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Corrosion Monitoring of Reinforcing Bars in Cement Mortar Exposed to Seawater

Immersion-and-dry Cycles

Je-kyoung Kiml*, Seong-Hoon Keez, Jurng-Jae Yee’

Abstract: The primary purposes of this study are to understand a fundamental aspect of current uniformity around a reinforcing bar (rebar) in cement
mortar, and to develop an accurate monitoring method in a wet-dry cycling process with the alternative current (AC) impedance method. Three cement
mortar specimens with two embedded rebars were prepared in the laboratory. As a main variable, the distance between two rebars was designed to
be 10, 20 and 30 mm with the same thickness of 20 mm. To simulate the corrosion of rebars in concrete structures in a marine environment, three
cement mortar specimens were exposed to 15 wet-drying cycles (24-hour-immersion in seawater and 48-hour-drying in a room temperature) in the
laboratory. It was observed that the potential level shifted to a noble value during corrosion potential monitoring, which is attributed to acceleration
of dissolved oxygen diffusion at the drying process. AC impedance was measured in a frequency range from 100 kHz to 1 mHz on a wet-drying process.
A theoretical model was proposed to explain the interface condition between the rebars and cement mortar by using the equivalent circuit consisting
of a solution resistance, a charge transfer resistance and a CPE (constant phase element). It was observed that the diffusion impedance appeared in a
low frequency range as corrosion of rebars progresses. At the drying stage of the wet-drying cycles, the currents line for monitoring tended to be
non-uniform at the interface of rebar/mortar, being phase shift, &, close to -450.
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Table 1 Summary of electrochemical methods for metal corrosion
measurements (Kho, 1999)

L Application
Methods Corrosion index -

Lab. Field

Half-cell Potential Qualitative High High

Electrical Resisitivity =~ Semiquantitative Mid. Low

Linear Polarization o .

Resistance Quantitative Mid.  Very low
Electrochemical Quantitative Low  Verylow

Impedance Spectroscopy

ASTM (876014 & F-21A 9o 2 32 E Wi d
o] B2 & FEH S AL Ut ol & & Fits
7NFEATE 7)ZOE 200 mV B} & 749 %‘~*‘°l gt
A &8 8HE0] 90% ©]4, -350 mVolatY 734 F-2jo] ¥k
g gHE0] 90% © o= HAEkaL ‘E‘r SEA|RE FA A 9=
zuq TEAHA 2RA(EH, ARV, F, B % ZAYES]

720 8RBT SH, 25, #—E‘r%%h HEEFE )l ¥

il

B2 e A, T A A9l ol 5

r4~(Jeong, 2015). E‘}%ﬂ, 14 7 ]H]X‘lﬁo (electrlcal resistivity)-2

E]E AL B 7‘47]“]X16]'*Z§3}Eﬂo‘§°]‘:]' dukH o2
6]— (] ?j_— e 0]
01 7517]“]}1‘%"0] X—}t S YERATE AASHTO 7|&oll A=
A7RA S g5t FAZEY BRSS9 e
WS AQkstaL ok =3 7| AT AL AV
Fgate] AT E WY H o RS FH o} 2 A
5 Zterhal Barskal Qiok shA| Rk o] WS FE FAZE
o] NS A A} 3, W Balo] dAsl= A
I ZIBE9] AlHel A Fake A ] Adsty] oz A
Aoltt.

olof Rkste] E=AHS m| A 5554 Ee =&
NS Ho BAEer) 97 42 A ES} 22 84
M= de] AREE AL At 2174 7|8E 5 A 3 (Linear
Polarization Resistance)< Bl w3 IHASH A% & &-g-slo] &

Y E] wjYH A FAl&ro) s
UER & 4= 3lo] de] 28511 = Aol
AN&tE SR} Aatin 5o o HE %ﬁﬂE TEE 141
o] Ao HAELE S35 S5t A7 7Rk &
FAYHE &8st

X0 m
rr

P
o o
H
E‘

i

R
%0 o

%
3

Ga

Q

=R

2
00

2

N

filo
ox o fr 4o Hr off

2009; Kim et al., 2008). ¥4+
& ulgtis) 2ol s
E£57F Atk d#A Q)
A HRl T e
SFAgo] FA ZA s olof Frk.
Me Ao W2 B 9l
< Rejs7] of el ol ek,
A ZAYE A=A ] "t sk
W= ZATE & Ao FAEE
AZ A o] 2P Zlo]o
£ Yo7)= Hlo] At mEbA
RS A2 Y] AT Eof| 280
< B3 Ho

