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Abstract

The addition of silica fume (SF) in concretes has been proposed as a form to improve their performance in resisting concrete
reinforcement corrosion. In this study an experimental program on compressive strength, porosity, electrical resistivity and po-
larization curves was carried out with the purpose of evaluating the effect of different SF additions (0%, 6% and 12%). Concretes
with different water—binder ratio (cement + SF) 0.50, 0.65 and 0.80 were used. The results have allowed to show that there are
significant improvements of the concrete properties with the SF addition, suggesting its use in aggressive environments.
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1. Introduction

The addition of silica fume (SF) has proved to im-
prove both the compressive strength and durability of
concrete. Also, the presence of this admixture has been
shown effective in increasing the electrical resistivity [1]
and the durability of concrete exposed to aggressive
conditions like chloride containing environments [2].

Pozzolanic materials are generally able to combine
with the hydrated calcium hydroxide (Ca(OH),) forming
the hydrated calcium silicate (C-S-H), which is the
principal responsible for the strength of hydrated ce-
ment pastes. Also, an increase in the bulk density of
concrete results as the mixture voids are filled with very
small admixture particles (micro filler effect) [3]. The SF
can produce both chemical and physical effects, which
cause meaningful changes in the microstructure of
concrete, diminishing its permeability and improving its
strength [4].

It has been shown [5] that the physical effect of SF, at
7 days, has an influence on compressive strength. At 28
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days, both chemical and physical effects are significant.
A scanning electron microscope (SEM) analysis of 16
years old concrete with addition of SF shows that the
microstructure of this material is more homogeneous
and dense than the concrete without SF [6]. The high
porosity of the matrix of the concrete without addition
of SF explains its lower strength and higher permeability
to chloride ions.

The most important region in the microstructure of
the concrete is around the aggregate. The addition of SF
in concrete leads to reduction in porosity of the transi-
tion zone between matrix and aggregate in the fresh
concrete and provides the microstructure needed for a
strong transition zone [7]. Investigation on the aggre-
gate-matrix interface concluded that, in concrete with
SF, a transgranular fracture is observed, hence, the
cracks usually traversed the aggregates, pointing to a
lower porosity of the interfacial zone as a result of SF
inclusion [8].

This overview shows the development of research
about physical properties of concrete with SF addition,
but the corrosion behaviour of reinforcement steel and
electrical properties of concrete are also important for
the sake of increased durability. The present paper in-
vestigates some of the parameters that have important
influences on the corrosion process of the steel rein-
forcement embedded in concrete. The porosity, the
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Table 1

Physical characteristics (Panel A) and chemical analysis (Panel B) of high portland cement and SF

Cement SF

Panel A: Physical characteristics
Compressive strength, 5 x 10 cylinder (MPa)

3 days 36.7 -
7 days 42.3 -
28 days 47.7 -
Setting time (initial, min) 125 -
Fineness #0.075 mm (%) 0.8 -
Fineness #0.045 mm (%) 0.5 7.0
Specific gravity (g/cm?) 3.12 2.22
BET specific surface area (m*/g) 1.22 13.86
Means size (pm) - 0.50
Pozzolanic activity index (%)
Water requirement - 133
Activity index (28 days) - 91
Panel B: Chemical analysis
Oxides (0 0) SIOZ CaO Fe203 A1203 MgO SO; NaZO Kzo
Cement 19.679 64.02 2.62 5.01 1.38 3.11 0.03 0.84
SF 90.21 0.30 0.15 0.12 0.73 0.01 0.46 1.51

electrical resistivity and the corrosion behaviour of steel
in concretes with and without SF were evaluated with
the objective to verify the effectiveness of this addition
for use in aggressive environments.

2. Experimental
2.1. Concrete materials and parameters

A high early strength portland cement ! available in
the Brazilian market and SF from the production of a
silicon metal industry were used. Physical characteristics
and chemical analysis of these materials are shown in
Table 1 (Panel A and B).

