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Abstract For predicting the service life of concrete
structures in marine environment, diffusion of chlo-
ride (D) is an important parameter. Electro-migration
tests and ponding tests are two techniques conven-
tionally adopted, however they are destructive in
nature. EIS (Electrochemical impedance spectros-
copy) being non-destructive appears a promising
technique to arrive at ‘Di’ (D from EIS) in situ in
structures. The Dgr of ordinary Portland cement
concrete (OPC) was compared with that of Portland
pozzolana cement concrete (PPC). The effect of
curing on Dy was analyzed. The splash zone condi-
tion was created by subjecting the specimens to
alternate wetting and drying cycles. At the end of
28 days of curing, the Dg of PPC concrete is only
66.7% of that obtained in OPC concrete. A linear
correlation was established between Dy and the
porosity of the concrete, Due to pozzolanic reaction,
the rate of pore refinement is faster in PPC concrete
compared to OPC concrete. In M25-PPC concrete at
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the end of 28 days of curing, the pore size is
decreased to 14.6% of that obtained at the end of
3 days of curing. The reduction of pore size by
densification of pore structure due to pozzolanic
reaction reduces the Dg value in PPC concrete. In
30 MPa concrete the Dr under wet cycle is 3 times
higher than in dry cycle, which implied that corrosion
is initiated 3 times faster in concrete exposed to the
splash zone condition.
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1 Introduction

Chloride-induced corrosion of steel reinforcement is
the main cause of deterioration of reinforced concrete
structures such as bridges, parking garages, offshore
platforms, etc. Seawater and deicing salts used during
winter are the sources of chlorides. Corrosion of steel
reinforcements leads to concrete fracture through
cracking, delamination and spalling of the concrete
cover, reduction of concrete and reinforcement cross
sections, loss of bond between the reinforcement and
concrete, and reduction in strength and ductility. As a
result, the safety and serviceability of concrete
structures are reduced. Chloride ion permeability is
one of the intrinsic properties of concrete to be
assessed independently, so as to know the long term
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durability and serviceability of concrete structures in
marine environment.

For estimation of durability of structures, it is
highly desirable to quantify the chloride diffusion
process in concrete. When only natural diffusion is
involved different conditions/ methods lead to dif-
ferent diffusion coefficients. After concrete has
hardened, the diffusion of chloride ions is predom-
inantly 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 (Friedel’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 [1]. The most
common method widely adopted 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 by volu-
metric method is laborious and destructive in nature.
A non-destructive method that is applicable in actual
field structures needs to be evolved.

Electrochemical Impedance Spectroscopy (EIS) is
a potentially useful technique for field-testing of
structures. Electrical resistance measurements from
EIS represent an additional and fast-developing
technique in the study of cement based materials
both at micro and macro scale. From the engineering
point of view, electrical resistance measurements
could be exploited to characterize pore size and
diffusion in cement based materials. In predicting the
service life of concrete structures, the instantaneous
measurement of ‘D’ in actual concrete structures
would prove useful. Advantages of EIS technique
over other methods are: (i) The applied AC amplitude
is only 20 mV (ii) It takes into account the influences
of both bound chloride present in the hydrated
cement products as Friedel’s salt as well as free
chlorides present in the pore solution. (iii) Measure-
ment is easy and quick (iv) The time dependent
characteristics of ‘D’ can be determined.

Xu et al. [2] had observed that the high frequency
arc of cement paste in the impedance spectra was
inversely proportional to the porosity, pore size and
square root of the ionic concentration of the pore

solution. The high frequency arc diameter from EIS
measurements can detect real-time micro structural
changes in cement paste subjected to a sustained load
[3]. It was reported that the increase of the high
frequency arc diameter is related to changes in the
electrical properties of the C—S—H/pore solution and
pore structure parameters induced by the sustained
load. The critical chloride concentration for initiation
of corrosion has been determined in cement paste
from Rp measurements using EIS [4]. A strong
decrease in the capacitive part was observed when
chloride corrosion initiated on the rebar. The initia-
tion of corrosion was also confirmed by SEM, EDX
analysis and visual observation. Buchward et al. [5]
carried out studies on masonry materials. Electrical
resistance was first determined using EIS technique
and converted as conductivity. Using the Nernst-
Einstein equation, the diffusion coefficient was
arrived at. Diaz et al. [6] established the relation
between the diffusion coefficient, resistance from EIS
and ionic mobility in cement mortar using four and
two electrode methods. McCarter [7] also carried out
impedance studies on cement mortars and concluded
that the micro structural changes are exerting a more
dominant effect on the measured conductivity than
changes in pore fluid conductivity.

