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Abstract. Corrosion of steel in concrete has been considered as a major cause reducing the
lifespan of reinforced concrete (RC) structitealuation of corrosion rate is crucial to
determine service life and maintenance plaining for RC struEfestsochemical
properties of corrosion of embedded steel in concrete, including the Tafel slope, corrosion
potential and corrosion current digy, are significant parameters predicting corrosion rate
The objective of this paper wasgjt@ntitativelyvaliate electrochemical properties of steel

in different compositions of concrete. Varied parameters include the water to binder ratio
of concrete, type of binder and chloride content. The electrochemical properties were
evaluated at three periods of expodtxperimental results reveal that the electrochemical
properties of reinforcing steel depend on water to binder ratio, type of binder and chloride
content. An increase in chloride content significantly decreases the corrosion potential and
increases theowosion rate of steel. The anodic equilibrium potential is lower with an
increase in chloride content. The varied concrete mix proportion significantly influence the
cathodic polarization. This is due to the effects of concrete porosity on oxygen
concentation, which is influenced by the concrete mix proporfibasesults can be used

to predict corrosion rate of steel in various concrete mix proportion for determining service
life and repairing of RC structures.
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1. Introduction concrete.The concerning properties of steel included
Tafel slope, equilibrium potential, corrosion potemtdl

For many yearseinforcement corrosionasbeen corrosion rate. Potentiodynamic measurement was
considered as the major problem reducing the lifespapasiducted to determine the electrochemical properties of
reinforced concrete (RC) structuRemticularly, those RCreinforcing steel.
structures locating in marine environment, have been
significantly deteriorated by chloride attAtdng with 2. Experimental Program
the unexpected increaseloride content, the variation
of concrete compd#ins, such as water to binder rati®.1. Materials
fly ash content, etc., could affect the state of
reinforcement corrosiorhe sevéty of corrosion is In this study, the materials used to mix concrete were:
normallyevaluated based on electrochemical prapertidinary Portland cement (OPC)cemat type |
such as electrical resistivity of concretyosion according to ASTM C15a5] crushed limstone and
potential and corrosion rate of reinforcing dtB8l. river sand with their specifications following the
Moreover the dher electrochemical propertmsch as requirements of ASTM C8%] coal fly ash (FA) type 2b
Tafel slope and equilibm potential,can be used to according to TIS213%7]and tap water. The parameters
simulate both anodic and cathodiolarizationin were varied as shown below:
corrosion processindestanding the anodand cathodic - Water to binder ratio: 0.45 and 0.6;

polarization, repairir@f the corroding RC structures can  percentage of fly ash: 0 and 30% by weight of binder;

be well designe_d an_d conducted. _ - Chloride content: 0, 1%, and 2% by weight of
Tafel slope is widely usedcticulate corrosion rate.,,crete.

of steel based on Steaeary equatioji0-12] Previously,
the variation of Tafel slope and equilibrium potential were Tablel shows the concrete mix proportions thatwe

observed during the process of corrositussain et al. 5o to cast the specimens. To simulate an aggressive

[13]showed that an increase in chloride content mayironment, a specific amount of sodium chloride (NaCl)

reduce the anodic Tafel slope and anodic equilibriyfl hrenixed in the mixing water of concrete to obtain

foride content as previously mentioned. One steel bar,

in concrete, the potential on the surface of reinforcigg
steel was stable in a widage of potential’he increase illustrates the preparation of steel bar with an epoxy

in chloridecontent shortendithe stable potential range O'?:oating at both ends of the steel bar and the remaining

surface of ste_el_. Henadeinforcing _sf[eel changasily posed surface area of the steel bar was kept constant at
from the passivity stage to the pitting stage, where éé%rﬁ.

change of potential contributes to a remarkatieaise
in corrosion current densigesides, the availability ofz 2. Specimen Preparation
oxygen in concrete affected the cathodic polarization

curve.The magnitude of cathodic Tafel slope increasgfintorced concrete (RC) specimens used in this study
when the concentration of oxygen decreased. A, cubic, 100x100x100 mm with 20domg DB20
accordance with this, corrosiontgtial became MOre gtaa| bar extruding from one side. Fid@ shows a

negative but lower corrosion rate of steel was toWr iy re of the RC specimen. The covering depth was fixed
Iower[14_] . . ., at20 mm.
In this study, concretmix proportion and chloride

content were varied aiming to investigate the variation of
electrochemical properties of reinforcing steghrious

200 mm, was embedded in each specimen. Eigure

Exposed surface area

50cm?
10 | ‘_ 80 ‘ 110 |
S
C _u C c. U | C |
C: Coated steel; U: Wdoated steel. Unit: [mm]

Fig.1. Preparation of steel basibedded in the concrete specimen.
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Tablel. Concrete mix proportions.
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No. | W/B ratio | Fly ash (%) L.Jmt content (kg/m
Cement | Fly ash | Fine aggregate| Coarse aggregate Water
1 0.45 0 421 0 743 1045 190
2 0.45 30 280 120 743 1045 180
3 0.6 0 352 0 743 1045 211
4 0.6 30 236 101 743 1045 202

Fig.2. (a) Reinforced concrete specimen; (b) Set up for potentiodynamic measurement.

