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Abstract

When sections of port structures in water (sucpieis) are steel structures such as steel pips, file

is common to apply cathodic protection to the stgipe piles using a galvanic anode system.
However, rebars during the construction of the ugaet of the pier are electrically conducted with
the steel pipe piles in the sea. If the upper cansbn concrete sinks into the sea, protectiveenir
from the galvanic anode in the sea flows into tlkebars in the concrete. Moreover, during
construction on the upper part of the pier durimg tidal zone, if cathodic protection is appliethgs

an impressed current system, the wetting situatigthin the same parts will differ and the
distribution of the protective current will becoru@even. In this study, we installed a long RC
specimen in a tidal environment, imitating a pdrtaopeer, to grasp the potential and protective
current distribution for cases of conductance friv@ electrodes in the upper section construction,
conductance from the galvanic anodes in the lowastruction section and conductance from both
the upper and lower section construction. Moreovgrvaluating the corrosion status of the rebars |
the concrete, we examined the effects of cathoditeption. Based on these results, we can see that,
in this test, while conducting to the lower secticonstruction through the galvanic anodes, even
when the application of cathodic protection to thmper section construction was HWL or above,
there were prevention effect in the steel materiatisin the concrete near the tidal zone.
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1. INTRODUCTION

As port structures, such as piers, are in sevdr@m@aronments, cathodic protection may be applied
using the impressed current system as a salt dammesgesure for upper section rebar concrete
(hereafter, upper section construction). Moreowehen the lower section is a steel structure
(hereafter lower section construction), it is tygbiéor cathodic protection to be applied using the
galvanic anode system for steel structures in ¢lae As both the upper section construction andrdowe
section construction are electrically conductiviethie upper section construction is sunk in the
seawater, the protective current will flow to tledar. However, there are few cases that allow us to
grasp the impact of the wetting environment becaigie tide on the rebar potential and protective
current distribution if cathodic protection is ajegl to the upper section construction and lower
section construction. Therefore, if cathodic protetis applied to the lower section constructitirg
scope of application of cathodic protection onupger section construction is unclear. Furthermore
the effects of cathodic protection on the uppetisea@onstruction are based on the potential change
quantity known as “depolarization quantity 100 m¥ roore” "’ as a standard value. However,
because, in wetting environments such as tidal otie supply rate of dissolved oxygen on steel
surfaces is slower; furthermore, the potential geagentlyoccurs'’, and this depolarization quantity
may not be satisfied.

In this study, we install a long RC specimen inmitgtpart of a pier in a water tank that imitates th
tides. This specimen electrically conducts conciatiégating upper section construction and steel
materials that imitate lower section constructi®hen, cathodic protection is applied to the lower
section construction using the galvanic anode systad conductance occurs from the electrodes
buried in the upper section construction to thelsteaterials in the concrete. Under these condition
by examining the potential of the steel materialthie concrete and the protective current distidiout

we reviewed the impact of the protective currewirfrthe galvanic anodes in the lower section
construction. Furthermore, as a judgement indicdtor the prevention effects in a wetting
environment, we examined the application of repasisin potential and the corrosion rate during
conductance. About the corrosion rate, this isesténated corrosion rate at the time of conductance
of the intersection point with the Tafel slope & line extrapolated from the potential direcilfger
stopping conductance (instant OFF potential) ardiamolarization curve at the time of conductance.

2. TEST METHOD

2.1. Specimen overview

Table 1 lists the concrete formulation. The cementormal Poltland Cement, the fine aggregate is
natural sand, and we used macadam for the coaggegage (maximum aggregate dimension = 20
mm). The target slump is 10 + 2.5 cm, and thejaantity is 4.5% * 1.5%. For the concrete, sodium
chloride is used when kneading together, and akdoidns are mixed in to make it 10 kg/mThe
specimen’s shape is shown in Figure 1(a)(kgight round steel bars installed in the concret:the

sea SR19 are wired such that they are integratgthter via galvanic anodes and switches, providing
resistance to adjust the generated current. Funttrer, conductance from within the concrete is
through linear titanium steel electrodes (herea®O electrodes) buried within seven areas of
concrete. The round steel bars, before being bunethe concrete, had their black film removed
through sandblasting processing; furthermore, after month of seawater spray, they were used after

Tablel. Concrete formulation

. . 3

W/C s/a Unit quantity(kg/m’)
(%) (%) W c s G AE Water
reducing agent

50.0 46.0 168 336 808 975 1.19
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Figure 1(a). General drawing of a specimen Figure 1(b). Cross-sectional drawing

corrosion was generated. For reference electraalesaturated silver chloride electrode (hereafter
“SSE”") was buried next to the steel materials. Moez, the surface connected to the seawater had
two surfaces of concrete placement surface andraturface, and the four other surfaces had epoxy
resin applied.

