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Abstract

The concrete does not possess sufficient resistance towards the permeation of aggressive ions when it is exposed to marine environ-
ment. When mineral admixtures are added, they impart certain impermeability to concrete by improving the physical structure by poz-
zolanic reaction. The reduction of concentration of OH™ ion occurs either by consumption of free Ca(OH), by pozzolanic reaction or by
dilution of cement alkalis due to replacement with mineral admixture. This causes a substantial reduction in the threshold value of chlo-
ride in mineral admixed concrete. In the present investigation, the corrosion resistance of rebar embedded in concrete made with Port-
land pozzolana cement (PPC), Portland slag cement (PSC) was studied for 847 days under macro cell corrosion condition with on
comparison using ordinary Portland cement (OPC). Concrete having characteristic compressive strength of 20, 30 and 40 MPa were
taken for evaluation. Potential and macro cell corrosion current were measured periodically and corrosion rates were determined by
weight-loss method. This long term experiment revealed that in 20 MPa concrete, the corrosion rate of rebar in PPC and PSC concrete
was 9 and 10 times lower than the rebar in OPC concrete: In the case of 30 MPa concrete, the corrosion rate of rebar in PPC and PSC
concrete was 17 and 6 times lower respectively and in 40 MPa concrete it was 1.6-2.5 times less than the rebar in OPC concrete. The
reduction of chloride ion content in blended cement concrete was varied from 1.4 to 3.1 times less than the OPC concrete among all
the three concretes studied. Reduction of alkalinity in 20 MPa concrete at the rebar level in PPC and PSC concrete is 6 and 10 times
lower, respectively, than in OPC concrete. In the case of 30 and 40 MPa concrete it was 2 and 1.6 times lower. The reduction in alkalinity
did not accelerate the corrosion rate of rebar in blended cement concretes even in presence of higher amount of chlorides. The apparent
chloride diffusion co-efficient of blended cement concretes was 1.6-1.8 times lower than that of OPC concrete. The combined effect of
higher chloride complexing ability and reduction of chloride ion diffusivity of blended cement concretes made them to perform better
in terms of corrosion protection of reinforcing steel.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Corrosion of rebar embedded in concrete is one of the
foremost factors that affect the durability of concrete struc-
tures in marine environments. The chloride ions depassi-
vate the steel and cause dissolution of the metal at the
location called ‘anode’ or ‘active zone’. This active zone
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is surrounded by a ‘passive zone’ called ‘cathode’ where
oxygen reduction takes place [1]. The cell constituting sep-
arate anodic and cathodic regions is termed as ‘macro cell’.
This creates relatively large-scale potential gradients
between anode and cathode causing flow of corrosion cur-
rent [2]. These cells are more prevalent in chloride-contam-
inated concrete with a spatial separation of 100 mm or
more between anodes and cathodes in the same rebar [3].
To simulate marine substructure condition in the labora-
tory, studies were made on by forming chloride ion concen-
tration gradient in concrete, which accelerated the
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corrosion. The formation of macro corrosion cells in mar-
ine environment caused the localized pitting in the region
of crack [4]. Studies were made on the effect of w/c ratio,
cover depth and area of anode to cathode ratio during cor-
rosion propagation under macro cell corrosion condition
[5]and it was found that the rate of corrosion on the anode
mainly depended on chloride content and oxygen supply.
The effect of active and passive area of rebar under macro
cell corrosion condition was studied by embedding the
face-to-face electrodes and coplanar electrodes in concrete
[6]. The corrosion rate of rebar was a function of the differ-
ence in potential, ohmic resistance of the concrete and
polarization resistance of the rebar. The effect of damages
on the performance of various coatings such as fusion
bonded epoxy coating, inhibited cement slurry coating
and galvanizing was investigated using accelerated macro-
cell corrosion test [7-9]. In actual field, long term corrosion
monitoring of concrete structures had also been attempted
by creating macro cell corrosion condition either by
embedding the stainless steel electrodes or by embedding
the steel in high chloride concrete [10]. ASTM [11] also
evolved a standard for this type of macro cell corrosion
studies to evaluate the chemical admixtures in chloride-
contaminated concrete. The specimen configuration as
specified in ASTM G109 earlier has been modified by
incorporating two separate reinforcement triads (one bar
at top and two bars at bottom) into a single concrete spec-
imen to reduce the batch variation for evaluating the differ-
ent types of corrosion inhibiting admixture [12]. The
corrosion efficiency of organic chelatin-based admixtures
in concrete was studied using ASTM G109 specifications
but under cracked condition [13]. By loading the speci-
mens, the cracks were induced in the middle of the beam
to a depth up to the top of the bar and macro cell current
was measured.

