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ABSTRACT 

 
The steel reinforced concrete became the most widely used structural material in the world because 

of its economical, strength and durability properties. Steel-reinforced concrete structures were 

viewed as maintenance-free and unlimited service life until the mid-1970s. Conversely, since then, 

several durability associated problems have emerged, such as alkali- silica reactions, sulphate attacks 

and corrosion of steel reinforcement. Among all durability related problems in steel-reinforced 

concrete structures, corrosion of steel reinforcement has been recognized as one of the main source 

of deterioration. 

 

The principal causes of steel corrosion in concrete are chloride attack and carbonation. These two 

aggressive agents usually do not attack the concrete integrity but pass through concrete pores and 

attack the steel reinforcement. Acids and other aggressive agents such as sulphate deteriorate the 

concrete properties first then affect the steel reinforcement. Therefore, most of the chemical attacks 

are concrete problems before steel corrosion problems; and chloride ions and carbon dioxide destroy 

the steel without considerably damaging the concrete. 

 

The use of chemical corrosion inhibitors has been recognised as a cost effective way of protection of 

steel from corrosion. Various past studies concluded that even small amount of chemical corrosion 

inhibitors decrease the corrosion rate. However, the mechanism of inhibition is often complex and 

depends on the type of inhibitors 

 

Therefore, research is continuing to understand the mechanism of protection, the effect on concrete 

properties and the long term efficiency of some known potential chemical corrosion inhibitors. 
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The use of nanomaterials in concrete is an emerging innovative area that may have the potential to 

extend service life of steel reinforced concrete infrastructure. Recently, few researchers have 

concluded the use of nanomaterials in concrete is effective in order to improve the mechanical and 

durability properties. However, the comprehensive recommendations for the utilization of 

nanomaterials in day-to-day construction practice are still awaited. Also, the corrosion resistance 

properties of nanomaterial admixed cementitious composites have not yet been investigated. In this 

perspective it is crucial to study the performance of nanomaterial admixed cementitious composites 

under chloride and acidic environment in order to assess the 

corrosion and chemical resistance properties by assuming that nanomaterials will act as pore blockers 

and affect the transportation mechanism of the aggressive agents. 

 

A general trend of increase in the compressive strength with age has been observed for all the mortar 

specimens cured in tap water. In addition, the mortars containing calcium nitrite exhibited a slightly 

higher value of compressive strength as compared to control specimen. Also, the compressive 

strength increased marginally with the increase in the dosage of calcium nitrite. In contrast, a decrease 

in the compressive strength value has been observed with the increase in the dosage of ethanolamine. 

It has been observed that the compressive strength is significantly increased with the increase in the 

percentage of nano-TiO2. With nano-SiO2 addition, the compressive strength reached a peak for 3% 

and reduced marginally for 5%. This reduction may be attributed to the agglomeration of nano-SiO2 

at higher doses, which creates weak zones. 

The micro structural and chemical analysis of mortar using SEM and EDS, confirmed that the 

calcium nitrite does not cause any negative impact on the micro structural properties. In contrast, the 

ethanolamine admixed specimen exhibited more amount of needle-like crystals (Ettringite) and pores 

as compared to control specimen that may adversely affect the micro structural properties of 

cementitious composites. For nano- TiO2 admixed specimen large quantity of C-S-H gel, and a low 

amount of pores and needle-like crystals has been observed indicating improved micro structural 

properties. This might be because the addition of nano-TiO2 increased the particle- packing density 

of mortar. Similarly, mortar containing nano-SiO2 showed a homogeneous and compact 

microstructure. This is probably due to high pozzolanic property of nano-SiO2 that consequently 

forms a high amount of C-S-H gel. 

 

The XRD analysis of calcium nitrite admixed cement paste specimen exhibited lower intensity peak 

of Portlandite as compared to control specimen. This indicates that the more amount of C-S-H gel 

has been formed in the presence of calcium nitrite. On the other hand, the XRD analysis of cement 
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paste specimen containing ethanolamine showed many overlapping and lower intensity peaks that 

indicate the presence of Ettringite. Consequently, the addition of a higher amount of ethanolamine 

may adversely affect the strength and durability characteristics of cementitious composites. Similarly, 

the XRD analysis confirmed that the inclusion of nano-TiO2/nano-SiO2 

leads to increase the amount of C-S-H gel and thus may enhance the micro structural and the 

durability properties of cementitious composites. 

 

In the second part of investigation effect of admixtures on cement mortar specimens were studied 

under tap, saline and acidic exposure conditions. Weight loss and compressive strength of mortar 

specimen were determined. Tests were conducted to find out the effect of these admixtures on 

workability and electrical resistivity of concrete. 

 

It has been observed that with the increase in age, a consistent increase in weight for all the specimens 

exposed in tap water has been observed. Similar trend has been found for specimens exposed in saline 

water. On the other hand, a decrease in weight has been noticed for all the specimens exposed in 

acidic medium indicating deterioration of matrix. However, a minimum reduction in weight of the 

specimens admixed with nanomaterials is indicative of better resistance against acidic exposure. 

 

As compared to specimen exposed in tap water, the compressive strength of mortar specimens 

exposed in saline environment have showed marginal increase after 30 days of exposure and 

reduction in compressive strength thereafter. For specimens exposed in acidic environment, a 

continuous reduction in compressive strength for all the exposure duration has been observed. With 

the addition of nanomaterials the compressive strength of mortar specimens exposed in tap, saline 

and acidic environments, a substantial increase has been observed for all the exposure duration. 

However, for calcium nitrite admixed mortar the increase is marginal. For ethanolamine admixed 

mortar a reduction in compressive strength has been found. 

 

The workability of concrete mix has been found to be marginally increased with increasing the 

content of calcium nitrite and considerably increased for ethanolamine as compared to the control 

mix. The concrete mix containing nano-TiO2/nano-SiO2 showed lower workability as compared to 

control mix. This behaviour confirms that the inclusion of high surface area nanoparticles to concrete 

required more amounts of water in order to maintain the workability of the mixture. 

 

The surface electrical resistivity measurement showed that resistivity of the specimens containing 

chemical corrosion inhibitors is almost comparable to the control specimen. However, nano-

admixed specimens exhibited significantly higher resistivity as compared to control specimen. This 

indicates that the nano-admixtures are effective in improving the microstructure of concrete and thus 
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reducing the ionic concentration of pore solution. 

 

In the third part electrochemical and gravimetric weight loss techniques were used to evaluate the 

efficiency of calcium nitrite, ethanolamine, nano-TiO2 and nano-SiO2 admixtures in inhibiting the 

corrosion of steel. The corrosion rate of steel embedded in mortar is significantly decreased with the 

inclusion of calcium nitrite. The corrosion inhibition efficiency of calcium nitrite was found to be 

increasing with the increase in dose. Similar trends of inhibition efficiency were observed in all the 

three exposure environments. The linear polarization resistance of calcium nitrite admixed specimens 

was also found to be considerably higher than the control specimens. The optimal effectiveness was 

found at 5% content of calcium nitrite. 

 

The corrosion rate of the ethanolamine admixed specimens was found to be considerably lower than 

the control specimens in all the three exposure environments. Thus, ethanolamine was found to be 

effective in inhibiting the corrosion of steel. Moreover, the corrosion inhibition efficiency of 3% 

ethanolamine was found to be higher than the 5% content. The linear polarization resistance of 

ethanolamine admixed specimens showed similar trends. The optimal effectiveness was found at 3% 

content of ethanolamine. 

 

The corrosion rate exhibited by the nano-TiO2 admixed specimens was found to be significantly 

lower than the control specimens in all the three exposure mediums. Moreover, the corrosion 

inhibition efficiency increased with the increase in the dosage of nano-TiO2.The inclusion of nano-

TiO2 also increased the linear polarization resistance of the specimens. The optimal effectiveness 

was found at 5% content of nano-TiO2. The results of electrochemical and weight loss studies showed 

that the nano-SiO2 considerably reduced the corrosion rate of embedded steel. Very high level of 

corrosion inhibition has been observed for 3 and 5% dose of nano-SiO2, however, inhibition 

efficiency for 3% dose was slightly higher than 5% dosage. This reduction is may be due to the 

agglomeration of nano-SiO2 at higher doses, which creates weak zones. Thus, 3% nano-SiO2 content 

showed optimal effectiveness. 
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In the fourth and final stage of the study, flexural tests on reinforced concrete (RC) beam specimens 

were conducted. Best performing dosage of the admixtures were used for this part of the study. It 

has been observed that the cracking load, failure load, ultimate deflection and bending moment of 

specimens exposed under saline water are slightly lower than the corresponding specimens exposed 

under tap water. All the specimens exposed under acidic medium exhibited significantly lower 

cracking load, failure load, ultimate deflection and bending moment as compared to corresponding 

specimens exposed under tap water. However with the addition of corrosion inhibitors and nano 

admixtures the structural performance has been considerably improved across all exposure 

conditions as compared to control specimen. The chemical corrosion inhibitors (calcium nitrite and 

ethanolamine) and nano-admixtures (nano-TiO2 and nano-SiO2) were found to be effective in 

enhancing the cracking load, failure load, ultimate deflection and bending moment of the beam owing 

to the protection of the steel from corrosion and thereby maintaining better bond between steel and 

the surroundings. 
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CHAPTER 1 

 
INTRODUCTION 

1.1 General 
 
Prior to the invention of cement, mortars were made by mixing water, sand and slaked lime [1]. 

John Smeaton discovered hydraulic lime mortars in 1754 [2]. A British mason named Joseph 

discovered the cement in 1824 and filed the first patent on Portland cement [3]. However, the 

objects prepared with the use of Portland cement were extremely brittle and incapable to tolerate 

shocks. Joseph Monier, a French gardener in 1867 made flowerpots with embedded iron nails and 

consequently observed a remarkable enhancement in the durability of his pots. Afterward, efficient 

scientific developments in concrete manufacture took place. In 1911, ASTM (American Society 

for Testing and Materials) formulated a detailed specification for the utilization of steel in concrete 

[4]. Subsequently, various developments ensued in designing the steel reinforcement bars in order 

to produce stronger a nd durable concrete structures. Consequently, the steel-reinforced concrete 

became the most widely used structural material in the world because of its economical, strength 

and durability properties. Steel-reinforced concrete structures were viewed as maintenance- free 

and unlimited service life until the mid-1970s. Conversely, since then, several durability related 

problems have emerged, such as alkali- silica reactions, sulfate attacks and corrosion of steel 

reinforcement. Among all durability related problems in steel-reinforced concrete structures, 

corrosion of steel reinforcement has been recognized as the main source of deterioration [5]. 

Generally, the corrosion affects our daily lives directly as well as indirectly. In direct, it shortens the 

useful service life of our goods. In indirect, the manufacturer and provider of goods and services incur 

costs of corrosion from the clients. In particular, the corrosion of reinforcing steel bar in concrete 

results the collapse of bridges, failure of a part of highways, damage to buildings, and parking 

structures, etc. consequently endangers public safety and requires considerable repair costs. For 

instance, the unexpected collapse of the Silver Bridge over the Ohio River at Point Pleasant due to 

corrosion fatigue in 1967 resulted in deaths of 46 people and cost millions of dollars [6]. 
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Therefore, in order to estimate the cost of corrosion in the United States (US), a study entitled 

“Corrosion Costs and Preventive Strategies in the United States” was conducted with the help of 

Federal Highway Administration (FHWA) and National Association of Corrosion Engineers 

(NACE) International, from 1999 to 2001 by CC Technologies Laboratories. This investigation 

estimated the average direct cost of corrosion of $8.3 billion per year for highway bridges alone 

and the total corrosion cost of US industries was estimated to $276 billion annually which is 

approximately equal to 3.1% of the US Gross Domestic Product (GDP) [7]. This cost may increase 

subsequent years due to inflation. Similarly, in 2012 it was estimated that corrosion cost in India 

is approximately $40 billion annually and may increase in subsequent years [8]. In 2014, a study 

entitled “International Measures of Prevention, Application, and Economic of Corrosion 

Technologies (IMPACT)” was initiated by NACE International and conducted by Det Norske 

Veritas (DNV), Germanischer Lloyd (GL), and American Productivity and Quality Center (APQC) 

and its industry and technology partners worldwide. From this study, the cost of corrosion at the 

global level is estimated to be $2.5 trillion per year which is about 3.4% of the global GDP in 2013 

[9]. Hence, from the safety and economical perspective, the corrosion of steel reinforcement is very 

serious problem that can affect the sustainability of the steel-reinforced concrete structures directly. 

Therefore, there is a critical requirement to carry out corrosion research on steel reinforcement in 

order to overcome or reduce such problems. 

 

1.2 Corrosion of Steel Reinforced Concrete 
 
Corrosion of steel in any environmental condition is an electrochemical process wherein iron (Fe) 

is converted to ferrous ions (Fe+2) and is separated from the steel being oxidized and dissolved into 

the surrounding solution. In case of embedded steel in concrete, the dissolution occurs in the limited 

pore solutions of the concrete present close to the reinforcing steel. The dissolved ferrous ions react 

with dissolved oxygen molecules (O2) and hydroxide ions (OHˉ) to produce one or numerous 

varieties of rust products. These rust products are generally deposited on the interface of steel and 

concrete. This deposition within limited space causes expansive pressures that initiates cracks on 

the cover concrete. These cracks are aligned with reinforcing steel bars and ultimately leads to 

spalling of cover concrete. Therefore, this is a very serious durability problem in steel reinforced 

concrete. 
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1.2.1 Basic Process of Corrosion 
 

The corrosion process of steel reinforced concrete is shown in Fig. 1.1. When there is an electrical 

potential difference exists along the embedded steel in the concrete, an electrochemical or 

corrosion cell is set up in the steel, one part becomes the anode and another part the cathode and 

linked by the electrolyte in the form of pore water in the hardened concrete. Anodic and cathodic 

sites are either a micro or macro scale expansion, producing an electrochemical cell. Microcells 

may be formed within millimeters apart, while macro cells may be occurred several meters distant 

from each other [10]. In an electrochemical cell, steel corrodes or oxidizes at the anode to form 

ferrous ions by means of releasing two electrons [11]. These free electrons are flowing through the 

steel and combining with the available oxygen and moist ure at the cathodic site to form hydroxyl 

ions. The moisture and oxygen are available through penetration of porous concrete cover and thus 

promote the cathodic reaction. Equations 1.1 and 1.2 represents the corrosion reactions of steel in 

alkaline or neutral solutions [12]. 

 

Figure 1.1 Basic corrosion process in steel reinforced concrete 

Fe → Fe+2 + 2eˉ 1.1 

2H2O + O2 + 4eˉ →  4OHˉ 1.2 

The anodic (Eq. 1.1) and cathodic (Eq. 1.2) reactions can be combined to give overall corrosion 

reaction of steel (Eq. 1.3) as: 

2Fe + 2H2O + O2   → 2Fe+2 + 4OHˉ 2Fe (OH)2 1.3 

However, the cathodic reaction and overall corrosion reaction of steel in acidic solutions is 

described as [12]: 
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O2 + 4H+ + 4eˉ →  2H2O 1.4 

Fe+2 + 2H2O → Fe (OH)2 + 2H+ 1.5 

This is the first stage of corrosion process in which ferrous hydroxide (Fe(OH)2) is produced as 

corrosion product. Also, additional H+ ions is generated in case of acidic environmental exposure, 

which clearly indicates the acidification of surrounding of the pore solution (Eq. 1.5). However, 

more reactions occur in order to produce more corrosion products, for instance rust. The typical 

reactions are expressed in Eq. 1.6 and Eq. 1.7, in which ferrous hydroxide is converted to ferric 

hydroxide (Fe(OH)3) and hydrated ferric oxide or rust (Fe2O3.H2O) respectively [13]. 

4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 1.6 

2Fe(OH)3   → Fe2O3. H2O + 2H2O 1.7 

 
1.2.2 Corrosion Rate 
 

The positive and negative charges were produced by anodic and cathodic reactions, respectively. 

The OHˉ ions move toward the anodic site, where they encounter the Fe+2 ions, and the 

combination leads to electrical neutralization if no excess electrons were present. The electrons 

generated by anodic reaction will be completely consumed by cathodic reaction, if no external 

source of electrons is available there. Hence, the oxidation and reduction rate became equal at the 

anode and cathode respectively, and this equality leads to control in the corrosion rate. Therefore, 

rate of corrosion depends on the rate of flow of electrons. 

 

One essential factor that affect the corros ion rate is the presence of oxygen near the cathodic 

regions, in which the oxygen is consumed in order to occur cathodic reaction. The overall 

corrosion process may be controlled by interrupting supply of oxygen near the cathodic regions of 

the steel. One way to interrupt the continuous supply of oxygen is the provision of appropriate 

concrete cover thickness surrounding the steel reinforcement, which decelerates the diffusion of 

oxygen from the environment. In such condition, the corrosion rate turns out to be “diffusion 

controlled” and this results a considerable reduction in the potential difference between the anodic 

and cathodic regions [14]. This process is called “polarization” and the effect is known as a 

“polarizing effect.” 
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The other key factor that affect the corrosion rate of steel reinforcement in concrete is the flow of 

ionic current via concrete pores near the steel. The corrosion reactions can be slow down by 

decreasing the flow rate of ions. This occurs when the electrical resistance of the concrete between 

the anodic and cathodic areas is high. Such condition may be achieved in case of dry concrete 

cover. Therefore, sometimes the electrical resistance of cover concrete serve as an indicator of the 

rate of corrosion reactions [15]. Another important process that affect the corrosion rate is the 

passivation of steel surface. 

 

1.2.3 Passivation of Steel 
 

Significant corrosion of steel does not generally occur in dense concrete owing to the alkalinity of 

pore water which mainly contains saturated Ca(OH)2 and have a pH value of about 12.6. However, 

due to the presence of dissolved KOH and NaOH in concrete, the pH value may increase to more 

than 13 [16].When the iron is exposed to an alkaline environment of pH value more than 11.5 in 

the availability of dissolved oxygen, iron can react with oxygen to form iron oxide film ( γ-

Fe2O3.H2O) on its surface. This film is very thin (approximately 10 nm), insoluble, highly stable 

(passive), dense, impenetrable, semiconductor and that acts as a barrier to the oxidation reaction 

of iron and thus significantly decreases the corrosion ra te of the steel [17]. The steel reinforcement 

can be considered as non-corroding/low corrosion rate until this passive layer exists. This passive 

layer is known as the engineer’s dream coating due its self- formation and maintenance if the 

alkaline environment is present. In reinforced concrete structures, the steel generally requires many 

years to form this protective passive layer over its surface. However, in case of laboratory 

specimens, a significant amount of time is needed for passivation of steel [18]. In actual practice, 

the alkalinity of concrete is not sustained at all times. Two important processes that can reduce the 

alkalinity of concrete environment and damage the passive layer are chloride attack and 

carbonation. 

 

1.3 Causes of Corrosion in Steel Reinforced Concrete 
 
The principal causes of steel corrosion in concrete are chloride attack and carbonation. These two 

aggressive agents usually do not attack the concrete integrity but pass through concrete pores and 

attack the steel reinforcement. Conversely, acids and other aggressive agents such as sulphate 

deteriorate the concrete properties first 
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then affect the steel reinforcement. Therefore, most of the chemical attacks are concrete problems 

before steel corrosion problems; and chloride ions and carbon dioxide destroy the steel without 

considerably damaging the concrete. 

The service lifespan of steel reinforced concrete structures can be divided into two stages, as 

demonstrated by Tuutti’s model [19] in Fig. 1.2. The first is the corrosion initiation stage, where 

the steel is in passive condition but processes that can cause loss of passivity take place, such as 

chloride perpetration or carbonation in the cover concrete. The time span of the initiation stage 

depends on the depth of cover concrete and the ingress rate of the aggressive agents. The effect of 

the cover concrete is evident, and generally design codes describe the minimum cover depths. The 

ingress rate of aggressive agents mainly depends on the concrete porosity and the climatic 

conditions at the surface of concrete. The second is the corrosion propagation stage that commences 

when the depassivation of steel occurs and ultimately reached in a limit state, which is generally 

recognized by failure of serviceability related with cracking, spalling or delamination of the cover 

concrete [20]. Moreover, some of the important aggressive environment that effect the service life 

of steel reinforced concrete structures are described in succeeding sections. 

 

Figure 1.2 Schematic depiction of Tuutti’s simplified service life model [19] 
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1.3.1 Chloride Attack 
 

The most important cause of corrosion of steel in concrete is the presence of chloride ions. These 

ions were explained as a specific and unique destroyer [21]. Chloride ions penetrate the protective 

oxide layer and consequently activate the steel surface locally to form an anode; and the passive 

surface of steel acts as a cathode, setting the electrochemical process as follows: 

Fe+2 + 2Clˉ → FeCl2 1.8 

FeCl2+ 2H2O → Fe(OH)2 + 2H+ + 2Clˉ 1.9 

 
It can be seen that the chloride ions are not consumed i.e. regenerated in this process; as a result, 

the rust does not contain chloride, though ferrous chloride is produced at the intermediate stage. 

Thus, Clˉ ions merely act as a catalyst for the oxidation of steel at the anode. Also, in this process, 

H+ ions are generated which in turn decreasing the pH and consequently making more favorable 

conditions for corrosion by depassivating the protective oxide layer. Under these circumstances, 

the availability of O2 is not necessary because the oxygen required to form ferrous oxide may be 

taken from the water [22]. 

Chloride may contaminate the concrete structures through two ways. First, chloride may be present 

in the concrete mix by the use of saline water or brackish water, contaminated aggregate, cement 

or admixtures with high chloride contents. These materials should not be allowed to use, and thus 

various Standards specified the maximum limit of chloride content in the cement or concrete. For 

example, British Standard BS 8110 - Part 1: 1985 and European Standard ENV 206:1992 

prescribed 0.40% total chloride- ion content by mass of cement for steel reinforced concrete 

structures. The American Concrete Institute Building Code ACI 318-89 specified the maximum 

water-soluble chloride ion content in steel reinforced concrete as 0.15% by mass of cement [23]. 

The Bureau of Indian Standard specified the maximum chloride content in cement as 0.1%. The 

maximum chloride content in the concrete at the time of placing allowed by Indian Standard Plain 

and Reinforced Concrete Code of Practice-IS 456-2000 is 0.6 kg/m3 of concrete for reinforced 

concrete structures and 

0.4 kg/m3 of concrete for pre-stressed concrete structures [24]. These limits on the chloride content 

in reinforced concrete are generally conventional, and fulfillment of 
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these limits ensures no chloride induced corrosion unless more chloride ions ingress from outside 

into the concrete structures in service. Thus, the second way to contaminate the steel reinforced 

concrete is diffusion of chlorides into concrete from the environment. The ingress of chloride ions 

into the concrete may occur by deicing chemicals/salts or the saline environment. Also, it is worthy 

to point out that airborne fine droplet of marine water or airborne wetted dust containing chlorides 

can be deposited on the concrete surface. Moreover, it has been reported that airborne chlorides 

can travel the distances of 2 km or even more, depending on topography, wind, and configuration 

of structures [25]. Therefore, whatever be the external source of chlorides, their repeated ingress 

with time can increase the concentration of chloride ions at the surface of the steel. 

