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Abstract Partial replacement of Portland cement by sup-

plementary cementitious materials results in decreased

concentration of calcium hydroxide, leading to a reduction

in the pH of the pore solution and influencing the formation

of passive films on steel. Decreases in pH are often equated

to lower-quality passive films, but, as has been recently

shown, that is not always the case. This study evaluates the

effect of partial replacement of cement Portland by silica

fume, both on the pH of pore solution and corrosion

resistance of reinforced concrete. Three concrete mixtures

with variations of cement replacement by silica fume (0, 5

and 10% by volume) were produced. Pore solution chem-

ical composition, corrosion current density and polarization

resistance were measured up to 91 days. Results show that,

especially in early ages—when concrete resistivity remains

low and unchanged among the different mixtures tested—

partial replacement of cement by silica fume led to an

improved passivation process and increased corrosion

resistance, even with a related decrease in calcium

hydroxide concentration and pH.
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1 Introduction

Currently, a greater durability of reinforced concrete struc-

tures is required due to problems originated by corrosion of

the steel reinforcement, new competitive requirements and

sustainability demands from the civil construction field. The

cement industry has become aware of the necessity of a

sustainable thinking partly because, for each kilogram of

clinker produced, nearly 0.9 kg of CO2 are released into the

atmosphere [1]. If a coproduct or industrial waste is incor-

porated in the cementitious matrix, the average of carbon

dioxide emissions is inferior [2] due to the reduction in the

clinker consumption. The utilization of pozzolanic materials

such as fly ash and silica fume in the composition of

cementitious materials generally exhibits economic, techni-

cal and environmental feasibility [3]. Regarding the dura-

bility of reinforced concrete structures, the corrosion process

is one of the main determining agents of the structure’s

service life. Such deterioration is developed in the rein-

forcement steel through spontaneous electrochemical reac-

tions. In case there are no mechanisms that prevent the

development of corrosion, additional resources will be

necessary for replacing the deteriorated materials [4–6].

When a polozzanic admixture, rich in amorphous sili-

con, in used the concrete, the calcium hydroxide formed

during cement hydration reacts with such admixture and

alters the physical and chemical characteristics of the

cement paste [7]. The chemical alteration occurs with the

consumption of calcium hydroxide by the pozzolan, orig-

inating hydrated calcium silicate (C–S–H), enhancing

resistance of the cementitious paste but reducing the

alkalinity of the pore solution [8, 9]. The physical effects

are caused by the change in the microstructure and in the

interfacial transition zone of concrete, which fills the pores

left by the cement particulates, improves the distribution of
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the size of the pores, increases the resistance and the

electrical resistivity and reduces the permeability of the

system [7, 10].

The liquid phase of concrete typically shows a pH

between 12.5 and 13.3, favoring the formation of the

compact passive film on the surface of the reinforcing steel

[11]. When there is a disruption in the system by some

external event, the pH of concrete and steel can be reduced,

which can possibly lead to a deterioration of the passive

film and culminate in corrosion processes [7, 12], although

the reduction in pH caused by pozzolanic admixtures is not

capable of reaching critical values of steel despassivation

[9]. However, since the seminal work by Shalon and

Raphael [21]—which evaluated the amount of rust formed

on steel as a function of OH- concentration—it is gener-

ally accepted in the field that the higher the pH, the higher

is the corrosion resistance of steel embedded in concrete.

Nonetheless, more recent research has challenged this

long-held belief, showing that, depending on the ionic

strength of the electrolyte, small reductions on pH of the

pore solution can in fact lead to better-quality passive films

and improved corrosion resistance [22–26].

One of the most widely used techniques to evaluate the

condition of corrosion is based on the principle of polariza-

tion resistance (Rp). This principle represents the inertia that

a system has when developing the corrosion process, based

on parameters that determine the corrosion rate [13, 14]. For

this reason, the greater the polarization resistance, the less

intense the corrosion rate will be [13, 14].