2.3. Potentiodynamic Measurement

To determine

components of the measurement system include fousr r 0 si on

the electrochemical

reinforcing steel, as describedrig. 3(b). Based on a

suggestion of previous studie® 19]a developefitting

main parts: the potentiostat (Autolab PGSTAT302Nescribed in E1) [20]
reference electrode (Cu/CugQ counter

(stainless steeyrade 304 and working electrode

electrode

(reinforcing steel). To ensure good connectivity among
the components, conductive copper tape was used as a

connector and conductive gel was used betweenvmgr
stainless steel and the concrete surface. The measureme

parameters are provided as follows:
- Time for determining opegircuit potential
(OCP): 306;
- Potential sweep range: £18¥ around OCP;
- Potential sweep rate: thy/s.

influence the polarization behavior.

and F

_EWST 9

CR 3100(

Cq&a®,500 s

current by

properties afjorithm was used to extract the electrochemical
reinforcing steel, a potentiodynamic measurement pragperties of reinforcing steel from the collected data of
conducted with the sap as shown iifrig. Zb). The measurement. The corrosion rate was calculated from the

apply

@

: CR (mg/chyear) is the theoretical mass loss of

reinforcing steel, EWZ8g/mol) is the equivalent weight
of the carbon steel, T (s) is the exposure period, | (A) is
the corrosion current; A (énis the exposed surface area,
Faradayos
The slopes of fitted linear lines represent the anodic
and cathodic Tafel slopes. Finally, the equilibrium
During themeasurement, the ambient environmegbtential could be linearly extrapolated based on the
surrounding the specimens was controlled by placinggh¢éhange current density. The exchange current density
SpeCimenS in a closed plastic box. This minimized thedfé?fends orthe intrinsic nature of each metal, and also
of moisture in concrete cover, which may significari®pends on the surface characteristics of the specific metal
[21] In this study, since only one type of steel was used,
Figure 3(a) shows the raw data obtained from thge exchange current densities were fixed for anodic and

measurement. The collected data from the measurersgitiodic polarization.F 105A/m2and b.= 1010 A/m 2
can be analyzed to extract the polarization behaviofigj.
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Fig.3. Example of collected and analyzed data of potentiodynamic measurement: (a) Raw data with selected ranc
fitting; (b) Fitted lines after analyzing raw data.

3. Results and Discussion 0.45 W/B is180mV (Fig.4(a)), while that with 0.6 W/B
is-220mV (Fig4(b)). The reason for this phenomenon is

3.1. CorrosionPotential and Corrosion Rate that the porosity of 0.45 W/B concrete is lower than that
of 0.6 W/B concrete. Low portdgiconcrete constrained

3.1.1.Corrosion potential the penetration of corrosive factors such as water, oxygen,

etc. Even in chlorideontaminated concrete, the

As can be seenfiig.4, the corrosion potential (V. vsaforementioned phenomenon can be observed. There was
CSE) is lower when the chloride content in the concretBigher amount of cement used in low W/B concrete,
increases. Moreover, the corrosion potential is foundMaich slightly imeased the pH level. As a result, passive
be lower with an increase in the exposure perifiths on the surface of reinforcing steel were stronger.
According to ASTM C8782] the more negative the steel Regarding the effects of fly ash on corrosion potential,
potential, the higher the possibility of the corrosion tbere are three aspects that should be considered: First, a
reinforcing steel, as describedahle2. decrease in the porosity of concretegral a reduction

