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Abstract

Reinforcement corrosion has been widely reported in the literature over the last two to three decades. It is one of the major

durability problems, mainly when the rebar in the concrete is exposed to the chlorides either contributed from the concrete in-

gredients or penetrated from the surrounding chloride-bearing environment. Carbonation of concrete or penetration of acidic gases

into the concrete, are the other causes of reinforcement corrosion. Besides these there are few more factors, some related to the

concrete quality, such as w/c ratio, cement content, impurities in the concrete ingredients, presence of surface cracks, etc. and others

related to the external environment, such as moisture, oxygen, humidity, temperature, bacterial attack, stray currents, etc., which

affect reinforcement corrosion. The assessment of the causes and extent of corrosion is carried out using various electrochemical

techniques. Prediction of the remaining service life of a corroding RC structure is done with the help of empirical models and

experimental methods. In this paper a review is presented on the mechanism of reinforcement corrosion, techniques utilized to

monitor reinforcement corrosion and methodologies that are utilized for the prediction of remaining service life of structures.
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1. Introduction

Concrete normally provides a high degree of protec-

tion to the reinforcing steel against corrosion, by virtue
of the high alkalinity ðpH > 13:5Þ of the pore solution.

Under high alkalinity steel remains passivated. In ad-

dition, well-consolidated and properly cured concrete

with a low w/c ratio has a low permeability, which

minimizes penetration of corrosion inducing agents,

such as chloride, carbon dioxide, moisture, etc. to the

steel surface. Further, the high electrical resistivity of

concrete restricts the rate of corrosion by reducing the
flow of electrical current from the anodic to the cathodic

sites. At the outset, it must be mentioned that, usually in

a properly designed, constructed and maintained struc-

ture, there should be little problem of steel corrosion

during its design life. Unfortunately, this highly desir-

able durability requirement is not always achieved in

practice due to which corrosion of reinforcement in

concrete has become a commonly encountered cause of

deterioration in many RC structures in the recent years.

In general, there are two major factors, which cause

corrosion of reinforcement in concrete to proceed to an
unacceptable degree. They are: (i) carbonation, and (ii)

presence of chloride ions, which may either have been

present in the concrete constituents right from the be-

ginning or are introduced into the concrete through in-

gress during the service life.

The quality of concrete, mainly the permeability,

nature and intensity of cracks, and the cover thickness,

have also a great bearing upon the initiation and sus-
tenance of reinforcement corrosion.

Once reinforcement corrosion is initiated, it pro-

gresses almost at a steady rate and shortens the service

life of the structure, by causing surface cracking and

subsequently spalling of the cover concrete due to ex-

pansion of the corroding steel. The rate of corrosion

directly affects the extent of the remaining service life of

a corroding RC structure.
A wide range of techniques have been reported in the

literature that may be suitably employed for the moni-

toring of corrosion of steel in concrete structures for the

purpose of diagnosing the cause and extent of the rein-

forcement corrosion.
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The prediction of the remaining service life of a cor-

roding structure may be carried out with the help of

various available prediction models or experimental

techniques, using the data obtained through monitoring.
In this paper a review of the following aspects of re-

inforcement corrosion are presented:

• mechanism of reinforcement corrosion,

• factors affecting reinforcement corrosion,

• initiation and progress of reinforcement corrosion,

• effects of reinforcement corrosion on performance of

the structure,
• monitoring techniques,

• prediction of the remaining service life.

2. Mechanism of corrosion of steel in concrete

2.1. Corrosion cell

Corrosion of steel embedded in concrete is an electro-

chemical process. The corrosion process is stated to be

similar to the action, which takes place in a flash battery

[1]. The surface of the corroding steel functions as a

mixed electrode that is a composite of anodes and
cathodes electrically connected through the body of steel

itself, upon which coupled anodic and cathodic reac-

tions take place. Concrete pore water functions as an

aqueous medium, i.e., a complex electrolyte. Therefore,

a reinforcement corrosion cell is formed, as shown in

Fig. 1 [2].

2.1.1. Anodic and cathodic reactions

Reactions at the anodes and cathodes are broadly

referred to as �half-cell reactions�. The �anodic reaction�
is the oxidation process, which results in dissolution or

loss of metal whilst the �cathodic reaction� is the reduc-
tion process which results in reduction of dissolved oxy-

gen forming hydroxyl ions.

For steel embedded in concrete, following are the

possible anodic reactions depending on the pH of in-

terstitial electrolyte, presence of aggressive anions, and

the existence of an appropriate electrochemical potential

at the steel surface:

3Fe þ 4H2O ! Fe3O4 þ 8Hþ þ 8e� ð1Þ

2Fe þ 3H2O ! Fe2O3 þ 6Hþ þ 6e� ð2Þ

Fe þ 2H2O ! HFeO�
2 þ 3Hþ þ 2e� ð3Þ

Fe ! Fe2þ þ 2e� ð4Þ

The possible cathodic reactions depend on the avail-

ability of O2 and on the pH in the vicinity of the steel
surface. The most likely reactions are as follows:

2H2O þ O2 þ 4e� ! 4OH� ð5Þ
or

2Hþ þ 2e� ! H2 ð6Þ

2.1.2. Anodic and cathodic potentials and emf of the

corrosion cell

The electrode potentials, for dissolution (oxidation)

reaction (Eq. (4)) at anode, EA, and the reduction re-

action (Eq. (5)) at cathode, EC, can be derived as given

below [3].