The impermeability of concrete is improved by adding
mineral admixtures during mixing of the concrete [14-17].
In blended cements, the mineral admixtures are added by
inter-grinding along with clinker and gypsum in the cement
mill. There is a difference in the behaviour of such blended
cements. It was reported that the concrete made with the
inter-grinding blended cements gain strength more rapidly
than the mineral admixtures added at site [18]. The use of
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low w/c ratio concretes made with blended cements under
controlled curing were most likely to ensure optimal per-
formance of concrete in terms of corrosion of steel under
high chloride conditions [19,20]. The studies conducted
on slag cement paste concluded that the presence of redox
species such as S~, HS™ and S"™ in slag reduced the passiv-
ity of the rebar [21]. In spite of the reduction in OH™ con-
centration in fly ash and slag added concrete, the corrosion
rate of rebar remained unaffected [15,19]. Uncertainties in
earlier reports necessitated a detailed investigation on cor-
rosion performance of rebar embedded in blended cement
concretes.

In this study ordinary Portland cement was replaced
with 25% of fly ash and 50% slag. To accelerate the corro-
sion, macro cell corrosion condition was created by form-
ing chloride ion concentration gradient in concrete. The
performance was compared with the concrete made with
ordinary Portland cement (OPC).

2. Experimental
2.1. Materials and mix proportions

Three mix proportions having characteristic compres-
sive 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 Table 1. The cement content and
w/c ratio were kept constant for both blended cement con-
cretes and Portland cement concrete. Three cements
namely 43 grade ordinary Portland cement conforming to
1.S:81129 ([22] equivalent to ASTM - Type-I cement),
Portland pozzolana cement conforming to 1.S.1489 -
Part-1 [23] and Portland slag cement conforming to
1.S:455 [24] were used. Chemical composition of cements
used as given by the manufacturer is reproduced and given
in Table 2. Well graded river sand and good quality
crushed blue granite were used as fine and coarse aggre-
gates respectively. The different size fractions of coarse
aggregate (20 mm down graded and 12.5mm down
graded) were taken and recombined to a specified grading
as shown in Table 3. Sixteen millimeter diameter cold
twisted high yield strength deformed bar (Fe-415 grade)
conforming to 1.S.1786 [25] was used and its chemical com-

Table 1

Detail of concrete mix proportions

Grade Type of cement w/c Ratio Cement (Kg/m?) Water (Kg/m?) Fine aggregate (Kg/m?) Coarse aggregate (Kg/m?)

M20 OPC 0.67 284 190 770 1026
PPC 0.67 284 190 770 1026
PSC 0.67 284 190 770 1026

M30 OPC 0.54 352 190 739 1026
PPC 0.54 352 190 739 1026
PSC 0.54 352 190 739 1026

M40 OPC 0.42 452 190 655 1026
PPC 0.42 452 190 655 1026
PSC 0.42 452 190 655 1026
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Table 2
Chemical composition of three types of cement

Compound Ordinary Portland Cement

(")

Portland Pozzolana cement (%)

Portland slag cement (%)

Silicon-di-oxide (SiO,) 20-21 28-32 26-30
Aluminium oxide (Al,O3) 5.2-5.6 7.0-10.0 9.0-11.0
Ferric oxide ( Fe,03) 44438 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) 24-2.8 24238 24-2.8
Loss on ignition 1.5-2.5 3.0-3.5 1.5-2.5
Bogue compound composition
Tricalcium silicate (CsS) 42-45 Not applicable Not applicable
Dicalcium silicate (C,S) 20-30 -do- -do-
Tricalcium aluminate (C3A) 7.0-9.0 -do- -do-
Tetra calcium alumino ferrite 11-13 -do- -do-

(C4AF)
Physical properties
Pozzalanic material used (%) - Around 20% flyash (Mettur Thermal power Around 50% GGBS (Vizag Steel

station) plant)

28 Day compressive strength 62 48 53

(MPa)
Fineness (m>/kg) 295 363 385

Table 3
Grading of coarse and fine aggregate

Coarse aggregate Fine aggregate

Sieve size Cumulative % Sieve size Cumulative %
(mm) retained (mm) retained

20 0 4.75 0
16 25 2.36 12
12.5 52 0.600 49
10 72 0.300 85
4.75 100 0.150 97
<0.150 100

position 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 concrete.