Another important method considered to evaluate cor-

rosion resistance in reinforced concrete structures is elec-

trical resistivity. Such parameter is related to the dissolved

ions in the liquid phase of concrete that have the capacity

of conducting electric current. Such conductivity depends

on the humidity ratio, the permeability and the degree of

ionization of concrete [7, 13, 15, 16]. When there is a small

amount of electrolyte in advanced degree of hydration or

when there are mineral admixtures the resistivity of the

system is greater and the corrosion rate is lower [17]. The

greater the resistivity value, the lower the risk of corrosion

in reinforced concrete structures.

This paper aims to quantify the pH of pore solutions

correlating the pH with the corrosion behavior of rein-

forced concrete under different concrete mixing ratios with

partial substitution of cement by silica fume.

2 Materials and methods

2.1 Materials

A high early strength Portland cement (CPV-ARI) was

used in this research. This type of cement was chosen due

to the absence of blended pozzolanic admixtures and high

content of C3S in the clinker used, thus leading to a greater

availability of calcium hydroxide for the pozzolanic reac-

tions. The specific gravity of the cement is 3.12 g/cm3 and

the loss on ignition is 3.35%. The chemical composition,

obtained by quantitative X-ray fluorescence (XRF), is

shown in Table 1.

The pozzolan employed in this study was silica fume, from

silicon metal production, non-densified type and light gray

color. The specific gravity is 2.09 g/cm3 and the loss on igni-

tion 2.40%. The chemical composition, determined by a

qualitativeX-rayfluorescence (XRF) test, is shown inTable 2.

The grain size distribution of the silica fume was per-

formed by laser diffraction in a sodium hexametaphosphate

solution (5), after being exposed to ultrasonic cleaning (60 s

of ultrasound at a power of 40 W) for deffloculation. The

results of the equivalent diameters are displayed in Table 3.

The coarse aggregate, originated from basalt, has a

fineness modulus of 5.75, specific gravity of 2.67 g/cm3,

maximum diameter of 12.5 mm and fits into the particle

size zone 4.75/12.5. The fine aggregate utilized was a

natural quartz sand with fineness modulus of 2.32, specific

gravity of 2.63 g/cm3 and maximum diameter of 2.4 mm.

The steel reinforcement utilized was a low-carbon steel

(CA50) with nominal diameter of 12.5 mm.

Table 1 Chemical composition of the cement

Chemical composition of the cement Percentage (%)

Aluminum oxide (Al2O3) 3.479

Silicon dioxide (SiO2) 14.197

Iron oxide (Fe2O3) 2.38

Calcium oxide (CaO) 55.687

Magnesium oxide (MgO) 3.691

Sulfur trioxide (SO3) 2.026

Sodium oxide (Na2O) 0.477

Potassium oxide (K2O) 0.718

Table 2 Chemical composition of the silica fume

Chemical composition of the silica fume Percentage (%)

Silicon (Si) [50

Potassium (K) 5\ x\ 50

Calcium (Ca), Sulfur (S) e Iron (Fe) \5

Table 3 Equivalent diameters of the silica fume

Physical characteristics Diameter (lm)

Diameter equivalent to 10% of accumulated mass \6.29

Diameter equivalent to 50% of accumulated mass 19.71

Diameter equivalent to 90% of accumulated mass 34.38
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2.2 Specimens production

The unit proportions of the constituent materials are shown

in Table 4 for each concrete mixture. In all cases, the total

volume of binder was kept constant. In the mixtures with

silica fume, 5 and 10% of the binder volume was replaced

by the mineral admixture.

The water/cement ratio was fixed in 0.65 because,

according to Kulakowski [18], in order to obtain enough

pore solution to analyze the pH, the w/c ratio must be near

0.7.

