacr i-
ing voltage obt ained usin g various half-cells. Ilcial anodes , the potent ia l  is obtained from the galvanic
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series , for irn pre ssed urret i t  s~ stern s . .unuide pote n ti a l  u s there  is somet i t m ies  cot le ern tha t  anode s placed in c l ose
estab lished h~ the  rec t i f i e r  p roxiuiu i t v  wil l  cause pa int blisters  because of overage

t his us not pu ssu b le
I he e f f e c t s  of e k c i r o l s  me c o m u d : u c t i v i m v  r a v e  he eu t il-

lus t ra t e d  by the cu r v e  in F igure 7 . L s se r u t i , m l lv  - rIt e curt -
d u e t i v u t s  determi n es the ‘‘pr o tec t ive  t h r owing ” capa - 5 DISCUSSION
b il u ts  ~ t an anode at a given po te n i t a l  - m e. . lowe r resis-
t i v i t ~ gives greater “thr o vv “ distance. I his us a res ta te-  The te s r u l t s  of ’ t h is s t u d y  i ndicate tha t  a sacrificia lment of Ohms La s s for  a spatial  ( thr e e-dimensional  I 

anode s~ stem vvoul d provide sufficient  cathodic protec-
case . 

t i otu for time Fr~:, lm Wate r  Bayou Lock. Such a system
vs ould not h e si gnitican t l~ affected by conditions of

Since the p r o t e c t i v e  vo ltage value at  th s. s t r u c t u r e  -v a r v i n b condu c t i v i t ~ wh ich have cause d serious prob-sur t ac c’ is t he ul t i m ate cr it eriot i  for  adequate (‘F, the lenims vv ’ith the i t t i pres se d -c urrent  system previously used.
s t r u c t u r e  anode geom eir ’ r oust he cxj in ine d  in de t .u i l .
Because of the numerous geometrical confi gu rations i hi e suggested sy ste m consists of zinc anodes placedpossible in h y dra ulic s t ruc t u r e s . compendium of 

as sho wn in Fi gures l~
) and 2 1 The exposed anodes onano~fe :geome try vs.  field pa t te rn s  would he prohib i t ive : 

the skin surface would be encased in 4-in. (10 1 -mm) di-mow -ever , the  rat ionale employ ed in this  design proble m
a ni eter tubes made of a s t r on g, nonc onduct ing mater ia l .should provide gu ut dan c e appl icable  to other  s i t u a t i o n s  
Approximatel y .~5 percent of the rube ’s surface area
wou ld he re m oved. This removal would provide ade-Figure I ~‘ gr vcs the “ thro w ” distance of a zinc anode quate current  flow vvi t h out  seriousl y decreasing the

for  the condi t ions  g iven.  Thus fi gure shows tha t  a im ade -  
tu b es ’ mecha n ical s t rength  -q u at e pr otection voltage us ob ta ined  at 10 ft (3 i i i ) .

Thus , any meta l element p laced vs u i h i n  10 ft (3 in)  of 
Results  also ind ica te  tha t  a body of wat er ’s “brack-the anode will be pro tec ted .  Thus is t rue  if the field iS ishness ” can be quantified and correlated with an up-

uni form and riot perturbed b’. other metal  obstruct ions t i mn u m CP method. Figure 24 shows Figure 7 with sa-(as  shown by Fi gure 5 ) :  this is the condit ion for the hair ’5 /u ) flCS labeled A , B. and C: the l imits  of these
skin side of the  lock gate. Figure I ’) shows anode p lace- /Oii S are set at th e break points of the voltage / salinity
men t on the skin side v s- ith associated ‘‘circles of pro .

curve for a f ixed ge om e fr ’5 (detai led in Figure 6). Arection ( 10-ft 13’ml d i arne ter ) . * logical designation f o r  these zones would be: zone A -

Abrack ish weak: /one B brackish moderate :  zone C-
Figure 20 shows anode p l acement  v sr th  “circle s of brackish strong. For comp leteness . Figure 25 show’sprotection ” for a centralized location in eaclt v’omp art- conduct iv i t y  vs percent salinity with these tones in-

meri t oh t he gate - To facil i tate mount ing  of the anodes . dica ted,  From these data , the guidance shown in Table Ithe~ vv er e relocated so .us t o be a t tached to s t ruc tu ra l  w~~ fo rmu l a ted .
mem bers (Figure 2 1 ) .  To grap hically ver i fy  adequate
protect ion for these anode locat ions ,  the “circles of
p r ot ectio n ” were interposed. Figures 22 and 23 give 6 SUMMARYthe m ount ing details for the anodes.