As far as threshold concentration of chlorides at the steel surface for initiation of corrosion process 

are concerned, the various standards already specified the threshold limit of chloride ions in the 

concrete mix from different sources. However, it is very difficult to determine the threshold content 

of diffused chloride ions because it depends on several factors like quality of concrete, the 

resistivity of concrete, humidity, oxygen availability, concrete cover etc. While, in any given 

conditions, there may be a certain minimum chloride content for corrosion process to be started 

[26]. Nevertheless, the total chloride content is not responsible for corrosion. It is because of the 

fact that some chlorides are chemically bonded, being included in the hydration products of cement; 

some chlorides are physically bonded, being adsorbed on the surface of the gel pore; and the 

remaining chlorides i.e. free chlorides that are available for the reaction with iron and are only 

responsible for corrosion. However, this is not a permanent division of the chlorides, because some 

free chlorides are always present in the pore water in order to satisfy the equilibrium condition. It 

means that only the chlorides in excess of those required for this equilibrium condition can become 

chemically or physically bonded. 

Chloride ions primarily react with tricalcium aluminate (3CaO.A12O3) to form calcium 

chloroaluminate (3CaO.A12O3.CaCl2.10H2O), known as Friedel's salt. Similarly, when chloride 

ions react with tetracalcium aluminoferrite (4CaO.A12O3.Fe2O3), calcium chloroferrite 

(3CaO.Fe2O3.CaCl2.10H2O) is produced. It means that more chloride ions are chemically bonded 

when cement contains higher tricalcium aluminate (C 3A) content, and when mix contains a higher 

amount of cement. 
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Therefore, it is commonly believed that the use of high C3A content cement provides good 

resistance against corrosion. This may be true when chlorides are available at the instant of mixing 

(a condition which should not be allowed) as they can react quickly with C3A. However, in the 

case of chlorides ingress into concrete, a lesser quantity of calcium chloroaluminate is produced, 

and, they may become separated under some possible circumstances, liberating chloride ions in 

order to replenish those taken away from the pore water via transport to the steel surface. Regarding 

a probable use of high C3A content cement, it is well known that the hydration of high C3A content 

cement results in higher rate of early heat generation, consequently rise in temperature and caused 

early age cracking. Also, it may be useful to add that the high C3A content cement may possibly 

cause sulfate attack because it is well-known fact that the sulfate resistance needs low C3A content. 

Moreover, sulfate attack decomposes calcium chloroaluminate to form calcium sulfoaluminate and 

thus generating some free chloride ions for corrosion [27]. Also, it may be worthy to mention that 

the carbonation of concrete in which chlorides are bonded, has a similar consequence of releasing 

the bonded chlorides and hence increasing the corrosion risk [28,29]. 

As far as concentration chloride ions in the pore water in an equilibrium condition is concerned, 

the concentration of chloride ion depends on the concentration of other ions available in the pore 

water. For instance, at a specified total chloride ion content, if the concentration of OHˉ ions are 

higher; then there will be higher quantity of free Clˉ ions [30]. Therefore, the Clˉ/OHˉ ratio is 

believed to affect the corrosion process and has been estimated to 0.6 as the corrosion threshold 

chloride content. Also, it has been observed that, for a specified amount of Clˉ ions in the mix, there 

are considerably less free Clˉ ions with CaCl2 than with NaCl. Also, it has been found that the 

proportion of bonded Clˉ ions varies from below 50% to 80% of the total Clˉ ion content. Because 

of these factors, until now there may not exists any unique and fixed value of the total Clˉ ion 

concentration below which no corrosion will occur [31]. 

 

1.3.2 Carbonation 
 

Carbonation of cementitious composites occurs owing to diffusion of atmospheric CO2 into it. 

There are natural as well as human sources of CO2 emissions. Natural sources comprise respiration, 

decomposition and ocean release. Human sources 
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include deforestation, cement production and fossil fuels like coal, oil and natural gas burning. The 

CO2 emissions have been increasing for the past two hundred years and have exceeded 400 ppm in 

2015. Also, the increase in the rate of atmospheric CO2 is found exceptional in history at 3 

ppm/year during 2015 and 2016 [32]. 

Concrete is highly alkaline materials with pH of about more than 12.5, mainly due to the presence 

of calcium hydroxide, sodium hydroxide and potassium hydroxide. However, the presence of vario 

us factors, primarily atmospheric CO2 and SO2 may decrease the alkalinity (pH about 9 to 10) of 

concrete by reacting with these hydroxides. Though, because of the concentration of SO2 is very 

less as compared to CO2 in the atmosphere, the carbonation term is generally used and considered 

as the sole process of decreasing the alkalinity of concrete [33]. Thus, the carbonation is the result 

of interaction of atmospheric CO2 with the hydrated cement, primarily calcium hydroxide [34] as 

well as hydrated calcium silicates and calcium aluminates [35, 36] as follows: 

Ca(OH)2 + CO2 → CaCO3 + H2O 1.10 

2SiO2 + 3CaO + 3H2O + 3CO2 → 3CaCO3 + 2SiO2 + 3H2O 1.11 

4CaO + Al2O3 + 13H2O + 4CO2 → 2Al(OH)3+ 4CaCO3 + 10H2O 1.12 

It has been explained that carbon dioxides may also affect the non-hydrated calcium silicates [32] 

as follows: 

C3S + 3CO2 + xH2O → SiO2·xH2O + 3CaCO3 1.13 

C2S + 2CO2 + xH2O → SiO2·xH2O + 2CaCO3 1.14 

The final stage of carbonation reactions always yields CaCO3 and H2O. However, CaCO3 

precipitates inside the pores of concrete due to its low solubility, consequently, decreasing the 

porosity and producing a barrier to the growth of carbonation front. Thus, the precipitation of 

CaCO3 can increase the corrosion resistance of steel reinforced concrete. 

The carbonation of concrete follows according to the reactions mentioned in Eq. 1.10 to Eq. 1.14 

and leading to decrease, the pH values lower than 9. At such low alkalinity, the existing protective 

oxide film at the steel surface breaks down, and the steel reinforcement transformed to active for 

corrosion. Once this occurs, the process of corrosion is started and the chemistry of steel/concrete 

interface undergoes 
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dramatic modifications that affect the properties of reinforced concrete. Moreover, in the presence 

of excess CO2 and H2O an additional reaction (Eq. 1.15) may proceed, leading to the formation of 

bicarbonate that lowers the pH to nearly neutral values owing to its acidic behavior. In such 

environments, the corrosion of steel can be catastrophic [35]. 

CaCO3 + H2O + 2CO2 → Ca(HCO3)2 1.15 

 
Furthermore, the carbonation process depends on many factors, viz. cement content, concrete 

porosity, CO2 concentration and relative humidity of environment. The level of CO2 concentration 

is one of the important environmental parameters affecting carbonation rate. However, this subject 

has not been studied extensively, much less with regard to outdoor natural carbonation. CO2 levels 

vary geographically across cities and rural areas. Within cities themselves, the concentration levels 

can vary widely at different locations, as influenced by vehicular traffic and industries or factories. 

In 2006, it was reported that the CO2 concentration levels at the earth’s atmosphere is 350–380 

ppm with increase of 1.5 ppm per year and a standard deviation of 10 ppm. These levels have now 

risen to over 400 ppm, a threshold that has been exceeded in 2015, at a rate increase of about 2 

ppm per year. It appears that CO2 concentrations at key locations may be grouped as follows: 150–

250 ppm at rural areas and sea coast, 300–400 ppm at general outdoor urban settings, 450–600 

ppm at industrial sites, and 1000–2000 ppm in tunnels. CO2 levels at the sea coast are relatively 

low, since some of the atmospheric CO2 is absorbed in the vast water body [31]. It has also shown 

that carbonation increases with distance from the sea coast, extending inland [37]. Moreover, the 

carbonation depth of concrete can be determined by means of phenolphthalein pH indicator [38]. 

 

1.3.3 Acid Attack 

 

Industrial and urban activities contribute to the increasing risk of reinforced concrete structure, 

being the source of many types of acids. These may be mineral acids (sulfuric, hydrochloric, nitric, 

chromic, chloric etc.), organic acids (carboxylic, lactic, acetic etc.), gaseous pollutants (CO2, SO2, 

NOxetc.) or compounds of acidic nature [39]. 

Among chemical attacks that effect the durability and serviceability of cementitious composites, 

particularly acid attack is more damaging to alkaline materials like 
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cementitious composites. Indeed, the hydration products of cement such as calcium silicate hydrate 

(C-S-H), calcium hydroxide (CH) and calcium alumino-sulphate hydrate (C-A-S-H) are quite 

insoluble and exists in a state of stable equilibrium with a high pH value of pore liquid [40]. Clearly, 

when the cementitious composites encounter the acidic environment (low pH value), it would 

become in a state of chemical disequilibrium. Thus, in order to get equilibrium, chemical reactions 

occur between the hydration products and acids that persuade dissolution and precipitation of new 

salts, and ultimately destroy the microstructural properties of hydraulic binders. However, the 

degree of aggressiveness of any acids depends o n the chemical nature of anions present in it. This 

is because of the fact that the chemical nature of anions present in any acids decides their strength, 

pH, dissociation degree in solutions and the solubility of the salt formed [41]. 

As far as acidic attacks on concrete structures are concerned, the solubility of calcium salts formed 

is of a great importance. For example, the action of oxalic and hydrofluoric acids on the 

cementitious composites lead to the formation of calcium oxalate and fluoride. But, the solubility 

of calcium oxalate and calcium fluoride in water is found to be 6.7×10-3 and 0.02 wt. %, 

respectively, also these salts are stable that do not react with the ingredients in cement matrix and 

therefore, the acids that form such low solubility salts, are considered as harmless for cementitious 

composites. In contrast, hydrochloric and nitric acids are highly aggressive for cementitious 

composites, because the solubility of their calcium salts are 46.08 and 

56.0 wt.% respectively. Besides, some calcium salts with low solubility are able to react with the 

constituents of cementitious composites, primarily with calcium aluminate hydrates, leading to the 

creation of voluminous reaction products. For example, the action of sulfuric acid on cementitious 

composites and the creation of calcium sulfate dihydrate/gypsum (CaSO4 .2H2O) with solubility of 

0.2 wt.% in water, and ettringite (3CaO.Al2O3 .3CaSO4 .31H2O), as given in Eq. 1.16 and Eq. 

1.17 respectively [39]. 

H2SO4 + Ca(OH)2   →  CaSO4 .2H2O 1.16 

3CaSO4 + 3CaO.Al2O3 .6H2O + 25 H2O → 3CaO.Al2O3 .3CaSO4 .31H2O 1.17 

Thus, the principle of acid attack is the disintegration of the cement matrix of the different 

hydration products, and the most vulnerable is Ca(OH)2. As the acid attack 
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proceeds, deterioration of the surface of concrete exhibiting crushing and leaching of material from 

concrete. Moreover, the consequence of this attack leads to loss of alkalinity (disturbing of 

electrochemical passive environments for the embedded steel), mass loss, cracking, increase in 

total porosity, loss of strength and stiffness. If the acids are able to reach at the level of steel 

reinforcement through cracks of concrete, then corrosion of steel will occur. However, these 

degradation effects are of gradual character [42]. 

 

1.3.4 Sulphate Attack 
 

Sulphate ions in the form of CaSO4, Na2SO4, MgSO4, FeSO4, (NH4)2SO4 etc. occur in most soils 

or ground water. (NH4)2SO4 is commonly exist in agricultural soil and water from the use of 

chemical fertilizers or from the sewage and industrial effluents. Similarly, decay of organic 

substances in peaty land and shallow lagoons frequently generate H2S, which can be converted into 

H2SO4 by aerobic bacterial action. Therefore, sulphate ions commonly occur in natural and 

industrial environments [43]. 

Generally, attack on concrete partially embedded in sulphate permeable soil is a complex 

phenomenon. The mechanism of attack over the soil level involves capillary rise and evaporation 

of the ground water containing sulfates, resulting the crystallization of sulfate salt in concrete pores 

and subsequently scaling of concrete surface. However, the mechanism of attack is different for 

the concrete directly in contact with soil, this involves chemical reactions between the hydration 

products of cement and sulfates ions, resulting the formation of voluminous ettringite and gypsum, 

which causes cracking, decomposing and softening of concrete [44–47]. For example, the reactions 

of sodium sulphate with hardened cementitious composite are presented in Eq. 1.18 and Eq. 1.19. 

Moreover, the rate of attack mainly depends on the strength of sulphate solution, wetting and 

drying cycle, and properties of concrete [42]. 

Ca(OH)2 + Na2SO4 .10H2O → CaSO4 .2H2O + 2NaOH + 8H2O 1.18 

2(3CaO. Al2O3.12H2O) + 3(Na2SO4.10H2O) → 3CaO. Al2O3 .3CaSO4 

.31H2O + 2Al(OH)3 + 6NaOH + 17H2O 1.19 

 
Furthermore, concrete structures in industrial areas are vulnerable to corrosion due to acid rain of 

which H2SO4 is a main constituent. Significant deterioration can occur to 
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sewage systems by biogenic H2SO4. The effect of H2SO4 on concrete is more damaging than that 

of sulphate attack; because there is a dissolution effect produced by hydrogen ions in addition to 

attack by sulphate ions. Generally, corrosion of cementitious composite due to H2SO4 can be 

characterized by the following reactions [48]: 

Ca(OH)2 + H2SO4 →  CaSO4.2H2O 1.20 

CaSiO2. 2H2O + H2SO4 → CaSO4 + Si(OH)4 + H2O 1.21 

3CaO.Al2O3.12H2O + 3(CaSO4.2H2O)+14H2O →3CaO.Al2O3.3CaSO4.32H2O    1.22 

 
The main reaction product revealed on the surface of cementitious composite is gypsum, which is 

related with volume expansion ( up to a factor of 2.2). Additional reaction of calcium aluminate 

phases in the cementitious matrix with gypsum can form ettringite, which has more volume 

development (up to a factor of 7) than that of gypsum, consequently leading to more micro- and 

macro-cracking. Also, H2SO4 acid decomposes the cementitious composite by decalcifying 

calcium silicate hydrate (C- S-H), hence contributing to strength loss [49]. 

1.4 Consequences of Corrosion in Steel Reinforced Concrete 
 
In most of the industries, corrosion of steel is a concern as the metal waste of leads to physical 

damage, for example, perforation of containers and failure of steel structures. However, most of the 

problems created by the corrosion in steel reinforced concrete are not because of the loss of steel 

but due to the development of ferrous oxide/hydroxide, which leads to cracking, spalling or 

delamination of the concrete cover. Moreover, disintegration or corrosion of concrete takes place 

due to attack of some aggressive agents such as sulphate and acid. 

 

1.4.1 Corrosion Products 
 

The most harmful result of steel reinforcement corrosion is the creation of insoluble voluminous 

corrosion products. It can be seen in Table 1.1 [50], different corrosion products occupy different 

volumes, which is significantly higher than the original steel. Moreover, different corrosion 

products show different chemical and physical properties. For example, wustite is a black iron 

oxide comprising only divalent iron and is an important intermediate product in the reduction of 

iron ores. Magnetite is a 
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black ferromagnetic mineral and is an important iron ore. Hematite is the oldest recognized iron 

oxide mineral, is red in colour, and is extremely stable. Maghemite is a reddish-brown 

ferromagnetic material and is an important magnetic pigment. Feroxyhite is a reddish-brown 

mineral and is widely present in surface environments. Goethite is yellow-brown in colour and is 

one of the most thermodynamically stable iron oxides at ambient temperatures [51]. Lepidocrocite 

is orange in colour and is usually formed in nature as an oxidation product of Fe+2. Akaganeite is 

yellow-brown in colour and mainly occurs in chloride rich environments such as offshore structures 

[52]. Ferrous hydroxide does not exist as a mineral. Its colour is white in pure form, however, on 

oxidation, it changes into greenish-blue (green rust) and on further oxidation becomes black 

magnetite. Ferric hydroxide (Bernalite) is a greenish iron oxide. Hydrated ferric oxide is a rust as 

observed in many damaged concrete structures. Its volume is found to be more than six times of 

the volume of steel that it replaces. It is recognized that the volume of corrosion products formed 

in a corrosion reaction may be 1.7 to 6.2 times the original volume of steel, depending on the 

level of oxidation. This substantial increase in volume of corrosion products immediately 

surrounding the reinforcing steel generates expansive stresses that leads to damage in the structural 

integrity of concrete. 

Table 1.1 Volume of corrosion products relative to pure iron 
 

Corrosion Products Chemical Formula Colour Unit Volume 

Pure Iron α-Fe Silvery- grey 1.0 

Wustite FeO Black 1.7 

Magnetite Fe3O4 Black 2.1 

Haematite α-Fe2O3 Red 2.2 

Maghemite γ-Fe2O3 Reddish-brown 2.3 

Feroxyhite δ-FeOOH Red-brown 2.8 

Goethite α-FeOOH Yellow-brown 2.9 

Lepidocrocite γ-FeOOH Orange 3.2 

Akaganeite β-FeOOH Yellow-brown 3.5 

Ferrous Hydroxide Fe(OH)2 Greenish-tinge 3.7 

Ferric Hydroxide Fe(OH)3 Greenish 4.0 

Hydrated Ferric Oxide Fe2O3.3H2O Red-orange-brown 6.2 
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1.4.2 Corrosion Damage 
 

Structural failures of steel reinforced concrete structures because of steel corrosion are exceptional; 

the cracks, rust stains and spalling of the cover concrete commonly appears well before the 

structure is at risk of collapse. It is suggested that a limit crack width between 0.3 to 0.4 mm is 

appropriate for a durability limit state. However, this is mostly reliable with the common 

observation that the service life of a structure is reduced significantly if crack widths exceeding 0.3 

to 0.5 mm are not repaired [53]. The corrosion will ultimately produce structural distress over time, 

if not repaired well in time. Hence, corrosion-induced cracking and spalling are considered as 

important modes of failure for the assessment of life cycle costs and optimization of repair and 

maintenance policies for steel reinforced concrete structures. 

The most common problems caused by steel corrosion are cracking, spalling and delamination of 

cover concrete, as demonstrated in Fig. 1.3 [54]. These problems occur mainly due to the 

development of corrosion products, which occupies a larger volume than the basic steel. It has been 

observed that visible cracks (0.05-0.1 mm) are produced after an insignificant steel cross-section 

loss of 10–20μm only [55]. However, the actual quantity required to crack concrete depends on the 

geometry in terms of cover thickness, proximity to corners, steel diameter and spacing. In general, 

if the concrete cover thickness is comparatively small with respect to the spacing of steel rebar, it 

is probable that planar cracks with 45° angles will form. When these cracks extended up to the 

surface of the concrete and ultimately causing spalling of cover. If the steel bars are spaced closely, 

then the cracks tend to progress through the plane of the steel bars and eventually occurs 

delamination of cover concrete. Moreover, the corrosion causes reduction in the cross-sectional 

area of the steel and consequently affect its mechanical properties and load-carrying capacity [56]. 

Furthermore, corrosion of the reinforcing steel bars weakens the bond between steel and 

concrete[57–60]. 

1.5 Need for the Present Study 
 
The corrosion of steel reinforced concrete is one of the major problems faced by civil engineers. 

Nevertheless, many codal provisions (standards) ensure the durability of reinforced concrete 

structures in terms of minimum cement content, increased concrete cover thickness, low 

water/cement ratio, use of admixtures, etc., but the 
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occurrence of corrosion remains persistent. Since the corrosion of embedded steel in concrete is an 

electrochemical process, therefore, a small quantity of chloride in concrete and slight reduction in 

alkalinity of concrete due to carbonation can initiate the corrosion process. Another aspect is that 

an aggressive environment such as acid can attack the concrete leading to swelling and leaching 

and consequently increasing the porosity, and thereby accelerating the corrosion of embedded steel. 

Hence, barrier protection offered by reinforced concrete, particularly in terms of corrosion and 

chemical resistance is very limited and further supplementary measures are required. 

 

Figure 1.3 Corrosion-induced damage conditions 
 

The use of chemical corrosion inhibitors is an effective way of protection of steel from corrosion. 

The cost of inhibitors is found to be reasonable compared to other methods of protection. Various 

past studies concluded that the chemical corrosion inhibitors decrease the corrosion rate by 

affecting the anodic, cathodic or both reactions. However, the mechanism of inhibition is often 

complex and depends on the type of inhibitors such as organic or inorganic. Therefore, research is 

continuing to understand the mechanism of protection, the effect on concrete properties and the 

long-term efficiency of some known potential chemical corrosion inhibitors. In addition, research 

is still in progress for new corrosion inhibitors that will offer potential corrosion inhibition to steel 

reinforced concrete structures. 
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The use of nanomaterials in concrete is an emerging innovative technique that may have the 

potential to extend service life of steel reinforced concrete infrastructure. Few studies have been 

reported wherein nanomaterials have been used to improve the mechanical and durability 

properties of cementitious composites. Very few studies are available on the corrosion resistance 

properties of cementitious composites involving nanomaterials. In addition, the comprehensive 

recommendations have not been made for the utilization of nanomaterials in day-to-day 

construction practice. In this perspective it is crucial to study the performance of nanomaterial 

admixed cementitious composites under chloride and acidic environment in order to assess the 

corrosion and chemical resistance properties. Investigations are to be undertaken by assuming that 

nanomaterials will act as pore blockers and affect the transportation mechanism of the aggressive 

agents. 

 

1.6 Objectives of the Study 
 

The present study is aimed at preventing the corrosion in the cementitious composites by using 

corrosion inhibitors and nano admixtures thereby improving the durability of the composites. 

An extensive literature survey identified two chemical corrosion inhibitors and two nanomaterials 

namely calcium nitrite (CN), ethanolamine (EA), nano-SiO2 (NS), nano-TiO2 (NT). After selecting 

these admixtures their effects on the standard consistency, setting time and compressive strength 

of cement were evaluated. In the next phase of study, the effect of these admixtures on the 

workability of concrete was assessed. After that, long-term effectiveness of these admixtures on 

the compressive strength and electrical resistivity of cementitious composites under normal and 

aggressive environmental conditions were determined. 

Afterward, the long-term performance of these admixtures in controlling the corrosion of 

cylindrical steel- mortar specimens exposed under normal and aggressive environmental 

conditions were assessed by conducting electrochemical test. Visual inspection and weight loss 

investigation were also carried out over a period of 360 days. Finally, the effect of these 

admixtures on the flexural and failure behaviour of steel reinforced concrete beams exposed 

under similar environments for 360 days were estimate 
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CHAPTER 2 

 
REVIEW OF LITERATURE 

2.1 General 
 
The experiences show that the durability of steel reinforced concrete structures extend to 100-150 

years, despite being made with using indigenous aggregates and cements from different localities. 