The coarse aggregate was basalt and the fine aggre-
gate was taken from the Guaiba River (Porto Alegre,
Brazil). The physical characteristics of these aggregates
are shown on Table 2.

The variables tested were the water—binder ratio
(w/(c+ SF) =0.50, 0.65 and 0.80) and the content of
SF by weight of cement (0%, 6% and 12%). The concrete
mixture proportions used, workability (by slump test)
[10] and compressive strength [11] are shown in Table 3.
The compressive strength measurements were done in
triplicate on cylindrical test specimens (F10 x 20 cm)
for each concrete mixture.

! Type CP-V according to Brazilian standard—NBRS5733, equiva-
lent to the ASTM C 150 Type III [9].

2.2. Test methods

For the determination of porosity, three 170 x 100 x
100 mm prismatic specimens were cast for each concrete
mixture. The concrete was cured for 28 days and at the
age of 91 days, the specimens were oven dried at 105 °C
to constant weight prior to the test. After that, the
specimens were immersed in potable water for 72 h at
room temperature and then they were immersed in
boiling water for 5 h. Porosity was calculated by mea-
suring dry, saturated and buoyant weights of the spec-
imens.

The reactivity of the SF was evaluated using an ac-
celerated test: stipulated proportions of high portland
cement (65%) and SF (35%) were mixed with sand, and
water was added to give a flow of (225 + 5)mm, mea-
sured with the help of a flow table. X-ray diffraction
(Siemens Difractometer—Diffrac 500, CuKa, 2°/min)
was used to evaluate qualitatively the calcium hydroxide
(portlandite) consumption.

The electrical resistivity of concretes was determined
by the Wenner method (four points method), adapted
from ASTM G 57 [12], with the specimens immersed in
potable water. Details of the procedure are given in

Table 2
Characteristics of coarse and fine aggregates

Characteristic Coarse aggregate Fine aggregate
Fineness modulus 6.95 2.66
Maximum size (mm) 25 4.80

Form index 3.36 -

Specific gravity (g/cm?) 2.77 2.61
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Table 3

Mixture proportions and correspondent mean compressive strength at 28 days

Mix no.  Water-binder ratio Materials (Kg/m?) Slump (mm)* Compressive
b
Cement SF Fine Coarse Water strength (MPa)
aggregate aggregate
1 0.50 375 - 637 1189 187 78 423
2 367 22 624 1163 194 75 51.2
3 359 43 624 1163 201 78 56.1
4 0.65 286 - 721 1181 186 105 26.6
5 281 17 708 1160 194 98 35.1
6 275 33 693 1160 200 81 36.5
7 0.80 232 - 772 1178 186 83 19.5
8 228 14 759 1158 193 105 27.7
9 224 27 746 1138 200 92 29.7

# According to the ASTM C143/C143M [10].
® According to ASTM 39 [11].

reference [13]. The specimens for these measurements
are shown in Fig. la. The measurements were done
when the specimens were at the age of 98, 112 and 217
days. The results were averaged over four specimens for
each concrete mixture.

For electrochemical essays on steel in concrete, e.g.
plotting of polarization curves and corrosion potential
(Ecorr) measurements, cylindrical test specimens which
size and characteristics are shown in Fig. 1b were used.
A graphite rod embedded in the concrete was used as
counter electrode and a saturated calomel electrode
(SCE) as reference electrode. The essays were performed
9 months after the casting of the specimens. During this
time, the specimens were maintained on controlled
conditions (23 °C, RH 80-90%) and then exposed to the
laboratory air for 7 days before the tests. Anodic and
cathodic polarization curves for the steel embedded in
concrete were performed with the potentiostatic meth-
od, the potential being changed in steps of 10 mV each
minute, starting from the corrosion potential. The
equipment used was a Wenking potentiostat model ST
72. The ohmic drop (IR drop) between reference and
working electrodes was evaluated through the current
interruption technique and the potential decay was re-
corded with a Tektronix oscilloscope model TDS 320.
These values were used to correct the polarization curve
for IR drop.