Figures 20 and 2 1 shovs- tha t  the “crrc les -s f ’ pr u st ec .  This report li-as prese n ted desi gn guidance for Ca-
tion ” from t wo or three  anodes over lap, indicat ing a thodic protection svsr et ii s for hy draulic s t ructures  sub-
voltage contr ibut ion  from each of these anodes. Al- j ected to ex t reme variat ions in water  conductivity and
though this occurs, these v ’olt. ,ge s are Plot add:tn’t’: i.e., m oderate to severe loads induced by gate movement ,
if one anode field produces .u vol tage level 01 I . 1 V at a turbulence , et c. The guidance is based on a cathodic
given point  and anoth er  anode field has a l .2-\’ value protec t iot i  sy stem design developed for the Fresh Water
at the same point , the resu l tan t  field measured with  a Bayou I ock in the Corps ’ Intracoasta l  Waterway Sys.
half- cell will not be 2 3  V . h ut 1.2 V . This fact is t’spe- t ern ,  The guidance includes selection of the types of
cially signitlcant when supplement a l s .icniti c ial atiodes sy stems which cam i he used in vvaters  hav in g  specific sa-
are bertug considered to augment , m t t  ex i s t ing  CP system: l ini tv rang ”~ and procedures for determining the num-

_____________ ber of anodes required amid their opt imum placement.
*l’he nu mbe r ot anodes is based on the calculation of anode Appendix I) provides rudimentar y economic aspects to

require ments in Appendix B. he considered in cathodic protectio n.
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Table I
Guidance for Zones A , B, and C

Salinity , ResistIvity,
Zone S Sodium Chloride ohm’cm Recommended CP System

A 0 - 0.1 4000-500 Impressed current CP recom-
mended ; sacrificial anode throw
distance lImited.

B 0.1 — 0.4 500-330 impres sed-current CP preferred;
sacrificial anode acceptable.

C 0.4 3,5 i5O ’O. O i Sacrif icial anode preferred.
(seawater)

Ij

I I
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0 5 10 J1214 15 20 25

6AM 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

o .1 .2 
— 

3 .4 J .5 ,6 .7 .8 .9 1.0

___________  — 
— 9AM 4AM

5AM 
—

~ CONDUCTIVITY 3FULL SCALE = 25X1O MHO-CM

0 .1 .2 4 .5 .6 .7 .8 .9 1.0
4AM —8 3A.M

6AM

~~~~.— VOLTAGE OUTPUT , TEST UNIT R’\ FULL SCALE
3AM 6 4AM (10 VOLTS

0 .1 .2 / .3 .4 .5 .6 .7 .8 .9 1.0

5
L5 VOLTAGE OUTPUT , TEST UN iT H) 2AM

2AM/4 

~ M 
.6 .7 .8 .9 1.0

FIGURE 6.8 CHANGE OF AUTOMATIClAM ‘ RECTIFIER OUTPUT VOLTAGE FOR _________

CHANGE IN CONDUCTIVITY OF ELECTROLYTE

~ ~~~~~1 .2 .3  •~~~ .5 .6 .7 .8 9 1.0
~ VOLTAGE OUTPUT (VOLTS)

1 2M

Figure 2. (‘hange of automatic rectifier output vol tage
with change in conductivity of electrolyte.
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Fi gu re 3. l v  p m e . m h e le c t r o lv  te t ank  used in mapping
L at l i odi L pro i e ct ion electric fields .

60 - CONSTANT VOLTAGE CONTOUR‘
~~(EQuIPOTENT IAL LINES )

2 0 ’  

-60 -~O -20 0.0 20 40 60
x (IN.)

ANODE

Figu re 4. I Icc f t  i c field plot of ’ sin gk bu tt  on anode.
SI c l u I t s e r s i u u i l  f a c t  ot . I in .  = 

~~~ . 4 r u in ,
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50 - ,626 .576 .650

20 - METAL PLATE) NOTE PERTURBATION OF
ONE VOLT CONTOUR RELATIVE TO FIGURE 4

/ CAUSED BY CONDUCT i ON PLATE
10 

~~~

_ _ _ _  I I

-40 -30 -20 -10 Ox (IN.)10 20 30 40

ANODE

Figure 5. Electric field plot with discontinuities — anode at
45 degrees. SI conversion factor: I in. = 25.4 mm.

1 FT ANODE

STEEL
PLAT E 2.8 FT