2.2. Conductance method

Table 2 lists the cathodic protection conductarasedor the specimen. Case P shows the case when
conductance occurs only on the galvanic anodeseidower section, case A-P shows the case when,
while conducting via the galvanic anodes in thedpgection construction, conductance occurs from
all MMO electrodes installed in the upper secti@mstruction, and case H-P shows cases where
conductance occurs from MMO electrodes installed\&t (full tide position) or above in the upper
section construction. Furthermore, Figure 2 showsnaage of the protective current flowing to the
upper section construction from the lower sectionstruction galvanic anodes because of high tide.
Conductance to the upper section constructionrf®peed using the constant current system, and the
galvanostat is used as a DC power supply. The atadce current from the MMO electrodes is the
current value at which steel materials of HWL oowd can maintain depolarization quantity of
approximately 100 mV without conducting lower seatconstruction galvanic anodeBurthermore,

the lower section construction, in relation to 8teel materials exposed to seawater, has thelinitia
protective current density set to the typical pctte current density of 100 mAAmMeasurement in
each case starts after the potential of the stat#nmal in the lower section construction reacheady
state. At this time, the conductance current fréma fower section galvanic anodes is reduced to



Table2. Conductance Case List
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Figure3. Tide cycle diagram Figure2. Image of protective current inflow

~70%. The conductance time for each case was sgipi@ximately two weeks. After each case was
completed, a non-conductance period of approximateke week was set, and after the potential
depolarized, the conductance for the separateveasatarted.

2.3. Exposure environment

The specimen was placed within the Port and Airgeesearch Institute. The tide cycle is an
environment that is repeated twice every day (tigalation = 1.5 m), and this cycle is shown in
Figure 3.

2.4. Measurement items

(a) Steel material potential

The steel material potential was measured using 8Mt&in this document, this is shown in a form
after conversion to the saturated copper sulfaetlde standard (hereafter “CSE”).

(b) Incoming flow current to steel materials.

For the incoming flow current to the steel materishe measured voltage was converted to current
and shown after inserting a resistocXlinto the steel materials.

(c) Steel material depolarization quantity

The depolarization quantity is the difference betwdhe instant OFF potential immediately after
conductance stops and the potential 24 h after wziadce stops. The depolarization quantity
measurement results, for each case, are after dtent@ml change has become steady. The
measurement was conducted at a low tide.



Polarization curve of ste%l

Potential
/ Tafel slope NO | Estimation of corrosion ratd
/ Over 200mV/decade~"" by Tafel straight line
Ecorr+80mV|_______ || - Take| shope
Ecorr+50m! L7 | Less than 200mVidecade
Ecorr{---- Sed-- YES CEB Judgment
1 7 JudgmerD Judgmer®
= T AT - n) Corrosion rate
Instant OFF potentdl A1 3 Less than Oj2A/crT?
Estirin ted corrogion [rate during gnergization
1K : ﬁ ﬁ ?F 9 g Judgmer® YES
ip icorr - -
Current density
Figured. Overview diagram of steel corrosion Figureb. Corrosion judgment flow of steel
rate estimation on wetting erriment

(d) Corrosion rate at the time of conductance

We measured the ON potential (Eon), instant OFEmi@l (Eio), and conductance current (l) before
starting the measurement. Next, using a Potentjost measured the ON potential at the time of
conductance and by changing the potential in tmection of the anode at a rate of 20 mV/min
measured the steel polarization curve when cathpditection was applied. The potential on
completion was set to the potential after polagzthe potential after switching from the cathode
current to the anode current (natural potentiabirBat approximately 120 mV in the + direction. We
obtained environmental resistance Rs (mainly cdacresistance) based on the formula(l), and
calculated the voltage drop IR from the environrabmesistance and force current at the time of
polarization measurement.