2.2. Specimen details

Concrete specimen of size 400 x 250 x 150 mm as shown
in Fig. 1a was used. In each specimen, a 16 mm dia bar of
320 mm length was embedded at 30 mm cover from the
top. Two rebars having 450 mm length were embedded at
15 mm cover from the bottom. While embedding these bars
at bottom, they were kept in such a way that 80 mm lengths
of these bars were protruded outside of the concrete spec-
imen. Before embedding, the rust scale was removed from
all the bars by chemical cleaning in inhibited hydrochloric
acid and then dried. Initial weight of the top rebar was
measured. After measuring the initial weight, the stem of
size 6 mm dia and 100 mm length was screwed on the top
of the rebar as shown in Fig. 1b and from this electrical
leads were taken. This facilitates the top rebar fully kept
inside the concrete and will not be exposed to outside. By
means of this at the end of the exposure, after removing

3% NaCl
Solution

*x a2
I30mm Reinforcigfg Steel (Anode)
150mm 100 Q Resistor
o Q//\ 400m
v t 15mm

Reinforcing St&el (Cathode)\
L 250mm

[ g

Fig. la. Modified ASTM G109-94a corrosion test prism.

the stem the final weight of the top rebar could be made
accurately. Duplicate specimens were cast. After demoul-
ding, the specimens were cured for 28 days. After curing,
electrical leads were taken from all the three bars. The
rod protruding outside the specimen was sealed by using
epoxy compound in order to eliminate the crevice corro-
sion at these locations. A bund of 345 x 195 X 13 mm size
was constructed on the top of the each specimen using
1:1 cement mortar and was sealed in all sides using epoxy
resin. As shown in Fig. 2 all the specimens were taken to
the exposure yard and kept on the concrete specimens thus
allowing free air flow under the specimens.

2.3. Method of exposure

The specimens were subjected to alternate wetting in 3%
NaCl solution and drying test. Three per cent NaCl solu-
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Fig. 1b. Rebar end and protection details.

tion was ponded over the top of each for 4 days and
allowed to dry for 3 days and thus 7 days constituted one
cycle of alternate wetting and drying. During exposure to
salt solution, chloride ions tend to diffuse through the cover
concrete and cause corrosion of the top rebar. During the
entire exposure period, the chloride concentration is higher
at the top of the specimen when compared to the bottom of
the specimen and thus creates a chloride ion concentration
gradient. Because of high chloride at top, the top rebar acts
as an anode and bottom bars act as cathode. The area of
the anode to cathode ratio was kept as 1:2 to accelerate
the corrosion process. The experiment was conducted over
a period of 847 days.

s

2.4. Method of measurement

The initial half-cell potential measurements were made
on the top rebar using high input impedance multimeter.
Saturated calomel electrode was used as the reference elec-
trode. Then all the rebars were electrically short-circuited.
The galvanic current also called macro cell current flow
between top and bottom bars was measured once in a
month at the end of wet cycle as per procedures outlined
in ASTM G109-94a [11]. A 100-ohm resistor was placed
between the top and bottom rebars and the potential differ-
ence was measured. The current was calculated from this
as:

I. =V +R, where R =100 ohms (1)

The increase in anodic current indicates the initiation of
corrosion. After measuring the current, at the end of each
cycle, the half-cell potential of the top rebar was measured
for each specimen after 1 h thus allowing depolarization of
rebar to reach the steady state. The potential-time behav-
iour of rebar embedded in three concretes are compared
and given in Figs. 3-5. Similarly in Figs. 6-8 the change
in macro cell current with time was compared.

At the end of the exposure period, the specimens were
broken open and both the top and bottom rebars were
taken out and examined visually. The extent of rust on
the top rebar in 20, 30 and 40 MPa concrete is shown in
Figs. 9-11, respectively.

2.5. Corrosion rate from gravimetric weight-loss

The stem was removed from top rebar in all the speci-
mens. After pickling the rebars in inhibited hydrochloric
acid as specified in ASTM G1 [26], the final weight was
measured. From the initial and final weight, the corrosion
rate in mmpy was calculated using the following formulae:

Fig. 2. Concrete specimens under exposure conditions in exposure yard.
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87.6 x w

i (2)
DAT

where w is the loss in weight, mg; D the Density of Iron, g/

cm?; 4 the Area, cm?; and T is the Time, h.