~~~~~~~~ERE NCE CELL

STEEL
PLAT E

Figure 6. Geometry of “throwing power ” experiment. SI
conversion factor: 1 ft = 0.3048 m.
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FRESH WATER BA~OU LOCK
SECTOR GATE

ANODE (TYP )
I

PROTECTED ANODE, 26Z APERTURE AREA
SCALE : 1/8” =

( approximate)
10 FT. THROW

Figure 19 , Anode placement on sk in side w ith assoc iated ci rcles of protection .
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FRESH WATER BAYOU LOCK
SECTOR GATE

-- 

~
‘-—.- NODE

0

0

0 
0

0

0

0

0 
0

0 ANODE
SCALE : 1/8” =

(approximate)

10 FT. THROW

Figure 20 . Anode placem en t in chatuher s : anodes located in center
of compartments wi th  circles nI ’ pr otection.
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FRESH WATER BAYOU LOCK
SECTOR GATE

____ ANODE
0

0

0

0

0

0

0

0

• ANODE
SCALE : 1/8” 1’-O”
(approximate )

10 FT. THROW

Figure 21. Anode placement in chambe rs~ anodes relocate d to mount on structural members.
Circles of protection ind icate all sections still adequatel y protected.
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TERM INAL BOX

- 
~~ 

CONNECT ION

—1
~ 1 B O A R D — 3 M x l 2 1

~~ 
(PLAC ED IN BRACKETS )

NOTE ; PVC TUBING WILL I
CONSIST OF 25% TO 26%
HOLES TO PROVIDE FOR
AN EFF ECTIV E FI ELD
CONFORMIT Y

,,.—2 ” x 2 1 
x4 8 ’ Z INC ANODES

7 (TO BE PLACED IN PVC
TU B I N G - 4 ” 4~)

22’ 
,,

~~
— SE E DETAIL TM A ”

19 ’

Figure 22. Layout of anode “ str ing ” for Fresh Water Bayou Lock.
SI conversion factor: I in. 25.4 mm.
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2
H

2
I1

X 4 8
11

ANODE (ZINC )

/
THERMITE WELD
(WELD COPPER
TO STEEL) —

- / 
‘ EPOXY ”
MULTI MOLD KIT

I/4 ” — 3 / I 6 ”
NYLON SOIL

I N S U L A T E D
NO. 4 WIRE (9”-I2”) E Y E  BOLT

DETAIL “
A”

FIgure 23. Detail of anode connection method for Fresh Water Bayou Lock
cathodic protection system. Si conversion factor: I in. 25.4 mm.
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APPENDIX A:
ANALYSIS OF CANAL WATER SAMPLE

Qual itative Spectrochemic al Analysis and Concen tration al
Estimates of Detected Constituents

Sample Number: #I Liquid

Sodium Major Constituent
Magnesium , Calcium 2 20 each
Potassium 0.5 — S
Strontium 0,05 .5
Boron 0,002 .02
Silicon 0.00 1 .01
Aluminum 0.0003 - .003
Iron 0 .0002 .002
Manganese .Copper 0.00005 — .000 5 each
Titanium 1<0 .00 1
Chromium 1<0.0005
Vanadium 1<0.000 1
Zirconium ND~~0,00 I
Barium N D’<O,OO l
Lead NI)<0.0005
Nickel N l}(0.0003
Cobal t N D’rZO .0003
Bery lliu m N D<0.00005
Silver ND’Z0.00002
Ash 0 .7I ~~-

Sample Number: #1 Solids
Silicon 5 — 5o”~Aluminum 2 20
lron ,Sodium I 10
Magnesium 0.5 5
Potassium 0.3 — 3
Titanium 0 .2 2
Calcium 0.05 .~~
Ma nganese 0.02 - .2
Strontium , Barium 0.0 1 .1 each
Boron , Vanadium Zirconium , Chromium 0.005 — .05 each
Copper 0.00 1 - .01
Lead , Nickel 0.0005 - - - .005 each
Cobalt 0.0003 - - .003
Beryllium 0.00003 - .0003
Silver 0.00001 - .0001
Ash 0.2 7 ’

Analysis is based on the recovered ash.