Thus it can be seen that the earlier studies are
mostly confined to cement paste and cement mortar.
No detailed studies have been carried out on the
efficacy of EIS technique in predicting the chloride
diffusion characteristics in concrete. There is also a
need to compare the behaviour of pozzolana cement
with ordinary Portland cement from the point of view
of pore refinement.

The objective of the present investigation is to
compare the chloride diffusion characteristics of
ordinary Portland cement concrete with that of
pozzolana cement concrete under identical curing
and testing conditions and predict the durability on
the basis of the diffusion coefficients obtained
through EIS technique.

2 Experimental method
2.1 Materials

Ordinary Portland cement (OPC)-conforming to
BIS1989; equivalent to ASTM type-I cement and
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Table 1 Oxide analysis of OPC and PPC

Oxides Weight (%)

OPC PPC
SiO, 20-21 28-30
AlLO; 5.2-5.6 7-10
Fe,03 4.4-4.38 4.9-6
CaO 62-63 41-43
MgO 0.5-0.7 1-2
SO; 24-2.8 24-2.8
Loss on ignition 1.5-2.5 3.0-3.5

Table 2 Composition of concrete

Grade Cement Fine Course Water
(kg/m®) aggregate aggregate (kg/m*)
(kg/m®) (kg/m®)
M25 284 770 1026 190
M30 352 739 1026 190

Portland pozzolana cement (PPC)-conforming to
BIS:1991, have been used in the present investiga-
tion. The chemical compositions of the cements are
given in Table 1. From the table it can be seen that
compared to OPC, the SiO, content in PPC is higher
whereas the CaO content is lower. Two grades of
concrete having a design compressive strength of
25 MPa and 30 MPa were designed as per the
procedure outlined in ACIL.211-91. The design mixes
are given in Table 2. The same proportions have been
used for both OPC and PPC concretes. The coarse
and fine aggregate conforming to BIS 383:1970
(Specification for coarse and fine aggregate from
natural sources for concrete) was used. The maxi-
mum size of the aggregate was 20 mm. Potable water
was used for casting the concrete. The major
difference in the two mixes is the cement content.

2.2 Specimen preparation

As shown in Fig. 1, concrete specimens of size
100 x 100 x 100 mm were cast. In each cube, two
number polished stainless steel electrode of size
40 x 40 mm were embedded at 1 cm interval in such
a way that they were in perpendicular direction to the
diffusion of chloride. Both the top and the bottom

Wire

[*-Cuhe

"l1 / Stainless steel

‘EI’H "/ Plate

4.5 cm

45cm | 1cm

Fig. 1 Experimental set-up for measuring resistance using
Electrochemical impedance spectroscopy

faces of the specimen were sealed with epoxy
coating. Electrical leads were taken from the elec-
trodes by brazing and sealed. After demoulding, the
specimens were kept immersed in water and cured for
different periods viz., 3, 7, 14 and 28 days. The
specimens were kept immersed in 0.513 M salt
solution for 24 h and then air dried for 6 h at room
temperature before EIS experiments were carried out.

2.3 Method of measurement of resistance using
EIS

Measurements were carried out in the frequency
range 100 kHz-1 Hz using the electrochemical
impedance analyser model No. 6310. The amplitude
used was 20 mV. The impedance values were plotted
in the nyquist plot. Using the software ‘Z view’, the
high frequency arc was extrapolated to a semicircle.
From the diameter of this semicircle, the resistance of
the concrete was calculated and converted into
resistivity ‘p‘ using the following equation.

rxa
p=2 (1)

where p, resistivity (ohm-m); r, resistance (ohms); a,
area of the electrode (mz); 1, distance between the

driven electrodes (m).
nilem
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2.4 Diffusion coefficient Dg from resistivity

From the resistance values, the conductivity of the
concrete ‘c‘ was calculated as follows:

1
g=— (2)

0
Using the Nernst-Einstein relation [8] the Dg was

calculated as:

RTo
Dr = —— 3
T FC G)
where R, gas constant (J mol ™! Kil); T, temperature
(K); F, faraday (C molfl); C, concentration (mol m73);
a, conductivity Q@ 'm™h.

