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Assessment of diffusion coefficient of chloride (D) using chloride profile method based on Fick’s law (DFL)
is either overestimates or underestimates the time to initiation of corrosion (Ti). An alternate method for
predicting ‘D’ using Warburg diffusion coefficient (DWI) which is determined from Electrochemical
Impedance Spectroscopy technique (EIS) is established. The results reveal that EIS being non-destructive
appears a promising technique to arrive at time-dependent characteristics of DWI in situ in concrete struc-
tures. DWI is an intrinsic effective diffusivity measures the diffusion of free chloride through the pore
solution present in the interconnected pores. Pore constriction by pozzolanic reaction and higher chloride
binding capacity reduces the DWI in PPC and PSC concrete by a factor of 1.65 and 4 times that of OPC con-
crete in 20 MPa concrete; 1.83 and 2.52 in 30 MPa concrete; 24 and 16 times in 40 MPa concrete
respectively.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

For estimation of durability of structures, it is highly desirable
to quantify the chloride diffusion process in concrete. According
to the conceptual model developed by Tutti [1] there are two dis-
tinct periods of deterioration caused by corrosion. They are initia-
tion and propagation periods. The initiation period (Ti) is the time
taken for Cl� or CO2 to diffuse to the steel–concrete interface and
activate the corrosion. The time to initiation of corrosion is nor-
mally calculated from the diffusion coefficient of chloride (Deff)
using Fick’s second law as follows [2]:

T i ¼
x2

4Deff erf�1 1� Cx
Cs

� �2 ð1Þ

where Ti � time for chloride to reach Cx (x,t) at cover depth x, s;
x – cover of concrete, m; Deff – diffusion coefficient of chloride,
m2 s�1; Cs – surface chloride concentration, % by weight of cement;
Cx – threshold chloride concentration at which corrosion initiates
on the rebar, % by weight of cement.

The governing parameters of diffusion based corrosion initia-
tion time using Eq. (1), are concrete cover depth, chloride diffusion
coefficient in concrete, surface chloride concentration and chloride
threshold level. When only natural diffusion is involved different
conditions/methods lead to different diffusion coefficients. After
ll rights reserved.
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concrete has hardened, the diffusion of chloride ions is predomi-
nantly controlled by the composition and microstructure of the
concrete. Diffusion of chloride is a time-dependent process. It will
decrease with time since the capillary pore system will be altered
as hydration products continue to form. In addition to this, some
chloride ions will become chemically or physically bound as they
penetrate through the pore system and form complex salts (Fri-
edel’s salt). As such it is difficult to precisely predict the diffusion
coefficient. It is reported that the short term migration tests give
much higher D values [3]. The most common method widely used
is the measuring of chloride profile after a predetermined time and
fitting this profile in Fick’s second law of diffusion. Determination
of concentration of chloride at known depth (Cx) by volumetric
method is laborious and destructive in nature. The ‘D’ predicted
by the migration test is a stationary value and includes only the
ionic transport. ‘D’ predicted from natural diffusion test is a non-
stationary value and take into account binding of chlorides with
cement phases [4]. From the earlier studies [5] it is understood that
assumption of one dimensional flow solution from the surface into
a half space, a considerable scatter in chloride threshold value of
rebar found in the literature and the change in surface chloride
concentration with time are some of the factors that contribute
to errors in the prediction of ‘D’ based on Fick’s law. Hence the
uncertainties exist in the determination of ‘D’ leading to a consid-
erable error in the determination of time to initiation of corrosion.
Variations of D ± 50%, could lead to variations in Ti ranging from
�33% to +100% [5]. Nowadays the service life modeling is
becoming a common tool for performance-based specification, an
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alternate approach to predict the time to initiation of corrosion is
an essential one. No standard test method is established so far
[6]. An accurate prediction is critical for the selection of a durable
and cost effective design and for the optimization of the inspection
and maintenance of built structures.

Electrical resistance measurement from Electrochemical Imped-
ance Spectroscopy technique (EIS) represents an additional and
fast developing technique in the study of cement-based materials
both at micro and macro scale [7–11]. Since the flow of electrical
current through hydrating paste is electrolytic, that is mainly due
to the flow of ions through the pore spaces, its resistivity is an indi-
rect measurement of porosity and diffusivity [12]. EIS is a powerful
tool used in studying stationary as well as transient processes in
system over conventional direct current methods. By measuring
the frequency response of the impedance (resistance), much infor-
mation about the reaction mechanism and mass transfer can be
obtained. Lu [13] found that resistivity from impedance was an
equivalent indication of the relative permeability of cement-based
systems. Diaz et al. [14] established the relation between diffusion
coefficient, resistance from EIS and ionic mobility.

