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A Study on the Stability of Embeddable Reference Electrodes

for Corrosion Monitoring in Concrete Structures

TAE-HYUN HA

Department of Marine System Engineering

Graduate School of Korea Maritime University

Abstract

Chloride 1induced rebar corrosion damage 1n reinforced concrete
structures results mainly from the use of de-icing salts in cold climates
and/or from the exposure to marine environments. It is clear that
concrete use must be driven by considerations of durability as well as
strength to build environmentally sustainable concrete structures.
Embeddable reference electrodes are important in corrosion monitoring
application of concrete structures. The data obtained from reference
electrodes should be reliable and helpful to take an appropriate repair
and rehabilitation measures 1in a proper time. Due to wunavoidable
potential fluctuations, the comparison between different types of
reference electrodes and their long term stability in concrete are still
under questionable.

The objective of the present investigation is the standardization of
different materials for possible use as embeddable electrodes in

concrete structures. Zinc, graphite, mixed-metal oxides(MMO) and MnO:



reference electrodes were fabricated in a laboratory as suitable as an
embeddable use into a concrete structure. The corrosion characteristics,
electrochemical stability and long term reliability of each reference
electrode in various environments with different media and chloride
concentration, have been investigated. The experiments were divided into
three parts, in solutions(pH 4, 7, 10, 12.5, 13 & 13.5) containing
different concentration of chloride, in mortars with & without chloride

and in concretes with & without chloride.

Corrosion characteristics and electrochemical stability of Zinc,
Graphite, MMO and MnO: reference electrodes in concrete environment
solutions

Zinc electrode showed their stability in concrete environments,
however, the integrity of zinc surface 1s changed with time. Zinc
electrode was found to be suitable as an embeddable electrode in concrete
environments without chloride. The performance of graphite in concrete
environment was good, however, thermodynamically, graphite was not a
true reference electrode in concrete. Graphite electrode was found
suitable for a short term monitoring application as a pseudo-reference.
Self corrosion of MMO electrode was almost negligible in the solutions
representing concrete environments. The MMO electrode showed better
performance characteristics in concrete media and exhibited an excellent
stability. The electrochemical stability 1in concrete environments
exploited the MMO electrode as a suitable, embeddable reference
electrode for corrosion monitoring in concrete structures. The MMO
electrode was suitable both in the absence and presence of chloride ions.

MnO, electrode especially in concrete environments even in the presence

_Vi_



of higher amount of chlorides was found to be good. Their electrochemical
stability in concrete environments revealed that a good electrode for

concrete structures.

Electrochemical stability of Graphite, MMO and MnQO: reference electrode
embedded in mortar

Graphite electrode was less stable and more sensitive to the
environmental changes in concrete. MMO electrode appeared a better
performance in mortar medium. The electrochemical characteristics of MnO:
electrode embedded in mortar in three aqueous solutions showed a
negligible polarization current and stable passive region. MnO: electrode
seems to be more stable and reliable electrode in mortar medium.

Very low polarization current has been observed in all three
electrodes embedded in mortar. The addition of chloride did not show any

influence on the performance of electrodes for one year exposed period.

Long term reliability of MnO: reference electrode embedded in concrete
MnO, electrode indicated to have a stable and reliable potential in
concrete medium as well as in concrete structures. The uniformity of
potential of MnO: electrode was reproducible. The long term stability in
concrete under outside exposure studies also showed an excellent
performance of MnO, electrode and a strong possibility as an embeddable
use in concrete structures for corrosion monitoring applications. Unlike
conventional reference electrodes, Mn0O; electrode was free from harmful
elements like mercury, sulphate and chloride. Advantageously Mn0O,
electrode can be used as an embeddable type into both new and old

structures.
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(D ULFACIS(ultra low frequency AC impedance spectroscopy,
Standard Research Institute, Menic Park, CA)[8]

@ GECOR(GEOCISA, Madrid, Spain)[9]

@ FHWAS] 7§27 (Federal Highway Work Administration,
Washington, DC)[10]

@ CAPCIS(Corrosion and Protection Centre Industrial Services,
Manchester, UK)[11]

® 3LP(K. C. Clear, Inc.)[11]

® Portable Corrosion Monitor (Nippon Steel Corporation)[12]
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(1) 3sirte]a= AA

wlo] 3 2 AA (chemical microsensors)
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(a) Concrete surface in (b) Drilling of a hole (c) Inserting of the
aggressive environment @ 30 or @ 56 mm expansion-ring anode

(d) Expanding of the rings (e) Inserting the removable (f) Inserting plug during
protection cap measurements
EREESEEE E Y3 FFF— : L=== :
: : ] ‘ | “ :
== = — — : : :
— depth |—:- depth |—:- depth

Fig. 2.2 Installation procedure for the expansion-ring anode
into the concrete[31]
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L |
S ot probe