2.5 Alternate wetting and drying cycle

After the impedance measurements, at the end of
28 days curing, were completed, the specimens were
subjected to alternate wetting in 3% NaCl solution
(0.513 M) for 4 days and drying at 70°C for 3 days to
simulate the splash zone condition of the structure. At
the end of each wet and dry cycle, impedance
measurements were repeated. The impedance plot of
M25 & M30 concrete under wet and dry cycle is
given in Fig. 7. The experiment was conducted over a
period of 64 days.

2.6 Determination of porosity

The porosity of the concrete was determined by the
oven drying method given in ASTM C642-90 [9]. For
this test, 80 mm diameter and 40 mm thick concrete
disks were cast and cured for different periods viz., 3,
7, 14 and 28 days. The specimens were dried in an
oven at a temperature of 100 £ 5°C for 48 h and
allowed to cool to room temperature. The weight of
the oven-dried specimen (A) was measured. Then the
specimen was kept immersed in water continuously
for 48 h and after wiping out the surface moisture, the
increase in weight (B) was measured. The specimen
was then kept immersed in boiled water continuously
for a period of 5 h and it’s weight (C) was taken after
a time gap of 14 h. The specimen was suspended in
water and it’s submerged weight (D) was determined.

To determine the % of total voids, apparent
specific gravity of the specimen (gz) has to be
determined. The specimen was broken, crushed and
powdered for this purpose. 64 grams of powdered
sample were taken after sieving through a 90 p sieve.
As per the procedure outlined in IS: 4031, the specific
gravity of the powdered sample was determined using
a Le-chatelier flask [10].

(g5 — &) % 100
g3

where, g, = A/(C — D); A, weight of oven dried
sample in air; C, saturated weight of surface dry sample
in air after immersion in water; D, submerged weight in
water; g3, apparent specific gravity of the specimens.

% of total voids =

Void vol f t
Porosity, % — oid volume of concrete <100 (4)
Total volume of concrete

2.7 Determination of Dc (x) using chloride
concentration (destructive method)

The chloride concentration was determined by vol-
umetric analysis using the silver nitrate method [11].
After the exposure of concrete specimens in chloride
solution for 64 days, the chloride concentration at 10
and 20 mm depth was determined. Specimens were
sliced at 10 and 20 mm depth, then powdered and
sieved through a 300-pm sieve. 30 grams of pow-
dered sample was taken, dissolved in 60 ml of
distilled water and left for 24 h to allow for complete
dissolution of water-soluble chlorides. After 24 h, the
decanted solution was filtered and 5 ml of this filtered
solution was neutralized with 0.1 N H,SO, using
phenolphthalein as an indicator. Then the solution
was titrated against 0.01 N silver nitrate using
potassium chromate as an indicator. Yellow to brick
red was taken as the end point of the titration. The
titrated value was expressed as chloride concentration
(Cy) According to Fick’s Rule, the diffusion coeffi-
cient of concrete can be calculated using the
following formula [12],

C, = C (1 —erf lﬁ]) (5)

where, Cy, chloride concentration at known depth; Cs,
surface chloride concentration (mol/cm3); X, cover in
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concrete (cm); Dy, apparent diffusion coefficient
(cm2/s); t, period of exposure(s); The D.(x) depends
upon the porosity and tortuosity of the concrete. It is
obtained from D, as follows:

Dypp X T
—_— 6
: (6)

where, 1, tortuosity; P, porosity.

Maekawa et al. reported [13] that the tortuosity
factor of concrete varied from 2 to 4 if the
microstructure of the concrete varied from coarse to
dense. As M25 and M30 concrete mixes used in the
present studies are moderately dense (density is
around 2300 kg/m?), a tortuosity value of 3 is
appropriate.