Referring to anodic reaction (Eq. (4)) the anodic

electrode potential, EA, can be expressed by the Nernst

equation as:

EA ¼ E0
A þ RcT

nF
ln
½Fe2þ�
½Fe� ð7Þ

where: E0
A is standard electrode potential of steel at

anode, Rc is gas constant, F is Faraday�s constant (i.e.,

96,500 Coulomb per mole of electrons or Ampere-sec-
ond), T is absolute temperature, n is number of elec-

trons taking part in the reaction.

Substituting, E0
A ¼ �0:44 V, Rc ¼ 8:314 J/�K, F ¼

96,487 C, T ¼ 25 �C, n ¼ 2, and ½Fe� ¼ 1 (the activity of

an Fe molecule in the steel bar), with proper conversion

of units, the above equation (7) can be simplified in

terms of [Fe2þ] as:

EA ¼ �0:44 þ 0:0296 log½Fe2þ� ðin VÞ ð8Þ
where [Fe2þ] is the concentration of Fe2þ in moles per

liter of electrolyte, which is related to the mass concen-

tration of Fe(OH)2 per unit volume of concrete and the
amount of capillary water per unit volume of concrete.

Similarly, referring to the cathodic reaction (Eq. (5))

the cathodic electrode potential, EC, can be expressed by

the Nernst equation as:

EC ¼ E0
C þ RcT

nF
ln
½O2�½H2O�2

½OH��4
ð9Þ

Substituting, E0
C ¼ �0:401 V, Rc ¼ 8:314 J/�K,

F ¼ 96,487 C, T ¼ 25 �C, n ¼ 4, and log½OH�� ¼ pH�
14, Eq. (9) can be simplified in terms of [O2] and pH as:

Fig. 1. Schematic illustration of the corrosion of reinforcement steel in

concrete––as an electrochemical process.
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EC ¼ 1:229 þ 0:0148 log½O2� � 0:0591 pH ðin VÞ ð10Þ
where [O2] is the concentration of oxygen, expressed in

terms of molarity, and the amount of capillary water per

unit volume of concrete.
The electromotive force, emf (e), of the reinforcement

corrosion cell involving a couple of anodic and cathodic

reactions, as expressed by Eqs. (4) and (5), can be de-

rived as a difference of EC and EA as:

e ¼ EC � EA

¼ 1:229 þ 0:0148 log½O2� � 0:0591 pH

þ 0:44 � 0:0296 log½Fe2þ�

or

e ¼ 1:669 þ 0:0148 log½O2� � 0:0591 pH þ 0:44

� 0:0296 log½Fe2þ� ðin VÞ ð11Þ

The emf (e) of reinforcement corrosion cell, as given by

Eq. (11), drives the corrosion current through the elec-
trolyte from anode to cathode. It is evident from the Eq.

(11) that the corrosion current, i.e., corrosion rate, is

affected in general, by the following factors:

(i) the pH of electrolyte in concrete which is affected

mainly by the carbonation,

(ii) the availability of oxygen and capillary water, and

(iii) the concentration of Fe2þ in concrete near the rein-
forcement.

3. Factors affecting corrosion of steel in concrete

The factors affecting corrosion of steel in concrete

may be classified into two major categories, as follows:

(a) external factors,

(b) internal factors.

3.1. Internal factors affecting corrosion of steel in concrete

They include mostly the environmental parameters,

as follows:

• Availability of oxygen and moisture at rebar level:

Presence of moisture and oxygen supports the corro-

sion. Moisture fulfills the electrolytic requirement of

the corrosion cell, and moisture and oxygen together

help in the formation of more OH� thereby produc-

ing more rust component, i.e., Fe(OH)2. Oxygen also

affects the progress of cathodic reactions. In the ab-

sence of enough oxygen, even in a situation of depass-
ivation, corrosion will not progress due to cathodic

polarization.

• Relative humidity and temperature: The relative hu-

midity mainly affects the carbonation of concrete.

Within 50–100% RH, the increase of environmental

relative humidity decreases carbonation of concrete.

Based on their calculation, Cahyadi and Uomoto

[4] have found that, within 50–30% RH, a decrease
in environmental RH may not cause a decrease in

carbonation of concrete especially in normal concen-

tration of CO2 even after a long period of exposure.

A rise in temperature may result in a two fold effect:

(i) the electrode reaction rates are generally increased,

and (ii) the oxygen solubility is decreased resulting in a

reduction in the rate of corrosion [5].

If the situation is conducive for corrosion to take
place, the corrosion rate is increased by high tempera-

ture and high humidity [6].

• Carbonation and entry of acidic gaseous pollutants to

rebar level: The effect of carbonation and other acidic

gases, such as SO2 and NO2, is due to their tendency

to reduce the pH of the concrete. The fall in the pH to

certain levels may cause commencement of reinforce-

ment corrosion, loss of passivity of concrete against
reinforcement corrosion, and catastrophic reinforce-

ment corrosion [7], as indicated in Table 1.