The objective of the present investigation is to evolve a suitable
methodology for the instantaneous measurement of ‘D’ in actual
concrete structures using EIS technique. The ‘D’ determined using
Warburg diffusion coefficient (DWI) from the Nyquist plot is com-
pared with the ‘D’ determined from Cx using Fick’s law (DFL). The
reliability of Ti predicted by DWI will be compared with the actual
rebar mass loss measurement.
Table 1
Details of concrete mix proportion.

Grade Type of
cement

w/c
ratio

Cement
(kg m�3)

Fine
aggregate
(kg m�3)

Coarse
aggregate
(kg m�3)

Characteristic
compressive
strength (MPa)

20 MPa OPC 0.67 284 770 1026 27
PPC 0.67 284 770 1026 23
PSC 0.67 284 770 1026 28

30 MPa OPC 0.54 352 739 1026 37
PPC 0.54 352 739 1026 31
PSC 0.54 352 739 1026 39

40 MPa OPC 0.42 452 655 1026 54
PPC 0.42 452 655 1026 42
PSC 0.42 452 655 1026 48
2. Theoretical background

In EIS technique, the reaction kinetics and diffusion are charac-
terized by Faradaic impedance, which is composed of the charge
transfer resistance in series with the Warburg impedance (WI)
describing the diffusion behaviour. Diffusion can create an imped-
ance called a Warburg impedance. The impedance depends upon
the frequency of the potential perturbation. At high frequencies,
the Warburg impedance is small since diffusing reactants don’t
have to move very far. At low frequencies the reactants have to dif-
fuse further, increasing the Warburg impedance.

The equation for the Warburg impedance is:

Zw ¼ rwðxÞ�1=2 ð1� jÞ ð2Þ

On a Nyquist plot, the Warburg impedance appears as a diagonal
line with a slope of 45�. In Eq. (2), rw is the Warburg coefficient,
which can be defined as [15]:

rw ¼
RT

n2F2A
ffiffiffi
2
p 1

C0
ffiffiffiffiffiffi
D0
p þ 1

CR
ffiffiffiffiffiffi
DR
p

� �
ð3Þ

in which, x – radial frequency; D0 – diffusion coefficient of the oxi-
dant; DR – diffusion coefficient of the reductant; A – surface area of
the electrode; n – number of electrons involved; rw – Warburg
coefficient; C0 – concentration of the oxidant; CR – concentration
of the reductant; F – Faraday constant; R – gas constant; T –
temperature.

This form of the Warburg impedance is only valid if the diffu-
sion layer has an infinite thickness. In the reversible reaction,
which is controlled by the diffusion of chloride ions alone and dif-
fuse under a concentration gradient, then the above equation can
be reduced to

rw ¼
RTffiffiffi

2
p

AF2D1=2C
ð4Þ

For a reversible reaction of Rct ? 0, the Randles plot either Z00 versus
x�1/2 or Z0 versus x�1/2 must intersect the origin and this can be ta-
ken as the criterion for the reversibility of the reaction.
From Eq. (4), DWI can be calculated as:

DWI ¼
RTffiffiffi

2
p

AF2rwC

� �2

ð5Þ

where DWI – diffusion coefficient of chloride, m2 s�1 using rw; A –
area of electrode, m2: rw – Warburg coefficient, X m2 s�1/2; C – con-
centration of chloride in mol m�3; R – gas constant, J K�1 mol�1; T –
temperature, K; F – Faraday constant, C mol�1.

With time when the rebar reaches the diffusion behaviour, DWI

was calculated using Eq. (5).

3. Experimental

3.1. Materials and mix proportions

Three mix proportions having a design compressive strength of
20, 30 and 40 MPa concrete at 28 days were used for casting the
concrete specimens. The details of mix proportions are given in Ta-
ble 1. Three cements namely ordinary Portland cement conforming
to IS 8112 [16] equivalent to ASTM Type I cement, Portland pozzo-
lana cement conforming to IS 1489 (Part-1) [17] and Portland slag
cement conforming to IS 455 [18] were used. Chemical composi-
tion of cements used is presented in Table 2. Well graded river
sand and good quality crushed blue granite were used as fine
and coarse aggregates respectively. The different size fractions of
coarse aggregate (20 mm down graded and 12.5 mm down graded)
were taken and recombined to a specified grading. Sixteen milli-
meter of diameter cold twisted high yield strength deformed bar
(Fe 415 grade) conforming to IS 1786 [19] was used and its chem-
ical composition is C, 0.17%; Mn, 0.66%; Si, 0.115%; S, 0.017%; P,
0.031% and Fe, balance. Potable water was used for casting the con-
crete specimens.