T -- Trace
NI) - Not Detected
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APPENDIX B: For this particular lock , the cycle for dewatering for
SAMPLE CALCULATIONS OF SACRIFICIAL refurbishing is 10 years. The weight of the anode re-
ANODE REQUIREMENTS quired to supply the required current for the required

period of time is determined by:

A ~u r r e n m  dens it s’ f igure appropriate for a par t icular
cor rosion s i t ua t i on is ~‘omnn ionl ~ use d to calculate the 87ts0 ‘ Y

Weight — (7 —08 —j — 4)current  required . for this app lic ation . t h e  value of 10 - F
m A  ~q f t  ( I  OS m n ’ \  m 2 was used - This ~alue coup led
wit h the ears of ’ ti l e desir ed provides a fi gure for  where V life of anode 10 years)
amp ere .h our s or an~pc re .\ - cars needed. The anode
m a n u t a c t u r e r ’s values fo r  amnp er e~years per pound can = current  output  1, 1 .88 A)
th em i he used to obtain the tot al  pounds ot ’ sacrifi c ial
anode required. = amup .h m ‘lb for anode (372)

Sample calculations for the Fresh Water Bayou I ock
are g i~en below. The design procedures of TM 5-S I 14, F efficiency of anode (50 perce nt ) .

which is referenced in the computati ons , were used.
Fiom this , the weight required is 886 lbs .

Skin Side
Each sect or gate skin is a c st i n dr m ca l  segment: Using 2-in . X 2~in. X 48.in. iinc anodes wei ghing 50

Circumferentia l  segment length = 57 ~~ 
lbs each gives a total requirement of’ 18 anodes. Figure
I’) shows the distribution of these anodes.

Height = lo.5 ft

Chamber SideA r e a = 5 7 -\ l6.5 940.5 sq ft . (‘omu pu l ing exact areas for the chambers is more dif-
Assuming 20 percent coating ‘~hoI idavs ” due to damage : tIcu lt . However , since these sections of the gate are not
940.5 sq ft X 20 percent = 155 .1 sq f t  of ’ bare (exposed) as vulnerable to damage by barges .etc .. emp hasis should
area that  must be protect e d. be on anode location to preclude lack of protection

caused b~’ shie lding. Figur e 5 il lustrates distortion of
For a protective current densit~ of ’ 10 mA sq t’t . 

~ the elect ;ic field which would shield a structural mern-
total current of ’ 1 .8S A is required from the zinc anode her.
(paragrap h 7417 -a- l of ’ TM 5-S I 1-41.

— After an approx imate area of beams , gussets . etc..To avoid confusion . SI equivalents are not ~~ vc r, in this c~-

ample calcu lat ion. The applicable conversion fact ors are: i = has been determined,  the above anode requirement
0.304 8 m ; I sq ft = 0.0~ 29 m ’ I in. = ~c 4  mm ; 1 lb — 0.45 3~ computations call be followed.
kg.

3(s
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APPENDIX C: cause of cell contamination caused by electrolyte
R E F E R E N C E  ELECTRODE (HALF-CELL) chloride ion migration through the permeable plug. In
CONVERSION DATA these situations , a silver-silver chloride hal f-cell is used :

t his t ype of half-cell results in a chloride ion equilibrium
condition at the p lug.

(‘orrosion engineers usuall y express corrosion po. Because of the basic electro chemn ical differences he-
t entia ls and cathodic protection voltage levels in tei ms tween these cells~,voltages measured b y various hal f-cells
of measuremen ts made with  a coppe r -copper sulp hate diff ’er. Table (‘I provides equivalent values for the three
half-cell . For measurements in brackish and saltwater m ost common cells with respect to the basic hydroge n
ele ctrolytes , this type of ’ half-cell cannot be used be- cell.

Table Cl
Electro de Conve rsion s

Hydrogen Copper -Copper Sulfate Silver-Silver Chloride
(H 3 ) (Cu -CUSO 4 ) (Ag-Agt ’l) Calomel

Electrode Electrode Electrode Electrode
0 + .3 18 + .250 + .242

.1 .418 .350 .342

.2 .51 8 .450 .442

.3 .618 .550 .542

.4 . 7 18 .650 .642

.5 .818  . 750 .742

.6 .9 18 .850 .842

.7 1.018 .950 .94 2
.8 1 . 1 1 8  1.050 1.04 2
.9 1.218 1.1 50 1.142

1.0 1.318 1.250 1.242

.512  .830 .762 .754

.517 .835 .767 .759

.522 .840 .772 .564

.527 .845 .777 369

.532 .850 .782 .774

.537 .855 .787 .779

.542 .860 .792 .784

.547 .865 .797 .789

Entrics in each row are equivalent values obtained using the various electrodes. F or  example , a reading
of .2 using a hydrogen electrode would be .518 using a copper-copper sulfate electrode; 450 using a
silver-silver chloride electrode; and .442 using a calomel electrode.
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APPENDIX D: I. The area protected per anode is larger because
ECONOMIC CONSIDERATIONS IN hi gher CP voltage cart be applied.
CATHODIC PROTECTION DESIGN