The corrosion potential (E.,;) of the steel in concrete
was determined according to the procedure described in
ASTM C 876 [14], with the same type of specimens of
Fig. 1b, beginning nine months after their casting as
well. After that time, in order to accelerate the corrosion
process, the cylindrical specimens were subjected to a
cyclic treatment with 2 days partial immersion in a 3. 5%
NaCl solution and 5 days drying in air, during 350 days.
E..r was measured at the beginning and at the end of
each wet/dry cycle using a SCE and a high-input im-
pedance voltmeter. After the test period was over, the
steel specimens were pulled out from the concrete. Vi-
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Fig. 1. Schematic illustration of the concrete specimens for: (a) elec-
trical resistivity measurements, (b) polarization curves and corrosion
potential measurements.

sual observation data of corrosion in terms of percent-
age of rusted area were recorded.
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The electrochemical behaviour of bare steel was de-
termined by plotting polarization curves in three simu-
lated concrete pore solutions. They were prepared
mixing 100 g of plain cement or 100 g of binder (88%
of high portland cement and 12% of SF) in one liter of
distilled water. In one case, to simulate the pore fluid of
a chloride-contaminated concrete, NaCl was added to
the SF containing solution in a concentration of 0.3%.
After 24 h the liquid was filtered and used immediately.
The working electrode consisted of the lateral area of a
cylindrical steel bar (1.0 cm?) which was cleaned with
inhibited hydrochloric acid solution and degreased with
acetone. It was then immersed in a cell containing the
simulated concrete pore solution for 60 min before E.,,,
was measured and the polarization curve was run.
A SCE was used as reference electrode and a platinum
wire as counter electrode.

3. Results and discussions
3.1. Physical tests

Table 3 presents the mean compressive strength at 28
days for all mixtures studied. A comparison of the re-
sistivity data (Fig. 2) and the compressive strength data
suggests the presence of an direct relationship between
them, as to be expected. The higher the resistivity the
higher the compressive strength. Tests by Whittington
et al. [15] found that the values of resistivity and the
water/cement ratio are inversely proportional, i.e. as the
strength increase, the resistivity increase.

Both 6% and 12%SF concrete mixtures showed a gain
in compressive strengths compared with the plain con-
crete and the last one showing a slightly higher gain than
the concrete containing 6%SF. SF provides additional
improvement to the porosity and hence the pore struc-
ture of concrete. This is reflected in the improved
strength and transport properties [16]. The SF positively
modifies the interfacial transition zone microstructure
[17] that, in turn, contributes positively to reduce the
electrical conductance of the system.

The results presented in Table 4, show that an in-
crease in water—binder ratio increases the porosity val-
ues, probably due to the larger capillary pores being
altered. However, the SF addition has a negligible effect
on porosity contrary to what is claimed by other authors
[16]. This result is probably due to the fact that SF
produces a refinement of pore structure [18], without
further reduction in total porosity [7]. The porosity
measurements adopted in this study determines the total
pore volume gravimetrically, and the values are higher
than the ones measured by ecither mercury intrusion
porosimetry (MIP) or nitrogen desorption [19]. The
access of both the anodic (CI™) and cathodic agents (e.g.
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Fig. 2. Effect of SF addition on the electrical resistivity of concretes:
(a) relation between the electrical resistivity and water—binder ratio for
different SF contents, at 98 days, (b) relation between the mean values
of the electrical resistivity and age for different SF content, for a water—
binder ratio of 0.65.

Table 4
Mean porosity of concretes of different water—binder ratio at age of
91 days

%SF Water—binder ratio
0.50 0.65 0.80
0 11.93a 14.04b 14.23b
11.20a 13.96b 14.32b
12 12.40a 12.38a 14.39b

*Values followed by the same letter do not present statistically
significant difference (Duncan test).

0,), which cause reinforcement steel corrosion, may
be easier in higher porosity concretes.