• Aggressive anions, mostly chloride ions, reaching to the

rebar level, either through the concrete ingredients or

from the external environment: Chloride in concrete

may be present in either of the following forms:

(i) �Acid soluble chloride� which is equal to the total

amount of chloride present in the concrete or
that is soluble in nitric acid [8],

(ii) �Bound chloride� which is the sum of chemically

bound chloride with hydration products of the

cement, such as the C3A (tricalcium aluminate)

or C4AF (tetracalcium aluminoferrite) phases,

and loosely bound chloride with C–S–H gel, and

(iii) �Free or water-soluble chloride� which is the con-

centration of free chloride ions (Cl�) within the
pore solution of concrete, and is extractable in

water under defined conditions.

It is generally recognized that only the ‘‘free chloride’’

ions influence the corrosion process [9]. It is reported

[10] that the resistivity decreases and corrosion rate in-

creases with an increase in the chloride content. How-

ever, the change in pH is found to be insignificant due to
a change in the chloride content of concrete [10].

The risk of reinforcement corrosion associated with

the levels of chloride content in both uncarbonated and

carbonated concrete is presented in Table 2 [11].

Table 1

State of reinforcement corrosion at various pH levels [7]

pH of concrete State of reinforcement corrosion

Below 9.5 Commencement of steel corrosion

At 8.0 Passive film on the steel surface disappears

Below 7 Catastrophic corrosion occurs
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The limits imposed on the total chloride ion content

(by weight of cement) of the concrete, by codes of

practice of some of the countries, are presented in Table

3.

• Stray currents: Stray currents from the various

sources, e.g., building power supply systems, cathodic

protection systems, locomotive power supply sys-

tems, etc. cause the electrolytic corrosion [12].
• Bacterial action: Bacterial action is found to be effec-

tive in three ways:

(i) The bacteria decrease the amount of cover by

disintegration of the cementitious materials [13].

(ii) The anaerobic bacteria produce iron sulfides in

the oxygen deficit condition, such as concrete

sewers, which enables the corrosion reaction to

proceed even in the absence of oxygen [7], and
(iii) aerobic bacteria may also aid in the formation of

differential aeration cells, which can lead to cor-

rosion.

3.2. Internal factors affecting reinforcement corrosion

They include concrete and steel quality parameters, as

discussed below:

• Cement composition: The cement in the concrete pro-

vides protection to the reinforcing steel against corro-

sion in the following ways:
(i) By maintaining a high pH in the order of 12.5–13

owing to the presence of Ca(OH)2 and other alka-

line materials in the hydration product of cement,

and

(ii) by binding a significant amount of total chlorides

as a result of chemical reaction between C3A and
C4AF content of cement in concrete. Thus the

threshold chloride value shifts to higher side with

an increase in the C3A content of cement [14].

The use of blended cement, such as microsilica-

blended high-C3A cement, is found to be con-

comitantly resistant to sulfate attack and chloride

corrosion of reinforcement [15].

• Impurities in aggregates: Aggregates containing chlo-
ride salts cause serious corrosion problems, particu-

larly those associated with sea-water and those

whose natural sites are in ground water containing

high concentration of chloride ions [16].

• Impurities in mixing and curing water: Mixing and

curing water, either contaminated with sufficient

quantity of chloride or being highly acidified due to

any undesirable substance present in water, may
prove to be detrimental as for as corrosion of rebar

is concerned.

• Admixtures: Addition of calcium chloride in concrete,

as a common admixture for accelerating the hydra-

tion of cement is perhaps a most significant reason

for the presence of chloride in concrete in the RC

structures exposed to normal weather conditions.

Some water reducing admixtures also contain chlo-
rides [16].

• w/c ratio: The w/c ratio, known to control principally

strength, durability and impermeability of concrete,

does not itself control the rate of corrosion of rein-

forcement. When RC structures are immersed in

some aggressive solution, it is the �permeability� of

concrete, which is a function of w/c ratio, affects the

corrosion of rebar. The depth of penetration of a par-
ticular chloride threshold value increases with an in-

crease in the w/c ratio [17]. Carbonation depth has

been found to be linearly increasing with an increase

in the w/c ratio [18]. The oxygen diffusion coefficient

is also found to be increasing with an increase in the

w/c ratio [19].

Goto and Roy [20] have found a 100-fold increase in

the permeability of hardened cement paste when the w/c
ratio was increased from 0.35 to 0.45. Al-Saadoun [21]

has observed that the time to initiation of reinforcement

corrosion in a sample with w/c ratio of 0.4 is 2.15 to 1.77

times more than that in a sample with a w/c ratio of

0.55, under the accelerated corrosion testing. Al-Amo-

udi [22] has reported that permeability is significantly

reduced for a w/c ratio below 0.45. From these obser-

vations it is to be noted that the w/c ratio should be less
than 0.45 and preferably around 0.40 to obtain good

durability of concrete. Suitable dosage of admixtures

may be added to obtain the desired workability at low

w/c ratio.

Table 2

Corrosion risk in concrete containing chlorides [11]

Total chloride

(wt.% of cement)

Condition of concrete ad-

jacent to reinforcement

Corrosion risk

Less than 0.4% Carbonated High

Uncarbonated, made with

cement containing less than

8% C3A

Moderate

Uncarbonated, made with

cement containing 8% or

more C3A

Low

0.4%–1.0% As above High

As above High

As above Moderate

More than 1.0% All cases High

Table 3

Chloride content limits, as recommended by some codes of practices

Country Recommended limits of chloride content (% by mass

of cement)

USA 0.15% for chloride exposures and 0.30% for chloride

free exposure

UK 0.30%

India 0.15%
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Low w/c ratio increases the concrete impermeability,

which in turn reduces the chloride penetration, car-

bonation penetration, and oxygen diffusion in concrete.