Corrosion rate in mmpy =

The results are given in Fig. 12.
2.6. Determination of ClI- and OH  ion concentration

2.6.1. OH ions concentration

The concentration of OH™ ions was determined from the
powdered concrete sample by decantation method. As
reported [27] though this method overestimates the OH™
ion concentration, this has been carried out for relative

comparison of concretes having different w/c ratio and
cement content. For this, the concrete core samples up to
a depth of 120 mm were taken from one of the duplicate
specimens. Then the sample was sliced at every 30 mm
depth up to a depth of 90 mm. Each slice was powdered
and sieved through a 600 um sieve. Then this powder was
mixed with distilled water at the ratio of 1:3 by weight,
respectively. This mixture was taken in a closed glass tube
and shaken for 10 min and kept for 48 h. After 48 h, the
solution was filtered and this solution was used to determine
the OH™ ion concentration. A known amount of solution
was titrated against 0.1 N H,SO, using phenolpthalin as
an indicator and from the titrated value, the OH™ ion con-
centration was calculated. The results are given in Table 4.
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Fig. 3. Potential-time behaviour of rebar embedded in 20 MPa concrete.
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Fig. 4. Potential-time behaviour of rebar embedded in 30 MPa concrete.
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Fig. 5. Potential-time behaviour of rebar embedded in 40 MPa concrete.
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Fig. 6. Variation of macro cell current with time of rebar embedded in 20 MPa concrete.
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Fig. 7. Variation of macro cell current with time of rebar embedded in 30 MPa concrete.
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Fig. 8. Variation of macro cell current with time of rebar embedded in 40 MPa concrete.

2.6.2. CI” ions concentration

When chloride ions diffuse through the concrete some of
the ions react with the hydration products and form cal-
cium chloroaluminate and some chloride ions are adsorbed
to the various hydrates of cement. A portion of chloride
ions that remains free is termed as free chloride and this
will cause corrosion of rebar [28]. Free Cl™ ions can be
determined from the pore solution. The water soluble chlo-
ride (using water as an extraction medium) from the pow-
dered concrete sample offer a more practical method than
the pore extraction method since in the latter method, if
the specimen is dry it becomes almost impossible to extract
any solution [29]. In addition to this, the water soluble
chloride is independent of the method of extraction, if
the extraction period is greater than 24 h [30].

In the present study, the water-soluble chloride content
was determined by volumetric analysis using the silver
nitrate method [31,32]. The decanted solution filtered for
OH"™ ion concentration was used for chloride determina-
tion also. Five millilitre of solution was titrated against
0.01 N silver nitrate using potassium chromate as an indi-
cator. From the titrated value, the Cl™ ion concentration
was calculated and the results are given in Table 4.

2.7. Determination of diffusion co-efficient of chloride

The chloride ion diffusion coefficient can be calculated if
the chloride concentration at the concrete surface as well as
chloride concentration at any known depth are known.
Fick’s second law of diffusion is frequently used for this

Fig. 9. Extent of rust of on rebars embedded in 20 MPa concrete.
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Fig. 10. Extent of rust on rebars embedded in 30 MPa concrete.

purpose where chloride ion diffusion into the concrete is
from one direction only [33]

Jc %
a - Da@ (3)

An analytical solution to Eq. (3), assuming that the flux of
chlorides at any time is proportional to the chloride con-
centration gradient in the concrete of a semi-infinite med-
ium is as follows [34]:

C,=C; [1 —erf <2%/17:t)] 4)

where C. is the chloride ion concentration at depth x , mol/
I; x the thickness of concrete, cm; ¢ the exposure time, s; C
the surface chloride concentration at the concrete surface,
mol/l; D, the apparent chloride diffusion co-efficient,
cm?/s; and erf is the gaussian error function.

The error function from the standard mathematical
tables [35] was used. Using Eq. (4), from the chloride con-
centration determined at various depths (C,) and taking
3% NaCl (ponding solution) as the surface chloride con-
centration (Cj), the D, was calculated for different depth
and the average value was reported (Fig. 13).

Fig. 11. Extent of rust on rebars embedded in 40 MPa concrete.
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Fig. 12. Comparison of corrosion rate at the end of 847 days of exposure.

Table 4
Comparison of CI~ and OH™ ion concentration of three concretes at various depths
Grade of concrete Type of cement CI” ion concentration in various depth (mm) OH™ ion concentration (ppm)
ppm % by weight of cement Depth (mm)
0-30 30-60 60-90 0-30 30-60 60-90 0-30 30-60 60-90
M20 OPC 8946 8307 7455 7.12 6.59 5.92 2040 2244 2142
PPC 10011 5751 5751 7.94 4.56 4.56 204 204 621
PSC 7455 4686 4899 5.92 3.72 3.89 204 194 406
M30 OPC 10437 7668 8094 6.7 4.93 5.21 2040 2141 2244
PPC 5964 5325 3408 3.84 3.42 2.19 510 1020 1020
PSC 5325 5325 3834 3.42 3.42 2.47 235 1020 918
M40 OPC 8946 7881 7242 4.47 395 3.63 1887 2244 2142
PPC 5325 2982 3195 2.67 1.49 1.60 551 1387 1122
PSC 4473 2556 2343 2.24 1.28 1.17 1020 1428 1326