The specimens subjected to the determination of cor-

rosion resistance were built with reinforced concrete in the

dimensions of 100 mm of height, 260 mm of width and

260 mm of length containing a bar of low-carbon steel

inserted according to Fig. 1. Two specimens were built for

each concrete mixing ratio.

To verify the evolution of resistivity, two specimens

were molded in a cylindrical shape of 100 mm of diameter

and 200 mm of height, without reinforcement, for each

concrete mixing ratio.

Aiming to extract the pore solution and determine the

pH, the specimens were built with cement paste in the same

proportions as of the partial substitution of cement shown

in Table 4. The specimens had a cylindrical geometry of

40 mm of diameter and 80 mm of height. These speci-

mens, after being removed from the mold, within 24 h,

were enveloped with a plastic film and put into plastic bags

to avoid any interaction with the environment, and then

taken to the curing chamber (at 100% relative humidity)

until the appropriate testing age.

2.3 Methods

2.3.1 Corrosion evaluation tests

The polarization resistance was determined from the cor-

rosion current density parameter. Experiments were con-

ducted with the assistance of a GECOR 8 equipment,

manufactured by NDT James Instruments and provided by

the Structural Models and Tests Laboratory (LEME) of the

Federal University of Rio Grande do Sul (UFRGS). For

this test only the sensor A was employed, which utilizes a

copper/copper sulfate reference electrode. In order to

obtain the polarization resistance (Rp) value, Eq. 1 was

used, along with the values of current density (icorr) and the

Stern-Geary (B) constant of 52 mV.

icorr ¼
B

Rp

ð1Þ

These determinations were performed at the ages of 3, 7,

28, 42, 56, 70, 84 and 91 days, and three replicate tests

were conducted on each specimen.

To verify the resistivity of concrete, the equipment

RESIPOD, manufactured by Proceq, was utilized. Such

equipment adopts a Wenner array, which is also known as

the method of four electrodes. The four measuring probes

of the equipment have a spacing of 50 mm. The standard

reading adopted was two measurements in each sample at

the ages of 3, 7, 28, 42, 46 and 70 days, at specific points of

the sample, being one opposed to the other.

2.3.2 Extracting the pore solution

To extract the pore solution, it was utilized an equipment

that is similar to the one developed by Barneyback and

Diamond [19], reproduced by Kulakowski [18]. Figure 2a

explains schematically how the equipment functions and

Fig. 2b shows the equipment utilized and developed by

Writing and Mohamad [17] and Kulakowski [18].

Table 4 Mixing ratios utilized in the research

Mixture Amount of cement

by mass (kg)

Amount of substitution by mass Amount by mass (kg)

Silica fume (kg) Sand Gravel Water/cement

REF. 1 – 2.1 2.5 0.65

5% SF 0.97 0.030 2.1 2.5 0.65

10% SF 0.93 0.067 2.1 2.5 0.65

REF.: Reference; 5% SF: 5% silica fume; 10% SF: 10% silica fume

Fig. 1 Form for the corrosion resistance test (units in mm)
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The pore solutions of the cylinder specimens were

extracted at ages 3, 7, 28 and 91 days.

To obtain the solution, it is necessary to apply a load on

the specimen with the intention to promote confinement

tension and expel the pore solution. The maximum tension

applied by the hydraulic press was 300 MPa.

Some solution was also extracted after 4 h of the

beginning of cement hydration due to the fact that the paste

did not show a completely hardened consistency. In this

case extraction was performed manually.

2.3.3 Obtaining the pH of the solution

Solutions extracted were kept in sealed containers without

contact to the external environment. The analysis of the

concentration of OH- ions from the samples collected was

performed using the method of acid–base volumetric

titration.

In order neutralize the alkaline pore solution, hydrogen

chloride (HCl) at the concentration of 0.0102 N was

employed. Moreover, an alcoholic solution of 1% (mass)

phenolphthalein was utilized as a chemical indicator. Such

indicator, when in basic pH, becomes carmine red; how-

ever, when in pH below 9, the indicator remains colorless.