However, a low w/c ratio does not by itself assure con-
crete of low permeability. For example, �no fines� con-

crete can have a low w/c ratio and yet be highly

permeable. Thus, in addition to the low w/c ratio, the

concrete must be properly proportioned and well con-

solidated to produce a concrete of low permeability.

• Cement content: The cement content in concrete does

not only affect the strength but it also has a significant

effect on durability. Due to inadequate amount of ce-
ment in mix the concrete is not consolidated properly

leading to the formation of honeycombs and other

surface defects. These honeycombs and surface de-

fects help in the penetration and diffusion of corro-

sion causing agents, such as Cl�, H2O, O2, CO2,

etc., in concrete. This results in the initiation of rein-

forcement corrosion due to the formation of differen-

tial cells. Further, concrete with low cement content
has a lack of plastic consistency due to which it does

not form a uniform passive layer on the surface of the

steel bars.

Therefore, it is important to maintain minimum ce-

ment content from the durability point of view. Verbeck

[23] has recommended minimum cement content of 350–

375 Kg/m3 for the concrete structures exposed to direct

marine exposure.
• Aggregate size and grading: Since the size of aggre-

gates has a bearing upon the consistency of concrete,

it may have an effect upon reinforcement corrosion.

Aggregate grading is another factor, which should

be considered for high quality impermeable concrete.

It has been observed that for a given w/c ratio, the co-

efficient of permeability of concrete increases consid-

erably with increasing size of aggregates [24]. Keeping
this in view, Cordon and Gillespie [25] have recom-

mended maximum size of aggregate as: 1 1
2

in. for

5000 psi concrete, 3=4 in. for 6000 psi concrete and

3=8 to 1=2 in. for concrete with a compressive

strength of more than 6000 psi.

The proportioning of coarse and fine aggregates is

important for the production of a workable and durable

concrete. The aggregate proportioning for this purpose
consists of fixing the optimum volume fraction of sand

in the total aggregate content. Studies conducted by

Maslehuddin [26] reveal that both �too much� and �too

less� sand reduces the workability of concrete. The op-

timum proportioning for a maximum workability has

been reported to be corresponding to a specific surface

area of the combined aggregates in the range of 70–75

cm2/cm3 for concrete with a cement content in the range
of 300–390 kg/m3 [26]. This enhanced workability on

account of an optimum aggregate grading allows a re-

duction in the w/c ratio resulting in increased strength

and durability of concrete.

• Construction practices: Serious corrosion problems

may occur if enough care, such as listed below, is

not taken at the construction stage:

(i) aggregate washing for deleterious materials [27],
if any;

(ii) control of chloride in almost all ingredients of

concrete, i.e., water, cement, aggregate, and ad-

mixtures;

(iii) strict enforcement of designed and recommended

levels of w/c ratio, cement content, cover thick-

ness, etc.;

(iv) proper consolidation of freshly placed concrete
[27]; and

(v) proper curing of concrete [27].

• Cover over reinforcing steel: Cover depth has a signif-

icant effect in case of corrosion due to penetration of

either chloride or carbonation [28]. This effect of cov-

er is limited within the time of casting to the time at

which the rebar is depassivated and corrosion is initi-

ated. The rate of corrosion, once it has started, is in-
dependent of the cover thickness [29].

Risk of reinforcement corrosion with low cover

thicknesses, has been reported by various researchers

[30–32]. Rasheeduzzafar et al. [33], based on their field

and laboratory studies, have recommended the safe

cover thicknesses for RC structures exposed to the

various aggressive environments of the Arabian Gulf.

Codes of practices on design of RC structures also
specify cover thicknesses for various types of exposures.

Further, cover thickness is one of the factors, which

affects the cracking and spalling of the concrete due to

the reinforcement corrosion.

• Chemical composition and structure of the reinforcing

steel: The differences in the chemical composition

and structure of reinforcing steel and presence of

stress in the reinforcement, either static or cyclic, cre-
ate different potentials at different locations on the

surface of reinforcement, causing the formation of

differential corrosion cells, which leads to its corro-

sion [5].

4. Time-dependent states of reinforcement corrosion

The state of corrosion of steel in concrete may be

expected to change as a function of time. Corrosion

process has three distinct stages, namely; depassivation,

propagation, and final state [34], as shown in Fig. 2.
Depassivation is the loss of oxide (passive) layer over

the rebar, which is initially formed due to the high al-

kalinity of concrete. The process of depassivation takes

an initiation period, tp, which is the time from con-

struction to the time of initiation of corrosion (depass-

ivation).

The propagation phase starts from the time of de-

passivation, tp, to the final state, is reached at a critical
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time, tcr, at which corrosion would produce spalling

of concrete cover or cracking through the whole of

concrete cover. During the propagation period, i.e.

corrosion period, tcor, which begins at the moment

of depassivation, the rebar corrosion is usually assumed

to be in a steady state, as indicated by a straight line in

Fig. 2.