3.2. Specimen preparation

0.15 � 0.15 � 0.15 m size concrete cubes as shown in Fig. 1
were cast. 0.1 m long CTD (cold twisted deformed) rods of
16 mm diameter were taken and pickled in inhibited hydrochloric
acid solution to remove the initial rust product. In each specimen,
three rods of similar dimension were embedded at 25 mm cover
from one side of the specimen. For electrochemical measurement,
copper wire was brazed at one end of a particular rod and that was
sealed. Impedance measurement was carried out over an exposed
length of 8 cm and the remaining area was sealed using epoxy
compound. For determining the corrosion rate from weight-loss
measurement, another two rods were embedded near to the previ-
ous one as shown in Fig. 1. Before embedding, the initial weight of
the rods was recorded. While casting, all the three rebars were
embedded vertically with a 25 mm cover from the top and bottom.



Fig. 1. Rebar arrangement in concrete specimen.

Table 3
Meteorological data.

Maximum Minimum

Temperature (average) 33 �C 21 �C
Relative humidity (average) 80 60
Rainfall (average) 180 mm
SO2 Nil
Salinity 38 mg m�2 d�1

Table 2
Chemical composition and physical properties of three types of cement.

Compound Ordinary Portland
cement (wt%)

Portland Pozzolana
cement (wt%)

Portland slag
cement (wt%)

Silicon-di-Oxide
(SiO2)

20–21 28–32 26–30

Aluminium Oxide
(Al2O3)

5.2–5.6 7.0–10.0 9.0–11.0

Ferric Oxide (Fe2O3) 4.4–4.8 4.9–6.0 2.5–3.0
Calcium oxide (CaO) 62–63 41–43 44–46
Magnesium oxide

(MgO)
0.5–0.7 1.0–2.0 3.5–4.0

Sulphur-tri-Oxide
(SO3)

2.4–2.8 2.4–2.8 2.4–2.8

Loss on ignition 1.5–2.5 3.0–3.5 1.5–2.5

Bogue compound composition:
Tricalcium Silicate

(C3S)
42–45 Not applicable Not applicable

Dicalcium Silicate
(C2S)

20–30 -do- -do-

Tricalcium
Aluminate (C3A)

7.0–9.0 -do- -do-

Tetra Calcium
Alumino Ferrite
(C4AF)

11–13 -do- -do-

Physical Properties:
Pozzalanic Material

used
– Fly ash 20 wt% GGBS 50 wt%

28 Day Compressive
Strength (MPa)

62 48 53

Fineness (m2 kg�3) 295 363 385
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Four specimens were cast for each grade/cement. The specimens
were cured at room temperature for 28 days in the potable water.

3.3. Exposure condition

After 28 days of curing, the specimens were exposed in the
exposure yard. Synthetic seawater was prepared as specified in
ASTM D 1141 [20]. Synthetic seawater was sprayed horizontally
using spray gun once in a day for 5 days on one side of the speci-
men and then the specimen was air dried for the next 2 days. Thus
7 days constituted one cycle of wetting and drying and all the spec-
imens were subjected to similar exposure condition. This test pro-
cedure simulates the atmospheric exposure of concrete structures
in marine environment. The temperature, relative humidity
and other parameters prevailing at the exposure site are given in
Table 3. The exposure site is situated more than 2.5 km from the
sea. The experiment was conducted over a period of 1765 days.
3.4. Method of measurement

Impedance measurement was made using three electrode
arrangements. Stainless steel electrode of size 10 � 80 mm was
used as an auxiliary electrode and saturated calomel electrode
was used as a reference electrode. Rebar embedded in concrete
acted as a working electrode. The electrode assembly was kept
on a wetted sponge. The length of the counter electrode is more
than the exposed length of the rebar and by means of this, current
was distributed uniformly throughout the length of the rebar.
Chloride solution was used as a contacting solution to reduce the
contact resistance between the electrode assembly and the con-
crete. A small sinusoidal voltage signal of 20 mV was applied over
a frequency range of 100 kHz–10 mHz using a computer controlled
electrochemical analyzer (Model 6310: EC & G Instruments, Prince-
ton applied research). Measurements were made periodically at
the end 0, 80, 267, 540, 1135 and 1765 days. The impedance values
were plotted on the Nyquist plot.
3.5. DWI from the coefficient of Warburg impedance

The equivalent circuit of WI behaviour is given in Fig. 2a. Typi-
cal Nyquist plot with the Warburg impedance describing the
diffusion-controlled reaction is shown in Fig. 2b. The analytical
expression is,

Z ¼ Rs þ
ZF

1þ jxZFCdl
ð6Þ

where ZF = Rct + WI
From the plot it can be seen that, in the high frequency region,

the experimental curve is a semi-circle and in the low frequency
region, it is a straight line having a slope of �1. Correspondingly,
at the high frequency limit, Warburg impedance becomes unim-
portant. At the low frequency limit it will approach the limiting
form as shown below [21]:

Z0 ¼ Rs þ Rct þ rwx�1=2 ð7Þ

Z00 ¼ rwx�1=2 þ 2r2
x Cdl: ð8Þ

Elimination of x leads to

Z00 ¼ Z0 � Rs þ Rct þ 2r2
w Cdl ð9Þ

where, rw is the coefficient of Warburg impedance, which can be
obtained from the intersection of the straight line on the real axis
as shown in Fig. 2b which is given below:

rw ¼
Rs þ Rct � x

2Cdl

� �1=2

ð10Þ

where Rs – concrete resistance, X m2; Rct – charge transfer resis-
tance, X m2; Cdl – capacitance of electrode–electrolyte interface
F m�2; rw – Warburg coefficient, X m2 s�1/2.
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Fig. 2. Method of determining rw from Nyquist plot: (a) Equivalent circuit
(b) Nyquist plot with Warburg impedance.
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As shown in Fig. 2b, ‘‘Rs + Rct” represent the resistance of the
concrete whereas the ‘‘x” represent the resistance due to reaction
kinetics at the steel interface. If ‘‘x” deducted from the ‘‘Rs + Rct”,
it represents the resistance due to diffusion of free chloride
through the pore solution present in the cover concrete. Substitut-
ing the value of rw in Eq. (5), the DWI was calculated. DWI is depen-
dent of x, t and it represent the diffusion of free chloride through
the pore solution present in the cover concrete.

3.6. Determination of DFL using Fick’s law

The water-soluble chloride content (Cx) was determined by
volumetric analysis using silver nitrate method [22,23]. The con-
crete sample near the rebar level i.e., at 25 mm cover depth was
collected after the exposure period of 775 and 1135 days. The
sample was powdered and sieved through a 600 lm sieve. Then
this powder was mixed with distilled water at the ratio of 1:3 by
weight. This mixture was taken in a closed glass tube and shaken
for 10 min and kept for 48 h to dissolve the Cl� ions completely.
After 48 h, the solution was filtered and used to determine the
Cl� ion concentration. Using potassium chromate as an indicator,
5 ml of filtered solution was titrated against 0.01 N silver nitrate
solution. From the titrated value, the Cl� ion concentration (Cx)
was calculated. Using the concrete sample taken from 0 to
5 mm depth, the surface chloride concentration (Cs) was deter-
mined. After converting the concentration of Cx and Cs into a %
of chloride by weight of cement, using Fick’s law, the DFL was
calculated as below:

Cx ¼ Cs 1� erf
x

2
ffiffiffiffiffiffiffiffiffi
DFLt
p

� �� �
ð11Þ

The DFL was calculated at the end of 775 and 1135 days and the
average value was reported. DWI from rw represents the diffusion
of chloride ions through the pore solution. To compare this value,
for determining DFL, water-soluble chloride was determined. It is
widely recognized that the corrosion of rebar is caused by water-
soluble (free) chloride present in the concrete pore solution and
hence in the present study both DWI and DFL represent the diffusion
of free chlorides only.
3.7. Determination of corrosion rate from mass loss method

Periodically at the end of 775, 1135, 1528 and 1765 days, the
rods were visually examined for the extent of rust. After pickling
the rebars in inhibited hydrochloric acid as specified in ASTM G1
[24], the final weight was measured. From the initial and final
weight, the corrosion rate in lm y�1 was calculated.

3.8. Determination of chloride threshold value and time to initiation of
corrosion

For calculating time to initiation of corrosion (Ti) from DWI and
DFL, using Eq. (1), the determination of threshold chloride concen-
tration for initiation of corrosion (Cx) is an important parameter.
The threshold chloride concentration is the concentration at which
breakdown of passive film occurs and corrosion initiates on the re-
bar. In the present study, it was arrived by taking the chloride con-
centration at which the rebar having a mass loss of 0.006 g cm�2

(equivalent to 0.09% of mass loss) [25]. Periodically at the end of
775, 1135, 1528 and 1765 days of exposure, the Cl� (as described
in Section 3.6) and rebar mass loss were determined. From the plot
of Cx versus rebar mass loss, the chloride value corresponding to
the mass loss of 0.006 g cm�2 has been taken as threshold chloride
concentration. After arriving the threshold chloride concentration,
Ti was calculated using Eq. (1).