=] S0l fﬁ}ﬁ} ?ﬂ f%}(EE{—
AEALS ATske e A ]5}:‘&34, g

Electrochemical Impedance Spectroscopy)©]2} F-&
He ool A AFgt AFAIS o3 EAo] ek
ol = 28 73 R 0 2 A A& St ohy gt
ThefRt M718kets @42 olsfist=tl &35k AHE
= 9R(Kho et al., 1994) 0.2 LA Ut} & w7 olA
PR, £ o) AT dmd i 8
At mRHo| HFHol Ws) F& WL F
%ﬁﬂ%ﬂiﬂﬂﬂQR:QTAthtkﬂﬁ“%ﬁf
T ol e} #2l& U= ZO|THA. Nishikata et al.,

PN &
T ol
r S

& lo
Lz
:
o?.izla]

dorfr
e

B
bt
1o
o
&
R\
o
o)

r—r‘ > o H’ﬂ
e
'z

&
o
A

_z
E

}
2

O[l
(=)
)
I )

N

M

U

A
S
2
2L
o, X

N FlF
i

,J

jalal)
~
o
Y
BN
2=
I
k5
=2

o o

B =2
. af

mlm H
N Jm
o o
ol N
U r_|_,
=
©

£
e (I
E
o
o
o
=)

e d & x
fru

N

Ju

o

A
E= 3
HF
—L

=

2 Jo u

AT

2 =

A

=

o

k
}_
B

3|
A=

rU?L
}.
o |
fr
5
i
O
HU
o El

St
oL
o
30
v
o

JEls

[

ot
%
m
b
Lo
|
2

Me o

Al

Eal

off
m e

e

J[m

p

o o

o
oE

4NE

2014). A= E9, D FR(f>00) G Aol A 8-H A FHA Bk
S 2e]7Vs3h7] Wil IR 27 0] 7Fs3ith. Ml 3o

A 9 A& Fakd| o) welstal e £ =
& A= Aol 7hssh F27|F sl Aof fag o]
=t sl ofsl, HA L dafjde] Ago] Frlste A=
gl =E 0], IR drop®] HAY3H7| 4% LI ES} 22
oA By A& A& RS S A2 vl F8
=g

2 AT 542 3R ¥ Az o] HhEE
ZIZE F9lo] B AR S A% 17
A2 EFHEIS)Y E848E Hrish=d] Tt olHgh
528 Fs7] 915k (1) 7 719 o] vy REEr=
AL A Aste, s3] A] B A 20 g o A EISE 26
gk Ho] BAH9 9 R 2Et2 0] 7)Ao ws} HEst
Ao, (2) Ax T AFEE EFY X A3 A9
B A W EIS FAAA TS 9 =53 Al el HA
A|FsF9 L, (3) EIS -85+ A Ao 7ikek A
21 £5 971 71 ARFs AT

J

L

rr
N

£ g
o ol

B

d

e §?‘~

J. Korea Inst. Struct. Maint. Insp. 11



¢
il
i)

ol A ALEE REELE AHH| S B

oF It R2EFZ AJEH W&ol 217 10 mm, 2] 100

A& HHKSD3504) F 7S v L3k

Reference electrode
Lugin capillary \T

= 1030

w0 10

(b)

Unit : mm

10~30

&4

(€]

(d)

Fig. 1 A mortar specimen including two electrodes and
wet-dry environment: (a) overall view, (b) and (c) sectional
views of the sections A-A’ and B-B’ in Fig. 1 (a),
respectively, and (d) wet-dry environmental device
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Fig. 2 Equivalent circuit model for EIS analysis (D.V.
Riberio et al., 2016)
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Fig. 3 Impedance plot in the complex plane

Table 2 Corrosion constants determined by fitting with equivalent
circuit for the 2", 6, 12" and 15" wet and dry process

Element W.ijt Wﬁt WeﬂE W?E
(2%) (6") (127 (15

Rs, kQcm® 11.5 0.9 0.4 0.7
T, wFem™ 10 33 79 86
R., kQem® 455 290 36 21
a 0.83 0.76 0.66 0.61
We, Qcm’ - - 200 220
Wr, Qcm’ - - 0.44 0.53
s - - 0.39 0.31
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Fig. 4 Corrosion rates (a) and mortar conductivity (b) in the
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Fig. 7914 $]24=h= F3=7} 10 kHz Z o] 5ol whe} ¢
Gk 00l e 8kaL Q. o] B @ A= kg ol A ¢
2o drfgho] A& &kl FoiFig. 3 F=).
Wl 2 b5 oAl wet o dAte S7eke AdE
Kol oF Hz F-Zoll A Hh A3 HolaL et 9173t
o WYL F2 70T S} WAV de Ao s &Y
2 AT} EIS 2@ 883 curve fitting 27421 Table 301 A],
CPE?| 5432 YEhli= AR @) @2 2F0.752 19 7P/
e Bolx ok mEbA T 32 H70)155 88 Ca = 314
2 Ak AL ) FokaE 70155
THE EAFurE 28T 5 vk Ar]olFS Tkl
A 1A sl A GOl A A= 3 AR 7F10 mm 2 30
mmol| 4 60°01°32] k& Bola i}, o] e M F{A L