The critical time, tcr, as defined above can be ex-
pressed as:

tcr ¼ tp þ tcor ð12Þ

For reinforced concrete, it has been assumed reasonable
to equate the unacceptable corrosion damage to the

onset of spalling of concrete cover [28]. Therefore, the

service life can be equated to the critical time, as given

by Eq. (12). The depassivation time, tp, can be assumed

to be zero when the quantity of free chloride ions, in-

troduced in concrete at the time of construction itself by

any means, is found to be more than the rebar corrosion

threshold value.

5. Effect of reinforcement corrosion on structural behavior

The corrosion of reinforcing steel has the following

two major detrimental effects on the durability of RC

structures:

(i) Since the rust produced as a result of corrosion has

a volume 2–4 times than that of steel [3], it causes

volume expansion developing tensile stresses in

concrete, which ultimately results in cracking and

spalling of the cover concrete. Due to the loss of

cover concrete there may be significant reduction

in the load bearing capacity of the structure, and

besides this, steel may be more accessible to the ag-

gressive agents leading towards further corrosion at

an accelerated rate, and

(ii) corrosion reduces the cross-sections of the steel and

thereby the load carrying capacity of the structure.
Pitting (i.e., localized) corrosion of the rebar is more

dangerous than uniform corrosion because it pro-

gressively reduces the cross-sectional area of rebar

to a point where the rebar can no longer withstand

the applied load leading to a catastrophic failure

of the structure.

6. Strategies for investigation of a corroding RC structure

A visual survey of a corroding structure provides

valuable information as to, whether the corrosion of

rebar is really a cause of distress or there is some other

cause of distress. This survey consists of a careful in-

vestigation of the structure for any sign of distress, such

as cracking, spalling, and rust staining.

If visual inspection of the structure suggests that the

cause of distress is the corrosion of rebar only, the next
step is to make a careful examination of the structure

and carry out detailed tests which will positively identify

the cause and extent of the distress, and allow prediction

to be made about the remaining service life of the

structure.

A widely accepted flowchart for investigation of

a corroding RC structure, suggested by Pullar-Strecker

[11], is reproduced in Fig. 3 with some improvements.

7. Reinforcement corrosion monitoring techniques

7.1. Corrosion measurement parameters

The information about the state of reinforcement

corrosion is obtained usually in terms of three mea-

surement parameters, namely (i) half-cell potential,

Ecorr, (ii) concrete resistivity, q, and, (iii) corrosion cur-
rent density, Icorr. These parameters are summarized

below:

(i) Half-cell potential ðEcorrÞ: The half-cell potential,

also called the open-circuit potential or rest poten-

tial or corrosion potential ðEcorrÞ, is measured at

several distinct points over a given area to be sur-

veyed, and is used as a qualitative index for ascer-
taining whether or not reinforcement is likely to

be corroding, and also for obtaining a contour plot

to delineate anodic (corroding) and cathodic (non-

corroding or passive) portions of the RC structure

under investigation.

Interpretation of half-cell potential test results is

carried out as per the ASTM C876 [36] guidelines,

as presented in Table 4.

Fig. 2. The stages of rebar corrosion.
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(ii) Concrete resistivity ðqÞ: The corrosion of a specific

length of reinforcement is dependent on the alge-

braic summation of the electrical currents originat-

ing from the corroding sites on the steel and flowing

through the surrounding concrete to the non-cor-

roding sites. Hence, the electrical resistance of the
concrete plays an important role in determining

the magnitude of corrosion at any one specific loca-

tion [7]. This factor is measured in terms of electro-

lytic resistivity of concrete and is usually expressed

in ohm-centimeters.

Classification of the likelihood of corrosion, actu-

ally occurring, can be obtained on the basis of the

values given in Table 5, and this is best suited when
half-cell potential measurements indicates that

corrosion is possible [37].

(iii) Corrosion current density ðIcorrÞ: The corrosion rate

is measured in terms of the corrosion current den-

sity, Icorr, and is a quantitative index, which repre-

sents an overall estimate of the corrosion attack

of reinforcement. The Icorr is measured electro-

chemically. The electrochemically measured value
of Icorr can be converted [38] to the instantaneous

Table 4

Interpretation of half-cell potential values as per ASTM C876 [36]

Half-cell potential (mV) relative

to Cu/CuSO4 reference electrode

Percentage chance of active cor-

rosion

<)350 90

)200 to )350 50

>)200 10

Fig. 3. Flowchart of investigation strategies of a corroding RC structure.
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corrosion rate, Jr, and penetration rate, Pr, through

Faraday�s law, as follows:

Jr ¼
W
F

� �
Icorr ð13Þ

Pr ¼
W
F qst

� �
Icorr ð14Þ

where:

W ¼ equivalent weight of steel ¼ 55:85=2 ¼ 27:925

g, F ¼ Faraday’s constant ¼ 96487 C (or Ampere-

second), qst ¼ density of steel (7.85 gm/cm3), Icorr ¼
corrosion current density (Amp/cm2), Jr ¼ instan-

taneous corrosion rate (gm/cm2/s), Pr ¼ penetration

rate (cm/s).