It was added 3 ml of phenolphthalein solution into a 0.5 ml

solution of the sample extracted. To complete the dilution,

50 ml of deionized water was added as well.

When the solution turns from carmine red into colorless,

the volume of acid consumed in the titration necessary to

neutralize the volume of 0.5 ml of the solution diluted is

reached. This happens because the deionized water and the

phenolphthalein are neutral. The control of neutralization

occurs visually.

By having the volume of acid consumed, it is possible to

determine the concentration in moles per liter of OH- in

the neutralized solution using Eq. 2.

Number of moles OH� ¼ ðN � Vac � ViÞ
Atomic weight OH� ð2Þ

where N = concentration of acid in Normal; Vac = vol-

ume of acid consumed to neutralize the solution;

Vi = volume of the titrated sample (diluted volume).From

the concentration of OH- ions obtained by Eq. 2, it is

possible to find the pH of the solution by using Eq. 3.

pH ¼ � log
10�14

½OH��

� �
ð3Þ

where [OH-] = concentration of OH- ions in mole/liter.

3 Results

Tables 5 and 6 summarizes the results of the pH, OH-

concentration, resistivity and polarization resistances of the

mixtures obtained at several different ages.

It is possible to observe small, but consistent, alterations

in the pH values (naturally accompanied by considerable

changes in OH- concentrations) when comparing the age

of the solution as well as to the substitution percentage. It

should be noted that the pH values vary according to a

logarithmic scale. Therefore, a unit variation in the pH—

varying, for example, from 13.6 to 12.6 as it occurs at the

age of 28 days for the 10% SF mixing ratio in comparison

to the reference specimen—corresponds to a ten times

greater reduction in the concentration of OH- ions in the

solution.

Fig. 2 a Simplified scheme of

the equipment used to extract

the pore solution. b View of the

device utilized placed on the

hydraulic press
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As expected, an increase in the pH is noted at the first

ages analyzed, between 4 h and 3 days, of all mixtures.

Such increase is due to the fact that at the age of 4 h, the

cement is still being dissolved and only hydration reactions

of the aluminates are happening, whereas, at the age of

3 days the hydration of silicates is already initiated, and

therefore the solution shows a higher alkalinity.

At the age of 3 days, the pH in all the mixtures with

partial substitution of cement shows an inferior value

compared to the reference. Such behavior is consistent with

the beginning of the pozzolanic reactions, where there is a

consumption of hydroxides originated from the cement

hydration process. In addition, there is also a lower per-

centage of cement in the mixtures containing admixtures.

Another fact that reinforces the assumption that the poz-

zolanic reactions depend on the occurrence of hydration of

silicates is that, on the third day, there is a maximum peak

in the values of pH in all of the mixtures containing min-

eral admixtures, and, after that, there is a consistent

reduction in the pH value.

The mixture used as reference, without substitution of

cement for pozzolans, showed a considerable increase in

pH between 4 h and 3 days. After 3 days, the pH remained

practically constant until the age of 91 days.

Only after the first 3 days will the difference in the

percentage of substitution influence the pH value, having

the mixture with the highest percentage of substitution the

lowest pH value at all ages. Likewise, the mixture with the

lowest percentage obtained the highest pH. Such behavior

was expected because there is a reduction in the quantity of

cement, and an increase in the consumption of calcium

hydroxide by the pozzolanic reactions.

It is also noticeable that the solution 10% SF shows a

lower value of pH at the end of the period of analysis

(91 days) in relation to the reference sample and in relation

to the mixtures with the same substitution material (lower

percentages). From this, it is possible to verify that as the

percentage of substitution of cement for silica fume

increases; there is a decrease in the concentration of OH-

ions as well as a decrease in the total percentage of alkaline

cations in the solution from the third day on for all solu-

tions analyzed.