At 2 months, the corrosion potential of reinforcingf free chloride in chloriontaminated concrete; and
steel in free chloride specimens is at@80tmV, which third, decrease in pH. For the first aspect, the pozzolanic
results in the 10% possibility of corrosion based on ASTnction in fly ash concrete decreases the porosity of
C876 [22] Compared to the chloridentaminated concrete, which contributes to a more positive corrosion
concrete, the corrosion potential is approximaiély potentialFrom the experimental results, this could not be
mV, which means that reinforcing steel has a h@fserved in chloriefeee concrete at this time because the
possibility to corrode. The aggance of chloride inpozzolanic reaction takes more time to develop. Second,
concrete destroys the passive film on the surfacethef introduction of fly ash reduces the content of free
reinforcing steel or even prevents the formation ofclloride, which is the main facteducing the corrosion
passive film. Without protection from the passive film, thkreinforcing steel. Fly ash can minimize free chloride
potential on the surface of reinforcing steel was not stabls due to better chloride binding cap2ity 28] This
At alonger period, a similar pattern can be observed. Ahg@nomenon could be observed in the experimental
months, the corrosion potential of chlosiidee ordinary results. Third, according to previous findings, the pH of
Portland cement (OPC) concrete with 0.6 W/BPC concete is higher (more alkaline) than that of FA
is -620mV, which is higher than that of OPC concregoncretg29, 30]Due to this drop in pH in FA concrete,
with 1% [C] (-680mV) (Fig.4(b)). At a ler age, the passive films on the surface of steel could be weakened.
corrosion potential of chlorideee concrete exhibited aln theory, the interaction of reinforcing steel with the
very low value, because of the exposure conditions ixgily alkaline environment (pHL2 to 13 [24) of
in this study (high humidity). The potential of reinforcitgncrete leads to the formation of a protective film on the
steel can exhibit very low when RC specimen is kepstéel surface. A pH lower than 10.5 causes passive film
these conditius for a long time. Similar results with a veifystability and thus a lower corrosion potential. However,
negative potential of steel were found by previdhbs effects of this aspect on the corrosion potential could
researchef2326] not befound in our experimental results, even in chioride

The effects of the concrete parameters on corrosftge and chlorideontaminated concrete. The reason is
potential were observed after a long term exposure petftat. although fly ash tends to decrease the pH of the
It is worth mentioning #t the variation of corrosionconcrete, the decrease is very small, as the surrounding
potential due to the influence of concrete parameters @agronment is still sufficientlyalike. The effects of pH
lower than that due to chloride content. After 2 monttegin be considerable on other electrochemical properties,
reinforcing steel in chlorifiee concrete with 0.45 W/B which is discussed below.
had a higher potential than that with 0.6 W/B. For The corrosion potential decreased significantly when
example, the corrosion potential of OPC concrete withe exposure time is increased in both chitmedeand
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chloridecontaminated concrete. This rtaused by corrosion potential becomes lower with time. In other
corrosive agents, such as water and oxygen, continuaslys, the possibility obrosion of steel increased with
accumulated on the steel surface, which results intithe.

progression of corrosion of reinforcing steel. The
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Fig.4. Corrosion potential in{@ OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 afjd~& concrete with W/B
ratio (¢) 0.45 and (d) 0.6.

Table2. Relationship between corrosion potential and possibility of corrosion.

Corrosion potential (mV. CSE)| Possibility of corrosion
> -200 Low (less than 10%)
-20008 -350 Intermediate corrosion ris
< -350 High (more than 90%)
<-500 Severgorrosion

3.1.2.Corrosion rate solution, leading to a decrease in concrete resjsdyity
Solid salts, specifically NaCl, can abs@itier to form

Figure 5 illustrates the corrosion rate (mg#gyear) aqueous electrolytes, which then offers good conductivity
of reinforcing steel in concrete with different parametdos, corrosion to occuf31] This increase in moisture
including chloride content, water to binder ratio, contemintent makes the charged ions flow easily. Hence, the
of fly ash, and exposure period. With 2 months eiectrical resistivity of concrete decreases in chloride
exposure, the chloride ions increased the corrosion ratmafaminated comste. The decrease in electrical
reinforcing steel iwoncrete. The chloride in concreteesistivity encourages the transport of electrons between
accelerated the dissolution reaction of steel. An increagesinanode and cathode, therefore the corrosion rate
chloride ions adds electrolytes in the concrete pirereases significantly.

ENGINEERING JOURNAL Volume24Issues, ISSN 01258281 kittps// engj.org/) 27



DOI:10.4186/ep020243.23

a 50 EZZQ2Months | 0.45- OPC 504 EZZ]2Months | 0.6-0PC
NN 6 Months) —— R 6 Months|
B2 9 Months B2 9 Months
< 404 = 40
N’? N’.“ 2505
g g N
S a0 2 30 s
E B £ o esives
25 [Pededed
o o 2 s
° £ B
c 204 c 204 SSegese
g 3 S
7] [ P
2 o B
g <3 e R0
o 104 o 104 Posates s
d Peete
7 0N
% S
0 : 1 . 0 , ] s
0 1 2 0 1
Chloride content (% by wt. of concrete) Chloride content (% by wt. of concrete)
Cc 504 242 Months 0.45-FA 504 222 2 Months| 0.6 - FA
R 6 Months ] 6 Months|
223 9 Months B2 9 Months
= 40 = 40
> =
N o
£ £
o 2
© 30 30
E E
i) 3 ToTezen
S g s
G @ NN
<l <] ’0.0.0.4
£ £ \
S 104 8 104 o e
e s
\w.-.: KRS
V R RS
. 0 mm bex5e kX%
T