Furthermore, the concrete electrical resistivity in-
creases with the increasing amount of SF, as represented
in Fig. 2. When compared to the reference concrete, the
addition of 12% of SF increased the resistivity up to 5.2,
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3.85 and 2.45 times, for the water—binder ratios of 0.50,
0.65 and 0.80, respectively. The coefficients of variation
were less than 13.2%, 14.3% and 11.7% for the water—
binder ratios 0.50, 0.65 and 0.80 with and without SF
addition, respectively. To statistically prove the influ-
ence of the investigated variables on the electrical re-
sistivity, as well as to verify the existence of significant
interactions between variables, an analysis of variance
was performed. This approach allows the comparison of
different groups of observations through the comparison
of the variance observed between groups with the vari-
ance observed into each group, for a specific level of
significance. The analysis of the electrical resistivity
variance is summarised in Table 5, for a 5% level of
significance.

According to Table 5, the SF content was the most
important factor on the resistivity values, followed by
water—binder ratio and SF content x water—binder ratio
interaction, respectively. The age is insignificant for
resistivity of the total period of exposure studied
(119 days).

Cao et al. [20] reported results similar to those ob-
tained in the present work for high strength concrete (70
MPa) immersed in lime-saturated water. The replace-
ment of cement by 10% of SF increased by 1.5 times the
resistivity at the age of 90 days. This behaviour was
attributed to the dense microstructure of the concrete,
resulting in decreasing of corrosion due to the increasing
resistivity. Pore structure measurements carried out by
Matte et al. [21], using MIP, showed that the porosity of
the cement paste was between 0.01 and 0.02 pum and for
the cement paste containing SF it was below 0.0036 pm
(pores less than 36 A cannot be measured by MIP).
Hence, the high resistivity of the SF-containing concrete
in the present work, can be related to the dense micro-
structure, which hinders the flow of ions in the concrete.
The fact that the concrete porosity data did not show a
strong dependence on the SF content as pointed out
above must be assigned to the nature of the test method,
which only determines the total porosity in terms of
weight loss, but does not assess the distribution of pore
size.

Diffractograms presented in Fig. 3, show the con-
sumption of calcium hydroxide in mortars with addition
of SF as a consequence of the pozzolanic reaction. Some
researchers have found that the reduction of calcium
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Fig. 3. X-ray spectrum of mortars with sand—cement ratios of 3:1 with:
(a) portland cement (100%); (b) portland cement with replacement of
35% SF.

hydroxide is higher with increasing SF addition and age
of the concrete [22]. Yogendran et al. [23] found that for
a high water—binder ratio, 20% SF were required to
consume all the calcium hydroxide. At a lower water—
binder ratio, 15% of SF was sufficient. However, the
alkalinity is not only dependent on Ca’" ions, but also
on the alkali content in the pore solution. Larbi et al.
[24] found a decrease of the alkali content in the SF
mixtures, after the first day of hydration. This decrease
can be due to the absorption of Na® and K* ions by
silanol groups to form alkali-rich silicates. The results in
the literature are in agreement with the present data
which indicate that the consumption of Ca(OH),, in-
creases in SF-containing concrete, probably affecting the
pH value in the pore solution. In fact, in the present
work the simulated pore solution of concrete containing
SF showed a pH roughly half an unit lower than the
corresponding solution of plain concrete.

3.2. Electrochemical measurements

To obtain the polarization curves of steel embedded
in concrete, determination of ohmic drop between
working and reference electrodes was necessary. The

Table 5
Analysis of variance of the significant factors on resistivity measurements at 98, 112 and 217 days for concrete specimens immersed in potable water
Source of variation Degrees of freedom Mean square Computed F Foos
%SF 2 112440 x 10° 397.75* 3.12
w/(c + SF) 2 405346 x 10* 143.398* 3.12
Age 2 76812 x 107 2.69 3.12
% SF x w/(c+ SF) 4 127301 x 10* 45.03* 2.50
Error 80 282686 x 102

* Significant; Fys—table value (Fisher distribution), level of 5% significance.
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results of IR drop measurements were found to be
consistently higher with the increase in SF content and
decreased slightly with the increase in the water—binder
ratio. For the three water-binder ratios studied, the
equivalent resistance associated to the ohmic drop be-
tween reference and working electrodes was 575, 1600
and 2150 Q for 0%, 6% and 12% SF content, respec-
tively. This result is in accord with the higher resistivity
of the SF-containing concretes reported above and may
be associated to the fine porosity of the SF-containing
concretes, agreeing with other similar results found in
the literature [25].