4. Results

4.1. DWI

Fig. 3 compares the Nyquist plot of rebar in 30 MPa-PPC con-
crete with exposure period. Initially at the end of 80 days, the slope
of the low frequency arc is �3.72 and gets decreased to �1.10 at
the end of 540 days. At the end of 1765 days, the straight line gets
disappeared and showed that the strong decrease of capacitive part
in the impedance response shall be correlated to the diffusion phe-
nomena of cover concrete. Concrete specimens, exposed to chlo-
ride solution of a certain concentration for a sufficient period of
time, then all the pores in the micro structure are filled with the
chloride solution and capillary paths are established for diffusion.
Under salt-spray test, in the cover concrete, the chloride ion con-
centration (30 g L�1) is higher when compared to other ions, it
has been assumed as diffusion behaviour observed in the Nyquist
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plot is only due to chloride ions. From the curve, it can be also seen
that in the high frequency region, the experimental curve is a semi-
circle and in the low frequency region, it is a straight line. When
the low frequency arc of impedance behaviour reaches to �1 (with
a slope equal to 45�), ensures the chloride concentration gradient is
established in the cover concrete and that impedance was termed
as ‘Warburg impedance’ and used for the determination of rw.
From Fig. 3, it is clearly evident that in 30 MPa-PPC concrete, ini-
tially at the end of 80 days as the availability of chloride ions in
the cover concrete is very negligible and due to the presence of
large and non-ideal apparent interfacial capacitance at the steel/
concrete interface the slope is �3.72. After exposure to chloride
environment for a period of 540 days, the diffusion of chloride ions
decreases the slope from the value of �3.72 to �1.1. Depends upon
the porosity of the concrete, the time taken to reach the Warburg
impedance (WI) is varied. Fig. 4 compares the WI behaviour of
three cements in 30 MPa concrete. From the plot it can be clearly
understood that for OPC it takes 80 days whereas for PPC and
PSC it is 540 and 1135 days respectively. In PPC and PSC concrete,
the formation of additional calcium silicate hydrates during the
pozzolanic reaction fills the pores and increases the tortuosity.
The discontinuity through interconnected pores reduces the rate
of diffusion of chloride and due to this, the time taken to reach
WI behaviour in PPC and PSC concrete is increased.

Fig. 5 compares the Randles plot of rebar embedded in 30 MPa
concrete. For a reversible reaction, Rct ? 0, the Randles plot (x�1/2

versus Z00) intersect the origin, the criterion for the reversibility of
the reaction is satisfied. The reaction is mainly controlled by diffu-
sion of chloride ions alone since diffusion is a transfer of mass by
random motion of free chlorides ions in the pore solution resulting
in a net flow from regions of higher (top surface) to regions of low-
er concentration (near rebar). The concrete specimens under this
condition can be considered to be an electrochemical system and
hence the rate of diffusion can be determined using rw. In chlo-
ride-induced corrosion, initially, the rebar is under mixed kinetic
and diffusion-controlled reaction and maintains the passive condi-
tion till the chloride concentration reached its threshold level. Dur-
ing this period, the rate of charge transfer resistance of rebar is
comparatively less. Though the film formation (Portlandite) is
occurring at the steel -concrete interface as a first step, when the
chloride available near the rebar surface reaches its threshold level
then initiates corrosion. Hence DWI denotes the diffusion process
occurring through the cover concrete that affect the reaction ki-
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Fig. 4. Warburg impedance behaviour of OPC, PPC and PSC after an exposure period
of 80, 540, 1135 days respectively in 30 MPa concrete.
netic at the steel–concrete interface just before the corrosion starts
and indicated distinctly by the low frequency arc having a slope of
�1 (45�).

Similar to Cl� ion diffusion, OH� ions also move from the inner
side of the concrete to the outer surface (leaching process) when
concrete exposed under immersion/splash zone condition. But in
the present study, the experiment was conducted under atmo-
spheric condition, the rate of diffusion of OH� ions is very much
less as there is no sufficient concentration gradient exists. The
average OH� ions concentration at the rebar level was also esti-
mated from the acid-base titration and found it was 0.121 mol L�1

in OPC concrete and 0.036 mol L�1 in blended cement concretes.
The values are not changed significantly upto the period of
1135 days. During this period, the concentration of chloride ions
only changed with time, hence it has been assumed that the
change in low frequency arc in the Nyquist plot is only due to chlo-
ride ions only. Other cations such as Na+, K+ and Ca2+ are generally
less mobile than anions [26].

Fig. 6 compares the Warburg impedance behaviour of rebar in
20 and 40 MPa concrete whereas Fig. 4 compares in 30 MPa con-
crete respectively. From the plots, by extrapolating the low fre-
quency arc of each cement as shown in Fig. 2b, rw was
determined. Table 4 compares the rw of three cements in three
concretes. Data highlights that with an increase in strength of
the concrete, the rw also increases. From the table it can be also
seen that the DWI of 20 MPa-PPC concrete is 1.65 times lesser than
that of OPC concrete whereas in PSC concrete it is 4 times lower
than that of OPC concrete. Similarly the value is 1.83 and 2.52
times lower in 30 MPa concrete; 24 and 16 times lower in
40 MPa concrete respectively.