The corrosion rate measured may be either passive or

active depending on the corrosion rate [39]. Passive state

rate of corrosion of rebar is found to be relatively low in

the order of 10�9 to 10�7 Amp/cm2, whereas the active

state corrosion rate is found to be relatively high,

compared to that of passive state, in the order of 10�6 to

10�5 Amp/cm2.

7.2. Methods of corrosion monitoring

Measurement of reinforcement corrosion in concrete

structures needs a method which can determine simply,

accurately, and non-destructively not only whether or

not corrosion of reinforcement is taking place but also
its intensity and the rate of damage [35]. A summary of

the features of available monitoring techniques, as given

by Rodriguez et al. [39], is presented in Table 6.

Of all the techniques used for monitoring reinforce-

ment corrosion, half-cell potential mapping is the sim-

plest. Although, it is the most widely used method, it

does not provide any quantitative information on cor-

rosion. Corrosion rate, Icorr, measurement provides the
most useful quantitative parameter for studying corro-

sion in reinforced concrete. Among all the methods of

Icorr measurement, as mentioned in Table 6, the fastest,

simplest, non-destructive, relatively inexpensive and

most widely used alternative method is the �linear po-

larization method� [34,35,39]. However, application of

this technique to the RC specimens and on-site corro-

sion survey poses a number of difficulties. Notable
amongst such difficulties are the following:

(i) The high resistance of concrete between the rebar,

i.e., working electrode, and the reference electrode,

which offers a potential drop commonly referred to

as Ohmic drop [40]. This must be either compen-
sated externally or eliminated mathematically.

(ii) The sample being large compared to the counter

electrode, the distribution of the electrical signal ap-

plied for polarization of the rebar is non-uniform

throughout the cross-section of the beam [41] and

this aspect must be duly considered.

(iii) The corrosion current density, Icorr, is mathemati-

cally related to the Tafel constants, which must be
known accurately for error free estimation of Icorr.

Ahmad and Bhattacharjee [42] have suggested a

simple arrangement, as shown in Fig. 4, and a calcula-

tion procedure, for in situ measurement of corrosion

potential, Ecorr, concrete resitivity, q, and corrosion rate,

Icorr, of rebar embedded in concrete.

Using the observations taken from the above ar-
rangement, the ohmic resistance and resistivity of con-

crete, the polarization resistance of rebar, Tafel slopes,

and corrosion rate can be determined.

• Determination of Ohmic resistance, R, and resistivity,

q, of concrete: The ohmic resistance, R, of concrete may

be determined by plotting 1=RL against 1=V data, gen-

erated by the arrangement, and using the following
linear equation [42]:

1

V
¼ R

E

� �
1

RL

þ 1

E
ð15Þ

where: V is voltmeter reading taken by setting decade

box resistor at a value of RL and keeping key switch K2

off (Fig. 4).
According to Eq. (15), slope and intercept of the

straight line, obtained through the best fit of 1=RL vs

1=V data, will be equal to R=E and 1=E, respectively.

Using this slope and intercept, R may be determined as:

ðRÞ ¼ slope ðR=EÞ
intercept ð1=EÞ

knowing R, the concrete resistivity, q, may be obtained

as: q ¼ 2RD where, D is the diameter of the counter

electrode.

• Determination of polarisation resistance, R0
p: Refer-

ring to Fig. 4, the polarisation resistance measurements

may be carried out keeping switch K1 off throughout.

First, the corrosion potential ðEcorrÞ is recorded at the K2

off position, allowing a sufficient response time of 30–60

s. Once the stabilized value of Ecorr is recorded the switch

K2 is put on and the cathodic polarising current, I2, is

applied in steps until the maximum value of the over-

voltage, e, is reached, which is usually 20 mV for the
polarisation curve to be in linear range, with the help of

Table 5

Interpretation of concrete resistivity with regard to reinforcement

corrosion [37]

Resistivity (ohmcm) Likelyhood of significant corrosion (non-

saturated concrete when steel is activated)

<5000 Very high

5000–10,000 High

10,000–20,000 Low/moderate

>20,000 Low
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a variable resistor, Y, which helps to keep the circuit

resistance high enough to maintain a constant current.

The initial cathodic polarising current may be usually

taken as 2 lA, and then the second current step may be

Table 6

Features of the most widely used methods of corrosion monitoring in RC structures [39]

Characteristic Potential

mapping

Concrete re-

sistivity test-

ing

Linear

polariza-

tion

method

Guard

ring

method

Coulo-

static

method

Electro-

chemical

noise

method

EIS or

A.C.

impe-

dence

method

Har-

monics

Gravi-

metric

test

Quantita-

tive visual

observa-

tion

Speed of individ-

ual measurements

A A A A A B B B C C

Speed of response

to change

A A A A A A A A C C

Quantitative in-

formation

C B A A A B B A A A

Non-destructive A A A A A A A A C C

Non-perturbing A C C C B A B C C C

Measurement pa-

rameter

Probability

of corrosion

Probability of

corrosion

Icorr Icorr Icorr Icorr Icorr

Mecha-

nism

Icorr Average

Icorr

Geometri-

cal feature

of attack

�A� instantaneous (optimum), �B� fairly slow (satisfactory), �C� very slow (un-satisfactory).

Fig. 4. Arrangement for determination of corrosion potential, ohmic resistance and polarization resistance.
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taken as 4 lA, the third 6 lA, etc. After allowing a re-

sponse time of 2–3 min at each current step the steady

state voltmeter reading may be recorded.