J. Korea Inst. Struct. Maint. Insp. 15



Table 3 Corrosion constants determined by fitting with equivalent circuit at the 7" wet and dry process

Distance between electrodes [mm]

Element wetting 1"daydrying 2"daydrying
10 20 30 10 20 30 10 20 30
R, kQen’ 0.30 0.50 0.55 0.47 0.88 1.20 0.77 1.30 2.00
T, L,Ll:‘cm_2 53 47 36 52 45 26 48 41 24
R, kQem® 275 278 264 346 327 356 383 370 455
a 0.75 0.72 0.73 0.76 0.71 0.77 0.79 0.74 0.74
kA slel HAH UA K45 E ZHDTHA. Nishikata A&} 2=

etal., 1995). WetA], R2ELE7} &l roll A T 739~ Bode
A=l Uehe 9123AF #istol| A, 30 mme] -5l = 2
=1 A7 7R 10 mme] 7390 AL 22 AekE
ylon, Mfd Exe #dst FA&EEE 54

+ AV = A2 SAHEAT o)of e 7 EFe
of| A AR FA g ol QlofA] HA] &, A=A R 154]
=73 % Fig. 6 (b) 2] Al A = frAFsHA A== ok 914
A2 455 28t AHE YRR o H, o) = AF3k
oA A B2 #9s AL ojv) gt shAgE dx2a
A 2R, A2 A} 2F40A12E & S 3 A 75 YER = Fig.
6(c)E RH, A7 A7 30mme] 735 93 H o gko] 2
Z0 2 7hA43T) o2 g sk A FA B2 YA
Aol ol HA S A=z 1GA ) vls)] g o=z
AFAbol o] AFd Bx7t Ml A Fae ofsl thi B+t

p—

ro ok
s

S
N o g & W

o

= ZE}E 9} o] pore7} EA = g ol Q1o
HAEEE S| At AREEs dx9go] 318
<=, non-uniform 3}, IR drop 5 &F& Y o7]= o]
t}. Nishikata(A. Nishikata et al., 1995)%-& t7|2-2& %
S0l w7 YA ~E A gstal, SHE Jad e F

d-S 129 2] TML(Transmission Line) 3] 2 2@l of] 2]
&l sl A5k Ao o3l AFAdEE ] #YA 9 IR drope] &
£ 34 7hsstthe AS Wel wiith 2a8E 9 R 2k
2ol 2 thy-d BEdUstporedl H3l A= e A&
£ Azl A BrVsh] flsli A= A=Akl AglE &4
A, IR drop®] 1S Hthk A Al oF ke AS KT
Atk Fig. 7(c) 2} 2ol AZNA 28R 9] FEIA T, REE=E
WH7F b zd 2ol 717 A, B/ g /A 2z of] o3l
IR Dropo| A ste] uff-9- & A gk) o3k =543 54
LR Rt =

M r

N

LFYVES WS HER RS S0 BH e ZHE
Yo o2 RE FHATUL Fitol T EY A

._.
a
ra
H
4
B
MO
[al
rn
Jo
A
e
n
ot
Ja
I
T
Ho
12a)
>
~
N
e
>
7]
~
=]
o
~

o) Astol FAH L vlaA A 7L
—_L
-

<&
o Th3- 3 22 Stern-Geary 2oll4 7€ = ATHM. Stern et

imrr = (3)

714 k= vl el L, &S, &5 £55409 Tafel 7+

Hl] by, beoll 23l 2l(4)ell &Jaf Foi 7Tt

. byb.
" 2.303(b, +b,

Tafel THIZ ] ko] FoIA @, A RAFLEE 2(3)°
o) AR, o] ke FATA w=FH A
DAY R RAEE FHY S Uk o8 s,

kZE 2 2 A 25 mv/dec. & AHE-SFATHKim et al., 2007).

100 102
© —l- chloride amounts ]
5 R 3
£ \ 9‘
2 10
S g
o
S 3
5 ]
S 102 100 g
2 c
& s
- =
o [
0 103 g
= ©
=1 [=]
g o
o
< 10+ 10°

0 2 4 6 8 10 12 14 18
Wet-Drying Cycles in Sea Water

Fig. 8 The variation of Rc and amount of chloride in
concrete pore with wet-dry cycles in sea water
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