4.2. DFL

Table 5 compares the DFL at the end of 775 and 1135 days. With
the time of exposure, DFL is increased in 20 MPa concrete whereas
it get decreased in 30 and 40 MPa concretes and confirms that the
DFL is time-dependent one and varies depending upon the concrete
properties.

4.3. DWI versus DFL

Table 4 also compares the ‘D’s determined by both the methods.
The value determined by DWI is higher than that of DFL. In DWI, the
diffusion of chloride through the pore solution is measured and the
rate is mainly depending upon the size of the interconnected pore
and hence it is an effective diffusivity. In the case of DFL, when
powdering the concrete samples, the chloride ions adsorbed into
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Table 4
Comparison of DWI versus DFL.

Grade/type of
cement

rw � 10�4

(X m2 s�1/2)
DWI � 10�12

(m2 s�1)
DFL � 10�12

(m2 s�1)

20 MPa-OPC 0.210 4.84 2.00
20 MPa-PPC 0.270 2.92 1.05
20 MPa-PSC 0.420 1.21 1.20

30 MPa-OPC 0.242 3.67 1.45
30 MPa-PPC 0.326 2.00 1.65
30 MPa-PSC 0.381 1.46 0.62

40 MPa-OPC 0.309 2.23 1.50
40 MPa-PPC 1.502 0.094 1.81
40 MPa-PSC 1.229 0.141 0.59

Table 5
Comparison of DFL.

Grade/type
of cement

Water-soluble
chloride (%
by weight
of cement)

DFL, 775 �
10�12 (m2 s�1)

DFL, 1135 �
10�12 (m2 s�1)

DFL, average �
10�12 (m2 s�1)

Exposure
period (days)

775 1135

20 MPa-OPC 3.212 4.226 2.0 2.1 2.0
20 MPa-PPC 0.676 2.536 0.9 1.2 1.05
20 MPa-PSC 0.779 2.029 1.0 1.4 1.2

30 MPa-OPC 1.781 2.397 1.6 1.3 1.45
30 MPa-PPC 1.781 3.356 1.6 1.7 1.65
30 MPa-PSC 0.137 0.411 0.60 0.64 0.62

40 MPa-OPC 1.813 1.440 1.9 1.1 1.50
40 MPa-PPC 1.173 3.20 1.4 2.22 1.81
40 MPa-PSC 0.213 0.107 0.70 0.47 0.59

R2 = 0.715
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Fig. 7. Rebar mass loss versus chloride content.
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the layers of hydrated/unhydrated cement phases and aggregates
are also get released in addition to free chlorides and hence it is
an apparent one. In chloride transport mechanism, the diffusion
of chloride occurs only through the pore solution present in the
interconnected pores and DWI measures this phenomenon more
accurately compared to that of DFL. In addition to this, in EIS tech-
nique, diffusion of chloride alone is measured in a quasi-static
state, the value should be more reliable.

4.4. Determination of chloride threshold concentration (Cx)

Fig. 7 correlates the rebar mass loss with chloride content of all
the three cements in 20, 30, 40 MPa concrete respectively. The
correlation coefficient (R) between them varies from 0.76–0.91



Table 6
Comparison of Ti.

Grade/type of
cement

Ti from DWI

(days)
Ti from DFL

(days)
Corrosion rate (lm y�1)

EIS Mass loss

At the end of
Ti,DWI Ti,DFL

20 MPa-OPC 309 747 5.4 17.29 25.2 (775 days)
20 MPa-PPC 658 1602 0.4 2.99 7.4 (1765 days)
20 MPa-PSC 1556 1569 1.72 1.72 0.8 (1528 days)

30 MPa-OPC 474 1199 2.80 27.49 12.40 (775 days)
30 MPa-PPC 1167 1374 1.80 2.54 5.2 (1528 days)
30 MPa-PSC 1486 3640 1.13 >9.43 0.6 (1528 days)

40 MPa-OPC 938 1394 3.17 6 0.7 (1135 days)
40 MPa-PPC 31488 1651 >0.1 0.1 0.7 (1765 days)
40 MPa-PSC 20266 5974 >1.3 >1.3 1.5 (1765 days)
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indicated that the rebar mass loss increased linearly with the chlo-
ride content. It can be seen that for the negligible mass loss of
0.006 g cm�2, the OPC, PPC and PSC can tolerate up to 1.813,
2.536 and 2.453% chloride by weight of cement respectively. In
blended cement concrete it is 1.4 times higher than that of OPC
concrete. The above experimentally arrived values were taken as
the threshold chloride concentration (Cx) at the rebar level, to cal-
culate the time to initiation of corrosion using both ‘D’s.