The steel reinforced concrete structures perform well in various environmental conditions, but 

structures may undergo as premature damage in aggressive environments such as marine or acidic, 

primarily due to corrosion, and substantial reduction in service life occurs. This also causes huge 

economical loss and create safety and environmental problems. Numerous studies have been 

conducted worldwide in order to extend service life of steel reinforced concrete structures; 

regardless of this, several aspects are still not well known, and there is the requirement to 

incorporate present facts into practical field. 

 

In this chapter, an attempt has been made to review the studies pertaining to corrosion of steel 

reinforced concrete conducted by various investigators. The chapter is organized in three major 

thematic sections. In the first section, an overview of various corrosion monitoring techniques for 

cementitious composites has been undertaken. The second section includes studies related to the 

different corrosion control methods for cementitious composites with specific attention to the 

corrosion control through chemical corrosion inhibitors. The third section comprises the studies 

related to the use of various nanomaterials in cementitious composites. 

2.2 Steel Reinforcement Corrosion Assessment Techniques 
 
The maintenance and repair of steel reinforced concrete structures for their safety needs effective 

monitoring and inspection methods for evaluating the corrosion of steel reinforcement. These 

methods need to be able to identify any probable durability problems within structures before 

they become severe. Since the corrosion of steel reinforcement occurs through electrochemical 

reactions involving charge (electrons) transfer via concrete pore solution (electrolyte), 

electrochemical methods are appropriate to study the corrosion processes. In this section, some 

electrochemical and 
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non-destructive techniques commonly used for monitoring the corrosion of steel in concrete 

structures have been discussed. Moreover, a destructive technique viz. the gravimetric weight 

loss method has also been explained. 

 

2.2.1 Open Circuit Potential Measurement 
 

The basic principle involved in this method is the measurement of corrosion potential (also called 

half-cell potential or open circuit potential) of steel reinforcement with respect to a standard 

reference electrode (RE) such as Copper/Copper Sulphate Electrode (CSE), Silver/Silver 

Chloride Electrode (SSCE), Standard Hydrogen Electrode (SHE) and saturated calomel electrode 

(SCE). The reference electrode has a predetermined potential. For example, the SCE has a 

potential of +242 mV vs. the SHE (assumed potential of 0.0 V) at room temperature. The 

schematic diagram for open circuit potential (EOC) measurement is shown in Fig. 2.1 [1]. In 

accordance with ASTM C 876, the probable corrosion conditions of steel reinforcement related 

with EOC values is presented in Table 2.1 [2]. 

 

Figure 2.1 Illustration of EOC measurement technique 

 
Table 2.1 Corrosion risk of steel reinforcement associated with EOC values 

 

EOC Values Corrosion 

Risk (mV vs. CSE) (mV vs. SSCE) (mV vs. SHE) (mV vs. SCE) 

< -500 < -406 < -184 < -426 Severe 

< -350 < -256 < -34 < -276 High 

-350 to -200 -106 to -256 +116 to -34 -126 to -276 Intermediate 

> -200 > -106 > +116 > -126 Low 
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The open circuit potential (EOC) of a steel is a measure of its tendency to corrode. However, these 

EOC values are not sufficient criterion, as they are affected by many factors, such as polarization 

by partial diffusion of O2, porosity of concrete and the existence of resistive layers. Therefore, it 

is commonly believed that EOC measurement must be comp lemented by other techniques [3]. 

This technique is very useful in identifying the anodic and cathodic locations in steel-concrete 

structures by drawing potential map. Numerous investigators have studied the effectiveness of 

this method and got advantageous outcomes [4–6]. However, EOC values can provide information 

for degree of corrosion risk only and cannot specify the corrosion rate [7]. 

 

2.2.2 Surface Potential Measurement 
 

This is another useful non-destructive method to identify the condition of steel embedded in 

concrete. In this method, two reference electrodes are used as shown in Fig. 2.2 [1]. One electrode 

is kept fixed (called fixed electrode), the other electrode (called movable electrode) is moved 

along the structure on the nodal points. When movable electrode is placed at the nodal points, the 

potential is measured against the fixed electrode by means of a high impedance voltmeter. A 

more positive potential value signifies anodic region where corrosion is possible. The higher the 

potential difference between anodic and cathodic zones higher is the possibility of corrosion. 

Therefore, surface potential measurement is used for detecting anodic and cathodic areas in steel-

concrete structures and ultimately identifying the possibility of corrosion of steel in concrete 

[1]. 

 

Figure 2.2 Schematic diagram of surface potential measurement 
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2.2.3 Potentiodynamic and Cyclic Polarization 
 

The recent theory of electrochemical corrosion is based on electrode kinetics. The corroding 

system wherein a single anodic reaction and a single cathodic reaction take place on a single 

electrode surface, the relationship of the current as a function of potential can be written as Eq. 

2.1. This equation is derived by the application of the mixed potential theory and Butler-Volmer 

equation [8–10]: 

 

i = i 2.303(E − Ecorr)  −2.303(E − Ecorr) 
 

 

corr [exp { } − exp { β }] 2.1 β 
a c 

 

Where, 
 

i= External current density (A/cm2) 

E = Potential applied to polarize the corroding system (V) Ecorr = Corrosion potential (V) 

icorr = Corrosion current density (A/cm2) βa = Anodic Tafel constant (V/decade) βc = Cathodic 

Tafel constant (V/decade) 

 

However, when E is far away from Ecorr, then the Eq. 2.1 gives the Tafel equation [11]: 

E = a ± b log |i| 2.2 

 
Where, a = a constant and b = βa or βc 

 
The Eq. 2.2 shows that the variation of the logarithm of the external current density with the 

potential is linear at high overpotential. The icorr can be calculated by extrapolating the anodic and 

cathodic straight lines of E vs. log |i| plot at the Ecorr. Moreover, the E vs. log |i| plot and various 

corrosion kinetic parameters can be determined easily by conducting potentiodynamic and cyclic 

polarization test using inbuilt software provided by the potentiostat manufacturer. A potentiostat 

is a specifically designed instrument that measures the potential / current characteristics of an 

electrochemical (electrode/solution) interface [12]. 

 

In order to perform the potentiodynamic or the cyclic polarization scan, three electrodes, 

electrolyte (testing solution) and a potentiostat are required. The electrodes 
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include a working electrode (the test sample itself), a counter or auxiliary electrode (Used to 

transport the current to the working electrode and to close the electrical circuit) and a reference 

electrode (Used to measure the potential difference). In order to conduct the scan, these electrodes 

are to be immersed in the electrolyte and attached to the potentiostat [13, 14]. Moreover, the 

potentiostat is a device that is used to apply potential and record the induced current or vice versa. 

More explicitly, both controlled-current (Galvanostatic) and controlled-potential (Potentiostatic) 

polarization can be applied. The term ‘polarization’ means the perturbation of the potential of a 

sample in electrolyte from its open circuit potential (Eoc). This can be done by two ways, i.e. 

when the polarization is accomplished galvanostatically, potential is measured and when it is 

achieved potentiostatically, current is measured. However, the potentiostatic method is much 

more common than galvanostatic method. The response (i.e., resulting current) of the sample is 

measured as it is polarized. The response is used to develop a model of the sample’s corrosion 

behaviour [1]. 

 

The potentiodynamic polarization is used to study the corrosion behaviour and to calculate the 

different corrosion parameters such as corrosion current density (icorr) of a corroding system in a 

certain environments. In a usual potentiodynamic scan, the potential (E) is swept over a fixed 

range by potentiostat and the induced current is recorded as a function of potential. The graphical 

output of a potentiodynamic scan is referred to as Tafel plot (named after Swiss chemist Julius 

Tafel), which is a plot of the potential (E) versus the logarithm of the current density (log |i|). In 

order to perform several tests on one sample (i.e., non-destructive test) the scan range should be 

within the Tafel region. Applying excessive anodic potential will force the system to corrode (i.e. 

destructive testing) [1, 15]. 

 

The analysis of Tafel plots is performed by corrosion test software (such as Gamry Instruments, 

ACM Instruments etc.). The corrosion parameters (such as Ecorr, icorr, βa, and βc) are determined 

by intersecting the open circuit potential (EOC) and the extrapolation of the linear portions of 

logarithmic current plot as shown in Fig. 2.3 [12,16]. Knowing the corrosion current density (icorr) 

the corrosion rate (CR) can be calculated using Eq. 2.3 [17]. Though, this can also be estimated 

by corrosion test software provided by potentiostat manufacturer. 
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Where, 

CR = 
icorr × K × (EW) 

d × A 

 

2.3  

 

EW (Equivalent weight) = Theoretical mass of metal that will be lost from the sample after one 

Faraday of anodic charge has been passed (EW = atomic weight/valence) 

icorr = Corrosion current density (mA/cm2) 

K = A constant that defines the units for the corrosion rate (for CR in mm/year (mmpy), 

K= 3272; and CR in milli- inches/year (mpy), K= 1.288 × 105) 

d = Density (g/cm3) 

A = specimen area (cm2) 
 
 

Figure 2.3 Typical potentiodynamic polarization curve 

 
The cyclic polarization test is used primarily to study the pitting corrosion behaviour of metal in 

a certain environmental condition. Therefore, in this test, sufficiently high anodic potential is to 

be applied to ensure initiation of pitting corrosion. As soon as the scan is reached at anodic 

potential limit Erev (reverse potential), the path of the scan is reversed on the way to the cathodic 

direction until the ultimate predetermined potential is reached. The potential at the scan plot in 

which the induced current sharply increases is called the pitting potential (Epit). The potential on 

the reverse scan where the loop closes is called the protection potential (Eprot), below which no 

pitting corrosion is likely to take place. If the Eprot is more positive than the Epit, then pitting 

will not occur. Though, pitting could occur if the Eprot is more negative than 
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the Epit. In general, the extent of the hysteresis loop indicates the degree of pitting tendency. The 

greater the loop size, the higher the pitting tendency and vice versa. Fig. 2.4 shows a detailed 

cyclic polarization scan curve [18–20]. 

 

Figure 2.4 Typical cyclic polarization curve 

 
2.2.4 Linear Polarization Resistance 
 

The linear polarization resistance (LPR) technique can be applied in both field and lab 

measurements. It is a direct current (DC) technique, first introduced by Stern and Geary in 1957 

[21–23]. In this technique, a small polarization perturbation (between 10 and 30 mV) is applied 

about EOC of metal using a potentiostat and the resulting induced current is recorded. Although, 

the corrosion is an electrochemical process and does not comply with the Ohm’s law (i.e. linear 

relationship between current and potential). However, it has been found that Ohm’s law will be 

nearly true if polarization potential is very small [24]. Since in this method the applied potential 

is small, therefore the current response will be linear. A typical potential and current density 

(obtained by dividing the current response by known surface area of working electrode) plot is 

shown in Fig. 2.5 [25, 26]. 

 

The slope of the potential–current density plot near EOC is defined as linear polarization resistance 

(Rp) [27]. In case of steel reinforced concrete system, the Rp 
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includes the concrete resistance (RC) and charge transfer resistance (Rct). Thus, linear 

polarization can be estimated as follows [28, 29]: 

 
Rp = 

∆E 

∆i 
=  RC + Rct 2.4 

 

 

Figure 2.5 Typical linear polarization plot 

 
The corrosion current density is then determined using the Stern-Geary formula: 
 

B 
icorr = 

Rp 

 
2.5 

 

Where icorr is the corrosion current density (µA/cm2), Rp is the polarization resistance (kΩ cm2) 

and B can be calculated by the following relationship: 

 

B =
 βa × βc  

2.3 (βa + βc ) 

 
2.6 

 

Where βa and βc are the anodic and cathodic Tafel constants in mV/decade, respectively. 

 

The Tafel constants are usually obtained from Tafel plot (by polarizing the steel to 

±250 mV of the EOC). However, in the absence of necessary data on βa and βc, B = 26 mV (for 

actively corroding steel in concrete) and B = 52 mV (for steel in passive 
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situation) is used to compute the corrosion current density [30]. Moreover, the corrosion current 

density is inversely proportional to the linear polarization resistance. Hence, high polarization 

resistance value indicates low corrosion rate, and vice versa. 

 

In order to carry out the linear polarization resistance investigation, similar to the 

potentiodynamic and cyclic polarization test, three electrodes are to be connected to a 

potentiostat. These are the working electrode (corroding metal), the auxiliary (counter) electrode 

and the reference electrode [24]. 

 

Several investigation has used a corrosion current density limit of 0.1- 0.2 µA/cm2 to distinguish 

between passive and active corrosion state of steel embedded in concrete [31, 32]. In addition, 

many study reported different limits (in terms of corrosion current density, linear polarization 

resistance and corrosion penetration rate) in order to separate the different degree of corrosion 

risk associated with steel reinforcement, as listed  in Table 2.2 [1, 24]. 

 

Table 2.2 Typical corrosion criteria of steel embedded in concrete 
 

Corrosion 

Condition 

Polarization 

Resistance 

(kΩ cm2) 

Current 

Density 

(µA/cm2) 

Corrosion 

Penetration Rate 

(µm/year) 

Very high 2.5–0.25 10–100 100–1000 

High 25–2.5 1–10 10–100 

Low/moderate 250–25 0.1–1 1–10 

Passive >250 <0.1 <1 

 
 

2.2.5 Electrochemical Impedance Spectroscopy 
 

This technique is also known as AC (Alternating Current) impedance spectroscopy, because in 

this method, an AC excitation potential with variable frequencies is applied to the specimen 

(working electrode) and the induced AC current response is measured. The AC excitation 

potential should be very low (usually between 5 and 20 mV) in order to retain in the linear zone 

and to perform non-destructive testing. In the linear zone, the AC current (induced) will have the 

different amplitude and identical frequency as the applied AC excitation potential, but with a 

phase difference. The impedance (that includes real and imaginary parts) is the ratio of AC 

potential to AC current, and can be calculated from the following relationships [33, 34]: 
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Z = 
E(t) 

= 
E0 Cos(ωt) 

= Z 
Cos(ωt) 2.7 

I(t) I0 Cos(ωt − ɸ) 0 Cos(ωt − ɸ) 

Z = Z0 [exp (j. ɸ)] = Z0 (Cosɸ + j. Sinɸ) = Z’ + jZ” 2.8 
 
Where, 

Z = Complex impedance E (t) = Potential at time t I (t) = Current at time t E0 = Potential 

amplitude I0 = Current amplitude 

ω = Radial frequency 

ɸ = Phase difference between potential and current Z0 = Magnitude of complex impedance 

j = √-1 

 
The real part (Z’) and imaginary part (Z”) of the impedance (Z) represent resistive and 

capacitive/inductive terms respectively. The graph of Z’ on the abscissa and Z” on the ordinate, 

measured at various frequencies (usually between 100 KHz and 10 mHz) is called as impedance 

spectrum or impedance graph or Nyquist plot. In order to determine various parameters (such as 

solution resistance, charge transfer resistance and double layer capacitance), the Nyquist plot has 

to be fitted and modelled with an equivalent electrical circuit that indicate the electrochemical 

processes at the specimen. Particularly in the steel reinforced concrete specimens, various 

equivalent circuits have been suggested due to complex nature of the steel-concrete interface. 

The simplest electrochemical equivalent circuit known as Randels circuit shown in Fig. 2.6 can 

be used for modelling the typical Nyquist plot shown in Fig. 2.7 [35–37]. 

 

Figure 2.6 Rendles electrical equivalent circuit for steel reinforcement 
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Figure 2.7 Typical Nyquist plot for steel reinforcement 

 
The equivalent circuit comprises of a resistance Rc linked in series to a loop that contains a 

different resistance Rct and a capacitance Cdl joined in parallel. The Rc indicates the concrete pore 

electrolyte resistance or concrete cover resistance. The Rct is the charge transfer resistance at the 

surface of steel that represents the ease with which the charged ions can leave the steel surface 

and reach into the electrolyte (i.e. metal dissolution resistance). The Cdl is a double layer 

capacitor, which refers to the development of two layers on the steel/electrolyte interface. The 

first layer is formed due to the attraction of molecules towards the steel surface anions (free 

electrons). The second layer is formed due to the attraction of molecules towards cations in the 

pore solution. Moreover, Rct and Cdl both resembles to the ionic resistance of the corrosion 

products film developed on the steel surface. These terms are illustrated in Fig. 2.8. [24, 38]. 

Figure 2.8 Impedance components in steel concrete interface 
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From the Rendles equivalent circuit, the equivalent impedance (Z) of the Nyquist plot is 

represented as follows [28]: 

 

 

Z = RC + 
Rct 

1 + jω Cdl 

 
Rct 

 

2.9 

 

Where, 

Rc = Concrete resistance 

Rct = Charge transfer resistance j = √-1 

ω = 2πf 

Cdl = Double layer capacitance 

 
When, ω → 0 (i.e. at low frequency), the circuit turn into DC circuit and therefore Z = Rc + Rct = 

Rp 

When, ω → ∞ (i.e. at high frequency, AC circuit), Z = Rc 

The difference of DC and AC impedance gives the true polarization resistance as: True  

polarization  resistance  = (Rc  + Rct)  ̶  Rc  = Rct 

Accordingly, the diameter of the extrapolated semicircle in the Nyquist plot indicates the charge 

transfer resistance (Rct), which is equivalent to the true polarization resistance. Thus, if the 

diameter of the semicircle will be large, then polarization resistance will be high and corrosion 

rate will be low, and vice versa [34]. 

 

2.2.6 Galvanostatic Pulse 
 

This is a rapid and non-destructive polarisation method. It was introduced in 1988 for field 

application [39]. In this technique, galvanostatically a short-time anodic current pulse (usually 10 

to 100 µA with pulse duration of 5 to 30 seconds) is applied between the steel reinforcement 

and auxiliary (counter) electrode placed on the surface of concrete. The reference electrode is 

commonly placed in the centre of the auxiliary electrode. The steel is polarised anodically and 

the resulting electrochemical potential response of the steel is recorded using a reference 

electrode as a function of polarisation time. The characteristic electrochemical potential response 

of corroding steel is shown in Fig. 2.9 [40]. 
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Figure 2.9 Electrochemical potential response of corroding steel 

 
When the current pulse, Iapp, is applied to the steel reinforcement, then the polarisation of the 

steel at time t, Et, can be written as follows [41–43]: 

 

   −t 
(
 
) 

2.10 

Et =  Iapp[Rp{1 − e RpCdl       } +Rc] 

 

Where; 

Rp = Polarisation resistance Cdl = Double layer capacitance Rc = Concrete cover resistance 

 

Rp and Cdl can be determined by transforming the Eq. 2.10 into linear form as [41,42]: 

 

log(E 
 
 

m
ax 

− Et ) = 
log(I 

 
 

a
p
p 

× 
Rp 

) − ( 
t 

) 2.11 
Rp Cdl 

Where Emax = Final steady state potential 

A typical plot of Eq. 2.11 is shown in Fig. 2.10 [41]. If the straight line passing through the data 

points is extrapolated to time (t) = 0, then the intercept at ordinate will give log(Iapp × Rp) and 

slope of the straight line will yield 1/(Rp × Cdl). The residual overpotential analogous to (Iapp × 

Rc) i.e. potential drop across the cover concrete. After finding the Rp by applying above 

technique, the corrosion current density (icorr) can be determined  from Sterne Geary formula 

(Eq. 2.5) [46]. 
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Figure 2.10 A typical plot of Eq. 2.11 

 
2.2.7 Electrical Resistivity Measurement 
 

The durability characteristics of concrete can be assessed by determining its electrical resistivity. 

Various investigations have given the correlation between electrical resistivity of concrete and 

corrosion of steel reinforcement [44–46]. Several researchers have tried to made the relationship 

between the concrete resistivity and the different concrete properties such as water/cement ratio, 

cement content, coarse aggregate content, age, diffusion coefficient of chloride and porosity [47–

49]. 

 

The electrical resistivity of concrete is commonly measured using four-probe technique. F. 

Wenner firstly introduced this technique in order to evaluate the soil resistivity [50]. After that, 

this method was widely applied for the concrete resistivity measurement in the lab as well as 

field. The Fig. 2.11 illustrates principle involved in the Wenner four-probe electrical resistivity 

measurement technique [51]. In this method, four equally spaced electrodes (probes) are used to 

measure the concrete resistivity. A small AC current (I) is applied between the outermost probes 

whereas potential difference (V) between the inner probes is recorded. Then, the surface 

resistivity of concrete is determined from the Eq. 2.12 [52]. 
 

 

 

Where, 

a = Distance between the probes 

V 
ρ = 𝑘𝑎 

I 2.12 

k = Geometry factor = 2π (for semi-infinite body such as concrete slabs) 
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However, the value of k is different for small cubic or cylindrical specimens used in laboratory 

testing condition. The AASTHO TP 95-11 Standard specified the typical value of ‘a = 38 mm’ 

and ‘AC frequency = 13 Hz’ in order to conduct the concrete surface electrical resistivity 

measurement [53]. 

 

Figure 2.11 Illustrations of the Wenner four-probe resistivity measurement 

 
Moreover, it is extensively recognized that resistivity of concrete can be easily determined, 

particularly in the field, compared to other corrosion parameters such as corrosion rate. Various 

investigators as presented in Table 2.3 have developed the correlation between the resistivity of 

concrete and steel reinforcement corrosion risk [53]. The variations in the results show that the 

concrete resistivity can not be used with full confidence as an indicator for corrosion activity in 

steel reinforcement and need more investigations. Furthermore, various factors that might affect 

the results of resistivity measurement of concrete include water/cement ratio, microstructural 

properties of concrete, aging, existence of steel reinforcement, geometrical constraints, surface 

contact of probes, spacing between probes, temperature, and moisture content [51]. 
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Table 2.3 Relationship between concrete resistivity and corrosion risk 
 

Corrosion risk in terms of concrete resistivity (kΩ.cm) Reference 

High Moderate Low 

<5 5–12 >12 [44] 

<6.5 6.5–8.5 >8.5 [45] 

<7 7–30 >30–40 [46] 

<10 10–30 >30 [54] 

<20 20–100 >100 [55] 

<10 10–100 >100–200 [56] 

<5 5–20 >20 [57] 

<8 8–12 >12 [58] 

 

2.2.8 Gravimetric Weight Loss Measurement 
 

This is the most commonly used destructive technique for estimating the corrosion rate of steel 

reinforcement [59, 60]. The detailed guideline for the preparation of test specimens and 

evaluation of corrosion rate by means of gravimetric weight loss measurement has been specified 

in ASTM G1-03 [61]. In order to carry out this test, firstly, the steel is to be immersed in the 

Clark solution (1L of HCl + 50g of SnCl2 + 20g of Sb2O3) for 40 seconds, then, degreased with 

acetone, rinsed with distilled water and dried in air. Thereafter, the initial weight of the steel is 

taken using an electronic weighing balance with 0.1 mg precision before embedding in concrete. 