EOPC

Chloride Diffusion Coefficient, X 10'Scm2/sec

20 MPa 30 MPa 40 MPa
Grade of concrete

Fig. 13. Comparison of “D,” value at the end of 847 days of exposure.
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3. Results

3.1. Potential-time behaviour of rebar in 20, 30 and 40 MPa
concrete

As per ASTM C-876 [36], —270 mV vs. SCE has been
taken as threshold potential to reach active condition of
rebar and this is included in the figures.

In 20 MPa concrete (Fig. 3), the rebar embedded in OPC
concrete shows an initial potential value of —208 mV and it
tends to become more negative with time. It attains more
negative potential of —550 mV at the end of 200 days. In
the case of PPC concrete, it shows —148 mV initially and
it reaches more active potential of —464 mV at the end of
200 days. In the case of PSC concrete, the initial value is
—151 mV and it reaches —415 mV at the end of 200 days.
At the end of 824 days , the potential value is —438, —412
and —308 mV in OPC, PPC and PSC concrete, respectively.

In 30 MPa concrete (Fig. 4), OPC concrete shows an ini-
tial potential of —194 mV and attains more active potential
of —564 mV at the end of 199 days. In the remaining expo-
sure period it shows the potential more negative than
—450 mV. In the case of PPC concrete, the initial value is
—166 mV and reaches a more negative potential of
—424 mV at the end of 199 days. But with exposure, the
potential value shifted to —350 mV at the end of exposure.
In PSC concrete, the initial value is —203 mV and attains
more active potential of —478 mV at the end of 199 days.
The potential shifted to a passive potential of —257 mV
at the end of the exposure. Similar observation was
reported [37] in field exposed concrete specimens of fly
ash added concrete. It was stated that the initial potential
value was —220 mV vs. CSE and after 18 months of expo-
sure, the final value was —110 mV. Mohammed et al. [38]
reported similar observation in slag added concrete, which
showed more negative potential initially but has lesser cor-
rosion rate at the end of the exposure.

It can be seen from Fig. 5, that the rebar in 40 MPa-OPC
concrete is —195 mV initially and reaches a more active
potential of —540 mV at the end of 824 days. In the case
of PPC concrete, the initial value is —160 mV but attains
active potential of —488 mV at the end of 147 days. With
exposure the potential shifted to less negative potential of
—325mV at the end of 824 days. Whereas in the case of
PSC concrete, though the rebar attains a maximum negative
potential of —395 at the end of 121 days and it shifts less neg-
ative potential of —320 mV at the end of 824 days.

3.2. Macro cell corrosion current vs. time

In this galvanic current measurements, the +ve sign
indicates the anodic current (corrosion current) and —ve
sign indicates the cathodic current (passive current).

In 20 MPa concrete (Fig. 6), with time the macro cell
current increases and shows maximum anodic current of
130 pA at the end of 308 days and after that the current
decreases to a value of 50 pA at the end of 824 days of

exposure. The initial increase in current value indicates
the initiation and propagation of the corrosion process
and after 300 days, the corrosion product formed on the
rebar surface may retard the flow of corrosion current
and this may reduce the current. In PPC concrete, the ano-
dic current increases with time and reaches a maximum
value of 46 uA at the end of 274 days and reduces to
6 LA at the end of the exposure. In the case of PSC con-
crete up to the period of 274 days, the rebar measures an
anodic current of 18 pA and this reduces to a cathodic cur-
rent of 12 pA at the end of the exposure.

The rebar in 30 MPa-OPC concrete is in passive condi-
tion which is indicated by the measured cathodic current
up to 121 days then it increases to an anodic current of
38 pA at the end of 147 days (Fig. 7). At the end of expo-
sure it reaches to a maximum current of 78 pA. The rebar
in PPC concrete measures only cathodic current up to 231
days and increases to maximum anodic current of 6 pA at
the end of 824 days. In the case of PSC concrete, initially
up to 87 days the rod measures only cathodic current
and shows an anodic current of 31 uA at the end of 308
days. After that it reduces to a cathodic current of 1 nA
at the end of 824 days. The amount of chloride and mois-
ture available at the time of measurement shifts the current
both in anodic and cathodic direction during the exposure.