4.5. Time to initiation of corrosion (Ti)

Table 6 compares the Ti using DWI and DFL. From the table it can
be seen that Ti predicted by DWI is less than that of DFL. The accu-
racy of Ti predicted by DWI was ensured by comparing the value
with the corrosion rate (CR) of rebar determined from EIS. For
example, at the end of 267 days, the CR of rebar embedded in
20 MPa-OPC concrete is 5.4 lm y�1 and increases to 13.2 lm y�1

at the end of 540 days. As per the criteria proposed by the Andrade
[27], if the CR is 1.2–5.8 lm y�1, it indicates low corrosion rate and
if it is more than 11.6 lm y�1, it is high corrosion rate. When com-
paring the data with the above criteria, it is clearly evident that CR
at the end of Ti, DWI (267 days) comes under low corrosion rate
whereas at the end of Ti, DFL comes under high corrosion rate. Ti
Fig. 8. Extent of rust on the rebar after 1135 days of exposure (a)
is the time taken by the chloride ions reached on the rebar surface
and corrosion just initiated on it, at that time CR should be very
negligible. It has been proved that Ti from DWI is in close agreement
with the CR from EIS whereas it was either overestimated or
underestimated by DFL as the CR is higher. This is observed repeat-
edly in all the three grades of OPC concrete studied. In PPC and PSC
concrete, the CR at the end of Ti, DWI is <1.2 lm y�1 and comes un-
der passive condition whereas at the end of Ti, DFL, the CR is be-
tween 1.2–5.8 lm y�1 and comes under low corrosion.
Conceptually Ti can be checked either destructively by mass loss
measurement or non-destructively by EIS measurement. The mass
loss measurement could not be done at the end of Ti, since the
change in mass loss is very negligible and could not be estimated
and hence CR from EIS has been compared. To have a sufficient
mass loss, the specimens were allowed to corrode some more time
and then CR was estimated and compared with the Ti. For example,
in 20 MPa-OPC concrete, the CR from mass loss measurement at
the end of 775 days is 25.2 lm y�1 and such higher CR is possible
only when the corrosion started at the end of 309 days. Similarly
in 30 MPa-OPC concrete, Ti determined from DWI is 474 days and
CR at the end of 775 days is 12.4 lm y�1. It is inferred that the
CR estimated from mass loss measurement is in close agreement
with the Ti determined from DWI.

The above results also confirmed by observing the extent of rust
on the rebar at the end of 1135 days as given in Fig. 8. In 20 and
30 MPa-OPC concrete (Fig. 8a and b), the rust spreads throughout
the length of the rebar whereas negligible rust is observed in
40 MPa concrete (Fig. 8c) which are very well in agreement with
the Ti from DWI. As Ti gets delayed, the rebar embedded in PPC
and PSC concretes show negligible rusting.

5. Discussion

5.1. Influence of type of test method on measured ‘D’

In actual concrete structures, the rate of chloride diffusion into
the concrete is decreased with time due to the hydration of cement
and chloride binding. Because of change in either surface chloride
concentration or time-dependent characteristics of ‘D’, the DFL

based on Fick’s law is not applicable to long term chloride
20 MPa concrete, (b) 30 MPa concrete, (c) 40 MPa concrete.
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transport in concrete. It is widely accepted that the transport
behaviour of chloride ions in concrete is a more complex and com-
plicated process that can be described by Fick’s law of diffusion
[28] and the DFL can be characterized as semi-empirical, resulting
an ‘‘apparent effective diffusivity”. The instantaneous measure-
ment of ‘D’ in the cover concrete of structures is an essential one
for accurate prediction of Ti. It is reported [29] that the depassiva-
tion of rebar occurs in chloride-contaminated concrete by only free
chlorides (water-soluble). It is important that the ‘D’ determined
by any method should reflect the diffusion of free chloride through
the pore solution or otherwise it may be either conservative or
unconservative estimate of service life. From Table 6, it can be seen
that, Ti is overestimated by DFL. As the drawbacks present in the
conventional method has been overcome by DWI, Ti by DWI is more
reliable which is proven by determining the CR from EIS and sub-
sequently by mass loss measurement.

The proposed electrode arrangement is normally used for mea-
suring the corrosion rate of rebar embedded in concrete specimens
under laboratory condition in which the rebar area is known. In ac-
tual concrete structures where the rebar area is unknown, to con-
fine the electrical signal to the known rebar area, the guard ring
assembly shall be used. The advantage of proposed methodology
is there is no separate sensor assembly is required for monitoring
the transport properties of chlorides through the cover concrete
as reported in earlier investigations [30,31]. Shi et al [21] fixed
the two stainless steel plates on both the sides of the concrete
specimens and found rw from the slope of the Randles plot.