Some typical anodic and cathodic polarization curves
of steel embedded in concrete containing 6% SF with
different water—binder ratios (Fig. 4) and with different
SF content (Fig. 5) are presented. For all these tests the
concretes had not been exposed to any contamination.
Thus, the results represent the electrochemical behav-
iour of steel embedded in different concretes, at the age
of 9 months, at room temperature and a RH of 80-90%.
In the absence of any active corrosion, the anodic po-
larization curves show a typical passive zone (current
density in the range of 0.1-1 pA/cm?) followed by the
oxygen evolution reaction.

The cathodic currents should correspond to the dis-
solved oxygen reduction reaction, since the potential has
not been driven until the hydrogen evolution zone. The
cathodic current density could be expected to increase
with the increase in water—binder ratio, or to decrease
for the higher SF contents, as a consequence of the
higher permeability associated with the larger capillary
pores [26] and with the porosity in the interfacial zone
[27] in cementitious materials. It is known that the
corrosion rate is generally limited by the rate of diffusion
of oxygen, specially in water saturated concrete when
for instance E., drops to potentials less than —400
mVSCE (due to steel depassivation promoted by chlo-
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Fig. 4. Anodic and cathodic polarization curves of reinforcing steel
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Fig. 5. Anodic and cathodic polarization curves of reinforcing steel
embedded in concrete with addition of SF (0%, 6% and 12%) for a
water-binder ratio of 0.80.

ride contamination or by concrete carbonation). An
oxygen diffusion coefficient of 0.68 x 10~ m?s~! for a
concrete made with ordinary Portland cement and a
water—cement ratio of 0.60 has been determined by
Kobayashi and Shuttoh [28]. According to Raupach
et al. [29] oxygen diffusion is not a decisive factor in-
fluencing the corrosion ratio of reinforcing bars directly
if oxygen diffusion coefficient for concrete is higher that
1071 m?s~!. Accordingly, in the present work, no clear
trend could be found in the cathodic polarization curves
for the different concretes, such as to corroborate some
influence of their different porosity on the cathodic
reaction.

In Fig. 6 the polarization curves for bare steel in the
simulated pore solutions of plain concrete and of SF-
containing concretes, with and without addition of
chloride, are to be found. E.. values in this case, were
more negative (—300 and —500 mVSCE) when compared
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Fig. 6. Anodic and cathodic polarization curves of steel in simulated
pore solution of plain concrete and of SF containing concrete, with
and without 0.3% of NaCl.
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with those ones of the steel bar in concrete, when these
values were between +0 and —300 mVSCE, at 9 months
age (Figs. 4 and 5), what is to be associated to the anodic
current densities being higher, when compared with
those for steel embedded in concrete. This result can be
attributed to the small immersion time in the solution
before the test, which in this experiment was of 60 min.
It is well known that passive oxide films on iron keep
growing very slowly over long periods of time, resulting
in progressively lower passive current densities. Besides
that, the current distribution on the steel electrode are
quite different in the electrolytic cell solution and in the
concrete specimen. On the other hand, the transport
properties of concretes are a function of the pore size
distribution, pore conductance (pore shape factor),
tortuosity and isotropy [30] and mineral admixtures of
the cement paste [31] differently as in the present simu-
lated solutions.