In 40 MPa concrete (Fig. 8) the rebar in OPC shows a
maximum anodic current of 51 pA at the end of 537 days.
In PPC concrete, the rebar shows maximum anodic current
of 24 pA at the end of 308 days and after that the current
reduces and it reaches a cathodic current of 11 pA at the
end of 824 days. Similarly the rebar in PSC concrete ini-
tially measures an anodic current of 11 uA and then it
reaches to 13 pA at the end of 308 days. Remaining expo-
sure period it measures only cathodic current and reaches
to 11 pA at the end of 824 days.

3.3. Visual observation

By comparing Figs. 9-11, the extent of rust is more on
the rebar embedded in 20 MPa concrete than in 30 and
40 MPa concrete. In addition to this, the rebar in
20 MPa-OPC concrete is severely rusted throughout its
length in all the four specimens whereas in PPC and PSC
concretes corrosion observed only half the length of the
rebar exposed in one specimen only whereas very negligible
corrosion was observed on the rebar in another specimen.
In 30 MPa concrete, the rebar in OPC concrete rusted
severely throughout the length exposed whereas very negli-
gible rusting is observed in PPC and PSC concrete. Simi-
larly in 40 MPa concrete, only less than half the length of
the rebar exposed corroded in OPC concrete whereas neg-
ligible corrosion was observed in PPC and PSC concrete.

3.4. Corrosion rate

Fig. 12 compares the corrosion rate of rebar in 20, 30
and 40 MPa concrete. This figure indicates that the rebar
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in OPC concrete shows higher corrosion rate than in
blended cement concretes among all the three concretes
studied. In 20 MPa concrete. the corrosion rate is 0.0834,
0.0093, 0.0080 mmpy in OPC, PPC and PSC concrete,
respectively. This indicates the rebar in PPC and PSC con-
crete has 9-10 times more corrosion resistance than OPC
concrete ; In 30 MPa concrete, the corrosion rate is
0.0307, 0.0018, 0.0053 mmpy in OPC, PPC and PSC con-
crete respectively and shows that the rebar in PPC and
PSC has 17, 6 times more corrosion resistance than OPC
concrete, respectively. In 40 MPa concrete, the corrosion
rate is 0.0095, 0.0058 and 0.0038 mmpy in OPC, PPC
and PSC concrete, respectively, and indicates that the rebar
in PPC and PSC concrete has 1.6, 2.5 times more corrosion
resistance than OPC concrete respectively. The above cor-
rosion rate values were very well correlated with the value
measured in potential and macro cell corrosion current
measurements.

3.5. CI” and OH™ ions in OPC concrete vs. blended cement
concretes

3.5.1. CI” ions concentration

The concentration of chloride ions present in the
blended cement concretes are invariably less than the
OPC concrete at all depths studied except at 0-30 mm
depth in 20 MPa concrete (Table 4). In 20 MPa concrete
at 0-30 mm depth, the concentration of chloride ions in
PSC concrete is 1.2 times less than the OPC concrete but
in PPC concrete it is more than OPC concrete. The corro-
sion current and corrosion rate is less than the OPC con-
crete and this indicates that the core sample taken at that
location may contain more amount of chlorides than the
other portions. In other depths the chloride ion in blended
cement concretes is 1.4-2.38 times less than the OPC con-
crete. Presence of lesser amount of chloride reduces the cor-
rosion rate of rebar in these concretes. The concentration
of chloride decreases with the increase of the depth. In 30
and 40 MPa concrete, the reduction of chloride ions in
blended cement concretes is 1.4-3.1 times less than the
OPC concrete in all depths studied. In 40 MPa concrete,
in spite of higher chloride concentration at 0—30 mm depth
lesser corrosion is observed on the rebar (Fig. 11). Because
of higher cement content it has higher chloride threshold
value for initiation of corrosion and this reduces the rate
of corrosion of rebar.

3.5.2. OH ions concentration

Table 4 also shows the marginal reduction of OH™ ion
concentration in PPC and PSC concrete than in OPC con-
crete. As the rebar is at 30 mm cover depth and comparing
the value at 30-60 mm depth, the OH ™ concentration is 6—
10 times less in PPC and PSC concrete than in 20 MPa-
OPC concrete and it is 2 and 1.6 times less in 30 MPa
and 40 MPa concrete, respectively. Leaching of OH™ ions
causes more reduction in alkalinity at 0-30 mm depth than

at 30-60 mm and 60-90 mm depth. Higher cement content
in 30 and 40 MPa — PPC and PSC concrete causes signifi-
cant increase in OH™ ion concentration than in 20 MPa
concrete.