D.(x) =

3 Results
3.1 Dg from impedance study

Figures 2 and 3 show the impedance plots for M25
and M30 OPC- concrete whereas Figs. 4 and 5 show
the impedance plots of M25 and M30 PPC concrete It
can be seen that invariably, in all the plots, two arcs
are visible; one at the high frequency region between
100 kHz and 100 Hz and another one at the low
frequency region between 100 Hz and 10 Hz. The
former is attributed to the solid hydrated cement
products and pore solution whereas the latter is
attributed to the cement- electrode interface. The
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Fig. 2 Impedance data obtained on M25 concrete using OPC
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Fig. 3 Impedance data obtained on M30 concrete using OPC
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Fig. 4 Impedance data obtained on M25 concrete using PPC

equivalent circuit model, which takes into account the
presence of two time constants (Fig. 6).

The diameter of the high frequency arc is taken as
the bulk resistance of the concrete. Bulk resistance is
inclusive of resistance offered by solid phases present
in the concrete and free ions in the pore solution. In
both OPC and PPC concretes at the end of 3 days
curing, the high frequency arc is not visible. However
the high frequency arc appears after 7 days and
continues to grow in diameter with time. The high
ionic concentrations and high initial porosity delayed
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Fig. 5 Impedance data obtained on M30 concrete using PPC

Bulk effect
Cc
| 1
11
Cdl
AL
Rpore sol | AMAAA_L
Ret

Fig. 6 Equivalent circuit. C., capacitance of the concrete
Rpore, pore solution resistance; Cq;, double layer capacitance at
the pore solution-electrode interface; R, charge transfer
resistance of the electrode circuit

the occurrence of the high frequency semi-circle.
After 3 days of hydration, the concentration of ions,
the porosity and pore size decreases with increasing
hydration time leading to an increase in the diameter
of the circle [4]. It is reported [14] that between
10 kHZ-100 Hz, the resistive loop is mainly due to
the cement/electrode interface contribution and in the
frequency region <100 Hz, the resistive loop is
mainly due to electrode impedance and in the
frequency region >100 kHz, the resistive loop is
mainly due to the dielectric properties of the concrete
[15, 16]. The experimental results have confirmed that

the resistive loop between 100 kHz—100 Hz region is
more appropriate for determining ‘D’ in concrete.
Diaz et al. [6] reported that if only the diffusion
coefficient is required, a single frequency measure-
ment at 1.kHz will be enough, provided that the
driven electrodes are close enough to minimize the
electrolyte resistance. In the present work the driven
electrodes are spaced at 1 cm intervals and hence this
frequency region has been more appropriate for
determining the resistance. In concrete, to arrive at
the diffusion coefficient from conductivity, both
Nernst- Einstein equation and Einstein—Smoluchow-
ski equation have been used [8, 17]. Since the ionic
mobility of Na* and Cl~ is not established experi-
mentally for the given concentration, the Nernst-
Einstein equation has been used in the present study.

3.2 OPC Vs PPC: effect of curing time and
strength

Results are summarized in Table 3. M25-OPC when
cured for 3 days shows a Dy value of 5.76 x 107’
cm?/sec and this value gets decreased with an
increase in curing time. At the end of 28 days the
Dy value is about 1 x 1077 cm?/sec i.e., nearly 16.7
% of that obtained at the end of 3 days curing. M30-
OPC when cured for 3 days shows a Dgr value of
2.67 x 1077 ecm?/s, which is less than half the value
obtained fro M25-OPC.This value decreased with an
increase in curing time. At the end of 28 days, the Dg
value is 0.84 x 1077 cm?%/sec i.e, nearly 33.3 % of
that obtained at the end of 3 days curing.

M25-PPC concrete, when cured for 3 days, shows
a Dy value of 5.8876 x 1077 cm?/sec and this value
gets decreased with an increase in curing time. At the
end of 28 days, the Dy value is about 12.5% of that
obtained at the end of 3 days of curing. Similarly in
M30-PPC concrete the Dy value at the end of 28 days
curing is 0.52 76 x 10~ cm?*/sec, which is 16.7% of
that obtained at the end of 3 days of curing.