With the help of the polarisation data, i.e., V vs I2i
and the Ohmic resistance obtained, the polarised po-

tential E with ohmic drop being eliminated may be ob-

tained using the following equation:

E ¼ V � I2R ð16Þ
Then the apparent and true polarisation resistances R0

p

and RT , may be determined subsequently, using the
following equations:

R0
p ¼

Pn
i¼1ðeiÞ

2Pn
i¼1ðI2ieiÞ

ð17Þ

RT ¼
4ðR0

pÞ
2

Re

ðP Þ ð18Þ

where: ei ¼ Ei � Ecorr, Re ¼ electrolytic resistance of con-

crete ¼ q=S, S is area of the cross-section of the beam,

P is perimeter of the rebar or the sum of the perimeters of

the rebars, if there are several rebars.

• Determination of the Tafel slopes, ba and bc, and Icorr:
Tafel slopes, ba and bc, may be determined by mini-

mizing the error function, Z, which is the square of the

difference of LHS and RHS of the following polarisa-

tion equation:

2:3R0
pIi ¼

babc

ðba þ bcÞ
exp

2:3ei
ba

� ��
� exp

�2:3ei
bc

� ��
ð19Þ

Z ¼
Xn

i¼1

Ai

2
4 � 1

1
ba
þ 1

bc

	 
 exp
Bi

ba

� ��
� exp

�Bi

bc

� ��3
5

2

ð20Þ
where: 2:3R0

pIi ¼ Ai and Bi ¼ 2:3ei.
The minimization of Z may be carried out using a

simple method of tabulation, whereby the values of Z

may be tabulated for a large number of possible values

of 1=ba and 1=bc at equal spacings within the feasible

region, i.e., 0:02 < ðð2:3=baÞ þ ð2:3=bcÞÞ < 0:12, and the
minimum value of Z is then sought. The value 1=ba and

1=bc at Zminimum will give the actual value of ba and bc.

This minimization may be done using a small computer

program; the time required for the computing procedure

described above was found to be less than 1 min.

Once ba and bc are determined, the Stern–Geary

constant, B, may be calculated using the following

equation:

B ¼ babc

2:3ðba þ bcÞ
ð21Þ

Knowing the values of B and RT , the Icorr, may be cal-
culated using the following Stern–Geary [43] equation:

Icorr ¼
B
RT

ð22Þ

8. Service life prediction of a corroding RC structure

For a corroding structure, the residual service life at

any time may be taken as the time remaining for the

crack to develop at concrete surface due to the rust ex-
pansion. There are various models [3,44–48] available in

the literature for service life prediction. Besides these

models, the experimental techniques are also available

for predicting the service life. Some of the models and an

experimental technique for service life prediction are

summarized in the following subsections.

8.1. Service life prediction models

8.1.1. Bazant’s model
Bazant�s model [44] for the prediction of corrosion

damage considers the volume expansion due to the

formation of hydrated red rust, (Fe(OH)3), over the
residual rebar core. This red rust is expansive in nature

and occupies four times the volume of parent steel.

Thus, a uniform radial pressure is exerted onto the

surrounding concrete resulting in outward radial de-

formation of concrete. This deformation is same as the

increase in diameter DD of the rebar (due to deforma-

tion compatibility), and increases with an increase in the

volume of rust till the cover concrete cracks and is
rendered functionally unsatisfactory.

When corrosion is in a steady state with a constant

rate, the unacceptable deformation of concrete at

cracking, can be related to the duration of steady-sate

corrosion, by the following equation:

tcor ¼ qcor

DDD
pJr

ð23Þ

where: qcor is combined density factor for steel and rust,

D is diameter of rebar, p is perimeter of rebar,

Jr is instantaneous corrosion rate, as given in Eq. (13),

DD is increase in diameter of rebar due to rust forma-

tion, tcor is steady-state corrosion period as defined in

Fig. 2.

8.1.2. Morinaga’s model
Morinaga [46] has developed an empirical model to

compute the amount of corrosion, Qcr, when concrete

cover cracks due to expansion by means of rust forma-

tion on rebar surface.

The expression to estimate, Qcr, is:

Qcr ¼ 0:602 1

�
þ 2Cv

D

�0:85

D ð24Þ

where: Qcr is amount of corrosion when concrete cracks
(
10�4 gm/cm2).
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The duration of steady state corrosion, tcor corres-

ponding to Qcr can be obtained as:

tcor ¼
Qcr

Jr

ð25Þ

8.1.3. Wang and Zhao’s model
Wang and Zhao [47] have suggested a step method of

using finite element analysis to determine the thickness
of the corrosion product, D, corresponding to the time

duration when the surface concrete cracks. Further, by

analyzing a large number of rebar corrosion data col-

lected from laboratory and comparing them with the

results of finite element analysis, the authors [47] have

established an empirical expression to determine the

ratio of thickness of corrosion product, D, to the depth

of rebar penetration, H, corresponding to the cracks
in cover concrete. The ratio ðD=HÞ, as given below, is

termed as expansion coefficient, c and has been ex-

pressed as a function of cube strength of concrete, fcu,

as:

D
H

¼ c ¼ 0:33
D
Cv

� �0:565

f 1:436
cu ð26Þ

Using the value of D obtained through the finite element

model, the value of H corresponding to cracks in cover

concrete can be obtained. Further, the value of H can be

used to determine the time necessary for longitudinal

cracking of concrete cover, tcor as:

tcor ¼
H
Pr

ð27Þ

where: Pr is penetration rate of rebar due to corrosion,

as given by Eq. (14).