_ |Eon — Eio|

; (1)

Figure 4 shows the obtained polarization curve thedntersection with the straight line of the Tafe
slope straight line extrapolated from the instafFQpotential, and anode polarization curve is the
estimated corrosion rate at the time of conductamcthis study, based on the reference documént [4
the anode polarization curve Tafel straight lineswat within the range of 50-80 mV changed in the
+direction from the natural potential. According the reference document [4], because the
relationship between the steel material corrosicgigit loss obtained from the corrosion rate
estimated when applying cathodic protection andattteal corrosion weight loss measured from the
recovered steel materials is an equivalent relakign which can be utilized as a method of evatgati
the corrosion rate when applying cathodic protectieurthermore, based on reference documents [5]
and [6], if the Tafel slope from the polarizatiomree shown in Figure 5 exceeds 200 mV/decade, and
the steel materials are considered to be passivitéte Tafel slope is within 200 mV/decade, the
estimated corrosion rate is judged accordingtto (3 considering the steel material corrosion status
using the CEB standard (draught)

3. TEST RESULTS

3.1. Potential measur ement

Figure 6 shows the results of potential measuremetite time of low tide in each case and at a high
tide in Figure 7. The potential in the HWL to MWheeafter, category H-M) is in the direction for

high tide compared to low tide. This is thoughtbt® because, as it moves towards high tide, the
protective current flows from the galvanic anodeshie lower section construction. Here in case the
corrosion occurs because of chloride ion in thesipated steel materials, this corrosion can cause



25 2.5 ,
Low tide + Non-prevention High tide —— Non-preventior,
—b—Case_P - Case_P
, an ‘ = Y J - Y — —
2.0 h '/  --m--Case_A-P [ ./ --m-Case AP
E | "'." -4- case H-P E i -4--Case_H-P
§ 15 [~HWL 4% ; 5 15 |-HWL T i
b S i % < TQm |
£ ot w £ L
S 1.0 AN ‘ 5 1.0 b
® MWL ’XL B! = MWL I¥ *531‘.\ -
K L r \:\\ 5 L . NS
[a) SN a | VR
0.0 |-LWL - 00 |-LWL 770mv.A A
\ 770mv N\ \ L
! © L : @n
05 ! -0.5 I
-200 -400 -600 -800 -1000 -1200 -200 -400 -600 -800 -1000 -1200
Potential / mV vs.CSE Potential / mV vs.CSE
Figure6. Potential at low tide Figure?. Potential at high tade

pitting or crevice corrosion. To prevent this cefom, cathode polarization should be performed unti
it reaches the potential where the passivated @ihme broken is reformed. Following [1], if the
measured potential is at the repassivation poferitiégs judged the steel materials are not in the
corroded state. In this study, the -770 mV vs. G$E used as a reference for repassivation paienti
Furthermore, as the potential at high tide is direction compared to low direction, this is evatuh
according to the potential measured at low tideéngy&igure 6, at +0.5 m or below, for all cases, it
was below the repassivation state. In other wokgslearned that category M-L steel materials were
not in the corroded state.

3.2. Flowing current

Figure 8 shows the results of measuring the cuftewing to the steel materials at low tide for eac
case and Figure9 shows those for high tide. Attide, for cases A-P and H-P, we confirmed that the
respective designated currents were being condubtagever, at high tide, for cases A-P and H-P,
the inflow quantity increased within the categorsvHrange. However, no change was directly seen
in the inflow quantity for steel materials above LVWoreover, in the case of category H-M at high
tide, the maximum inflow current values were vitlp#he same for case P and cases A-P and H-P. In
this case, nearly all of the current flowing inhégh tide is considered to be protective curreatrfr
galvanic anodes in the lower section construction

3.3. Depolarization quantity measurement

Figure 10 shows the depolarization quantity measarg results in cases A-P and H-P at low tide.
For HWL and above (hereafter category U-H), theotkaization quantity was virtually satisfied.
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Category H-M, at a high tide, has approximatelycenihe inflow of flowing current for the category
U-H, ; moreover, even at low tide, there is thdowf of flowing current with the impressed current
system because the depolarization quantity of 100nas not met for either of the cases. The cause
of this is explained using Figure 11. If the MM@@tode conductance is stopped at a low tide, the
steel material potential (natural potential) chanipethe + direction; however, depending on inflows
of protective current from galvanic anodes in thevdr section construction because of tide level
increases, the steel material potential (conduetgratential) may change to the direction. If the
current inflows drop again because of a drop intital level, the potential will change to the +
direction; however, in the tidal section, compatedhe center of the atmosphere, the supply rate of
dissolved oxygen to the steel material surface sWdiv down. Then, the potential change will ease,
and it is considered that, compared to the splgskéction that does not receive impact from the
galvanic anodes in the lower section constructaorg the depolarization quantity is measured as a
small amount.