In the present study, the rebar embedded inside the concrete
was used as one electrode whereas stainless steel electrode fixed
on the surface was used as another electrode and the diffusion of
chloride through the cover concrete between the two electrodes
was measured. The advantage of the proposed method is ‘D’ can
be measured at any time at site non- destructively. The measured
‘D’ is inclusive of environmental parameters such as age of con-
crete, temperature, relative humidity and chloride convection by
moisture transport when the concrete is under wet condition.
The advantages of EIS technique over other DC technique are (i)
the applied AC amplitude is only 20 mV and hence the disturbance
of electrode surface is less (ii) measurement is easy and accurate
(iii) the time-dependent characteristics of ‘D’ can be determined
in situ instantaneously.

In chloride-induced corrosion, the initiation and propagation of
corrosion is mainly depends upon the concentration of chlorides
and oxygen. The concentration of Cl� ions, CO2 and permeability
of concrete are the main influencing parameters during the initia-
tion period [1]. During the propagation period, the rate of corrosion
is limited by the availability of oxygen at the steel surface and it de-
pends on concrete quality, cover, temperature and relative humid-
ity. The prediction of ‘D’ plays a major role during the initiation
period and once corrosion is initiated on the rebar surface, the time
to cracking (Tp) mainly depends upon the cover of concrete, diam-
eter of the rebar and mechanical properties of the concrete [32].

5.2. Influence of type of cement on measured ‘D’

DWI of PPC and PSC concrete is less than that of OPC concrete and
the trend is not changed if the strength of the concrete is changed.
In blended cements, the chloride binding capacity is higher and this
is due to: (i) higher calcium–silicate–hydrate (C–S–H) content trap
more amount of chloride ions and reduces the availability of free
chloride ions (ii) the pore restructuring by pozzolanic reaction
products may decrease the intrinsic diffusivity (iii) the Al2O3 con-
tent in PPC and PSC cement is 10–12% whereas in OPC is 5%, an
additional alumina react with chloride and forms chloroaluminate
leading to a reduction of free chlorides [33] (iv) the alumina fraction
of glass phase allowed the dissolution of Al3+ ions into an alkaline
pore solution and pozzolanic reaction consumes the released hy-
droxyl ions. To maintain the ionic neutrality, more number of chlo-
ride ions was adsorbed into the interlayers of CSH [34]. These
factors contributed to the reduction of free chloride ions availabil-
ity, which decreased the DWI. Compared to OPC concrete, DWI was
found to be decrease in PPC and PSC concrete by a factor of 1.65
and 4 times that of OPC concrete in 20 MPa concrete; 1.83 and
2.52 in 30 MPa concrete; 24 and 16 times in 40 MPa concrete
respectively.

5.3. Threshold chloride concentration

When looking earlier investigations [35–37] it is observed
that the chloride ions concentration at which corrosion initiated
was determined when (i) the potential of rebar reaches to
�270 mV versus SCE (Saturated Calomel Electrode) (ii) the Icorr

of rebar embedded in concrete reached to 0.35–1 lA cm�2 (iii)
the Rp value of the rebar starts to get decreased (iv) using the
values specified by ACI 210, ACI 222 and BIS 8110. When analyz-
ing the results obtained by other investigators, it is observed
that the threshold concentration reported in most of the cases
is on cement mortar using electrochemical technique. These val-
ues may be different for concrete mixes made with different ce-
ment composition and w/c ratio and for concrete mixes
incorporating mineral admixtures. The values specified in speci-
fication are only codal limits and not true threshold values for
onset of corrosion. Because of above foresaid reasons, it is more
appropriate to use experimentally arrived values than the value
reported by other investigators. Haque and Kayyali reported [29]
that 1.15% chloride (water-soluble) by weight of cement as
threshold chloride concentration in medium strength concrete.
In the present study 0.006 g cm�2 of mass loss has been taken
as the limit for assessing the threshold chloride concentration
and due to this, the value obtained (1.813) is slightly higher than
the value reported in earlier investigations.

6. Conclusions

1. When concrete specimens subjected to chloride environ-
ment, the rebar embedded in them attains mixed kinetic
and diffusion-controlled reaction, coefficient of Warburg
impedance (rw) in the Nyquist plot able to predict the diffu-
sion coefficient of chloride (DWI) more precisely than the
conventional method (DFL).

2. Randles plot (x�1/2 versus Z00) of Warburg impedance behav-
iour intersect the origin satisfy the criterion for the revers-
ibility of reaction.

3. DWI reflects the time-dependent characteristics of ‘D’ more
accurately and measures only diffusion of chloride through
the pore solution present in the interconnected pores. Both
pore size and tortuosity factors are incorporated when mea-
suring the DWI, it is an intrinsic effective diffusivity. DWI is
capable of measuring ‘D’ at site in a non-destructive way.

4. Time to initiation of corrosion is delayed considerably in PPC
and PSC concretes compared to that of OPC concrete. Added
mineral admixtures such as fly ash, slag along with cement
and reduced w/c ratio constricts the pore size and increased
the tortuosity leads to reduction of DWI and delays the Ti.
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