Figure 3 shows the evolution of the polarization resis-

tance and the pH development.

At first ages, 3 and 7 days, there is a low risk of cor-

rosion and, as the cement hydration reactions occur, the

probability of corrosion declines to passivation levels and

remains there until the end of the period analyzed. Con-

sidering that the passive film formation process occurs

mainly at these early ages (up to 7 days), as shown by

Poursaee and Hansoon [27], and noting that at 3 and 7 days

the concrete resistivity values remained nearly constant

among all mixtures tested, the considerable increase

observed in the polarization resistance values as silica fume

is added must be attributed to a better passive film being

formed, even though OH- concentration and pH are

reduced. It should be noted that this observation is con-

sistent with the argument presented in recent research

about passive film formation, showing that such reductions

in OH- concentrations reduce the solubility of film-

Table 5 Results of the pH [OH-], resistivity and polarization resis-

tance—reference

Mixture Reference

Age pH OH- (mMol/l) Rp (kX cm2) Resistivity

4 h 13.23 171 –

3 days 13.63 428 61 14.45

7 days 13.68 480 59 18.50

28 days 13.60 399 650 34.05

42 days – 240 48.00

56 days – 208 48.70

70 days – 171 60.20

84 days – 338 –

91 days 13.64 435 248 –

Table 6 Results of the pH, [OH-], resistivity and polarization resistance—5% SF and 10% SF

Mixture 5% SF Resistivity 10% SF Resistivity

Age pH OH- (mMol/l) Rp (kX cm2) pH OH- (mMol/l) Rp (kX cm2)

4 h 13.23 168 – – 13.22 165 – –

3 days 13.46 288 177 12.30 13.30 201 418 12.50

7 days 13.30 201 86 18.72 13.13 135 272 17.50

28 days 13.32 207 867 51.80 13.00 99 274 74.42

42 days – 314 80.90 – 412 111.07

56 days – 379 91.67 – 565 129.10

70 days – 289 111.30 – 332 173.60

84 days – 361 – – 583 –

91 days 13.26 180 387 – 12.62 42 494 –
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forming Fe species and enhance corrosion resistance, as

long as the ionic strength of the pore solution is also

reduced [22–26].

At 28 days the samples are showed a behavior distinct

of all other ages (likely due an experimental error), how-

ever, in readings at 7, 42 days, and the following ages until

the end of the study, the concrete expressed similar

behavior with few variations.

The reference sample shows a slight decline in the

protection quality, moving from the passive zone into the

zone of low risk of corrosion at the age of 42 days and

remaining there until the age of 70 days, finishing the study

in the passive zone. Therefore, this sample has a greater

susceptibility of corrosion.

Furthermore, throughout the period of study, the sam-

ples with partial substitution of cement for silica fume

show a tendency of having a better performance than those

without substitutions.

A propensity of pozzolans to positively influence the

performance of corrosion protection is noticeable, inde-

pendently of the type of pozzolan and the percentage used.

These results complement the study by Oliveira [20], in

which it was noted that the admixtures are capable of

improving the performance of concrete against corrosion,

with a superior polarization resistance compared to the

concrete without any substitution [20].

4 Conclusion

A greater influence of silica fume is noticeable until the

seventh day, when the passivation film is being formed and

stabilizing. At this point, it was observed a considerable

increase in the polarization resistance when the pH is

reduced due to the partial substitution of cement for the

mineral admixture. The results presented in this study agree

with recent research on passive film formation, showing

that the reduction in pH values caused by the use of sup-

plementary cementitious materials does not seem to have a

negative effect regarding the protection against corrosion,

but rather on the contrary: when mineral admixtures are

used, the corresponding reductions in OH- concentrations

(and ionic strength) lead to an enhanced passivation of the

steel reinforcement, and increased resistivity (at later ages)

further contributes to an improved corrosion resistance.
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armaduras à corrosão de armaduras devido à carbonatação.
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