3.6. Comparison of diffusion coefficient of chloride (D,)

Fig. 13 compares the apparent chloride diffusion coeffi-
cient (D,) of OPC concrete with PPC and PSC concretes.
In 20 MPa concrete the D, value is 5.575, 5.05 and
4.5% 1078 cm?/s in OPC, PPC and PSC concrete, respec-
tively. This shows in 20 MPa concrete not much reduction
is observed between the OPC and blended cement con-
cretes. But comparing the values in 30 and 40 MPa con-
crete significant reduction is observed. The D, value is
1.6 times more in OPC concrete than the PPC and PSC
concrete. The D, value in 20,30 and 40 MPa-OPC con-
cretes is varied from 5.525 to 5.975 and not much difference
is observed between them. But in blended cement concretes
the D, value of 30 and 40 MPa concrete is 1.3 times less
than the D, value of 20 MPa concrete.

4. Discussions

For simulating marine substructure condition, the
macro cell corrosion was created by varying the chloride
ion concentration from top to bottom of the specimen.
Thus the corrosion was accelerated by forming macro gal-
vanic cell between top and bottom rebars and the distance
between them was 15 cm. Hence the rate of corrosion is
governed by the co-existence of both macro and micro gal-
vanic cells on the rebar.

4.1. Potential vs. time

In 20 MPa concrete, the rebar in both OPC and blended
cement concretes reached the more active potential at the
end of 25 days than the threshold potential as specified in
ASTM C876 and continuously remains in the active condi-
tion throughout the exposure period. The values indicated
that the rebar in OPC concrete is in more corroding condi-
tion than in PPC and PSC concretes. Because of high
porosity, more amount of chloride permeated and caused
corrosion of rebar in all the three concretes. In 30 MPa
concrete, comparatively the rebar in OPC and PPC con-
crete is in corroding condition whereas the rebar in PSC
concrete is in passive condition. In 40 MPa concrete, the
rebar in PPC and PSC concrete showed a value of
—157 mV less negative than in OPC concrete. Hence it is
inferred that in 40 MPa concrete also the rebar in OPC
concrete is under more corroding condition than the rebar
in blended cement concretes. Higher cement content and
lower w/c ratio in 30 and 40 MPa concrete reduces the
porosity of concrete. Reduction of porosity causes the
reduction in the amount of chloride permeation during
the exposure. In addition to this, presence of alumina in
PPC and PSC concrete binds more amount of chloride.
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Because of lesser chloride permeation and higher chloride
binding ability the potential of rebar in blended cement
concrete shifts less negative than the initial during the
exposure.

4.2. Macrocell corrosion current vs. time

In 20 MPa concrete, the reduction of permeation of
chloride and water causes the reduction of current for
the rebar embedded in blended cement concretes. Forma-
tion of additional calcium hydrates by pozzolanic reac-
tion [39] in PPC and PSC concrete, fills the pores in
this highly permeable concrete and reduces the perme-
ation of chloride and water [40]. The Al,O; content of
the PSC is more than that of PPC and OPC. This binds
more amount of chloride and causes the rebar to measure
cathodic current after 274 days. When comparing the
anodic current at 147 days in 20, 30, 40 MPa-OPC con-
cretes, it is 129 pA, 38 pA and 11 pA, respectively. This
indicates that the magnitude of the current decreases with
the increase of the strength of the concrete. Reduction of
porosity in 30 and 40 MPa concrete because of lower w/c
ratio and higher cement content causes the reduction of
current in them when compared with the 20 MPa con-
crete. In the case of rebar in PPC and PSC concretes
most of the period of exposure, the rebar measures only
cathodic current and this indicates that the rebar is in
passive condition in 30 and 40 MPa concrete. It is
inferred that in 20 MPa concrete, the corrosion current
of rebar is more than the rebar in 30 and 40 MPa
concrete.

4.3. Corrosion rate

When compared with the OPC concrete, the reduction
of corrosion rate by improved microstructure of blended
cement concretes is more pronounced in 20 and 30 MPa
concrete whereas this is not significant in 40 MPa concrete.
In 40 MPa concrete because of dense pore structure it
restricts the pore refinement by pozzolanic reaction in
PPC and PSC concrete [39]. Whereas in 20 and 30 MPa
concrete because of porous micro structure allow pore
refinement to occur by pozzolanic reaction without any
restriction.