After a specified period of exposure in the corrosive medium, the steel is taken out by splitting 

the concrete specimens. After that, the corroded steel is to be cleaned by the above procedure and 

finally, weighed again. The obtained weight loss value is to be used to estimate the corrosion rate 

(CR) by the following relationship [62]: 

 

 

 
 

Where, 

∆W = Weight loss (g) 

K × ∆W 
CR = 

A × T × ρ 
2.13 

A = Exposed surface area (cm2) T = Time of exposure (hours) 

K = Unit conversion constant = 8.76 × 104 (for mm/year) = 534 (for mils/year) ρ = Density 

(g/cm3) 
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2.3 Methods of Corrosion Control in Reinforced Concrete 
 

The corrosion control methods for steel reinforced cementitious composite include cathodic 

protection, electrochemical chloride extraction, surface treatments of the steel reinforcement, 

surface treatment of concrete, utilization of mineral admixtures and chemical corrosion inhibitors. 

In the subsequent sections, these methods have been discussed comprehensively. 

 

2.3.1 Cathodic Protection 
 

The first investigation on corrosion control of steel in a reinforced concrete bridge through 

cathodic protection was reported by Stratfull in 1957 [63], and the application of this technique 

began in 1972 in order to protect Sky Park bridge decks contaminated by de-icing salts in 

Placerville, California [64]. Thereafter, research has been carried out by various government and 

private industries for the development of cathodic protection systems in steel reinforced concrete 

structures. For example, on the basis of research investigations, Federal Highway Administration 

has identified that the cathodic protection is the only rehabilitation system that has proven to stop 

corrosion in chloride contaminated bridge decks irrespective of the chloride content in concrete 

[65]. 

 

The cathodic protection system can be established by two ways: galvanic (sacrificial) anode and 

impressed current systems. The galvanic anode system is based on the principles of dissimilar 

metal corrosion and the relative position of specific metals in the electro-chemical series. Hence, 

this system employs reactive metals as auxiliary anodes, which are connected to the steel that is 

to be protected. The difference in potentials between the reactive metal and the steel, as specified 

by their relative positions in the electro-chemical series, causes a positive current to flow in the 

electrolyte, from the reactive metal to the steel. Thus, the whole surface of the steel converted to 

negatively charge and becomes the cathode. The metals commonly used, as sacrificial anodes are 

aluminium, zinc and magnesium. No external power source and low maintenance is required in 

this system. Patch-repair and plug-type anodes are examples of galvanic anodes [66]. 

 

In contrast, an impressed current system requires a current source (generally less than 50 volts) 

and inert (zero or low dissolution) anode material, fixed either on the 
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surface, or embedded within the concrete. To achieve an electrical circuit, the positive terminal is 

connected to anode material and the negative terminal is connected to steel (cathode) to be 

protected, the anode and cathode are separated by an electrolyte (concrete) as shown in Fig. 2.12. 

This system works well until power supply is not interrupted. Therefore, this system consumes 

substantial electrical energy and also requires specialized services to design and verify the 

system’s functioning [67]. 

 

Figure 2.12 Impressed current cathodic protection system 

 
2.3.2 Electrochemical Chloride Extraction 
 

The aim of the electrochemical chloride extraction (ECE) technique is to remove the chloride 

ions from the steel rebar and out of the concrete body. This method is similar to cathodic 

protection, but there are two main differences. First, the current density used for impressed 

current cathodic protection (ICCP) is much lower than that for ECE. Second, the external anode 

for ECE is temporary and installed for few weeks only (during the process) [68]. However, both 

protection techniques have been recognized to increase the service lifespan of the structures. 

However, ECE technique is more advantageous because of no long-term regular maintenance 

requirement. 

 

In this technique, an electric field is applied between the steel reinforcement and an external 

anode metal fixed to the surface of the concrete body. The commonly used anodes are titanium-

activated meshes, steel meshes, and mortar pastes prepared with graphite powder [69]. The 

positive terminal of current source is connected to anode, while negative terminal is connected to 

steel rebar embedded in concrete. When the electric current is applied, anions (such as Cl-) are 

attracted towards the external anode placed on the surface of the concrete, while cations (such 

as Na+, K+) are migrated towards steel reinforcement and thereby produced hydroxyl ions (OH-

) on the surface steel, as a result of cathodic reactions. The schematic diagram of the 
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chloride extraction technique is shown in Fig. 2.13. The following reactions occur during 

electrochemical extraction treatment due to the development of electric potential difference 

between the external anode and the steel (cathode) [70]. 

 

Figure 2.13 Illustration of the chloride extraction technique 
 

At anode: 

2H2O (l) → 4 H+
(aq) + O2 (g) + 4e- 2.14 

2Cl- (aq) → Cl2 (g) + 2e- 2.15 

The pH of the electrolyte should be sufficiently high in order to suppress the reaction represented 

by Eq. 2.15. The highly alkaline electrolytes also neutralize the hydrogen ions produced by the 

reaction in Eq. 2.14 and protect the surface of concrete from acidification. Therefore, solution of 

calcium hydroxide, sodium hydroxide and treated water are commonly used as external 

electrolytes [71]. However, water is the most widely used owing to the deficiency of salts, thus 

Cl- ions travel more easily in the concrete and are extracted effortlessly [72]. 

At cathode (steel): 

O2 (g) + 2H2O (l) + 4e- → 4OH-
(aq) 2.16 

H2O (l) + 2e- → 2OH-
(aq) + H2 (g) 2.17 

The Eq. 2.17 shows the evolution of hydrogen gas at the level of steel reinforcement due to the 

low cathodic potential that is induced by the high current density. Also, it is believed that higher 

current densities can produce cracking in the concrete as a function of the chloride extraction 

velocity. Therefore, the current density has been taken between 1 A/m2 and 5 A/m2 in various 

studies [68]. Despite this, some authors 
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determine that the current density should not be more than 2 A/m2 [73]. However, some of the 

studies focused on densities up to 1 A/m2 [74]. 

The period of application of this system varies from 6 to 10 weeks [75], in this period the chloride 

concentration is reduced below 0.4% of total chlorides, which is considered as critical value [76]. 

According to results of an investigation, the chloride content was found to be reduced by around 

40% within 7 weeks of treatment and simultaneously, substantial quantities of alkali ions were 

detected nearby the steel [77]. The reduction percentage of chloride content can reach up to 70% 

[78]. The reduction of chloride ions content below the critical level and simultaneous increment 

of hydroxyl concentration on the surface of the steel reinforcement creates favourable 

environment for the steel repassivation [79]. 

 

2.3.3 Surface Treatment of Steel 
 

The reinforcing bars commonly used are mild steel, mainly due to its significant low cost. 

Alternatively, stainless steel shows excellent mechanical and durability properties, but 

impractical for use in reinforced concrete because of its high cost [80]. The poor corrosion 

resistance of mild steel is a common cause of deterioration in reinforced concrete structure. 

Therefore, various treatments have been given to steel surface in order to increase the corrosion 

resistance. One such treatment is coating with epoxy, which acts as a barrier to aggressive 

corrosion agents, and thus significantly decrease the corrosion rate of steel rebar. But, the poor 

bonding between epoxy coated steel and concrete, and the damaged areas of epoxy coated 

steel rebar (at which pitting corrosion may occur) are the common problems with epoxy coating 

[81]. Another similar treatment is coating with zinc (galvanization), which improve the corrosion 

resistance of steel by acting as a sacrificial anode. It has been observed in many studies that the 

galvanized steel develops better bond to concrete than the epoxy coated steel, and also the 

tendency of the zinc coating to debond is very less as compared to epoxy coating [82]. 

Subsequently, techniques for surface treatment of steel that increases the corrosion resistance as 

well as bond strength have been developed. These techniques include inhibited cement slurry 

coating, surface oxidation and sand blasting. 
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The Central Electrochemical Research Institute (CECRI), Karaikudi, India, has developed 

inhibited cement slurry coating for corrosion control in steel reinforcement. This coating system 

involves of four stages i.e. pickling, phosphating, two times application of inhibited cement slurry 

coating and sealing. This coating is an in-situ process that is carried out after all bending and 

shaping operations are completed at the construction site. As this coating is applied at the site of 

working, the damage caused on account of transporting and lifting are significantly minimised. 

Moreover, in situ patch repairing is easy to execute in this coating system. Though, strict quality 

control measures are required to ensure the performance of this coating [83]. In an investigation, 

it was concluded that the inhibited cement slurry coating is economical and efficient to control 

the corrosion of steel reinforcement [84]. In an another study, it was observed that inhibited 

cement slurry coated steel show higher bond strength as compared to galvanized and epoxy 

coated steel [85]. 

 

Sand blasting technique involves the blasting of Al2O3 particles (size about 250 µm) on the steel 

rebar under pressure of around 0.6 MPa. It is used for cleaning of the surface of the steel. The 

cleaning includes the removal of rust and/or contaminants from the surface of steel. This cleaning 

improves the corrosion resistance by making the surface of the steel more uniform in 

composition. Moreover, the cleaning increases the roughness of surface and thus improves the 

bond strength. However, the disadvantage of this method is that it is uneconomical and difficult 

to use in the construction site [86]. 

 

Water immersion method involves the immersion of the steel rebar under water at ambient 

temperature for 2 days. This treatment forms a black coating (oxide layer) on the steel surface, 

hence the surface of steel turns out to be more uniform in composition and thereby, enhancing 

the corrosion resistance. Furthermore, the oxide layer improves the bond between concrete and 

rebar, thus increasing the bond strength. The immersion periods less than or more than 2 days 

provide less beneficial effects on both corrosion resistance and bond strength. This method is 

found to be very simple and economical as compared to other methods [87]. 
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2.3.4 Surface Treatment of Concrete 

 

Since numerous hostile agents (e.g. chloride, CO2 etc.) ingress into the concrete through air or 

water and creates durability problems (e.g. carbonation, chloride attack and sulphate attack etc.), 

therefore, the permeation property of the surface concrete is considered as a main factor that 

impact the durability of entire concrete structure [88]. 

Concrete surface treatment has gained sufficient attention since 1980s, for example, American 

and German transportation agencies applied some hydrophobic agents on the surface concrete of 

bridges in order to prevent chloride penetration. Also, a chemical named isobutiltrimetoxisilane 

(100% pure and hydrophobic agent) has been used on bridges in the United Kingdom in 1986 to 

protect from chloride attack [89]. However, many progresses has been occurred in terms of 

understanding the mechanism of already known surface treatment agents; and various new 

treatment agents has emerged in last two decades. Moreover, the surface treatment agents can 

be classified into two categories based on chemical composition i.e. organic and inorganic. 

Organic agents are widely used for surface treatment of concrete owing to their good barrier 

properties. But, there are some problems associated with organic treatments viz. poor fire 

resistance, crack and detach easily, inadequate service life, and after losing protecting effects 

their removal is difficult [90].In contrast, the inorganic surface treatment agents are more stable 

and have better durability performance. The most commonly used inorganic surface treatment 

agent is sodium silicate. Also, it has been reported that lithium silicate, potassium silicate and 

fluosilicates can be used as inorganic surface treatment agents for concrete [91]. 

 

According to the functions of surface treatments, they were grouped into four types: surface 

coating, hydrophobic impregnation, pore blocking treatment and multifunctional surface 

treatments [92]. Surface coating forms a continuous layer and produce a physical barrier to 

prevent the ingress of the corrosive substances into cementitious substrate [93]. There are many 

types of surface coatings which have been used in the construction industry, for example, acrylic, 

chlorinated rubber, butadiene copolymer, polyethylene copolymer, epoxy resin, polyester resin, 

vinyl, polyurethane, coal tar and polymer modified cementitious coatings [94]. 
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Hydrophobic impregnation works via penetrating concrete pores, expanding the contact angle. 

The surface turns out to be hydrophobic when the contact angle is greater than 90°. Thus, 

hydrophobic impregnation can prevent the ingress of water and water-born ions; but permits 

penetration of water vapour [87]. The most commonly used hydrophobic impregnation are silane, 

siloxane and a combination of these two chemicals. The molecular structures of silane (1.0 to 1.5 

µm diameter) and siloxane (1.5 to 7.5µm diameter) are extremely small; and therefore, efficiently 

penetrate into dense concrete substrate. Both silane and siloxane comprise an alkyl group and 

various alkoxy groups [95,96]. The alkyl group can decrease the surface tension of the substrate, 

whereas the alkoxy group is related to the bonds between silane/siloxane and concrete. For 

example, the chemical reaction between silane and concrete substrate can be proceeded as: firstly, 

silane hydrolysis reacts with pore water, and silanol groups are formed due to hydrolysis alkoxy 

groups [97]. Then, the unstable silanol molecules lose water molecules and transformed into 

silicone resin. Subsequently, the silanol groups react with hydroxyl groups in the cementitious 

substrate via hydrogen bonds. Lastly, the silicon resin bonds to cementitious substrate during 

drying, and creates water repellent pore surfaces. The alkalinity of the cementitious substrate 

serves as a catalyst in these reactions [98]. 

 

Pore blocking surface treatment agents have been used in construction industries for many years 

[99]. They are able to partially or completely block the existing capillary pores in concrete surface 

and thus increase impermeability of surface layer. Silicate and fluosilicate based pore blockers 

(e.g. calcium silicate, lithium silicate, sodium silicate, magnesium fluosilicate and sodium 

fluosilicate) have been demonstrated to be effective in blocking capillary pores in concrete 

surfaces. Sodium silicate is considered as one of the most common pore blocking agents [100]. 

 

Multifunctional surface treatments should have at least two functions, for example, ethyl silicate 

(or tetraethylorthosilicate), an alkoxysilane compound, which itself does not have binding 

property, and nevertheless it can produce silica gels and block the pores through hydrolysing 

process. Also, it can prevent the entry of corrosive substances because of its hydrophobic effect 

[101]. Similarly, Silane-clay nanocomposites are not only show a hydrophobic effect, but also 

improve the microstructure of concrete cover [102]. 
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Surface treatment of concrete may be an effective and economical technique in order to enhance 

the quality of surface concrete and improve the durability of concrete structures. However, this 

technique of corrosion control suffers from the poor durability of the coating and the loss of 

corrosion protection in the parts where the coating is damaged. 

 

2.3.5 Admixtures in Concrete 
 

Admixtures are solid or liquid substances that are added to the concrete mixture in order to 

enhance the properties of the resulting concrete. Admixtures that are primarily used for 

improving the corrosion resistance of steel reinforcement, commonly known as corrosion 

inhibitors. These include mainly organic and inorganic chemicals that have been discussed in the 

section 2.3.6. However, admixtures that are mainly used for enhancing the structural performance 

of concrete are more attractive due to their multi- functionality (such as, improvement in 

workability, mechanical strengths, bond strength, impermeability, corrosion control, etc.). They 

are usually mineral particles, for example, fly ash, silica fume and slag. 

 

Fly ash (FA) is a by-product of coal combustion and mainly composed of SiO2 and CaO. The 

recent advancement in concrete technology exhibits that the fly ash is the most common pozzolan 

and used worldwide as an essential component for making high-performance concrete. This is 

mainly because of pozzolanic reaction between fly ash and hydrated cement paste resulting a 

denser microstructure over a period of time. However, studies have revealed that fly ash does not 

reduce the diffusion coefficient of concrete at early ages, but at the later ages, significantly lowers 

the diffusion coefficient as compared to control concrete [103]. Moreover, Class F fly ash (low 

CaO content) leads to a slightly lower diffusion coefficient than Class C fly ash (high CaO 

content) admixed concrete [104]. As far as steel reinforcement corrosion is concerned, it was 

observed that the corrosion resistance of stee l in concrete is improved with the addition of fly 

ash as a replacement of Portland cement (PC) upto the 30% [105]. In another study, it was 

concluded that the incorporation of 15% fly ash as replacement of cement can produced quite 

durable concretes against corrosion [106]. Also, it was found that the chloride penetration 

resistance of concrete increases with increasing the fineness of fly ash [107]. In general, it is 

recognised that the addition of fly ash improves the corrosion resistance properties of steel 

reinforcement 
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by reducing porosity and increasing the resistivity of cementitious composite [108]. Moreover, 

fly ash is typically used at replacement levels between 15% and 35% by weight of Portland 

cement so as to increase the mechanical strengths as well as the resistance to deterioration 

mechanisms (such as chloride attack, sulphate attack, carbonation etc.) of cementitious 

composites [109]. 

 

Silica fume (SF) is a by-product from silicon alloy production in electric arc furnaces. It is almost 

pure SiO2 and its particles size are approximately 100 times finer than cement grains. When added 

in cementitious composite, silica fume reacts quickly with hydrated cement due to small particle 

size and high surface area to volume ratio and consequently improving the microstructural and 

mechanical properties and decreasing the diffusion coefficient of cementitious composite at all 

ages with respect to plain cementitious composite [110, 111]. Though, it was observed that 

chloride diffusion coefficient of concrete in a marine environment reduces with lowering the 

water binder ratio and increasing silica fume content upto 10%. Also, the chloride diffusion 

coefficient is found to be high for early ages and drops over time [112]. The reduction in 

diffusivity leads to decrease the chloride threshold level required to initiate corrosion, and this 

may increase the service life of the exposed concrete structures by 15- fold in certain 

circumstances [113]. From the sensitivity analysis, it is calculated that with the addition of 10% 

silica fume in concrete, the chloride transport in terms of apparent diffusion coefficient is reduced 

by approximately 74% and corrosion- free life is increased by 270% as compared to OPC 

concrete [114]. Moreover, the incorporation of silica fume in appropriate quantity, significantly 

enhances the corrosion resistance properties of steel reinforced cementitious composite [115, 

116]. Furthermore, the typical replacement levels of Portland cement with silica fume range from 

3% to 10% in order to enhance the mechanical strengths and durability properties of concrete 

structures [108]. 

 

Ground granulated blast- furnace slag (GGBFS), commonly known as slag, is a by- product of 

steel production. It mainly contains CaO, SiO2, Al2O3 and MgO [117]. When slag is used as part 

of Portland cement in concrete, it reacts with both the hydrated cement (pozzolanic reaction) and 

the water (latent hydraulic reaction), and consequently refined the pore structure and enhanced 

interfacial transition zone (ITZ) of concrete [118]. Also, the addition of slag, improves the 

consistency and 
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workability of fresh concrete. The mechanical strengths and durability properties of concrete is 

found to be substantially improved with the incorporation of GGBFS [119]. The diffusion 

coefficient of GGBFS admixed cementitious composite is found to be significantly lower as 

compared to the plain cementitious composite, particularly at the later exposure ages. Therefore, 

when incorporated appropriate amount of GGBFS in concrete, the transportation of corrosive 

agents is greatly reduced and consequently improved the corrosion resistance of steel reinfo 

rcement, and thereby, increasing the predicted service life of concrete structures. From most of 

the investigational studies, it may be concluded that the use of 40% to 80% of GGBS as a 

replacement of Portland cement does not cause any negative impact on the performance of 

cementitious composite [120, 121]. 

 

Metakaolin (MK) is obtained by the calcination of clay mineral kaolinite (Al2Si2O7) at the 

temperature range of 500°C to 800°C. It is primarily composed of SiO2 and Al2O3. The size of 

99.9% metakaolin particles is below 16 µm and the average particle size is approximately 3 µm. 

It is a pozzolanic material and commonly used in the manufacture of ceramics [122]. The small 

particle size, high surface area to volume ratio and pozzolanic property of metakaolin, make it 

possible to be befittingly used as partial replacement of cement upto 10% and fine aggregate upto 

20% in concrete [123]. The studies revealed that when metakaolin is used in concrete, it reacts 

quickly due to small particle size and high surface area, and undergoes pozzolanic reaction, and 

consequently improves the microstructure of the hydrated cement paste [124]. This improvement 

leads to further enhancement in the mechanical and durability properties and reduction in the 

diffusion coefficient of concrete [125]. In particular, the corrosion resistance of steel 

reinforcement in aggressive environment is improved substantially with the inclusion of suitable 

amount of metakaolin. Besides, the appropriate replacement level of cement by metakaolin ranges 

from 5% to 10% [126]. 

 

Moreover, the use of binary blends (Portland cement plus one admixture, such as PC 

+ SF, PC + SF, PC + GGBFS and so on.) and ternary blends (Portland cement plus two 

admixtures, such as PC + FA + SF, PC + MK + FA, PC + FA + GGBFS etc.) can significantly 

enhance the performance of cementitious composite exposed to corrosive environments. 

Research has revealed that the use of admixtures can reduce the diffusion coefficient of 

concrete and consequently improve the corrosion 
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resistance of steel reinforcement. However, it has been observed that ternary blends result in 

superior resistance to chloride ingress compared with binary blends at both early and late ages. 

This is because the ternary blends contain a slow-reacting admixture (e.g. fly ash or slag) and a 

fast-reacting admixture (e.g. silica fume or metakaolin) [127]. In addition, such replacement of 

cement will contribute to the reduction in CO2 production (carbon footprint) and therefore 

encourage the use of such sustainable and green concrete. Furthermore, recently some new 

generation nano-admixtures emerges, which have been discussed in section 2.4. 

 

2.3.6 Chemical Corrosion Inhibitors 
 

In the present section, studies involving use of chemical corrosion inhibitors in cementitious 

composites have been reviewed. 

 

2.3.6.1 Definition and Classifications 
 

International Organization for Standardization (ISO 8044:2015) defines corrosion inhibitor as a 

chemical substance that decreases the corrosion rate when present in the corrosion system at 

suitable concentration, without significantly changing the concentration of any other corrosion 

agent [128]. The National Association of Corrosion Engineers (NACE) defines corrosion 

inhibitors as substances that, when added to an environment, decrease or slow down the rate of 

attack of the metal [129]. ACI 116R-85 defines a corrosion inhibitor as a chemical compound, 

either liquid or powder, that effectively decreases or slows down reinforcement corrosion in 

hardened concrete if introduced, usually in very small concentrations, as an admixture [130]. 

Therefore, an ideal corrosion inhibitor for cementitious composite may be defined as a chemical 

compound, which, when incorporated in suitable quantities to cementitious composite, can 

control corrosion of embedded steel reinforcement and has no adverse effect on the fresh and 

hardened properties of cementitious composite [131]. These definitions exclude other corrosion 

control methods such as pore blockers, coatings etc., which modify the oxygen, water and 

chloride concentrations. Nevertheless, some chemical corrosion inhibitors may also act as pore 

blockers, which is a secondary property. The inhibitors may be the better than the other methods 

of protection owing to lower cost and easy to use. 
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The inhibitors could be classify in many ways: according to their application methods, according 

to their mechanism of protection, and their chemical nature [132, 133]. The main application 

methods for corrosion inhibitors are: 

 

a) Added to fresh concrete as an admixture 

b) Added to repair mortars 

c) Used as a surface treatment on the steel reinforcement bars before concreting 

d) Applied on the hardened concrete surface, as a penetrating corrosion inhibitor (also 

surface-applied corrosion inhibitor and migrating corrosion inhibitor). 