3.4. Evaluation of the steel material corrosion status on conductance

Figure 12 shows the Tafel slope and estimated smmorate obtained from the steel material
polarization curve at conductance in
each case. Furthermore, we evaluat
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will be in passivation state; moreover, its prei@nteffects were confirmed. However, the category
M-L steel materials maintained at or below repassiv potential were judged to be in a state of
corrosion. A factor in this is surmised to be thatause even at a low tide, they are somewhat
submerged. Note that as the cathode potential ieas to the hydrogen generated potential, the area
around the steel materials was a deaerated envenoinnm this manner, we consider that if the
immersion rate increases, the impact of the catmedetion grows in an extreme manner; therefore,
we consider it is necessary, moving forward, taelevwhether the corrosion rate can be estimated
from the cathode polarization curve when the imiersate is high.

4. OBSERVATIONS CONCERNING PREVENTION EFFECTS

We installed a specimen imitating a section ofex i a water tank imitating the tide and changing
the conductance cases, evaluated the steel mafeoi@intial, protective current distribution,
depolarization quantity measurement, and the stealerial corrosion status. We have made
observations based on the results for each categad/ made observations on the specimens as a
whole.

(a) Category U-H(HWL or above

The inflow of protective current from the galvamicodes in the lower section construction was seen
temporarily during high tide; however, as almostahange in potential was seen, it was considered
that its impact did not reach the galvanic anodethe lower section construction. For cases A-P and
H-P, we learned that by maintaining the depolaioraguantity of 100 mV through conductance
adjustment and prevention effect can be evaluatatkpolarization.

(b) Category H-M (HWL to MWL)

For cases A-P and H-P, at high tide, there was stitmace the inflow of current than the category U-
H inflow current; therefore, depolarization of 18/ was not satisfied. A factor in this is considkre

to be that the area around the steel materialearconcrete was in a deaerated state. However, for
case P, deeper than +1.25 m (immersion rate = #@% Figure 3), which was evaluated to be in a
passivated state. Therefore, it is suggested thust wf the steel materials in category H-M only
obtain prevention effect from galvanic anodes mltbwer section construction.

(c) Category M-L (MWL to LWL)

Because of the protective current from the galvaniades in the lower section construction, thel stee
materials were almost all at repassivation potentidelow. However, when reviewing this using the
polarization curve, it was judged to be in a stH#teorrosion. A factor in this is surmised to batth
because, even at low tide, they are somewhat sgfeahefurthermore, as the cathode potential is
close to the hydrogen generated potential, the areand the steel materials is a deaerated
environment. In this manner, we considered thdhéf immersion rate increases, the impact of the
cathode reaction grows in an extreme manner; thexeive consider it is necessary, moving forward,
to review whether the corrosion rate can be eséthfitom the cathode polarization curve when the
immersion rate is high.

(d) Specimens in generdill categories

For cases A-P and H-P, the corrosion state of thel snaterials was evaluated as being in a
passivated state. From this test, we learned treat when applying cathodic protection to the upper
section construction while conducting using galeaamodes from the lower section construction, we
suggested that there are prevention effect in defgathe steel materials in the tidal zone.



5. CONCLUSION

A long RC specimen imitating a section of the pyvas installed in a water tank imitating the tided a
by changing the conductance case, we evaluatestédbbmaterial potential, distribution of proteetiv
current, depolarization quantity measurement, amwdosion state of the steel materials in categories
U-H (HWL or above), categories H-M (HWL to MWL), dncategories M-L (MWL to LWL).
Therefore, we obtained the following conclusions.

(@) In this test, at +1.25 m (immersion rate = ~3@¥oless, the corrosion in the steel materialthan
concrete was inhibited by the protective curreafrfithe galvanic anodes in the seawater, and then a
prevention effect was obtained.

(b) In this test, when applying cathodic protectiorthe upper section construction while conducting
using galvanic anodes from the lower section cortitin, it was suggested that there are prevention
effect in regard to the steel materials in theltmbene even at HWL or above.

(c) As an indicator for the results of judging peation effect in a wetting environment, such as the
tidal zone, the possibility that the repassivatpiential, Tafel slope, and corrosion rate obtained
from the polarization curve be applied has beergssigd; however, further validation is required
moving forward.
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