4.4. CI” ion concentration

20 MPa concrete, being a high permeable the amount
of chloride present at 0-30 mm depth is more than
7000 ppm and causes severe corrosion both in OPC and
blended cement concretes. But in 30 and 40 MPa con-
crete, the chloride ions in PPC and PSC concrete is
1.6-2 times less than the OPC concrete. Thus the more
amount of chloride present in 20 MPa concrete causes
more corrosion current in 30 and 40 MPa concrete as
shown in Figs. 9-11. The data confirms the formation

of additional calcium hydrate fills the pores and causes
the reduction of chloride penetration. This reduced chlo-
ride permeation causing the reduction of corrosion rate.
In addition to this, the alumina content in the PPC
and PSC concretes react with chloride and forms chlo-
roaluminate causes the reduction of free chlorides in
these concretes [41,42]. It was also reported [43] that
C-S-H gel also binds chloride ions possibly in the inter-
layer spaces. Formation of additional C-S-H gels in
blended cement concretes bind more amount of chlorides.
Therefore both micro structural and chemical effects are
the contributing factors for the reduction of chloride ions
in PPC and PSC concretes.

4.5. OH  ions concentration

Consumption of free calcium hydroxide (Ca(OH),) by
pozzolanic reaction causes reduction of OH™ ions in PPC
and PSC concrete. . This reduction of OH™ ion concentra-
tion is equal to the amount of fly ash/slag blended with
cement and increased if the period of exposure is increased
[44,16]. It is reported in 30% fly ash added concrete, the
OH"™ ion concentration of the pore solution is less than
70% of that of OPC concrete. Glass et al. [45] reported that
the acid neutralization capacity of blended cement con-
cretes is less than OPC. The reduction is 90%, 75% and
71% less than of OPC concrete in 20, 30 and 40 MPa con-
crete, respectively. The important inference is the reduction
of alkalinity in blended cement concretes does not acceler-
ate the corrosion of rebar even in presence of higher
amount of chloride at the rebar level (30-60 mm). This
longterm accelerated corrosion test concludes that in
blended cement concrete, the minimum cement content
shall not be less than 352 kg/m? for restoring the sufficient
alkalinity to have higher chloride threshold value against
rebar corrosion.

4.6. Diffusion coefficient of chloride (D,)

The researchers reported that the chloride diffusion co-
efficient of normal strength concrete shall be varied from
1x108%cm?/s to 1x107'°cm?/s [46-48]. The values
obtained in all the concretes investigated lie between these
values. It is also reported [41] after 2 years of marine expo-
sure, in 40 MPa concrete the ‘D, value was 5.56 x
108 em?/s and 2.75x 10~ % cm?/s for OPC and fly ash
added concrete respectively. Similarly in the present inves-
tigation, after 847 days of exposure, the D, value of
40 MPa concrete is 5.525x 1073 cm?/s and 3.525x 107%
cm?/s for OPC and PPC concrete, respectively.

It can be inferred that the interaction effect of higher
chloride complexing ability and reduced chloride ion diffu-
sivity by changes in physical structure of blended cement
concretes enable them to perform better in terms of corro-
sion protection of reinforcing steel than the rebar in OPC
concrete.
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5. Conclusions

1. In 20 MPa concrete, corrosion rate of rebar in PPC and
PSC concrete is 9 and 10 times less than the rebar in
OPC concrete, respectively. In the case of 30 and
40 MPa concrete, it is 17, 6 and 1.6, 2.5 times less in
PPC and PSC concretes than in OPC concrete,
respectively.

2. Reduction of corrosion rate by improved microstruc-
ture of blended cement concretes is more pronounced
in 20 and 30 MPa concrete whereas this is not signifi-
cant in 40 MPa concrete when compared with OPC
concrete.

3. The free chloride as observed in PPC and PSC concrete
is less than the OPC concrete. Pore filling effect by poz-
zolanic reaction causes the reduction of chloride ion per-
meation in the former than the latter. In addition to this,
the higher chloride binding ability of alumina present in
the fly ash and slag causes the reduction of free chlorides
in blended cement concretes.

4. Reduction of alkalinity in PPC and PSC concrete by 6-
10 times when compared with OPC concrete does not
affect the corrosion performance of rebar in blended
cement concretes even in presence of higher amount of
chlorides. But to have higher chloride threshold values
against rebar corrosion the minimum cement content
for blended cement concrete shall not be less than
352 kg/m’.

5. Better performance of blended cement concrete in terms
of corrosion rate and chloride ion permeation is attrib-
uted by the improved physical structure of concrete
matrix characterized by reduced permeability of chlo-
ride and water.

6. Under this long term corrosion test in terms of durabil-
ity, 40 MPa concrete which is having w/c ratio of 0.42
with cement content of 452 kg/m> performed better than
the other two concretes.
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