0 1 2
Chloride content (% by wt. of concrete)

Chloride content (% by wt. of concrete)

Fig.5. Corrosion rate in {8) OPCconcrete with W/B ratio (a) 0.45 and (b) 0.6 adyl F& concrete with W/B ratio
(c) 0.45 and (d) 0.6.

The concrete parameters play a crucial role in ¢horide ions in concrete is captured by pozzolanic
change of corrosion potential and corrosion raproducts tdorm bound chlorides. Regarding to chleride
Parameters of concretere evaluated in two aspectéduced corrosion, bound chlorides have no effects on the
water to binder ratio and fly ash content. An increasgiiagress of reinforcement corrosi¢id4, 24] The
the water to binder ratio boosted the corrosion rateinfiuence of the two mentioned factors decreased the
reinforcing steel, which resulted from higher porosityafrrosion rate of reinforcing steel in FA concrgtecan
concrete. This higher porosity then eases the pgiemetrde seen ikig.5(d), the corrosion rate of FA concrete with
of water and oxygen through the concrete cover. Thé W/B and 1% [dlis 5.20mg/cm?2-yr compared to that
corrosion rate of OPC concrete with 0.45 W/B and 286 OPC concrete which is 8 #@/cmz-yr after 2 months
[CH is 5.0dmg/cm2-yr (Fig.5(a)) compared to that withof exposure Hig. 5(b)). For the influence of pH, the
0.6 W/B which is l1léng/cm2-yr after 2 months of corrosion rate of meforcing steel was higher in FA
exposure Kig. 5(b)). Moreover, the loweelectrical concrete than that in OPC concrete at the beginning of
resistivity in high W/B concrete contributed to aexposure. After 2 months of exposure, the corrosion rate
acceleration of corrosion on the surface of reinforcioiy chloridefree OPC concrete with 0.6 W/B is
steel. 0.57mg/cme2-yr, which is lower than that of FA concrete,

Additionally, fly ash (FA) can reduce the porosity @70mg/cm2-yr. This is from the effect of a drop in pH
concrete, decreasing the free chloride content, andounding the reinforcing steel, so that the dissolution
lowering pH of the conete. After a certain period, theof steel increased at an early stage. At a longer term, the
pozzolanic reaction of fly ash can reduce the porosityrAfconcrete became denser, constraining the movement
the concrete. Therefore, the amount of oxygen and wafarorrosion current. For this reasardow corrosion rate
are limited in the concrete and a higher electrical resisiivigA concrete could only be found at a longer exposure
can be obtained in FA concrete comparedatiniOPC period.
concretd7], especially at a later age. The penetration of Within the period of this study, the corrosion rate of
oxygen through low porosity concrete is limited, resultirinforcing steel increased gradually with time. The
in the effects of concentration polarization on tlwerrosion rate of reinforcing steel after 9 months of
corrosion process. Concentration polarization represexisosue was the highest. This phenomenon shows good
the effects of mass transport in antelebhemical process.agreement with the findings of previous reseaféh8is
In this case, it is the transportation of oxygen. As a reduit effects of the aforementioned factors, including water
the corrosion rate of reinforcing steel in FA concretetasbinder ratio, fly ash and chloride content, still could be
lower than that in OPC concrete. In other aspecigen with increasing exposueeod. The corrosion rate
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in chloridecontaminated concrete was higher than thationcentrationincreased from 0 to 1%, followed by a
chloridefree concrete. Lowering the water to binder ratiecrease when increasing the concentration of chloride
and replacing the cement with fly ash showed good resutts from 1% to 2%. In our experimental results, the
for minimizing the corrosion rate of reinforcing Isteeorrelation between the chloride content and the anodic
Eventually, this increase in corrosion rate of reinforcifafel slope cannot be observed at a very high chbdmsde
steel is related to the more negative corrosion potemtimicentration. The anodic Tafel slope represents the

with time. degree of polarization at the anode (activation
polarization). Activation polarization represents the

3.2. Tafel Sloped b charge transfer kinetics in the electrochemical process.
The existence of chloride ions acatdsrthe dissolution