Concrete surface

wl

Spot probe

Rebar Concrete

Fig. 2.3 Position of a covermeter probe on a concrete surface[41]
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Fig. 3.1 A structure of MnO: reference electrode
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Table 3.1 Constituents of solutions used

Solution Constituents pH

A 0.05M potassium biphthalate(KOOC-CsHsCOOH) 4

B 0.05M of potassium phosphate(KsPOs) 7
and sodium hydroxide(NaOH)

0.05M of potassium carbonate(K.CO3)

C and potassium borate(KBO:) 10
and potassium hydroxide(KOH)

D Saturated calcium hydroxide(Sat. Ca0) 12.5

E Cement solution(CS) 13

F Synthetic concrete pore solution(CPS) 13.5

Table 3.2 Composition of ordinary portland cement (OPC)
Constituents Ca0 S10s | AlsOs | Fes0s | MgO SOs LOI | other
Wt % 63.8 | 21.8 5.1 3.0 1.7 2.0 0.8 0.1

_44_




NS INED

13} 30,000 ppm

3L
=

g osom7t 97

-

, MNO 71

NE Table 3.1¢9 6FFo|H,

ol A obed,

" S ok B %" g D 9
T R o M T W e 2 B i
. — L N—
w32 T BRSO3
{ o =T T DS
J
Eos W N o o B W g Hr
Eo 5 EE iy B UT.C T N 8 %O
=S - ol (=) = 7 T 3
5o R 03
Moo= o m w ¢ onr ™
— A X T~ ook
<o X ° — 7N =
= X o 9 o N o .
ol ~ o ML_.O % Joo N # 3T
- o 0 .=
L ow oz W EE T o o
X o Q 5 H o o
) _fo ) = = —
= @ B _po
O lnre
M_ m.w_ o3 o = iy
i B R B
4 o= o x wog T o
17_.U < ‘UI = . < _E_v &o - O#
T o —_— -~ \_I_IU. ..
A Ty ﬂ S ol
Nfo o B 1 5 M < e
ES X2 -
ﬂﬂr o q_m/u w% BoF T B R
A - 70 N T B =
‘_I_l o — ~ jll — ~
% =S ! R w® T T TS
S IR . - -
ol o o ol X s
ﬂ \n\/u EE ~ oF \IW,I 9 N ny m
R g % O o s
T S T X T oM w8

_45_

sFod 1802

S

g

==
=

Eol AL (2541 C)olA

}

=

7z
o A9

w7



(3) =AY EZ(potentiodynamic polarization) &4

!

TH

CrdE i

BN

]

o) (o

b

oo

)

oo

il

il

—_
110

A

AslEo] X
(pH 12.5, pH 13, pH13.5)A <

(30,000 ppm) <]

}x] (1480 Multistat,

T

fi%e)
fvzel

_ZTI

Solartron)®} AFH=Z +

=

1mV/s©]

-
-

oluf HFAIE = (potential sweep rate)

At

25+1 Col

14
ol

A%

o
Uy

ol
=

(4)

AxF=2] (1480 Multistat, Solartron)®t =+

Nr

)

71(1255-B frequency response analyzer, Solartron)®} 7

.]

A

r

FHE TAE AaRg o

3T
T

oﬂp}'

—_
fite)

i=]
2

Nyquist 22 E ©]-8-3}¢

Azke

49

Hz ~ 1 MHzo| S o |

_46_



e

Frequency response analyzer
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-
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Specimens:

‘ Zinc (10.55 cm2),
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MMO (8.49 cm?),
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Magnetic bar
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Fig. 3.3 Schematic diagram of experimental apparatus

for potentiodynamic polarization tests
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A, T(h= AlRFeltk. A (3. DA ofd, 51, Mo(olelw)e] ¥+
247k 713 g/en’, 2.25g/en’, 22.5g/em’ S A& oM [93], WAL 7
7} 13.56 em?, 9.99 cm®, 10.21 cm*E 28319},

A5 dstEo] gl B4 dA AFE& A(pH4), B(pHT),
F(pH13.5)0l A= el 84 B8 =] #Eglon, T3 i

~

Ak, A& RAES Z47F 391.57 um/yr, 12.07 im/yr, 162.84 mm/yr
ojAtt. A AFL&H C(pH10), D(pH12.5), E(pH13)ol A= el <t
4El Aol HAE WA FFo] SUHEIAT. 53] AlF-E& A(pH 4) %

o] & AF%ES YEhd ool tis] wzafE, pH
FEFol] W ool LAE EAL Fig. 3.49 #o] pH6~129] $=-& 90
A ofd mWol| FAAGE] FAE o] FAE] wtom | pH6 o]st &
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© pH 12 oAM= FAEo] F7tste $EHA =5 (amphoteric metal)