3.3 Effect of alternate wet and dry cycle on
resistance

The Nyquist behaviour of M25 and M30 OPC
concrete under dry and wet cycle is given in Figs. 7
and 8. It is seen that with time the slope of the low
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Table 3 Comparison of Dg: OPC vs PPC concrete

Grade Curing (days) OPC PPC
Resistance  Conductivity Dg x 1077(cm?/s)  Resistance Conductivity Dg x 1077 (cm?/s)
Q) (x 1073 S/m) Q) (x 1073 S/m)
M25 39.01 160.2 5.76 38.23 163.5 5.88
60.46 103.4 3.72 102.38 61.05 2.19
14 180.29 34.7 1.25 185.62 33.7 1.21
28 221.18 28.3 1.02 311.15 20.1 0.72
M30 84.07 74.3 2.67 70.34 88.9 3.19
101.05 61.9 2.23 136.7 45.7 1.64
14 232.57 26.9 0.97 252.83 24.7 0.89
28 266.19 24.8 0.84 43476 14.4 0.52
Fig. 7 Impedance data (A) 400
obtained on M25-OPC —0— dry-1 (B) -150
—&— dry-2 wet-1.
concrete: (a) Dry cycle and -0 - dry-3 wet-2.
(b)Wet Cycle -300 [ =3- 332 L s
wet-5.
-100
-200
N Ry 50
-100
0
0
100 1 1 1 50 1 1 1
0 100 200 400 500 0 50 100 150 200
Z' (Ohms) Z' (Ohms)

frequency arc slowly reduces and reaches to —1
which indicates the presence of Warburg impedance.
The diameter of the high frequency arc also reduces
slowly at each cycle indicating the permeation of
chloride. The resistance of the concrete is greater
under dry cycle than under wet cycle (Table 4). At
the end of the 2nd dry cycle, the value of resistance is
142.46 ohms in M25 concrete whereas it is
272.11 ohms in M30 concrete. During drying of
concrete, crystallization of chloride in the pores and
loss of liquid connectivity inside the porous net work
due to moisture loss might have increased the
resistance value in the dry cycle [18]. But at the
end of 4th dry cycle, resistance decreases to a very
low value. This indicates that the crystallized salt in
the pores gets dissolved with time leading to an
increase of its concentration in the pore solution and a
consequently in resistance. Under the wet cycle, the

values are 36.61, 40.74 ohms in M25 and M30
concrete respectively. The data indicates that all the
pores are filled with the chloride ion, moisture and thus
capillary paths by interconnected pores are established
continuously. Due to this the resistance is decreased.
From this it is inferred that the moisture movement
greatly influences the resistance measurements. The
average Dg of M25 and M30 concrete under wet cycle is
6.61 x 1077 and 5.85 x 10~7 cm?/sec respectively.

3.4 D, from porosity

From Table 5. it can be seen that porosity decreases
with the increase of curing. The porosity is less in PPC
concrete compared to OPC concrete. At the end of
28 days of curing, it is 35% and 38% in 25 MPa-
whereas it is 34% and 37% in 30 MPa- PPC and OPC
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Fig. 8 Impedance data obtained on M30-OPC concrete: (a)
Dry cycle and (b) Wet Cycle

concrete respectively. The interfacial zone and per-
colation effects by the presence of coarse aggregate in
the concrete might have increased the porosity. Total
porosity of concrete has been correlated with the
diffusion co-efficient determined from the resistance
(28 days) and this is shown in Fig. 9. The diffusion
coefficient having a relation with porosity as:

D, = (0.114P —3.381) x 107’

where, P, porosity %; D,, diffusion coefficient from
porosity; cm?/sec.

As the penetration of chloride through the concrete
is a diffusion process without pressure, the porosity of
the concrete is usually consistent with the diffusivity
of the concrete.

3.5 D.(x) from chloride concentration

From Table 6, it is clear that, after 64 days of
exposure in 0.513 M NaCl solution, the D.(x) value
is 6.24 x 1077 em*s and 5.34 x 1077 cm*/s in M25
and M30-OPC concrete respectively. The value is
very close to the value determined by Dg.

4 Discussion

From Table 3, it can be observed that in PPC
concrete, the Dy is higher at the end of 3 days than
OPC concrete but at the end of 28 days it is less than
the OPC concrete. The densification of pore structure
refinement in PPC concrete reduces the pore size.
Using resistance measured from EIS, the average
pore diameter of the OPC and PPC concrete are
calculated as follows; [3]

2L 0 1
R=--— 7
SSaf(er()) @
o k
"7 PxR

where R, resistance (ohms); L, length of the specimen
(m); S, surface area (mz); 0, double layer thickness
(m); oy, specific conductivity of the pore solution
(Ohm_1 m_l); 1o, pore diameter (m); P, total porosity
(%, vIv); K, constant. From Eq. 7, it can be
understood that for determining the pore size,
estimation of pore solution conductivity (of) and
double layer thickness (J) is necessary.