 

According to the mechanisms of protection, corrosion inhibitors could be divide into three types: 

 

a) Anodic inhibitors: These inhibitors passivate the metal by forming a film adsorbed or 

insoluble layer on anodic surfaces of the metal. They mainly act by affecting the anodic reaction 

and consequently reducing the corrosion rate by increasing the corrosion potential and decreasing 

the corrosion current density of the metal. Though, the sufficient concentration of anodic 

inhibitors must be used for covering the entire surface of metal. The inappropriate concentration 

of inhibitors affects the formation of film and leaves some expo sed sites, and thus causes pitting 

corrosion. The commonly used anodic inhibitor are nitrites, nitrates, benzoates, chromates, 

molybdates, phosphates, hydroxides, silicates and carbonates. 

b) Cathodic inhibitors : These inhibitors act by forming a barrier of insoluble precipitates over 

the metal surface and particularly affecting the cathodic reaction. Accordingly, reduced the 

corrosion rate by decreasing the corrosion potential as well as corrosion current density of metal. 

These inhibitors are usually less effective but more secure than anodic inhibitors. Examples of 

cathodic inhibitors are silicates, phosphates polyphosphates, tannins and ions of the zinc, nickel 

and magnesium that react with the hydroxyl (OH-) of the water forming the insoluble hydroxides 

as Zn(OH)2, Ni(OH)2, Mg(OH)2, which are deposited on the cathodic site of the metal surface, 

protecting it. 

c) Mixed inhibitors : These inhibitors act on both anodic and cathodic sites by adsorption on 

overall surface of the metal. They reduce the corrosion rate by decreasing the corrosion current 

density without substantial changing the corrosion 
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potential of metal. This type of inhibitor includes amines, amino alcohols, sulfonates, esters and 

compound with the hydrophobic group that have polar groups such as N, S and OH. 

 

According to chemical functionality, the inhibitors can be classified as follows: 

 
a) Inorganic Inhibitors : These inhibitors are generally crystalline salts such as nitrite 

salts, chromate salts, molybdate compounds, zinc salts, phosphates, silicate compounds etc. 

Usually, the anions of these salts are involved in decreasing the corrosion of metal. In general, 

these inhibitors have anodic or cathodic actions. However, when zinc salt is used, the zinc cation 

can add some advantageous effect. These zinc-added salts are termed as mixed-charge inhibitors. 

b) Organic Inhibitors: The inhibitors are characterized by high molecular weight 

structures, incorporating –NH2, –SH, –COOH, –OH or –SO3H functional groups. In their 

concentrated forms, these are either liquids or wax like solids. Their active portions are generally 

large aliphatic or aromatic compounds with positively charged amine groups. These inhibitors 

are said to be chelating agents, which can form five or six- membered chelate rings. These rings 

are formed as a result of the bonding between two or more functional groups from the inhibitor 

and the cation metal, thus, completely cover the metal surface. However, occasionally, they act 

as cathodic, anodic or mixed inhibitors. Some examples are amines, mercaptobenzothiazole, 

aldehydes, sulphur-containing compounds, heterocyclic nitrogen compounds and acetylenic 

compounds. 

 

2.3.6.2 Application in cementitious composites 
 

Chemical corrosion inhibitors have been used effectively in steel tanks, pipelines, etc. for many 

years. In 1958, sodium nitrite had been used as a corrosion inhibitor of steel in autoclaved 

products in the Soviet Union [134]. In addition, the Soviet Union initiated the use of calcium 

nitrite as an inhibitor against corrosion caused by de-icing salts. Thereafter, calcium nitrite has 

been widely used in Japan and the United States [135]. In Japan, the use was primarily due to the 

extensive use of sea sand in concrete in 1970s [136]. In the 1950s, organic chemicals acting as 

corrosion inhibitors were developed in the petroleum industries and used in concrete industries 

at the beginning of 1990s [137]. In the 1990s, several organic inhibitors were developed, 

comprising amines, alkanolamines, their salts with inorganic and organic acids and mixtures 

of 
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amines, esters and alcohols [138]. Migrating corrosion inhibitors (MCIs) or vapour phase 

inhibitors have been used to protect steel machinery and components for many years. In 1980s, 

an American company realised that they might be effective in diffusing through concrete pores 

and protecting reinforcing steel [139]. Accordingly, the use of chemical corrosion inhibitors in 

cementitious composite is more recent and more limited. Moreover, in this section, an attempt 

has been made to review the advancements made in the field of corrosion control in cementitious 

composite by means of chemical corrosion inhibitors. 

 

It was observed that the nitrite ions of calcium nitrite oxidizes ferrous ions to ferric ions and 

consequently blocks passage of ferrous ions from the steel and thereby inhibited the chloride- 

induced corrosion of steel [140]. The calcium nitrite was found to effective in inhibiting the 

corrosion of steel and acted as an anodic inhibitor [141]. 

The sodium nitrite was found to be an effective corrosion inhibitor for steel. It was also observed 

that the presence of NO2
− always have produced a beneficial effect regardless the amount and 

3% by weight of cement was optimum [142]. 

 

The inhibition effect of calcium nitrite and stannous chloride on corrosion properties of steel 

submerged in limewater containing calcium chloride was investigated by means of half-cell 

potential, AC impedance, polarization resistance and Tafel plot. The outcomes revealed that the 

calcium nitrite seemed to be a promis ing corrosion inhibitor. The threshold level of nitrite/chloride 

ion for corrosion was 0.07 to 0.09. In contrast, stannous chloride was found to be ineffective in 

controlling corrosion of steel [143]. 

 

The electrochemical rest potential measurements and linear polarization techniques were applied 

to assess the corrosion behaviour of steel embedded in cement paste containing sodium nitrite 

(1% by weight of cement), sodium chromate (4% by weight of cement) and disodium phosphate 

(5% by weight of cement) with NaCl (2%by weight of cement) and without NaCl. The 75 days 

results revealed that the corrosion potential and corrosion current density values of all the 

chemical admixed and control (without chemicals) specimens were almost comparable in the 

absence of NaCl. However, in the presence of NaCl, the corrosion inhibition efficiency of sodium 

nitrite, sodium chromate, and disodium phosphate was found to be about 95%, 70%, and 50% 

respectively [144, 145]. 
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The corrosion inhibiting action of monofluorophosphate (Na2PO3F) in chloride- contaminated 

concrete was studied through electrochemical techniques. The effectiveness of Na2PO3F was 

assessed by adding in mixing water of concrete, or by penetrating the concrete from outside 

(curative method). Results indicated that Na2PO3F might act as a corrosion inhibitor for steel 

reinforcement. However, the inhibition effect was more remarkable when used as a penetrating 

inhibitor [135]. In addition, significant reduction in corrosion was observed in carbonated 

concrete when a highly concentrated solution of Na2PO3F was used in cover concrete [146]. 

 

A study on the use of carboxylic acids (malonic, formic, propionic and acetic) as corrosion 

inhibitors for embedded steel in mortar was conducted. The results showed that only malonic 

acid is effective in inhibiting the corrosion. Unfortunately, it has retarding effect on the initial 

setting of Portland cement. This study recommends that carboxylic acids based corrosion 

inhibitors remain an advantageous field of future investigations [147]. 

 

It was observed that the stannous sulphate (SnSO4), stannous chloride (SnCl2) are effective in 

improving the corrosion resistance properties of mild steel embedded in OPC paste over the 

period of the measurements [148]. 

Potentiodynamic polarization study was conducted on steel rebar in a simulated cement paste 

pore solution containing NaCl, with and without additions of Ca(NO 2)2 inhibitor. The steel rebar 

passivated suddenly and exhibited an extensive passive potential range in both cases. 

Unexpectedly, however, breakdown of passivity occurred at a smaller potential in the Ca(NO2)2 

inhibited solution. Moreover, X-ray Photoelectron Spectroscopy (XPS) surface analysis revealed 

that the lower passive potential range occurred in the inhibited solution is due to reduction in pH 

after the addition of inhibitor [149]. 

 

Electrochemical impedance spectroscopy (EIS) and linear polarization measurements were 

conducted to examine the corrosion behaviour of five year old steel embedded concrete 

specimens (lollipop- like) containing sodium nitrite and dinitrobenzoic acid as corrosion 

inhibitor. The corrosion current densities of specimens determined in the order of control > 

dinitrobenzoic acid > sodium nitrite in both conditions with and without pre-mixed chlorides 

[150]. 
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Macro-cell study was conducted to assess the effect of calcium nitrite in inhibiting corrosion of 

steel rebar in chloride-contaminated concrete. It was found that the Ca(NO2)2 functions by 

decreasing the anodic reaction and blocking the area of corrosion [151]. 

 

Potentiodynamic, Potentiostatic, and Galvanostatic techniques were used to assess sodium nitrite 

and sodium phosphate as corrosion inhibitors for steel in saturated Ca(OH)2 solution containing 

Cl- ions. The results showed that sodium nitrite act as an anodic inhibitor, which is not effective 

if its concentration is lower than that of the Cl- ions. Sodium phosphate acts as an anodic inhibitor 

if its concentration is higher than 0·6 times the chloride concentration [152]. 

 

A study on the inhibiting performance of several inorganic and organic substances against 

corrosion of steel in an alkaline chloride solution, containing constituted saturated Ca(OH)2 and 

0.1 M chloride ions for 30 days of exposure was conducted. Among the tested substances, only 

0.05 M sodium nitrite, saturated dicyclohexylammonium nitrite, 0.05 M sodium β- 

glycerophosphate and 0.005 M 5- hexyl-benzotriazole were able to inhibit pitting corrosion. In 

addition, steel specimens coated with a commercial corrosion inhibitive filming product 

(DINITROL AV 30) showed very promising results. Moreover, the corrosion properties of steel 

embedded in chloride-polluted mortar were determined through EIS. After 1 year of exposure, 

significant inhibition efficiency (IE) is achieved with admixed tungstosilicic acid (IE 62%) or in 

the presence of coating with DINITROL AV 30 (IE >74%) [153, 154]. 

 

An investigation was performed to evaluate the corrosion inhibiting efficiency of calcium nitrite 

and sodium monofluorophosphate in reinforced concrete. The inhibitors were applied to the 

surfaces of carbonated and/ or chloride-contaminated reinforced concrete specimens. Weight loss 

measurements were conducted after 18 months exposure duration. According to the outcomes, 

these surface-applied inhibitor treatments appear to be ineffective in controlling the corrosion 

under the experimental conditions [155, 156]. 

 

A study to examine the corrosion inhibition effect of two commercially available inhibitors viz. 

calcium nitrate and alkanolamine on the steel reinforcement by measuring electrochemical 

impedance spectroscopy and zero-current potential, as 
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function of time was carried out. The steel reinforced concrete specimens were prepared using 

calcium nitrate based inhibitor of 0%, 2%, 4% and 6% by cement weight and alkanolamine 

content of 3, 6 and 9 l/m3 of concrete with water/cement ratio of 0.4. After curing, specimens 

were immersed in distilled water (reference solution) and sodium chloride (0.5 M) solution for 3 

years. After 1 year of exposure period, calcium nitrate reduced the solubility of some cement 

constituents, increased the resistivity of concrete, and thereby lowered the corrosion rate of 

reinforcing steel. However, after longer duration of exposure, the effectiveness of calcium nitrate 

vanished and increased corrosion rate of steel. Alkanolamine based inhibitor decreased the 

corrosion intensity of steel by forming an unstable interfacial layer on surface. However, after a 

longer duration of exposure in chloride, the efficiency of this layer decreased and thereby 

increased the corrosion rate. Thus, both of the commercial inhibitors showed long-term 

ineffectiveness in controlling the corrosion of embedded steel, under the conditions of this study 

[157]. A similar investigation using phosphate and nitrite as inhibitor was conducted. The earlier 

results showed substantial corrosion inhibition effect by both inhibitors. However, after 3 years 

of exposure under saline environment, both of the inhibitor turn out to be ineffective in 

controlling the corrosion rate [158]. 

 

The effect of calcium nitrite (2% and 4% by weight of cement), calcium nitrate (2%, 3% and 4% 

by weight of cement), and two organic inhibitors at a dosage of 1.2 kg/m3 and 5 l/m3 of concrete, 

respectively (as recommended by manufacturers) on the contaminated reinforced concrete 

specimens was investigated. These specimens were contaminated with 0.8% chloride; 0.8% 

chloride plus 1.5% SO3; seawater; brackish water; and unwashed aggregates. The results 

revealed that the corrosion inhibitors did not cause any adverse effect on the compressive strength 

of concrete. Moreover, calcium nitrite was effective in delaying the corrosion initiation of steel 

embedded in chloride-contaminated concrete specimens, whereas both calcium nitrate and 

calcium nitrite reduced the corrosive effects of seawater and chloride plus sulphate salts. On the 

contrary, both organic inhibitors were found to be ineffective in controlling the corrosion of 

specimens contaminated with chloride, chloride plus sulphate salts and seawater. However, all 

the inhibitors were efficient in decreasing the corrosion rate of specimens prepared with 

unwashed aggregates or brackish water. The type and 
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quantity of inhibitors were found to be dependent on the level and nature of contamination [159]. 

The electrochemical injection efficie ncy of guanidine (HN=C(NH2)2) and ethanolamine 

(HO.CH2.CH2. NH2) into carbonated concrete (with approximately neutral pH value of pore 

solution) and non-carbonated concrete (with high pH value of pore solution) under the influence 

of electrical field applied between external anode and embedded steel (cathode) was evaluated. It 

was observed that the injection effectiveness of both inhibitors under the applied field was 

significantly lower in non- carbonated concrete than in carbonated concrete and that, the 

inhibitors turn out to be concentrated near the steel in the carbonated specimens [160]. 

 

Electrochemical impedance spectroscopy study was conducted to assess the corrosion inhibition 

action of some organic compounds to carbon steel, both in carbonated concrete and in a synthetic 

solution of carbonated concrete. In carbonated concrete, the addition of some compounds led to 

substantial reduction in compressive strength, and thus were discarded for further investigation. 

The remaining compounds were monitored for about 400 days, but only sodium salts of benzoic 

acid and 2-amino benzoic acid showed inhibitive effect towards the steel corrosion process. 

However, in synthetic solution, benzoate, its amino-derivatives and dicarboxylates were able to 

form a passive film on steel surface, and thus enhanced the corrosion resistivity of steel [161]. 

 

An investigation was carried out to assess the effectiveness of calcium nitrite-based inhibitor in 

preventing corrosion of steel in concrete through polarisation technique and its impact on the 

chloride transport, setting time and compressive strength of concrete. The results show that the 

inhibitor significantly decreased the corrosion rate of embedded steel in chloride-contaminated 

mortar. The chloride threshold level for control (without inhibitor) ranged from 0.18% to 0.33% 

by weight of cement, while the values ranged from 0.22% to 0.42%, 0.33% to 0.68% and 0.73% 

to 1.95% for inhibitor dosages of 3 l/m3, 6 l/m3 and 12 l/m3, respectively. It was observed that 

inhibited concrete specimens produced higher total charge passed in a rapid chloride ion 

permeability test. However, the setting time of concrete was found to be decreasing with 

increasing the dosage of inhibitor. Moreover, the inhibitor enhanced the early compressive 

strength but reduced long-term strength [162]. 
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A study on the corrosion behaviour of steel embedded in concrete, and fresh and hardened 

properties of cementitious composite in the presence of calcium palmitate alone and in 

combination with calcium nitrite inhibitor was carried out. The results revealed that both 

chemicals are able to inhibit corrosion of steel without significantly affecting the properties of 

cementitious composite [163]. 

 

The influence of NaNO2 (SN) and Na3PO4 .12H2O (SP) as corrosion inhibitor for as- received 

and pre-rusted steel reinforcement in mortar specimens exposed to 3.5% NaCl solution up to 360 

days was investigated. The electrochemical techniques, comprising electrochemical impedance 

spectroscopy (EIS), linear polarization resistance (LPR) and cyclic polarization (CP) were used 

to assess the corrosion behaviour of steel. The study revealed that the inhibiting efficiency (IE) 

of SP against corrosion is lesser than 10%, which is considerable lower as compared to IE of SN. 

However, SP marginally improved the pitting corrosion resistance compared to SN as indicated 

by CP measurements. Moreover, the addition of SP led to little adverse effect on the mechanical 

properties of cementitious composites [164]. 

 

An investigation was conducted to evaluate the influence of sodium- nitrite (NaNO2) and 

potassium-chromate (K2CrO4) on steel-rebar concrete degradation in sodium chloride (NaCl) and 

sulphuric-acid (H2SO4) media. Open circuit potential and compressive strength measurements 

were conducted to determine the optimal concentration of these admixtures in the steel-reinforced 

concrete. In NaCl medium, the optimal concentration of NaNO2 and K2CrO4 was found to be 

0.679 M and 0.145 M respectively, but with marginal reduction in concrete compressive strength. 

However, in H2SO4 medium, the NaNO2 has found ineffective to inhibit steel-rebar corrosion, but 

effective to improve in the compressive strength. The concrete admixed with 0.145 M K2CrO4 

showed optimum inhibition efficiency with compressive strength enhancement in H2SO4 

medium [165]. 

 

A study was carried out to determine the corrosion inhibition effectiveness of sodium molybdate 

dihydrate (Na2MoO4 2H2O), cerium nitrate hexahydrate (Ce(NO3)3 6H2O), 2,5-dimercapto-1,3,4-

thiadiazole (DT), 2-mercaptobenzothiazole (MBT) and 1H- benzotriazole (BTA) in controlling 

the uniform corrosion (by a drop in pH) and pitting corrosion (by chloride attack) of reinforced 

concrete. According to potentiodynamic polarization measurements and micrographs, all the 

inhibitors except 
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BTA showed some inhibition in case of pitting corrosion. The inhibition performance can be 

ranked as follows: MBT > Na2MoO4 > Ce(NO3)3 > DT. However, only Na2MoO4 is found to be 

partially effective in case of uniform corrosion [166]. 

 

Electrochemical impedance spectroscopy, potential time and potentiodynamic techniques were 

to investigate the corrosion inhibition efficiency of different concentrations dimethyl 

ethanolamine (DMEA) in saturated Ca(OH)2 solution containing different amount of NaCl. The 

results showed that the corrosion inhibition efficiency of DMEA ranged from 63% to 74%. 

Moreover, the inhibition efficiency increases with increasing the content of DMEA and decreases 

with increasing the concentration of NaCl [167]. 

2.4 Application of Nanomaterials in Cementitious Composite 
 
Nanotechnology was first introduced by physicist Richard P. Feynman in his famous lecture in a 

meeting of the American Physical Society at the California Institute of Technology in 1959 [168]. 

However, after two decades, it was defined as the manufacture of materials using sizes and 

accuracy of between 0.1 and 100 nm by K. Eric Drexler [169]. Therefore, this is not a new 

science or technology but became a hot research topic in last two decades. Hence, 

nanotechnology refers to the development of devices, structures and systems by controlled 

manipulation of size and shape with at least one typical dimension measured in nanometres 

(atomic, molecular and macromolecular scale) [170]. 

 

The use of nanomaterials is increasing in the various fields such as biomedicine, automobile, 

electronics, robotics etc., because of their unique mechanical, chemical, electronic and optical 

properties. However presently, application of nanomaterials in construction industry is very less. 

Some available studies related to the use of different nanomaterials in cementitious composite 

have been reviewed in the subsequent sections. 

 

2.4.1 Silicon Dioxide (SiO2) 

 

It has been well recognized that microsilica (silica fume) is an effective admixture for improving 

the mechanical and durability properties of cementitious composites. This is primarily because 

of pozzolanic (due to approximately 90% SiO2 content) and high 
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reactivity (due to small average particle size < 1 µm) properties of microsilica [171]. 

Alternatively, nanosilica (nano-SiO2) is produced by reducing the average particle size of silica 

up to 100nm, which has larger surface area to volume ratio and higher reactivity than microsilica. 

 

As far as mechanical and durability properties of nanosilica admixed cementitious composites 

are concerned, the 3 days compressive strength of nanosilica incorporated high volume fly ash 

concrete was found to be increased by 81% as compared to high volume fly ash concrete and also 

similar trend was reported at later stages [172]. As compared to plain cement paste, the 

compressive strength of 5% nanosilica incorporated cement paste was found to be increased by 

8%, 41%, 25% and 15% at the ages of 1 day, 3 days, 28 days and 60 days respectively; and bond 

strength was found to be increased by 88% at the age of 28 days [173]. Also, it has been observed 

that the cement could be replaced by nanosilica up to 2.0% with improved performance. 

However, the optimal level of replacement was found to be 1.0% and 1.5% for 15nm and 80nm 

size respectively [174]. On replacement of cement with 1% of nanosilica, both the compressive 

and flexural strength of concrete was found to be increased by 12.31% and 4.21% respectively; 

and the porosity and chloride permeability was found to be decreased by 6.93% and 18.04% 

respectively [175]. 

 
With regard to properties of fresh cementitious composites, it has been found that the inclusion 

of nanosilica considerably reduced the initial setting time (IST) as well as final setting time (FST) 

of cementitious composite. This may be due to its (nanosilica) chemical reactivity (pozzolanic 

activity) or higher specific surface area, which accelerate the cement hydration and ultimately 

reduces the setting time of composite [176, 177]. Also, the studies related to rheological 

behaviour of the cementitious revealed that the addition of nanosilica increased the torque as well 

as yield stress but slightly increased the plastic viscosity and reduced the spread diameter on the 

flow table. Moreover, it has been found that the addition of nanosilica considerably reduced the 

workability of cementitious composites [178–180]. 

 

2.4.2 Titanium Dioxide (TiO2) 
 

Titanium dioxides (Titania), the oxide of metal titanium (rutile, anatase, brookite and ilmenite) 

occurs naturally in various type of rocks, soils and water bodies. Titanium is 
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the ninth most common element because its minerals are extensively dispersed in the earth’s crust 

as well as lithosphere. Titanium dioxide (TiO2) is an inorganic solid substance that is white in 

colour, thermally stable, poorly soluble, non- flammable, photo-catalyst, hydrophilic, and non-

hazardous. It has been used for many years in the field of paints, paper and paperboard, coatings, 

printing inks, plastics, rubbers, textiles, ceramics, cosmetics, medicines, water treatments, 

toothpastes, solar cells, organic photovoltaic cells etc. Moreover, the properties of TiO2 can be 

improved by manipulating its average particles size less than 100nm. Due to smaller particles 

size and higher specific surface area, nano-TiO2 produced a variety of catalysts of improved 

activity, for instance nano-TiO2 are transparent and more effective as ultraviolet (UV) absorbers 

compared to micro-TiO2 [181–183]. 

 

Recently, nano-TiO2 have gained significant attention in the construction industry due to their 

self-cleaning properties and the ability to remove air pollutants through photocatalytic reactions. 

TiO2 act as photo catalysts when irradiated by ultraviolet (UV) light in the presence of gas or 

liquid [184, 185]. When mixed with cement, it can degrade organic pollutants that are after 

neutralization, washed away through the hydrophilic nature of the surface and hence maintaining 

the aesthetic characteristics of concrete structures, particularly those constructed with white 

cement [186, 187]. 