The model suggested by Wang and Zhao [47] can be

used only in conjunction with the finite element model
requiring the determination of D.

8.1.4. Dagher and Kulendran’s model
Dagher and Kulendran [48] have also carried out a

finite element modeling of corrosion damage in concrete

structures. This numerical model is rather versatile in

terms of estimating the radial bar expansion D, and in-

cludes: (a) a number of options for modeling crack

formation and propagation, (b) the capacity to accept

any shape of corrosion around the rebars, (c) the ability
to incorporate dead and live load stress and initial

shrinkage and temperature cracks in the analysis, and

(d) pre- and post-processing modules which offer auto-

matic mesh generation and visual representation of

crack propagation.

In the context of service life prediction of RC struc-

tures subjected to rebar corrosion, this model can be

used more reliably to determine the radial bar expansion
D, at which the cracks in cover concrete would occur.

However, their work [48] will require extension to make

it capable of service life prediction.

8.2. Experimental method of service life prediction

An experimental methodology, suggested by Ahmad

et al. [49], for service life prediction based on cumulative

damage theory is described below:
If a RC specimen is allowed to corrode for a time

duration, Lc, at its natural corrosion rate, Icorr, from the

time of depassivation, tp, onward and then the same is

subjected to an impressed anodic current, Ia, up to the

time of cracking, tcor, of cover concrete, then according

to the cumulative damage theory, one can write the

following equation:

Lc

Lt

þ La

Ll
¼ 1 ð28Þ

where: Lc=Lt is fraction of damage due to the natural
corrosion, La=Ll is fraction of damage due to externally

applied current, La is the time taken by the specimen for

its complete damage under the effect of external current

being applied after the natural corrosion that had al-

ready taken place; Ll is the time taken by the specimen

for its complete damage under applied current alone

excluding the effect of natural corrosion; Lc is duration

of the natural corrosion, starting from the time of de-
passivation of rebar to the date of application of ex-

ternal current; and Lt is the total life of specimen against

corrosion cracking of cover concrete.

The values of La and Ll may be obtained through an

accelerated corrosion test by applying anodic current to

rebar of a core-shaped corroding RC specimen, either

cast in laboratory or obtained from a corroding struc-

ture. Before the application of anodic current to the RC
specimen using the arrangement for the accelerated test,

as shown in Fig. 5, the failure tensile stress of concrete,

F0, of the RC specimen under splitting, is determined.

After applying the anodic current, Ia, for a time pe-

riod of T, the failure tensile stress of concrete, FT , of the

RC specimen under splitting, is to be determined.

Then the value of La may be determined using the

following equation, derived by Ahmad et al. [49]:

La ¼
F0f Cv

D

� �
EIaK1

ð29Þ

where: f ðCv=DÞ is a function of the ratio of cover
thickness, Cv, to the rebar diameter, D

The above ratio function is given as:

f ðCv=DÞ ¼
4:72 Cv

D

� �2 þ 4:72 Cv
D

� �
þ 1

Cv
D

� �
þ 1

ð30Þ

E is modulus of elasticity of concrete, K1 is constant,

which may be determined through the best fit of the
following equation:
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FT

F0

¼ 1 � K1

ETIa
F0f Cv

D

� �
" #

ð31Þ

Then the value of Ll may be determined using the fol-
lowing equation, derived by Ahmad et al. [49]:

Ll ¼
1

K2

ð32Þ

K2 is a constant, which may be determined through the
best fit of the following equation;

1

La

¼ K2 þ K3 � NCF ð33Þ

where: K3 is a constant, NCF is a natural corrosion

factor, which is given by the following equation:

NCF ¼ ELcIcorr

f 0
t f

Cv
D

� � ð34Þ

where: f 0
t is cylindrical tensile strength of concrete, Icorr is

corrosion rate of rebar of RC specimen before the ap-

plication of Ia.
Substituting the above expressions of La and Ll in Eq.

(28), the final expression for Lt may be obtained as:

Lt ¼ Lc= 1

�
� K2

K1

� �
F0f ðCv=DÞ

EIa

� ��
ð35Þ

9. Conclusions

A brief review of the various aspects of reinforcement

corrosion, presented in this paper, may be useful for the
following purposes:

(i) To understand the theory of reinforcement corro-

sion,

(ii) to appreciate the internal (pertaining to the mate-

rials) and external (pertaining to the surrounding

environment) factors affecting reinforcement corro-

sion,
(iii) to study how reinforcement corrosion progresses

with time and what are the effects of corrosion

on the behavior of the structures,

(iv) to plan a strategy for investigating a corroding RC

structure,

(v) to select suitable corrosion monitoring techniques

for first confirming the corrosion and then assess-

ing its extent,
(vi) to use an experimental set-up, based on linear po-

larization method, for in situ measurement of cor-

rosion rate, and

(vii) to make use of various models and an experimental

technique for predicting remaining service life of a

corroding RC structure.
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