2 Anode cable runs are easily installed and not
com plicated by structure geometry.

lii the .i1’~i~ fi phasc of the UP ss- stem for  the Fresh
- h.i~ ou [o~.k. specifi c ele im m e n t s  were chosen from 3 . Individual anode current can be separately ad-

a % a r i et % ‘I m ii e t ho ds and tmi at eri als th at  apparent ly  are justed b y balance resistors for optimum protection. (In
equall ~ ~. mtahle  t o achiev e the re quired corrosion con- a sacri f icial system such control is usually not possible
t m u l  The select ion ot a sacr i fici a l anode method of UP and excessive anode consumption can ocLU r ,)
i~ an exampk of  a decision of th i s  t~ pe . since an im-
pre~~c~l~.u r r e i i t  ss~ t cn m would  ha ’.e been as e f f ec t i s e .  4 . One rectif ier  can be used to energ ize several an-
This appendix p l e s e m i l s  some i tems to consider in iie- odes : i.e ., a single uni t  usually is sufficient to protect
ve l o pmimg .m corr o sumt i  control s~ s t ci m m to obtain a c os t -  am i ent i re  mitre gate leaf.
c f t e c t m s e  de sigt m , it is r ud im en ta r y , but should provide
some ove ts iew of the economics inv o lved.  (A CERL For the Fresh Water Bayou Lock , the sacrifi c ial sys-
draft  report . Leonenucs of Uorrosion contro l Design tern was chosen because :
tor Uivil h’orks . is a more comprehensive and detailed
d iss ertati on. ) 1 , The experimental work (electric field p l ots . e tc . )

showed that properly spaced zinc anodes operating in
Coat ings . in conj unct ion with cathodic protection , the conductivity variations anticipated would operate

form a corrosion mit igat ion syste m : the coating is the as discussed in Part 3 above .
primary protection with UP as the supp lemental mech-
anism that  protects expose d metal (“holidays ”) caused 2 . The hostile atmospher i c conditions (salt spray ,
by progressive deter iora t i on of the paint film or damage heat , and high humidity) would require an oil-immersed
b~- impact of barges . debris . etc.  Unfortunat e l y ,  the rectifier and costly cable installations for an im pressed-
corrosion mechanism associated with most of these current system.
holidays is insidious , since the localized corrosion cells
for m ed are “autocata ly tic ” and the corrosion rate is i i i-  An at ial ysis of the “as-built ” cost of this sacrificial
crease d by a factor of f ’our or more .4 The net result of ’ system shows that an impressed-current system would
such uncontrolled corrosion damage can be as serious have increased the cost by 2 5 percent. Conversely, for
as weld defects or casting inclusions. Thus , CP is a cost- the Algiers Lock in New Orleans , which is of a similar
e ffective corrosion control m im ethod for nearly all sub- type and size and which is located in a more benign at-
merged waterways  structures and should be re quired mosphere and hig her resistivity water . im pressed cur-
for water res i si fiv ity less than 10 .000 ohm-c m and/or  rent is more cost-effective.
chloride content  greater than 25 mg/ Q .

Sacrificial anodes are particularl y useful for gates
The technical aspects pertaining to the selection of atid other structural components in confined spaces: in

(‘P type sacr ifIcial iimpressed ’current) are discussed in man y instances , it is not possible to route anode leads
the in t roduc t ion  of this report: economic appraisals af- for impressed current .
fecting final selection are structure-specific , and few
generalizations can be formulated. For supp lemental “spot ” protection or temporar y

(‘P. galvanic anodes usually are simplest and most eco-
For large s t ructures , impressed-current systems are nomical .

usually less expensive than sacrificia l systemns since:
It should be emphasized that  the two types of CP

systems are not mutually exclusive or incompatah le.
The prime objective in UP design is to provide the re-
quired protection voltage level , and a hybri d tu ix of

4 Shretr , L . L. , ed., (~~rros ion (John Wiley and Sons . Inc .. galvanic and impressed-current anodes is accepted prac-
1973). pp. 1 . 95. tice.
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