 

With regard to mechanical and durability characteristics of nano-TiO2 blended cementitious 

composites, it was observed that the 28 days compressive, split tensile and flexural strengths of 

nano-TiO2 incorporated (1% replacement of cement) concrete was found to be increased by 18%, 

67% and 25%repectively, and water absorptio n reduced by 3.68% as compared to control 

concrete. Though, cement may be replaced by nano- TiO2 up to 2% with improved performance 

[188–190]. The 28 days flexural strength was enhanced by 4.52%, 8%, 8.26%, and 6.71% with 

the addition of 0.1%, 0.5%, 1.0%, and 1.5% nano-TiO2 respectively [191]. The addition of nano-

TiO2 (up to 4%) could mitigate the harmful effects of superplasticizer; consequently improve the 

flexural strength and microstructure of self-compacting concrete [192]. The mechanical and 

durability properties of high performance concrete (HPC) were found to be significantly improved 

with the addition of 1% nano-TiO2 and 30% Fly ash [193]. The incorporation of nano-TiO2 (up to 

3%), improved the mechanical and durability properties of ground granulated blast furnace slag 

based concrete [194]. The addition of 5% nano-TiO2, 
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significantly influenced the 28-days compressive strength (about +13%), electrical resistivity 

(about +257%), water absorption (about -11%) and chloride permeability (about -58%) of self-

compacting mortar containing 25% fly ash [195]. The optimum contents of nano-TiO2 and Fly 

ash was found to be 3% and 20%, respectively [196]. The inclusion of nano-TiO2 was observed 

to be improved the compressive strength and carbonation resistance as well as decreased the 

drying shrinkage and carbonation depth of fluidized bed fly ash based geopolymer paste [197]. 

The mechanical and durability properties of the composite was found to be considerably 

improved with the binder proportion of sulphate resisting cement (80.75%), micro-silica (14.25%) 

and nano-TiO2 (5.00%) [198]; Portland cement (80%), rice husk ash (15%) and nano-TiO2 (5%) 

[199]. 

 

As far as fresh properties of cementitious composites are concerned, it was found that the addition 

of nano-TiO2 substantially reduced the setting time of cementitious composite [198, 200]. The 

nano-TiO2 blended cementitious composite showed low slump value and consequently non-

acceptable workability. The fluidity of mortar was found to be reduced by 40% when 10% cement 

was replaced by nano-TiO2 [200]. Moreover, the studies related to rheological behaviour of the 

cementitious composite revealed that the addition of nano-TiO2 increased the torque and yield 

stress significantly but reduced the spread diameter on the flow table. However, such behaviour 

was found mainly in the mix with higher content of nano-TiO2, where the concentration of 

superplasticizer may be insufficient to diminish the van der Waals forces between the 

nanoparticles [201, 202]. 

 

2.4.3 Carbon Nanotubes (CNTs) 
 

Carbon nanotubes are allotropes of carbon with a cylindrical- tubular geometry of diameter that 

ranges from 1 to 100nm and lengths up to a few mm. They can have single layer of graphene 

rolled in a cylindrical shape, called as single wall carbon nanotube (SWCNT) or more than one 

layer, termed as multi wall carbon nanotube (MWCNT). They have unique electrical, thermal 

and mechanical properties because of their geometry and covalent sp2 bonds formed between 

the individual carbon atoms. For instance, the strength of CNT is 100 times more, Young’s 

modulus is 5 times more and weight is 6 times lighter than steel. They are the strongest and stiffest 

material known to date and therefore hold great promise for reinforcing cement-based composites 

[203]. 
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The setting time and workability of cementitious composites was found to be reduced 

significantly with the addition of CNTs [204]. This may be because of large surface area to 

volume ratio and highly attractive van der Waals forces between CNTs that tend to agglomerates 

in the cementitious composite. Moreover, agglomeration of CNTs induces local stress 

concentrations within the matrix leading to lower strength [205]. Therefore, almost all the 

researchers have recommended that the some dispersion agents / surfactants (such as magnetic 

stirring, ultrasonication, air entraining agent, polycarboxylates, calcium naphthalene sulfonate, 

styrene butadiene rubber, lignosulfonate formulations etc.) must be used in order to produce an 

excellent CNT-cement nanocomposite. 

 

As far as mechanical and durability properties are concerned, enhancement of about 27% in 

compressive strength and 45% in splitting-tensile strength was observed after 28 days for 0.045% 

of MWCNT addition [206]. The compressive and Flexural strengths enhanced up to 19% and 7% 

with 0.1% of SWCNT after 28 days and 23% and 17% after 56 days [207]. An enhancement in 28 

days compressive and flexural strength was found to be 23.4% and 21.1% respectively for 0.3% of 

MWCNT [208]. The improvement in 28 days compressive and tensile strengths were found to be 

15% and 36% for 0.5% MWCNT content, however the strength decreases for more than 0.5% 

MWCNT content [209]. The 28 days compressive and flexural strength of microencapsulated phase-

change materials (MPCM) incorporated cement paste were found to be 5% and 41% for 0.25% and 

0.05% of MWCNT content respectively [210]. The 28 days density of 1% MWCNT incorporated 

mortar was found to be more than 2.6% as compared to plain mortar [211]. The total porosity of 

0.5% MWNT incorporated mortar was found to be about 64% lower than plain cement mortar 

[212]. The total porosity of paste was reduced by 2% and 4% for 0.5% and 1% MWCNT content 

respectively as compared to reference paste [213]. The water absorption of concrete incorporated 

with 0.045% of MWCNT was found to be decreased by 17.76% [206]. 

 

2.4.4 Iron Oxide (Fe2O3 and Fe3O4) 
 

Fe2O3 (Hematite) and Fe3O4 (Magnetite) are the minerals of iron metal, widely spread in the 

nature that made the iron metal one of most abundant and cheapest of all metals. These minerals 

have been used in the various industries like steel, iron, paint, medical, cosmetic, water treatment 

etc. 
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The setting time and workability of cementitious composites was found to be decreased with the 

addition of nano-Fe2O3 [214, 215]. On the contrary, it was found that the addition of nano-Fe3O4 

did not showed any adverse effect on the workability of blended mix. This may be due to high 

hydrophobic nature and non-porous structure of nano-Fe3O4 [216]. 

 

It has been observed that the 7 days compressive strength of composite containing 3%, 5% 

and 10% of nano-Fe2O3 was found to be enhanced by 22.7%, 16.7% and 20% respectively; and 

for 28 days compressive strength these enhancement level turn out to be 26%, 14.5% and 3.7% 

respectively. However, the 28 days flexural strength of composite containing 3% and 5% of nano-

Fe2O3 was found to be improved by 17.76% and 23.26% respectively [217]. In other study, the 

compressive strength of nano-Fe2O3 incorporated (up to 2% replacement of cement) concrete 

samples was found to be higher than the plain concrete. However, at the optimal replacement 

level (1%), the compressive strength was observed to be increased by 14.28%, 15.48% and 8.98% 

for 7 days, 28 days and 90 days respectively [215]. Similarly, the split tensile 

strength was found to be improved by 66.67%, 55.56% and 39.13% for 7 days, 28 days and 90 

days; the flexural strength was observed to be enhanced by 28.57%, 18.18% and 27.66% for 7 

days, 28 days and 90 days [214]. In a similar investigation on self-compacting concrete 

containing nano-Fe2O3, it has been observed that the cement could be replaced with nano-Fe2O3 

up to 5.0%, though, the optimal level of replacement was found to be 4%. At the optimal level, 

the 28 days compressive, split tensile and flexural strength was found to be increased by 71.83%, 

93.75% and 76.19% respectively. The 28 days water absorption and total specific pore volume 

was decreased by 73.77% and 10.52% respectively [218]. In one such research, it was observed 

that the 7 days compressive strength mortar containing 1%, 3% and 5% nano-Fe2O3 was found to 

be changed by +56.44%, +74% and -9.7% respectively; likewise tensile strength has found to be 

altered by +34.43%, +49% and -17.22% respectively [219]. The compressive strength of nano-

Fe2O3 blended mortar at early age (3 and 7 days) was found to be reduced or comparable to the 

reference mortar, however, at the later ages (after 28 days), the strength increased significantly. 

In addition, the compressive strength was found to be increases with increasing the content of 

nano-Fe2O3 while the capillary permeability coefficient decreases; and the optimum quantity of 

nano-Fe2O3 to be included into the cementitious mortar was found to be 0.5% [220]. 
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2.4.5 Copper Oxide (CuO) 

 

Cupric oxide is an inorganic mineral known as tenorite. Recently, nano-CuO has been identified 

as a performance improver in the cement and concrete. It has been observed that the addition of 

nano-CuO increased the hydration reaction of cement because of their high free energy, which 

indicates rapid formation of C-S-H gel and consequently shorten the setting time of cement paste 

[221]. 

The compressive strength of self-compacting mortar specimens containing 1 to 5% nano-CuO 

were found to be higher than the plain mortar and the specimen containing 3% nano-CuO showed 

the highest compressive strength at all the ages. In addition, the capillary permeability and water 

absorption of specimens containing nano-CuO were found to be lower than the plain mortar and 

were found to be reduced by 60% and 9% for the specimen containing 3% nano-CuO relative to 

control specimen respectively. Moreover, the addition of nano-CuO increased the electrical 

resistivity and decreased the chloride permeability of mortar. The specimen containing 4% nano- 

CuO showed 275% enhancement in electrical resistivity and 44% reduction in chloride 

permeability relative to control specimen [221]. In a similar investigation, the addition of 1 to 5% 

nano-CuO in the self-compacting concrete, enhanced the mechanical strengths and reduced the 

porosity. The specimen containing 4% nano- CuO showed the highest compressive and split 

tensile strength at all the ages [222, 223]. In another study, resistance to water permeability, 

compressive, split tensile and flexural strength of self-compacting concrete specimens with 45% 

ground granulated blast furnace slag and nano-CuO (1 to 4%) were observed to be higher than 

the control specimen at all the ages. However, the specimen with 3% nano-CuO showed the 

highest strength and resistance to water permeability at all the ages [224]. In a similar study, the 

self-compacting concrete specimen containing 25% fly ash and 3% nano-CuO showed the highest 

compressive strength at all the ages and lowest water absorption. The specimen containing 25% 

fly ash and 4% nano-CuO showed highest electrical resistivity and lowest chloride permeability 

[225]. In another study, it was observed that the concrete specimens containing nano-CuO (0.5-

2%) and cured in water or saturated limewater showed higher compressive strength compared to 

plain concrete specimen, though highest improvement in strength was found for the specimen 

with 1% nano-CuO cured in water and 2% nano-CuO cured in limewater at all the ages. In 

addition, the abrasion resistance of all specimens increases with increasing the amount of nano-

CuO in both curing media [226]. 
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2.4.6 Calcium Carbonate (CaCO3) 
 

Calcium carbonate is an inorganic compound, comprises more than 4% of the earth's crust and 

occurs in the nature mostly in the form of chalk, limestone and marble. It has been used in various 

industries, for example medicine (such as antacid and calcium supplement), construction and 

manufacturing (such as limestone and marble) [227]. Recently, the use of nano-CaCO3 is 

increasing continuously in the biological and chemical industries because of their unique 

properties. 

 
It has been observed that the setting time of cement decreases with increasing the nano-CaCO3 

content. However, the accelerating effect of nano-CaCO3 can be reduced by the use of some 

supplementary cementitious materials together with nano-CaCO3 

[228] [229]. In addition, the workability of nano-CaCO3 blended cementitious composite was 

found to be lower as compared to reference composite. This is due to the higher surface areas of 

nano-CaCO3 that absorb more water and reducing the amount of lubricating water. However, the 

workability can be improved by the use some super-plasticizers, fly ash and silica fume together 

with nano-CaCO3 [229–231]. 

 

With regard to mechanical and durability properties of nano-CaCO3 blended cementitious 

composites, the 7 days and 28 days compressive strength of mortar containing 1% nano-CaCO3 

were found to be enhanced by 20% and 17% respectively. However, negative effects have been 

observed on increasing the percentages of nano-CaCO3. Similarly, the compressive strength of 

concrete containing 1% and 2% nano-CaCO3 were observed to be higher than the reference 

concrete at all ages. Moreover, the mix containing 1% nano-CaCO3, reduced the rate of water 

absorption by 19%, decreased the volume of permeable voids by 46%, improved the chloride 

penetration resistance by 20% [230]. In a similar study, it was observed that the flexural and 

compressive strengths of ultra-high performance concrete (UHPC) increases with increasing the 

amount of nano-CaCO3 up to 1.5% and thereafter decreases, however optimal amount of nano-

CaCO3 was reported to be 3%, when added together with 1% nanosilica [231]. In another study, 

optimal content of nano-CaCO3 as a partial replacement of cement was reported to be 1% [229]. 

The 28-days compressive strength of UHPC incorporating 5% nano-CaCO3 was found to be 

enhanced by 23.7% compared to reference concrete[232]. In a similar study, it has been observed 

that nano-CaCO3 (up to 4.8%) can be added as a partial replacement of cement into the ultra-high 

strength concrete (UHSC) with enhanced mechanical and durability performance[233]. 



68 

             © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-
3315 

 

2.4.7 Aluminium Oxide (Al 2O3) 
 

Aluminium is one of the most abundant metals in the earth’s crust (about 8%) and is extracted 

chiefly from the bauxite (consists about 45-60% aluminium oxide) [234, 235]. Over 90% of the 

Al2O3 is used in the manufacture of aluminium and the rest is used in various industrial and 

pharmaceutical manufacturing processes due to its inertness, hardness and temperature resistance 

[236]. Although, recently few researchers have studied the effectiveness of nano-Al2O3 for 

improving the characteristics of cementitious composites. 

 
The setting time of cementitious composite was found to be decreasing with increasing the 

amount of nano-Al2O3 [237]. In addition, the cementitious composite containing nano-Al2O3 

showed lower slump values (almost non-acceptable workability at higher dosages) compared 

to control specimen [238, 239]. 

 

With regard to mechanical and durability properties of nano-Al2O3 incorporated cementitious 

composites, mortar containing 0.5-2% nano-Al2O3 showed higher split tensile, flexural and 

compressive strength than the control mortar at all the ages. Though, maximum strength of mortar 

is achieved with 1% nano-Al2O3 content [237, 238]. In a similar investigation, concrete 

containing 0.5-2% nano-Al2O3 cured in lime water as well as saturated lime water, increased the 

hydration reaction, reduced water absorption and porosity; also showed higher strength compared 

to plain concrete at a ll the ages [239]. In another study, the compressive strength of mortars 

containing 3%, 5%, 7% nano-Al2O3 were found to be slightly higher than plain mortars at the age 

of 3 and 7 days. Also, with the increase of nano-Al2O3 content, modulus of elasticity of mortars 

improved correspondingly, for instance the maximum enhancement was found for the specimen 

containing 5% nano-Al2O3, which was 54%, 141% and 143% higher than plain specimen at the 

age of 3, 7 and 28 days respectively [240]. 

 

2.4.8 Zirconium Dioxide (ZrO2) 

 

Few studies are reported on the application of nano-ZrO2 in cementitious composite. The addition 

of nano-ZrO2 (up to 2.0% by weight of cement) increased the mechanical strength but decreased 

the setting time and workability of cementitious composites. The maximum enhancement in 

mechanical strength was found at 1% nano-ZrO2 content. The compressive, flexural and split 

tensile strength of concrete was increased by 18.5%, 31.8% and 83.3% respectively, at 1% nano-

ZrO2 content compared to control concrete [241–243]. 
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2.4.9 Zinc Peroxide (ZnO2) 

 

Very few investigations are available on the use of nano-ZnO2 for influencing the properties of 

cementitious composite. The results of a study revealed that nano-ZnO2 as a partial replacement 

of cement up to 4% are able to improve the flexural strength and pore structure of self-compacting 

concrete and recover the negative effects of polycarboxylate superplasticizer [244]. The results 

of another research exhibited that the cement could be advantageously replaced with nano-ZnO2 

particles up to maximum limit of 2%. The maximum enhancement in compressive, flexural and 

split tensile strength of concrete was found as 6.3%, 15.9% and 55.6% at 1% nano-ZnO2 content 

compared to control concrete [245]. 

 

2.4.10 Chromium Oxide (Cr2O3) 

 

The investigation related to the utilization of nano-Cr2O3 for influencing the properties of 

cementitious composites are very less. It was found that the nano-Cr2O3 as a partial replacement 

of cement up to 2% could improve the properties of concrete. Also, it has been found that the 

concrete cured in saturated lime water (LW) produced higher mechanical strength and durability 

properties compared to those cured in tap water (W) at all the ages. This may be due to the 

formation of excessive strengthening gel in the presence of saturated limewater. The optimal level 

of cement replacement with nano-Cr2O3 was found to be 2% and 1% for the specimens cured in 

saturated limewater and water respectively [246, 247]. 
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CHAPTER 3 
 

MATERIAL CHARACTERISTICS 

3.1 General 

 
Steel reinforced concrete is essentially composed of cement, fine aggregate, coarse aggregate, 

water, and steel. A good concrete shows excellent performance in the fresh as well as hardened 

condition. In the fresh condition, the concrete must offer good workability. In the hardened 

condition, it should offer adequate mechanical strength and durability properties (such as 

impermeability, resistance to abrasion, impact and chemical attacks etc.). To make concrete of 

desired quality, it is essential to investigate the basic properties of constituent materials (such as 

cement, aggregates, water and admixtures). In case of steel reinforced concrete, it is necessary to 

examine the mechanical properties and chemical composition of steel. Because these information 

are needed for designing the steel reinforced concrete structures and studying the corrosion 

behavior of steel. Therefore, basic properties of constituent materials have been reported in the 

subsequent section. 

3.2 Cement 
 
In this study, ordinary Portland cement (OPC) of 43 grade (Manufacturer: Bangur Cement 

Limited) has been used that confirms to Bureau of Indian Standards (BIS), and it was obtained 

from a single local source. The following tests in accordance with Indian Standard (IS) were 

conducted to obtain the properties of OPC. 

 

3.2.1 Standard Consistency 

 

Standard consistency was calculated as the quantity of water needed to produce a cement paste to 

resist a specified pressure. In other words, standard consistency is that amount of water at which 

the Vicat plunger (10 mm diameter and 50 mm length) penetrates to a depth of 5-7 mm from 

bottom of the mould. The consistency test has been carried out using Vicat apparatus according 

to IS : 4031(Part 4)-1988 [1]. Table 

3.1 presents the observations of consistency test. The consistency of OPC was found to be 33%. 
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Table 3.1 Consistency of OPC 
 

Trial 

No. 

Weight of OPC 

(gm) 

Water 

(ml) 

Water 

(%) 

Needle Penetration 

(from bottom of mould in mm) 

1 400 112 28 38 

2 400 120 30 32 

3 400 128 32 9 

4 400 132 33 6 

 

 

3.2.2 Setting Times 
 

Setting time is estimated as the time consumed by cement paste to attain a hardened state. The 

initial setting time (IST) is the time elapsed since the addition of water to the cement up to the 

time at which the needle (1mm diameter) can not penetrate 5 to 7 mm from the bottom of the Vicat 

mould. The final setting time (FST) is the time elapsed since the addition of water to the ce ment 

up to the time at which the needle with annular collar can only make an impression on the hard 

cement surface. The setting time measurements of OPC were carried out using Vicat apparatus in 

accordance with IS: 4031(Part 5)-1988 [2]. The IST and FST was found to be 86 and 221 minutes 

respectively. Though, the IS: 4031 recommended that the IST should be more than 30 minutes 

and FST should be less than 600 minutes. 

 

3.2.3 Compressive Strength 

 

Compressive strength test is carried out in order to find out the quality and type of cement, 

according to its strength results after 3 days, 7 days and 28 days, of curing. Compressive strength 

of OPC was determined by means of conducting compressive strength test on OPC-sand mortar. 

Standard sand as per IS: 650-1991 was used for the preparation of cement mortar [3]. The size of 

mortar cubes was 70.6mm × 70.6mm × 70.6mm as per IS: 4031(Part 6)-1988 [4]. The average 

compressive strength of three cubes is reported in Table 3.2. 
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Table 3.2 Compressive strength of cement 
 

Curing Period 

(days) 

Compressive Strength 

(MPa) 

Recommended Strength 

(MPa) 

3 23.3 23 

7 33.4 33 

28 43.7 43 

 

 
3.2.4 Microstructural and mineralogical Analysis 
 

The particle shape, chemical /elemental and mineralogical composition of OPC have been 

determined by scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy 

(EDX) and, X-ray diffractometer (XRD) techniques respectively [5–7]. Moreover, the SEM and 

EDX analysis were carried out using JSM-6510LV (JEOL) 

microscope as shown in Fig 3.1. The XRD measurement was carried out using Bruker X-ray D8 

Advance diffractometer with Cu-Kα (λ = 1.54187 Å ) radiation at room temperature, as shown in 

Fig. 3.2. 

 

Figure 3.1 Scanning electron microscope 
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Figure 3.2 X-ray Diffractometer 

 
The particle shape and size of OPC is shown in SEM micrograph (Fig. 3.3). It can be seen that 

OPC particles have rough surfaces and irregular shapes and sizes. This suggests that there are 

probabilities of infilling the spaces amongst OPC particles using some finer particles. This 

possibly will lead to improvement in the microstructural properties of OPC. Moreover, the 

elemental composition of OPC is shown in Fig. 3.4. 

The XRD pattern of OPC is quite complex as shown in Fig. 3.5. Therefore, it is very difficult to 

identify the polymorphs of cement due to overlapping of large peaks and coexistence of 

polymorphs. However, the XRD pattern exhibits good agreement with other investigations [8–

14]. Indeed, the chief components of OPC are tricalcium silicate (C3S), dicalcium silicate (C2S), 

tricalcium aluminate (C3A) and calcium aluminoferrite (C4AF). The C3S and C2S phases constitute 

about 50-70% and 20-30% of OPC, respectively. Thus, the most prominent peaks in the XRD 

pattern are obviously those of C3S or C2S at 2θ of 29.5°, 32.5°, 33.5°, 41.5°, 52°, 62.5°; and C3A 

or C4AF can be identified at 2θ of 38.5°, 56°, 60°. 
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Figure 3.3 SEM micrograph of unhydrated OPC 
 
 
 
 
 
 

 

Figure 3.4 EDX spectrum and EDX analysis results of unhydrated OPC 
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Figure 3.5 XRD pattern of unhydrated OPC 

 
3.3 Fine Aggregate 
 

Locally available fine aggregate (coarse sand) has been used in this study for making all the test 

specimens. Its properties as determined in the laboratory investigation according to Indian 

Standard specifications and are presented in Table 3.3. Moreover, Table 3.4 shows the observation 

of sieve analysis and Fig. 3.6 shows its particle size distribution curve. The aggregates conforms 

to Grading Zone II according to IS: 383- 1970 [15–17]. 