3.2.1.Anodic Tafel slope of steel. As a consequence, the anodic Tafel slope is

expected to decrease when more chloride is added in

Figure6 illustrates the anodic Tafel slogge)(of all concrete, which was found by Hussain and Igtggat

specimens. The effects of chloride ions, water to bin?fé‘?md be noted that the content of chloride used in this
' ’ riment i6 times higher compared to that in previous

ratio, fly ash content, and time of exposure were evalu arch. Th tent of chlorid 0 to 10% b
Similar tendencies are observed at all periods of expog garch. The content of chioride was U 10 0 Dy mass
inder in the work of Hussain and IsHii2

The anodic Tafel slope increased when the chloride 9
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Fig.6. Anodic Tafel slope in4{8 OPC concrete witW/B ratio (a) 0.45 and (b) 0.6 andl)dA concrete with W/B
ratio (¢) 0.45 and (d) 0.6.

Among all series, the parameters of concrete affectaacrete and free chloride content, it also replaced a
significantly the magnitude of the anodic Tafel slope. Thaain amount of cement which can lead to a drop in pH.
water to binder ratio wasversely proportional to the The anodic Tafel slope in OPC concrete is higher than
anodic Tafel slope, which was the result of an increagkahin FA concrete, this phenomenon could be due the
the porosity of concrete and a drop in pH. For thirop ofpH in FA concrete. Variations of the anodic Tafel
conditions of this study, high porosity concrete promotdgpe due to pH was also claimed by Ge and [B2jor
high conductivity in the vicinity of reinforcing ste€lhe corrosion rate in FA concrete is still low despite this
Because of this phenomenon, reinforcing steel in concdeterease in anodic Tafel slope because of the effects of the
with 0.6 W/B has a lower anodic Tafel slope than thaiv porosity of concrete andyh electrical resistivity.
with 0.45 W/B. Subsequently, the inclusion of fly ash At all periods of exposure, the above mentioned
reduces the anodic Tafel slope, which was attributed ttitterns could be observed. However, the effects of long
decrease in pH. Although fiha@lecreased the porosity oferm exposure on the anodic Tafel slope cannot be
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obtained according to our experimental results. Concoetecentration polarization. Besides the chargsfaran
is a heterogenes material with the existence of porthe mass transfer limitation also affects the
structures and different moisture contents with time edéctrochemical process, and is represented by

exposure. concentration controlled polarization. The limitation of
oxygen concentration increases the cathodic Tafel slope.
3.2.2.Cathodic Tafel slope Without chloride in concrete, oxygen ddfusinto

concrete more easily than through chloride contaminated
Figure 7 illustrates the experimental results of tlw®ncrete. For chloridmntaminated concrete, a high
cathodic Tafel slopeb() with various chloride contentschloride ion concentration can encourage the concrete to
water to binder ratios, fly ash percentages, and timéEg¥in water, which can limit the amount of oxygen.
exposure. The cathodic Tafel slope represents the dégpdsequently, the cathodic dlaslope in chloridizee
of polarization at the cathode, including activation &Rficrete is lower than that in chlomdataminated

concrete.
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Fig.7. Cathodic Tafel slope inlfa OPC concrete with W/B ratio (a) 0.45 and (b) 0.6 ashdHA& concrete with
W/B ratio (c) 0.45 and (d) 0.6.

From experimental results, the magnitude of the
cathodic Tafel slope was lower when the water to bingl@. Equilibrium Potential 3 F°
ratio increased due to high porosity. In contrast, the
replacement of fly ash in concretereased the porosity3.3.1. Anodic equilibrium potential
of concrete. Hence, the cathodic Tafel slope of FA
concrete was higher than that of OPC concrete. However,Experimental results of anodic equilibrium potential
the effect of fly ash may take a long time and for gﬁm)are demonstratedFfig.8 for all series of specimens.

reason, the difference of the cathodic Tafel slopes of (Eglerall at an eriod of exposure. the anodic
and FA concite was marginal at an early age. Y: y P P ’

For a longer time of exposure, the mention& uilibrium potential decreases with an increase in

: ride content in concrete. After 2 months of exposure
tendency was still observed. The effects of fly ash 8 . e . '
more significant. In fact, concrete became denser @c?gfedlfo i%ungé?)o?@nt;gl h?fg??:]raer? tﬁzstcof
time. High humidity surrounding the specimen limited t : ' ' 9

oxygen igress into the concrete. Consequently, tﬁqorldecontammat_ed _concrete -1(000m\_/). T_h_|s'
influence of chloride ions on the anodic equilibrium

g;tg()d'c Tafel slope showed an upward tendency Vp\g'otential was also found by Hussain and I$h&]a-or

a longer exposure period, the mentioned pattern of anodic
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