Table 3.3 Weight loss and corrosion rate data for zinc, graphite
and MMO electrodes in various pH solutions with and
without chloride (180 days of exposure)

Without chloride With chloride (30,000 ppm)
System o Weight | Weight |Corrosion| Weight | Weight | Corrosion
loss gain rate loss gain rate
(g) (2) (m/yr) (2) (2) (em/yr)
Zinc
A 4 | 1.8684 - 391.57 | 2.2272 - 466.76
B 7 | 0.0576 - 12.07 0.3906 - 81.86
C 10 - 0.0024 - 0.5076 - 106.38
D 12.5 - 0.0540 - 0.4260 - 89.28
E 13 - 0.1014 - 1.9398 - 406.53
F 13.5 | 0.7770 - 162.84 | 2.5308 - 530.39
Graphite
A 4 | 0.1080 - 97.48 0.0390 - 35.20
B 7 | 0.0564 - 50.90 0.0162 - 14.62
C 10 | 0.0636 - 57.40 0.0498 - 44,95
D 12.5 - 0.1494 - - 0.0996 -
E 13 - 0.2958 - 0.1830 -
F 13.5 - 0.2178 - - 0.0438 -
MMO
A 4 1 0.0016 - 0.14 0.0044 - 0.39
B 7 | 0.0015 - 0.13 0.0027 - 0.24
C 10 | 0.0013 - 0.11 0.0026 - 0.23
D 12.5 - 0.0325 - - 0.0085 -
E 13 - 0.0303 - - 0.0091 -
F 13.5 - 0.0249 - - 0.0053 -
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Fig. 3.4 Effect of pH on the corrosion of zinc[93]
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Fig. 3.5 Relation between potential and chloride concentration for

zinc electrode with various pH solutions
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Fig. 3.7 Relation between potential and chloride concentration for
graphite electrode with various pH solutions
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Fig. 3.8 Potential-pH equilibrium diagram for the system
graphite-water, at 25 C
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Fig. 3.9 Relation between potential and chloride concentration for

MMO electrode with various pH solutions
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Table 3.4 Corrosion current density and corrosion potential data
for electrodes in various pH solutions with and without

chloride
Without chloride With chloride (30,000 ppm)
S . Corrosion Corrosion Corrosion Corrosion
ystem P current potential current potential
density (mV/SCE) density (mV/SCE)
(A/cnt) (A/cmt)
Zinc
D 12.5 | 4.28%x10™ -1,390 2.86x10™" -1,410
E 13 2.34%107 -1,230 1.41x107 -977.0
F 13.5 | 2.35x10™" -1,500 2.15x10™" -1,500
Graphite
D 12.5 | 6.52x107" -172.0 3.02x10° -216.0
E 13 2.57x10°° ~954.0 6.71x107 -203.0
F 13.5 | 8.15x10° -277.0 1.17x10° -285.0
MMO
D 12.5 | 1.61x107 -179.0 6.37x107° -327.0
E 13 1.30<10° -192.0 5.21x10°° -372.0
F 13.5 | 4.14x107 -314.0 1.08x107° -361.0
Ml’lOg
D 12.5 | 4.95%x10° -44..10 1.31x107 14.00
E 13 6.70<10°° 24.70 4.82x10°° -57.70
F 13.5 | 1.16x107 17.50 1.36x107° -44.20
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(2) AFE

Table 4.1¥ Zo] 6&7F< pH AlE&AS =435 o,

3.2 -0 7)1&%d uke} 2,

Table 4.1 Constituents of solutions used

Solution Constituents pH
A 0.05M potassium biphthalate(KOOC-CsHsCOOH) 4
B 0.05M of potassium phosphate(KsPO,) 7
and sodium hydroxide(NaOH)
0.05M of potassium carbonate(K2CO3)
C and potassium borate(KBO,) 10
and potassium hydroxide(KOH)
D Saturated calcium hydroxide(Sat. Ca0) 12.5
E Cement solution(CS) 13
F Synthetic concrete pore solution(CPS) 13.5
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Fig. 5.3 Mortar specimens for potentiodynamic polarization tests
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Table 5.1 Corrosion current density and corrosion potential data

for electrodes embedded in OPC mortar in distilled

water, natural seawater and 3 % NaCl

Graphite electrode MMO electrode MnO» electrode
Medium | Corrosion | Corrosion | Corrosion | Corrosion | Corrosion | Corrosion
current | potential | current | potential | current | potential
density | (mV/SCE) | density | (mV/SCE) | density | (mV/SCE)
(nA/crt) (pA/ ) (uA/ci)
Distilled |5 ~157 42.6 ~164 5.6 165
Water
Natural 352 202 g7l 046 39.3 127
Sea water
3% NaCl 166 -185 49.1 -200 53.8 137
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Fig. 6.3 Uniformity of measured potential of MnO; electrodes
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