 

Table 3.3 Properties of fine aggregate 
 

Properties Observed Values Standard Value 

Specific Gravity 2.535 2.5–2.8 

Water Absorption (%) 0.80 1.0–2.0 

Silt Content (%) 3.92 < 5 

Bulking (%) 13.64 – 

Loose Density (kN/m3) 13.57 – 

Compacted Density (kN/m3) 15.72 – 

Fineness Modulus 2.65 2.6–2.9 
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Table 3.4 Sieve analysis data of fine aggregate 
 

IS Sieve 

Size (mm) 

Weight 

Retained (g) 

Weight 

Retained (%) 

Cumulative % 

Wt. Retained 

Cumulative % 

Wt. Passing 

4.75 0.00 0.00 0.00 100.00 

2.36 90.0 4.50 4.50 95.50 

1.18 320.0 16.00 20.50 79.50 

0.60 660.0 33.00 53.50 46.50 

0.30 700.0 35.00 88.50 11.50 

0.15 200.0 10.00 98.50 1.50 

Pan 30.00 1.50 – – 

Total 2000.00  265.5  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.6 Particle size distribution curve of fine aggregate 

 
3.4 Coarse Aggregate 
 
The locally available crushed quartzite aggregate was used as coarse aggregate. It must conform 

to certain standards for optimum engineering use, for example, it should be clean, hard, strong, 

durable and free from absorbed chemicals. Because the gradation of aggregates affects both fresh 

and hardened concretes. Therefore, sieve analysis was carried out as per IS specification as shown 

in Table 3.5. In addition, some laboratory tests were conducted in order to find out the physical 

properties of coarse aggregate as presented in Table 3.6 [15–17]. 
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Table 3.5 Sieve analysis data of coarse aggregate 
 

IS Sieve 

Size (mm) 

Weight 

Retained (kg) 

Cumulative 

Wt. Retained 
(kg) 

Cumulative Wt. 

% 
Retained 

Cumulative 

Wt. % 
Passing 

12.5 0.000 0.000 0.00 100.00 

10 1.147 1.147 22.94 77.06 

4.75 2.628 3.775 75.50 24.50 

2.36 1.131 4.906 98.12 1.88 

1.18 0.094 5.000 100 0.000 

0.60 0.000 5.000 100 0.000 

0.30 0.000 5.000 100 0.000 

0.15 0.000 5.000 100 0.000 

Total 5.000 - 596.56 - 

 
 

Table 3.6 Properties of coarse aggregate 
 

Properties Observed Value Standard Value 

Fineness modulus 5.97 6.0 – 8.5 

Dry rodded density (kN/m3) 15.87 – 

Water absorption (%) 0.75 Not more than 3 

Specific gravity 2.72 2.6 – 2.8 

Crushing value (%) 12.86 Not more than 45 

Impact value (%) 20.2 Not more than 45 

 

 
3.5 Exposure Mediums 
 

Tap water was used as mixing water for casting and curing of all the specimens up to 28 days. 

However, two more exposure medium was selected in order to evaluate the different properties of 

cementitious composite under aggressive environment. One of them was saline water consisting 

3.5% sodium chloride (NaCl) that simulates the marine environmental condition[18,19]. The 

other one was acidic water containing 1% sulphuric acid (H2SO4) that simulates the industrial area 

and sewer environmental condition [20–24]. Both sodium chloride (Minimum assay of 99.5%) 

and sulphuric acid (Minimum assay of 98.0%) were obtained from Thomas Baker (Chemicals) 

Pvt. Ltd., Mumbai. Moreover, the pH of tap water, saline water and acidic water was determined 

as 7.11, 7.27 and 1.12 respectively. 
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3.6 Chemical Corrosion Inhibitors 
 
Several inorganic (Nitrites, Benzoates, Chromates, Phosphates, Silicate etc.) and organic (Amines, 

Alkanolamines etc.) chemicals have been used as a corrosion inhibitor for steel rebar. However, 

in this study, two chemical corrosion inhibitors i.e. one from inorganic group viz. calcium nitrite 

and other from organic group namely ethanolamine have been used. 

 

3.6.1 Calcium Nitrite 

 

In the early 1970s, calcium nitrite (Ca(NO2)2) has been identified as one of the best inorganic 

chemical corrosion inhibitor admixture and is commercialized on a large scale for protecting the 

reinforced concrete structure. It is recognized as an anodic inhibitor, because it competes with Cl 

̶  io ns for the Fe+2  ions at the anodic area of steel reinforcement to form a layer of ferric oxide 

(Fe2O3) as shown below [25,26]: 

2Fe+2 + 2OH ̶  + 2NO2 
̶   →  2NO + Fe2O3 + H2O  3.1 

Fe+2 + OH ̶  + NO2 
̶   →  NO↑ + γ-FeOOH  3.2 

These reactions occur more rapidly than the chloride ion reactions with ferrous ions. Accordingly, 

nitrite ions support the development of a stable inert film (γ-FeOOH) even in the presence of Cl ̶  

io ns. However, complete protection mainly depends on the concentration of aggressive ions, and 

severe pitting corrosion may happen when inadequate quantity of nitrite is used [27]. Moreover, 

the calcium nitrite with minimum assay of 98.0% was used in this investigation. The SEM and 

EDX analysis of calcium nitrite was conducted and their respective plots can be seen in Fig. 3.7 

and Fig. 3.8. The XRD analysis of calcium nitrite was also carried out in the range of 2θ = 10°–

80° as shown in Fig. 3.9. The XRD pattern shows various overlapping and some broad peak at 

about 24.5°, 29.8°, 32.4°, 47.1° and 73.5°. Furthermore, density and melting point of calcium 

nitrite as provided by the supplier was 2.26 g/cm3 and 390°C respectively. It has also been 

observed that the calcium nitrite is highly soluble in water. 
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Figure 3.7 SEM micrograph of calcium nitrite 
 
 
 
 
 

 

Figure 3.8 EDX spectrum and EDX analysis results of calcium nitrite 
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3.6.2 Ethanolamin

e 

Figure 3.9 XRD pattern of calcium nitrite 

 

During the 1990s, several organic compounds were identified as corrosion inhibitors for steel 

reinforced concrete structure. One of them is ethanolamine (H2N–CH2–CH2– OH) that can form a 

film on the surface of steel, which fully cover the anodic as well as cathodic zones and thus it acts 

as a mixed type inhibitors [28–30]. In addition, ethanolamine may increase the corrosion resistance 

of steel by attacking cathodic action, blocking  zones where  oxygen picks up  e ̶ and  is reduced 

to O H ̶  io n [31, 32]. The ethanolamine used in this study was obtained from local chemical 

supplier. The properties of ethanolamine as provided by the supplier are presented in Table 3.7. 

The XRD analysis of ethanolamine was conducted in the range of 2θ = 10°–80° as shown in Fig. 

3.10. The XRD pattern shows one broad peak in between 20°–25°. 
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Table 3.7 Properties of ethanolamine 
 

Property Value 

Minimum Assay (Acidimetric) 99.0% 

Molar Mass 61.1 g/mol 

Appearance Viscous colourless liquid 

Odour Unpleasant 

Density 1.01 g/cm3 

Freezing Point 9.0–10.5 °C 

Boiling Point 170 °C 

Solubility in Water Miscible 

 
 
 

Figure 3.10 XRD pattern of ethanolamine 

 
3.7 Nano-Admixtures 
 

Recently, several nanomaterials such as SiO2, TiO2, CNTs, Fe2O3, CuO, ZrO2, ZnO2, Al2O3, 

CaCO3, etc. have been identified as a potential admixture for cementitious composite [33]. 

However, the comprehensive recommendations have still not made regarding the utilization of 

these nanomaterials in day-to-day construction practice. 
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This is because of numerous contradictions related to the use of these materials, such as its 

appropriate quantity, suitable dispersion agents, cost-effectiveness, environmental and health risk 

associated problems. Nevertheless, in this investigation, nano-TiO2 and nano-SiO2 have been used 

to evaluate their effectiveness in improving the physical and corrosion resistance properties of the 

cementitious composite. 

 

3.7.1 Nano-TiO2 
 

Nano-TiO2 has gained significant attention in the construction industry due to its small particle 

size and high reactivity. It can be used advantageously as an admixture in cementitious composite 

[34, 35]. The microstructural, chemical and mineralogical properties of nano-TiO2 used in this 

investigation were determined by means of SEM, EDX and XRD analysis. The plots of SEM and 

EDX are shown in Fig. 3.11 and Fig. 3.12, respectively. The average particle size of nano-TiO2 

was observed to be 30nm. The XRD analysis of nano-TiO2 was carried out in the range of 2θ = 

10°–80° as shown in Fig. 3.13. The XRD pattern indicated seven distinct diffraction peaks at about 

25.4°, 35.8°, 40.9°, 54.4°, 56.8°, 62.5° and 69.1° that confirms the crystalline nature of TiO2 

nanoparticles. Comparable results have been reported in the earlier research study [36, 37]. 

 

Figure 3.11 SEM micrograph of nano-TiO2 
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Figure 3.12 EDX spectrum and EDX analysis results of nano-TiO2 

 
 
 
 

Figure 3.13 XRD pattern of nano-TiO2 
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3.7.2 Nano-SiO2 
 

After recognizing the silica fume (a by-product of silicon and ferrosilicon alloys) or microsilica as 

a potential admixture for enhancing the properties of cementitious composite. Recently, significant 

advantages of nano-SiO2 as compared to silica fume have been reported. The addition of nano-

SiO2 in cementitious composite may increase compressive strength, tensile strength and abrasion 

resistance compared to the reference composite. This may occur due to the closed packing 

achieved in the cement paste system that reduces the overall porosity and improves the interfacial 

transition zone of composite. The reduction in porosity obviously will produce more durable and 

chemical resistant composite [38]. The microstructural, chemical and mineralogical properties of 

nano-SiO2 used in this study were determined through SEM, EDX and XRD analysis. The images 

of SEM and EDX can be seen in Fig. 3.14 and Fig. 3.15, respectively. The average particle size of 

nano-SiO2 was observed to be 15nm.The XRD analysis of nano-SiO2 in the range of 2θ = 10°–80° 

was conducted as shown in Fig. 3.16. The XRD pattern reveals that the SiO2 nanoparticles are 

primarily amorphous in nature having the low intensity broad peak in the range of 20° –30°. 

Similar results have been reported in the earlier research works [39, 40]. 

 

Figure 3.14 SEM micrograph of nano-SiO2 
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Figure 3.15 EDX spectrum and EDX analysis results of nano-SiO2 

 

 

Figure 3.16 XRD pattern of nano-SiO2 

 
3.8 Mild Steel 
 
In this study, mild steel bar has been used. Its surface and chemical properties was determined 

through SEM and EDX examination. The SEM image of steel is shown in Fig. 3.17 and the 

corresponding EDX spectra and its results are shown in Fig. 3.18. 
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The mechanical properties of steel were determined by means of direct tension test using universal 

testing machine according to IS: 1521-1971[41]. Table 3.8 presents the mechanical properties of 

steel. 

 

Figure 3.17 SEM micrograph of mild steel 
 
 
 

Figure 3.18 EDX spectrum and EDX analysis results of mild steel 
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Table 3.8 Mechanical properties of mild steel 
 

Steel dimeter 

(mm) 

Yield stress 

(N/mm2) 

Ultimate stress 

(N/mm2) 

Elongation 

(%) 

3 254 412 26.3 

5 252 418 25.5 

 

 
3.9 Concluding Remarks 
 

In this chapter, an attempt has been made to examine the basic physical and chemical properties 

of materials used in this investigation. The standard consistency, compressive strength, 

microstructural and mineralogical properties of cement were determined and verified that the 

cement is OPC 43 grade and contains basic elements and minerals. The particle shape and size of 

cement suggests that there are possibilities of infilling the spaces between cement particles using 

some finer particles. The various properties such as specific gravity, water absorption, density, 

fineness modulus etc. of both fine as well as coarse aggregate were determined and found within 

the range of standard value. The pH of three exposure mediums (tap water, 3.5% NaCl and 1% 

H2SO4) has been determined. The various properties of calcium nitrite and ethanolamine have 

been reported as provided by the supplier. The average particle size of nano-TiO2 and nano-SiO2 

as provided by supplier was 30nm and 15nm respectively. In addition, the SEM analysis confirmed 

that the both nano- TiO2 and nano-SiO2 have very small particle sizes. But, it can be also seen that 

the particle size of nano-TiO2 is bigger than that of nano-SiO2. The EDX analysis verified that 

both nanoparticles are free from any other ingredients. The XRD analysis showed that nano- TiO2 

are crystalline while nano-SiO2 are amorphous. Moreover, the chemical analysis of steel exhibited 

the presence of all basic elements. The steel can be considered as mild steel through its 

mechanical properties. 





113 

            © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-
3315 

 

CHAPTER 4 

 
EFFECT OF CHEMICAL CORROSION INHIBITORS AND 

NANO-ADMIXTURES ON THE PROPERTIES OF 

CEMENTITIOUS COMPOSITES 

4.1 General 
 

Many degradations have been reported for cementitious composite structures exposed to acidic 

as well as saline environments [1–3]. These environments are very aggressive owing to the 

presence of high sulphate and chloride ions concentrations. These ions are very damaging for the 

durability of structures. This is primarily because of the chemical reactions between hydration 

products of cement and these aggressive ions. However, the chloride ions generally cause 

corrosion of steel reinforcement,  which  is  mainly  caused  by the diffusion of  free  Cl ̶  ions  in 

the  pore water to the steel surface[4]. On the other hand, sulphate ions in the pore water can react 

with calcium hydroxide (A hydration product of cement) to form gypsum. Then, the gypsum 

further reacts with hydrated calcium aluminate to form ettringite. The ettringite has a large 

expansion property and thus, this may produce expansion and cracking in hardened cementitious 

composites. Therefore, different types of chemicals (such as nitrites, chromates, alkanolamine 

etc.) and minerals (such as fly ash, silica fume, slag etc.) admixtures have been considered to be 

added to the cementitious composites in order to enhance its corrosion resistance and chemical 

resistance properties. However, in this study two types of chemical admixtures viz. calcium nitrite 

and ethanolamine; and two novel mineral admixtures viz. titania nanoparticles (nano- TiO2) and 

silica nanoparticles (nano-SiO2) have been used. The effects of these admixtures on the properties 

of cementitious composite under different environments (such as tap water, saline solution and 

sulphuric acid solution) are reported in this chapter. 

 

4.2 Effect on the Properties of Cement 
 
Standard consistency, initial setting time (IST), final setting time (FST) and compressive strength 

tests were conducted on cement admixed with calcium nitrite, 
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ethanolamine, nano-TiO2 and nano-SiO2. Microstructural, chemical and mineralogical analysis 

were also carried out. The investigation scheme and outcomes of these tests are discussed in the 

subsequent sections. 

 

4.2.1 Standard Consistency and Setting Time 
 

The effect of calcium nitrite (CN), ethanolamine (EA), nano-TiO2 (NT) and nano- SiO2 (NS) 

admixtures on the standard consistency (P) of ordinary Portland cement (OPC) was determined 

using Vicat’s apparatus in accordance with IS: 4031 (Part 4 & 5) [5, 6]. The dosage of each 

admixture was taken as 1%, 3% and 5% by weight of OPC. However, nano- TiO2 and nano-SiO2 

were added as a replacement of the OPC. Before mixing the admixtures into the cement, they had 

been mixed thoroughly in the mixing water. In order to achieve proper dispersion of nano-TiO2 

and nano-SiO2 particles, they were taken in a beaker containing mixing water and were stirred for 

10 minutes through magnetic stirrer as shown in Fig. 4.1. The test results of standard consistency 

and setting times are given in Table 4.1. 

 

Figure 4.1 Dispersion of nanoparticles through magnetic stirrer 
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Table 4.1 Results of standard consistency and setting time test 
 

Mix 

Designation 

P 

(%) 

% 

Change 

IST 

(min) 

% 

Change 

FST 

(min) 

% 

Change 

OPC (X0 or Control) 33.0 - 86 - 221 0.0 

OPC + 1% CN (CN1) 32.5 -1.5 83 -3.5 218 -1.4 

OPC + 3% CN (CN3) 32.0 -3.0 76 -11.6 212 -4.1 

OPC + 5% CN (CN5) 31.0 -6.1 70 -18.6 208 -5.9 

OPC + 1% EA (EA1) 32.0 -3.0 90 +4.7 227 +2.7 

OPC + 3% EA (EA3) 31.5 -4.5 93 +8.1 235 +6.3 

OPC + 5% EA (EA5) 30.0 -9.1 98 +13.9 244 +10.4 

OPC + 1% NT (NT1) 34.0 +3.0 80 -6.8 213 -3.6 

OPC + 3% NT (NT3) 34.5 +4.5 71 -17.4 206 -6.8 

OPC + 5% NT (NT5) 35.5 +7.6 66 -23.3 193 -12.7 

OPC + 1% NS (NS1) 34.5 +4.5 78 -9.3 209 -5.4 

OPC + 3% NS (NS3) 36.0 +9.1 69 -19.8 201 -9.0 

OPC + 5%NS (NS5) 38.0 +15.2 62 -27.9 186 -15.8 

 

 
4.2.2 Compressive Strength of Mortar 
 

The mortar cube specimens of size 70.6 × 70.6 × 70.6 mm were prepared in order to determine 

the effect of calcium nitrite, ethanolamine, nano-SiO2 and nano-SiO2 admixtures on compressive 

strength of cement. In this investigation, two series of mixes have been prepared. In the first 

series, the mixing water is taken as per standard consistency of OPC only. In the second series, 

the mixing water is taken as per standard consistency of blended paste (OPC + admixture). The 

quantity of cement, standard sand and water for each specimen was determined in accordance 

with IS: 4031 (Part 6) [7]. The details of the different mix proportions for each specimen are 

given in the Table 4.2. The dosage of each admixture was taken as 1%, 3% and 5% by weight of 

OPC. However, nano-TiO2 and nano-SiO2 were used as a replacement of the OPC weight. The 

admixtures were mixed properly in the water. Moreover, the nano-TiO2 and nano-SiO2 particles 

were dispersed in the water through magnetic stirrer. The water containing different amount of 

chemical corrosion inhibitors and nano-admixtures were added to the cement-sand mix and 

were mixed thoroughly. 
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Then the composite was put into the moulds with proper compaction. The cast specimens were 

demoulded after 24 hours. Then, cured in tap water until the testing time (Fig. 4.2). Three 

specimens were prepared in order to avoid the testing errors for each mix and each testing age. 

The compressive strength were determined after the ages of 3, 7 and 28 days of curing. 

 

Table 4.2 The details of the different mix proportions for each specimen 
 

Mix 

Designation 

OPC 

(g) 

Sand 

(g) 

Mixing Water (ml) CN 

(g) 

EA 

(ml) 

NT 

(g) 

NS 

(g) 

First 

Series 

Second 

Series 

X0 200 600 90 90 - - - - 

CN1 200 600 90 89 2 - - - 

CN3 200 600 90 88 6 - - - 

CN5 200 600 90 86 10 - - - 

EA1 200 600 90 88 - 2 - - 

EA3 200 600 90 87 - 6 - - 

EA5 200 600 90 84 - 10 - - 

NT1 198 600 90 92 - - 2 - 

NT3 194 600 90 93 - - 6 - 

NT5 190 600 90 95 - - 10 - 

NS1 198 600 90 93 - - - 2 

NS3 194 600 90 96 - - - 6 

NS5 190 600 90 100 - - - 10 

 
The specimens were tested in a hydraulically operated compressive strength testing machine 

(AIMIL Ltd., capacity = 1000 kN and least count = 1 kN) by applying uniform and steady load 

until the failure. A specimen under test is shown in Fig. 4.3. The average values of compressive 

strength test results of the first series specimens are reported in Table 4.3. The effect of each 

admixture on the compressive strength of cement can be seen in Figs. 4.4–4.7. The average 

compressive strength test results of the second series specimens are reported in Table 4.4. The 

effect of each admixture on the compressive strength of cement can be seen in Figs. 4.8–4.11. 
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Figure 4.2 Mortar cube specimens for compressive strength test 
 

 

Figure 4.3 Compression testing machine during testing of a specimen 
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Table 4.3 Compressive strength of cement (For first series specimens) 
 

Mix 

Designation 

Average compressive strength (MPa) 

3 days % 

Change 

7 days % 

Change 

28 days % 

Change 

X0 23.3 - 33.4 - 43.7 - 

CN1 24.9 6.7 34.7 3.4 44.1 0.9 

CN3 25.8 10.7 35.1 5.1 44.9 2.7 

CN5 26.6 14.2 35.8 7.2 45.2 3.4 

EA1 22.4 -3.9 32.6 -2.4 43.2 -1.1 

EA3 21.3 -8.6 31.0 -7.2 41.4 -5.3 

EA5 20.1 -13.7 29.7 -11.1 39.3 -10.1 

NT1 27.8 19.3 37.7 12.9 48.3 10.5 

NT3 31.9 36.9 41.1 23.1 49.7 13.7 

NT5 33.6 44.2 42.3 26.6 50.4 15.3 

NS1 28.7 23.2 38.5 15.3 49.6 13.5 

NS3 32.8 40.8 42.0 25.8 51.2 17.2 

NS5 31.3 34.3 41.6 24.6 50.1 14.6 

 
 

Figure 4.4 Compressive strength of CN admixed mortar cubes (First series) 
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Figure 4.5 Compressive strength of EA admixed mortar cubes (First series) 
 

 

Figure 4.6 Compressive strength of NT admixed mortar cubes (First series) 
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Figure 4.7 Compressive strength of NS admixed mortar cubes (First series) 
 
 
Table 4.4 Compressive strength of cement (For second series specimens) 
 

Mix 

Designation 

Average compressive strength (MPa) 

3 days % 

Change 

7 days % 

Change 

28 days % 

Change 

X0 23.3 - 33.4 - 43.7 - 

CN1 25.2 8.2 35.0 4.8 44.4 1.6 

CN3 26.1 12.0 35.3 5.7 45.2 3.4 

CN5 26.8 15.0 36.0 7.8 45.5 4.1 

EA1 22.6 -3.0 32.9 -1.5 43.5 -0.5 

EA3 21.7 -6.9 31.4 -6.0 41.7 -4.6 

EA5 20.5 -12.0 29.0 -13.2 39.6 -9.4 

NT1 27.5 18.0 37.4 12.0 47.6 8.9 

NT3 31.2 33.9 40.7 21.9 48.2 10.3 

NT5 32.7 40.3 41.6 24.6 48.8 11.7 

NS1 28.4 21.9 38.1 14.1 49 12.1 

NS3 32.3 38.6 41.5 24.3 50.2 14.9 

NS5 29.6 27.0 39.3 17.7 48.5 11.0 
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Figure 4.8 Compressive strength of CN admixed mortar cubes (Second series) 
 
 
 
 
 

 

Figure 4.9 Compressive strength of EA admixed mortar cubes (Second series) 
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Figure 4.10 Compressive strength of NT admixed mortar cubes (Second series) 
 
 
 
 
 

 

Figure 4.11 Compressive strength of NS admixed mortar cubes (Second series) 
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4.2.3 Microstructural Analysis of Mortar 
 

The microstructural analysis of X0, CN5, EA5, NT5 and NS5 mortar specimens were carried out 

using scanning electron microscope (SEM) at the age of 28 days of curing. The elemental analysis 

of these specimens were also performed using energy-dispersive X-ray spectroscopy (EDX). For 

both SEM and EDX analysis, the samples with diameter approximately 10mm and thickness 

approximately 5mm were directly cut down from the mortar cubes after 28 days compressive 

strength test. Then the samples were dipped in the pure alcohol in order to stop hydration reaction 

through elimination of free water content. The surface of samples was made flat and regular in 

shape in order to avoid any misleading results. The SEM and EDX analysis were conducted using 

JSM-6510LV (JEOL) microscope. SEM micrographs and EDX spectrum for X0, CN5, EA5, NT5 

and NS5 mortars are shown in Figs. 4.12-4.21 respectively. 