4.1 Estimation of specific conductivity of the
pore solution

Based on the earlier work carried out by Snyder et al
and Larbi et al. [19, 20] on cement paste and mortar,
the specific conductivity of the pore solution in the
present investigation can be calculated as follows;
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Table 4 Comparison of

Dy: dry cycle vs wet cycle Grade No. of cycle Dry cycle Wet cycle
Resistance (Q) Dg x 1077 (cm?/sec) Resistance () Dg x 1077
M25 1 64.77 5.02 61.9 5.22
2 142.46 2.29 59.34 5.45
3 74.07 4.41 46.73 6.92
4 37.02 8.82 36.61 8.84
Average 5.13 Average 6.61
M30 1 159.37 2.03 67.46 4.79
2 272.11 1.19 78.05 4.14
3 150.16 2.16 49.60 6.52
4 114.79 2.82 40.74 7.94
Average 2.05 Average 5.85
Table 5 Comparison of porosity and pore size: OPC vs PPC
Grade Curing (days) OPC PPC
K (Q-m) P (% vIv) R (Q) ro (Lm) K (Q-m) P (%, vIv) R (Q) ro (Lm)
M25 16.90 40.70 39.01 1.062 16.90 39.84 38.23 1.109
16.90 39.49 60.46 0.700 16.90 38.33 102.38 0.431
14 16.90 38.90 180.29 0.241 16.90 36.90 185.62 0.247
28 16.90 38.67 221.18 0.198 16.90 35.46 311.15 0.153
M30 19.686 40.58 84.07 0.573 19.686 38.61 70.34 0.725
19.686 39.05 101.05 0.499 19.686 37.62 136.70 0.383
14 19.686 38.65 232.57 0.219 19.686 36.83 252.83 0.211
28 19.686 37.13 266.19 0.199 19.686 34.61 434.76 0.131
12 Taking into account the equivalent conductivity of
'Tg ions such as OH™, K*, Na* and C1~ and their molar
x Y concentration, conductivity of the pore solution was
:g g 0.8 1 calculated as 0.0213 m~' Q.
%2 06 y = 0.114x - 3.381
385 ¢ R® = 0.9577
g 0479 4.2 Estimation of double layer thickness
g 0.2 4
3 o X X X X Double layer thickness can be arrived at by using the
34 35 36 37 38 39 relationship given by Adams [21]

Porosity of the concrete,%
[Vol/vol of concrete]

Fig. 9 Correlation between porosity and diffusion coefficient
determined from resistance (28 days of Curing)

0f = Owater + Z Ci)vi (8)
i
where .. specific conductivity of water = 1 x
10 m™! Qfl; ¢;, concentration of the ith ion; /,,
equivalent conductivity of the ith ion.

0=— 9
) ©)
where,
47e?
K = = kTZniZiz (10)

i
e, charge on the electron (1.602 x 10—19 C); e,

dielectric constant of the cement paste (For M25:
5.58: M30 : 7.58: Reproduced from Ref. [14]);
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Table 6 Comparison of diffusion coefficient: Dg vs D.(x)

Grade Diffusion co-efficient of chloride x 1077 (cm? /s)

DR Dc(x)
Dry cycle Wet cycle
M25 5.13 6.61 6.24
M30 2.05 5.85 5.34

k, Boltzman constant (1.38 x 10—23 ] K_l); T, tem-
perature in K; n;, concentration of ith ion (mol/
volume); z;, valence of the ith ion.

Using Egs. 9 and 10, 6 was calculated as
8597 x 107 ®um  for M25 concrete  and
10.016 x 107 um for M30 concrete. By substituting
the values of § and g in Eq. 8, the K value was
calculated, which is 16.90 for M25 concrete and
19.686 for M30 concrete. From this K value, by
substituting the porosity and resistance, the pore size
(rg) was calculated and given in Table 5.