However, Fig. 6 indicates that SF promotes an in-
crease in passive current density values. In fact, the plain
concrete pore solution (pH = 13) produces a lower
current density than the SF-added concrete solution
(pH = 12.5), which may be due to a decrease in alka-
linity. Moreover, as can be seen on the same figure,
chloride ions also contribute to increase current density
in the passive zone. According to Amaral and Miiller
[32], passive current density values of iron in alkaline
solutions are a complex function of pH, solution com-
position and time. On the other hand, in presence of
chloride the polarization curve shows a pitting potential
which is not present in the other electrolytes. However,
this critical potential is quite distant from E, in that
solution. Thus, the well known influence of chloride ions
on the corrosion of steel in concrete should be explained
by a crevice corrosion mechanism, which could be re-
sponsible for bringing down the critical potential for
localized corrosion, as suggested by Sagiiés et al. [33].
The slow installation of crevice corrosioen on reinforc-

ing bars in concrete, could also explain the lowering of
the E.,; with time as will be shown by the next results.

Results for a typical ., monitoring are shown in
Fig. 7. The values tend to decrease with time for all
concretes. From cycle to cycle, potential is always more
negative in concretes with higher water—binder ratio.
Similar behaviour was also pointed out by other re-
searchers [34].

For the lowest water—binder ratio (0.50) no important
differences were observed between the E,,, values of the
concrete with and without SF addition. Potential did
not descend to values lower than —270 mV after 350
days, indicating that in no one of the materials, steel
corrosion had begun. Hou and Chung [35], have also
not found depassivation of the metal in concrete with
15% of SF and water—cement ratio of 0.50, immersed in
chloride environment for 25 weeks. However, the chlo-
ride environment caused the E.,, of rebar in plain
concrete to decrease to —370 mVSCE, initially and de-
creasing with time. Other authors [36] have found that
the Eo of steel in plain concrete (w/c = 0.50) crossed
the threshold potential of =270 mVSCE after 80 days of
exposure to a chloride and sulfate solution and for a
10%SF concrete (w/c = 0.50) a time of 548 days was
required.

For intermediate and high water—binder ratios (0.65
and 0.80), the control concrete assumed FE.,, values
definitely lower than —270 mV much earlier than the SF-
containing ones. Concrete with 15%SF has been shown
to decrease water absorptivity [35] and the use of SF also
contributes to the refinement of the pore structure
(transformation of the system containing large pores
into one with smaller pores) [2] and grain refinement
(transformation of large crystal, such as calcium hy-
droxide, into smaller crystals) was confirmed by atomic
force microscopy by Papadakis et al. [19]. So, the SF can
retard deterioration phenomena and elongate construc-
tion service lifetime. Visual inspection at the end of the
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Fig. 7. Corrosion potential of the reinforcing steel bar in concrete subjected to drying (5 days) and wetting (2 days) cycles in 3.5% NaCl solution.
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cyclic treatment confirmed that steel in concrete with
0.80 water—binder ratio without SF was heavily cor-
roded over the whole exposed area (~90%), whereas, the
specimens containing SF showed only a slight corrosion
on some 25% of the steel area. Hence, the present results
indicate that, at least for the concretes with 0.65 and
0.80 water—binder ratios, SF hinders the entrance and
the depassivating effect of chloride, delaying the onset of
corrosion. This must be related with the above cited
influence of this admixtures on the porosity and water
absorptivity of the concrete.

4. Conclusions

e The results obtained show that the addition of 6% of
SF increases the electrical resistivity of concrete by
2.5 times and 12% of SF increases it by 5 times. This
suggests that the addition of SF can be effectively
used in protecting steel reinforcement against corro-
sion.

e Based on X-ray diffraction results, the addition of sil-
ica fume is expected to reduce the pH of the concrete
pore solution (mainly because of the portlandite con-
sume). An increase in passive current of steel is corre-
spondingly found in SF containing aqueous solution
simulating concrete pore solution. However, the im-
proved electrical resistivity and dense microstructure
of concrete yielded by the addition of SF, are ex-
pected to be efficient on protecting steel reinforce-
ment from corrosion in concrete.

e The time to corrosion onset of reinforcement steel in
concrete contaminated by chloride is greater in SF-
containing concretes than in plain concrete speci-
mens. This time seems to be more dependent on the
physical characteristics (porosity, resistivity, addi-
tion) than on the chemistry of the concrete pore solu-
tion.
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