4.3 Pore size: OPC Vs PPC

Table 5 summarizes the data on porosity ‘P’, resis-
tance ‘R’ and pore diameter r, with respect to curing
time. It can be seen that M25-OPC concrete when
cured for 3 days shows a ry value of 1.062 um and
this value decreased with an increase in curing time.
At the end of 28 days, the ry value is 0.198 pm,
which is nearly 20% of that, obtained at the end of
3 days of curing. M30-OPC concrete when cured for
3 days shows a ry value of 0.573 pm , which is
approximately 50% of the value obtained for M25-
OPC. This value decreased with an increase in curing
time. At the end of 28 days, the ry value is 0.199 pm,
which is approximately 30% of that, obtained at the
end of 3 days of curing.

It is also evident that, compared to OPC concrete,
in PPC concrete there is a reduction in pore size at
each curing period. M25-PPC concrete having a pore
size of 1.109 pm at the end of 3 days and this
decreased with an increase in curing time. At the end
of 28 days the ry value is 0.153 pum which is about
14.3% of that obtained at the end of 3 days curing. In
M30-PPC concrete at the end of 3 days curing, the
pore size is 0.725 pm, it reached a value of 0.131 pm
at the end of 28 days of curing. Higher cement
content and lower w/c ratio reduces the pore diameter

in M30 concrete compared to M25 concrete. The pore
diameter determined is not the average diameter of
the individual pores but it may be the diameter of the
largest fraction of the interconnected pores. It was
reported that the lower diameter limit of capillary
pore size in concrete is normally in the range of
10 nm—100 pm [22, 23]. As shown in the table, at the
end of 28 days of curing, the size of all the pores falls
in the range between 10 nm to 100 pum, inferences
that they are only capillary pores.

Figure 10a shows the plot of pore size with curing
time for M25 concrete while Fig. 10b shows the plot
of pore size with curing time for M30 concrete.
Initially at the end of 3 days the pore size is more in
PPC concrete than in OPC concrete It is appears that,
at an early age, fly ash in pozzolana cement serves
only as an inert component. However after 3 days,
due to pozzolanic reaction, the pore size is reduced
more in PPC than in OPC. It is interesting to observe
that up to a curing period of 14 days, the rate of
reduction of pore size is faster in both OPC and PPC.
After 14 days, the pore size gets stabilized in OPC
whereas in PPC there is a further reduction in pore
size. This is obviously due to the pozzolanic reaction.

4.4 Prediction of time to initiation of corrosion

Using Dg, the time to initiation of corrosion was
calculated using Eq. 5. By taking cover of concrete as
40 mm (minimum cover recommended for marine
environment) and chloride threshold value for initi-
ation of corrosion at the rebar level (Cy) as 0.4 %
chloride by weight of cement, [24] the ‘t’ in days was
calculated. The results are given in Table 7. Com-
pared to OPC the time to initiation of corrosion in
PPC is increased by a factor of 1.24 in M25 concrete
and this initiation time increased by a factor of 1.4
times in M30 concrete.

5 Conclusions
From the present investigation carried out on M25
and M30 grade concretes, the following broad

conclusions can be drawn:

1. The Dr of PPC concrete is only 66.7 % of that
obtained in OPC concrete. Correspondingly PPC
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Table 7 Time to initiation of
corrosion: OPC vs PPC

Grade of C, (CI” by C; (CI” by Dk (x 107 7cm%/sec) X (cm) Time to

concrete weight of weight of initiation
cement, %) cement, %) of corrosion
(days)
M25-OPC 0.4 14.88 1.02 4 187
M25-PPC 0.4 14.88 0.72 4 232
M30-OPC 0.4 12.06 0.84 4 264
M30-PPC 0.4 12.06 0.52 4 375

is more durable than OPC. The lowering of Dg
value in PPC concrete is attributed to higher SiO,
content, densification of pore structure and a
reduction in OH™ ion concentration due to
pozzolanic reaction.

2. At the end of 28 days of curing, Dr of the 6.

concrete linearly increases with the total porosity
of concrete (expressed in %). This is irrespective
of the type of cement used (OPC or PPC) and the
strength of the concrete (M25 or M30). Obvi-
ously the pores are interconnected.

PPC concrete than in OPC concrete. The results
also indicate that the beneficial effect of PPC
concrete by pozzolanic reaction, needs a mini-
mum curing period of 14 days to produce a
enhanced durability.

The time to initiation of corrosion increased
considerably, by a factor of 1.2 times of, in M25-
PPC concrete compared to OPC concrete and by
a factor of 1.4 times of, in M30-PPC concrete.
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