 

Figure 4.12 SEM micrograph of OPC (X0) mortar at (a) 1000X and (b) 10000X 
 

 

Figure 4.13 EDX spectrum and analysis results of X0 mortar 
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Figure 4.14 SEM micrograph of CN5 mortar at (a) 1000X and (b) 10000X 
 
 

 

Figure 4.15 EDX spectrum and analysis results of CN5 mortar 
 
 

 

Figure 4.16 SEM micrograph of EA5 mortar at (a) 1000X and (b) 10000X 
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Figure 4.17 EDX spectrum and analysis results of EA5 mortar 
 
 
 

Figure 4.18 SEM micrograph of NT5 mortar at (a) 1000X and (b) 10000X 
 
 

 

Figure 4.19 EDX spectrum and analysis results of NT5 mortar 
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Figure 4.20 SEM micrograph of NS5 mortar at (a) 1000X and (b) 10000X 
 
 
 

Figure 4.21 EDX spectrum and analysis results of nano-SiO2 admixed mortar 

 
4.2.4 Mineralogical Analysis of Paste 
 

The effect of different admixtures on the hydration products of cement were investigated through 

mineralogical analysis. For this, cement paste specimens containing 5% of calcium nitrite (CN5), 

ethanolamine (EA5), nano-TiO2 (NT5) and nano-SiO2 (NS5) were prepared, and control cement 

paste specimen (X0) was also prepared for comparison purpose. All the specimens were prepared 

using their respective quantity of water needed for standard consistency. The size of specimens 

was 20mm × 20mm × 20mm. After 24 hours of casting, each specimen was kept in the separate 

plastic container (containing water) for curing. After 28 days of curing, the specimens were kept 

in the oven at 50 °C for 24 hours to dry and were then kept at room temperature for 3 days to cool. 

Afterward, the specimens were transformed to powder form in order to carry out the XRD 

analysis using Bruker X-ray D8 Advance 
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diffractometer (XRD) with Cu-Kα (λ = 1.54187 Å ) radiation at room temperature. The XRD 

patterns of control (X0) and admixed pastes (CN5, EA5, NT5 and NS5) are shown in Fig. 4.22. 

 

Figure 4.22 XRD patterns of (a) X0 (b) CN5 (c) EA5 (d) NT5 and (e) NS5 
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4.2.5 Discussion on Test Results 
 

The standard consistency, setting time, compressive strength, microstructural and mineralogical 

investigations were carried out in order to observe the effect of calcium nitrite, ethanolamine, 

nano- TiO2 and nano-SiO2 on the properties of cementitious composites. The tests outcomes 

presented in the previous sections are discussed in the subsequent sections. 

 

4.2.5.1 Standard Consistency and Setting Times of Paste 
 

The results of standard consistency and setting time of OPC and different ly blended OPC have 

been shown in Table 4.1. The water requirement for standard consistency was found to be 

decreasing with increasing the amount of calcium nitrite. Thus, calcium nitrite may acts as 

plasticizer when added to cement pastes. Also, the setting time was found to be reducing with 

increasing the calcium nitrite content. Due to the inclusion of 1%, 3%, and 5% calcium nitrite, 

the reduction in the initial setting time was observed to be 3.5%, 11.6%, and 18.6% 

respectively; and the reduction in the final setting time was found to be 1.4%, 4.1%, and 5.9% 

respectively. Various investigators have observed the similar effect [8–10]. The accelerating 

effect of calcium nitrite may be attributed to the increase in the concentration of calcium cations 

(Ca2+) and its high solubility [11]. Moreover, the reduction in the setting time may indicate the 

rise in the heat generation in the cement hydration process and reduced time for site work. 

However, this accelerating effect could be controlled by using small quantities of retarder 

together with calcium nitrite. 

 

The inclusion of 1%, 3% and 5% ethanolamine led to reduce the water requirement for standard 

consistency of cement by 3.0%, 4.5% and 9.1% respectively. However, the initial as well as 

final setting time were found to be significantly increased with the increase in the quantity of 

ethanolamine in cement paste. The initial setting time was found to be 4.7%, 8.1% and 13.9% 

higher than the control, at the addition of 1%, 3% and 5% ethanolamine, respectively. The 

increment in final setting time at the dosage of 1%, 3% and 5% ethanolamine was observed to be 

2.7%, 6.3% and 10.4%, respectively. Similar observations have also been reported in the 

literature [12]. Hence, it can be said that the ethanolamine acts as a retarder for the hydration 

process of cement paste. Moreover, this retarding effect could be reduced by using some 

accelerating admixture with ethanolamine. 
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It has been observed that in order to achieve standard consistency, additional water is required in 

case of both nano-TiO2 and nano-SiO2 admixed cement. As much as 3- 7.6% extra water was 

required for OPC-NT paste containing 1-5% nano-TiO2. Likewise, 4.5-15.2% extra water was 

required for OPC-NS paste containing 1-5% nano-SiO2. The increased requirement of water to 

maintain the required standard consistency is because of the finer particle size of nano-TiO2 and 

nano-SiO2 compared to OPC, and consequently increases the specific surface area of blended 

cementitious composite. As far as setting time is concerned, it has been observed that the initial 

and final setting time was decreasing with the increase in the proportion of both nano- TiO2 and 

nano-SiO2. The addition of 1%, 3% and 5% nano-TiO2 decreased the initial setting time by 6.8%, 

17.4% and 23.3% respectively; and decreased the final setting time by 3.6%, 6.8% and 12.7%, 

respectively, as compared to control OPC paste. The initial setting time was reduced by 9.3%, 

19.8%, 27.9%, and the finial setting time shortened by 5.4%, 9.0%, 15.8% when 1%, 3% and 5% 

nano-SiO2 were added. The acceleration effect of nano- TiO2 and nano-SiO2 is mainly because of 

their high specific surface area that would increase the overall wettable surface area and water 

absorption. Consequently, the rapid reduction of free water would speed up the bridging process 

of gaps, leading to increase in the viscosity and quick solidification [13]. Moreover, it has been 

broadly believed that hydration of cement is a dissolution and precipitation process [14, 15]. Thus, 

the accelerating effect of nano-TiO2 and nano-SiO2 may be due to their seeding effect i.e. they 

may act as kernels for the hydration products, through which the dissolution rate of cement and 

the precipitation rate of hydrates may increases [16, 17]. Furthermore, the accelerating effect of 

nano- SiO2 is higher than that of nano-TiO2 even though the contents of both nano-particles are 

same. It may be due to pozzolanic property of nano-SiO2 [18] and its higher specific surface area 

compared to nano-TiO2. 

 

4.2.5.2 Compressive Strength of Mortar 
 

Table 4.2 and Figs. 4.4–4.7 shows the compressive strength results obtained for the first series 

mortar specimens (with constant water content), and Table 4.3 and Figs. 4.8–4.11 shows the 

results of second series specimens (with varying water content). It was observed that compressive 

strength of all specimens was increasing with the age. However, the rate of increment in 

compressive strength was found to be different for different specimens. As far as the effect of 

chemical corrosion inhibitors and nano- 
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admixtures on the compressive strength is concerned, it has been found that with the increase in 

the dosage of calcium nitrite (from 1% to 5%), compressive strength increases marginally (for 

first series specimens) and substantially (for second series specimens). This tendency has been 

found to be consistent at all the periods of observations. But, increment rate was found to be 

decreasing with the age. In case of first series specimens at 3 days, the compressive strength was 

enhanced by 6.7%, 10.7%, 14.2%; and at 7 days, the compressive strength was improved by 

3.4%, 5.1%, 

7.2%; when 1%, 3% and 5% calcium nitrite were added. The 28-days compressive strength of 

calcium nitrite admixed specimens have been found to be quite comparable with the control 

specimen. However, improvement in compressive strength of second series specimens at all the 

ages of observations was found to be higher than first series specimens. This is due to the use of 

lower water content for the preparation of second series specimens as compared to the first series 

specimens. 

 

A decrease in the compressive strength value has been observed with the increase of the dosage 

of ethanolamine. However, an increase in strength has been found with the increase in curing 

period, but the values remain lower than the corresponding values of control specimen. As 

compared to control specimen, the compressive strength of 1% ethanolamine admixed specimens 

(prepared with fixed water content) were found to be decreased by 3.9%, 2.4%, 1.1%, at 3, 7 and 

28 days, respectively. Significant reduction in strength has been observed at higher dosages of 

ethanolamine. At 28 days, the compressive strength was reduced by 5.3% and 10.1%, when 3% 

and 5% ethanolamine was added. However, lower reduction in compressive strength at all the 

ages of testing was observed in case of second series specimens. This is mainly because of lesser 

water content of second series specimens as compared to equivalent first series specimens. 

Moreover, the strength reduction may be due to the adsorption of ethanolamine on the surface of 

cement particles that affect the hydration reaction. 

 

For both series of specimens, an upward trend in compressive strength with the increase in amount 

of nano- TiO2 has been observed. However, the rate of increment in compressive strength was 

found to be decreasing with increasing curing time. When 1%, 3% and 5% nano-TiO2 was added 

(in case of first series specimens), the respective strength enhancement was found to be 19.3%, 

36.9% and 44.2% at 3 days; 12.9%, 23.1% and 26.6% at 7 days; 10.5%, 13.7% and 15.3% at 

28 days. Similar 
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effects have also been observed by Jalal et al. [19] and Mohseni et al.[20]. It has been observed 

that the compressive strength is significantly increased with the increase in the percentage of 

nano-SiO2 up to 3%, above which (i.e. at 5%) the strength is decreased. When 1%, 3% and 5% 

nano-SiO2 was added, the respective enhancement in strength compared to control was found to 

be 23.2%, 40.8%, and 34.3% after 3 days of curing; 15.3%, 25.8%, and 24.6% after 7 days of 

curing; 13.5%, 17.2%, and 14.6% after 28 days of curing. However, in case of second series 

specimens, percentage enhancement in compressive strength was found slightly lower compared 

to equivalent first series specimens (for both nano-TiO2 and nano-SiO2 admixed specimens). The 

reduction in strength is attributed to the use of higher amount mixing water. These results show 

good agreement with the results of other studies [20, 21]. Thus, the incorporation of both 

nanoparticles led to improvement in compressive strength that probably occurred due to the 

formation of a high volume of C-S-H gel in the presence of nanoparticles. 

 

4.2.5.3 Microstructural Analysis of Mortar 
 

The SEM micrographs and EDX spectrums of various hydrated (28 days) mortar specimens 

(second series specimens) have been shown in Figs. 4.12-4.21. The SEM image of calcium nitrite 

admixed specimen (Fig. 4.14) shows more amount of C-S-H gel compared to control specimen 

(Fig. 4.13). Thus, calcium nitrite does not cause any negative impact on the microstructural 

properties of mortar and enhance its mechanical strength (as observed in Fig. 4.8). Moreover, the 

presence of additional nitrogen and more calcium content compared to control specimen in EDX 

spectrum (Fig. 4.15) clearly indicates that the specimen has been prepared with calcium nitrite. 

In contrast, the SEM image of ethanolamine admixed specimen (Fig. 4.16) exhibits more amount 

of needle- like crystals (Ettringite) and pores compared to control specimen (Fig. 4.13). This 

indicates that the high amounts of ethanolamine may adversely affect the microstructural and 

mechanical properties of cementitious composites. Thus, the above- mentioned compressive 

strength test results (Fig. 4.9) are completely validated by these microstructural analysis results. 

Besides, the presence of ethanolamine in the mortar is evident from EDX spectrum because its 

analysis results (Fig. 4.17) show the existence of additional carbon. From Fig. 4.18 (SEM 

micrograph of nano-TiO2 admixed specimen), a special microstructure is detected, comprising a 

voluminous quantity of C-S-H gel, and a low amount of pores and 
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needle- like crystals. Thus, it is obvious that the microstructural and mechanical properties of 

mortars is improved (as observed in Fig. 4.10) by nano- TiO2 addition. These characteristics might 

be because the addition of nano-TiO2 could increase particle-packing density and therefore, the 

reduction of porosity and intact bonds can be formed. Moreover, the presence of nano-TiO2 in the 

mortar confirms through EDX spectrum (Fig. 4.19). Fig. 4.20 shows a homogeneous and compact 

microstructure of the mortar containing nano-SiO2. This is obviously due to pozzolanic property 

of nano-SiO2 that consequently forms a high amount of C-S-H gel. Thus, the improvement in 

compressive strength (Fig. 4.11) are confirmed by these microstructural analysis results. 

Furthermore, the presence of nano-SiO2 in the mortar is confirmed by the EDX spectrum that 

shows higher percentage of silicon (Fig. 4.21). 

 

4.2.5.4 Mineralogical Analysis of Paste 
 

The XRD patterns of control and admixed cement paste can be explained with the help of 

hydration reactions of cement. Each cement mineral reacts at a different rate and tends to form 

different solid phases when it hydrates. The simplified hydration reactions of tricalcium silicate 

(C3S), dicalcium silicate (C2S) and tricalcium aluminate (C3A) can be written as follows [22]: 

2C3S + 6H → C3S2H2 (C-S-H gel) + 3CH (Portlandite) 4.1 

2C2S + 4H → C3S2H2 (C-S-H gel) + CH (Portlandite) 4.2 

C3A + 26H + 3CSH2 (Gypsum) → C6AS3H32 (Ettringite) 4.3 

Since the over-all mole amount of calcium is constant, therefore calcium can be present in the 

hydration products either as calcium silicate hydrate (C-S-H gel) or as calcium hydroxide 

(Portlandite) or calcium aluminate trisulphate hydrate (Ettringite). Normally, the amount of 

Ettringite is much lower than the C-S-H gel and Portlandite. As such, a lower quantity of 

Portlandite corresponds to a higher quantity of C-S-H gel. Besides, The C-S-H gel makes up 50-

60% of the volume of the solids in a completely hydrated cement paste. The higher amount of C-

S-H gel signifies good quality cementitious composite. However, Portlandite constitutes 20-25% 

of the volume of solids in the hydrated cement paste. The presence of higher amount of 

Portlandite adversely affecting the durability of cementitious composite [22]. 
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In general, the quantitative examination of C-S-H cannot be carried out by the XRD results, 

because C-S-H is poorly crystalline fibrous mass (amorphous in structure), which is not possibly 

reflected in XRD pattern. However, there is no direct way to estimate the C-S-H concentration; 

the amount of Portlandite can estimate the C-S-H concentration indirectly. Numerous studies 

discussed that the amount of Portlandite is inversely related to that of C-S-H concentration, and 

thus the smaller peaks of Portlandite in XRD pattern signifies the higher amount of C-S-H [13, 23, 

24]. 

The horizontal scale (diffraction angle) and the vertical scale (peak height) of XRD pattern as 

shown in Fig. 4.22 gives the crystal lattice spacing and the intensity of the diffracted ray 

respectively. Results of XRD analysis indicating the presence of C3S (1), C2S (2), Portlandite 

(3), and Ettringite (4). Portlandite peak has been considered the chief performance indicator of 

cement paste because the amount of Portlandite in the mixtures can be used to estimate the 

amount of C-S-H. The XRD pattern of calcium nitrite admixed cement paste specimen (Fig. 

4.22(b)) showed lower intensity peak of Portlandite as compared to control specimen (Fig. 

4.22(a)). This signifies that the more amount of C-S-H gel is formed in the presence of calcium 

nitrite and it can also be seen in SEM micrograph (Fig. 4.14). Thus, calcium nitrite increases the 

hydration reaction rate and marginally improves the strength of cementitious composite. On the 

other hand, the XRD pattern of ethanolamine admixed cement paste specimen (Fig. 4.22(c)) 

showed various overlapping and lower intensity peaks that indicates the presence of Ettringite. It 

is also evident from the SEM micrograph (Fig. 4.16). Thus, the addition of a higher amount of 

ethanolamine may adversely affect the strength and durability characteristics of cementitious 

composites. The XRD pattern of nano- TiO2 admixed cement paste (Fig. 4.22(d)) showed 

significantly lower intensity peaks of Portlandite as compared to control specimen (Fig. 4.22(a)). 

This confirms that the addition of nano-TiO2 consumes Portlandite crystals. Such consumption 

of Portlandite increases the amount of desirable C-S-H gel (Fig. 4.18) and improves the 

microstructural and engineering properties of cementitious composites. The beneficial effects of 

addition of nano-SiO2 in cement pastes can be seen in Fig. 4.22(e). The reduction in Portlandite 

peaks clearly indicates the production of higher amount of C-S-H gel (Fig. 4.20) as compared to 

control specimen. Hence, the addition of nano-SiO2 lead to enhance the microstructural and the 

durability properties of cementitious composites. 
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4.3 Physical Properties of Mortar under Aggressive Environments 
 
In this study, the effects of varying content of chemical corrosion inhibitors and nano- admixtures 

on the physical properties of cementitious composites stored in tap water, saline solution 

(containing 3.5% NaCl) and sulphuric acid solution (containing 1% H2SO4) have been studied. 

This concentration of NaCl and H2SO4 are representative of that found in seawater and sewer 

system, respectively [25]. Materials used for this study consisted of locally available sand, 

ordinary Portland cement, calcium nitrite, ethanolamine, nano-TiO2 and nano-SiO2. 

4.3.1 Investigation Scheme 
 

Thirteen mortar mixtures were involved in this study. All the mortars had sand/cement ratio of 

3, and water content was determined as per their consistency with varying percentage of 

admixtures (i.e. 1%, 3%, and 5% by weight of cement). The quantity of cement, sand, water and 

different admixtures for each specimen of various mortar mixtures are given in Table 4.5. In 

addition, the admixtures were mixed properly in the water. Moreover, the nano-TiO2 and nano-

SiO2 particles were dispersed in the water through magnetic stirrer. The water containing different 

amount of chemical corrosion inhibitors and nano-admixtures were added to the cement-sand mix 

and were mixed thoroughly. Then, mortar specimens were cast in steel moulds of 

70.6 mm cubes with proper compaction. After 24 hours of casting, the specimens were 

demoulded and were kept in tap water for curing. In order to avoid any contamination, each group 

of specimens had its own water bath. After 28 days of tap water curing, the specimens of each 

group were divided into three equal subgroups. One subgroup was put in the saline solution, other 

was kept in acidic solution, and the rest was used as a reference and continued to store in tap 

water. In order to maintain the pH and concentration of chloride and sulphate ions, the test 

solutions were changed in every two weeks. After 30, 90, 180 and 360 days of exposure, 

compressive strength were determined using compression testing machine. Before testing, the 

specimens were washed properly with tap water to remove the salts or loose products from the 

surface. 

 

Furthermore, in order to carry out the weight measurement, three additional specimens of each 

group had also been prepared. But, currently, there is no standardized guidelines to test the 

chloride/sulphuric acid resistance of mortar. 
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However, the ASTM C 267 provides common procedures to test the chemical resistance of 

mortars and polymer concretes. Accordingly, the percentage weight change (W) of each specimen 

was calculated by the following relationship [26]: 

W =  
Wt − Wi 

( ) × 100 4.4 
Wi 

Where, 

Wi = Initial weight before exposure i.e. after 28 days of curing in tap water (g) Wt = Weight at 

exposure time t (g) 

‘W’ with plus (+) sign specify a gain and a minus (-) sign show a loss in weight 

 
After 28 days of curing in tap water, the specimens were left to dry under 20 ±5 °C for 30 min 

to measure their initial weight (Wi). The weight (Wt) was recorded in every month of immersion 

in test solutions. Before each measurement of Wt, the specimens were washed three times with 

tap water in order to remove loose reaction products. After that, the specimens were allowed to 

dry for 30 min under 20 ±5 °C. 

 

Table 4.5 Designation and mix proportions of each specimen 
 

Mix designations based on 
exposure conditions 

OPC 

(g) 

Sand 

(g) 

Water 

(ml) 

CN 

(g) 

EA 

(ml) 

NT 

(g) 

NS 

(g) 

Tap Saline Acidic 

X0T X0S X0A 200 600 90 - - - - 

CN1T CN1S CN1A 200 600 89 2 - - - 

CN3T CN3S CN3A 200 600 88 6 - - - 

CN5T CN5S CN5A 200 600 86 10 - - - 

EA1T EA1S EA1A 200 600 88 - 2 - - 

EA3T EA3S EA3A 200 600 87 - 6 - - 

EA5T EA5S EA5A 200 600 84 - 10 - - 

NT1T NT1S NT1A 198 600 92 - - 2 - 

NT3T NT3S NT3A 194 600 93 - - 6 - 

NT5T NT5S NT5A 190 600 95 - - 10 - 

NS1T NS1S NS1A 198 600 93 - - - 2 

NS3T NS3S NS3A 194 600 96 - - - 6 

NS5T NS5S NS5A 190 600 100 - - - 10 

X0=Control mix, Tap=Tap Water, Saline= 3.5% NaCl solution, Acidic=1% H2SO4 Solution, 

CN=Calcium Nitrite, EA=Ethanolamine, NT=Nano-TiO2, NS= Nano-SiO2 
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4.3.2 Results and Discussion 
 

The results of visual inspection, weight loss/gain and compressive strength of the specimen 

exposed to tap water, saline solution and acidic solution has been discussed in this section. 

 

4.3.2.1 Visual inspection 
 

The hardened mortar specimens stored in different solutions for 360 days are shown in Fig. 

4.23. 

 

Figure 4.23 Mortar cubes stored in different exposure solutions for 360 days 

 
As expected, no obvious deteriorations on the surface of any specimens exposed to tap water 

were found by visual inspection. Also, the surfaces of all specimens exposed to 3.5% NaCl 

solution were not observed any noticeable spalling or cracks, it may be due to the formation of 

non-expansive Friedel’s salt (3CaO·Al2O3·CaCl2·10H2O). On the contrary, all the specimens 

exposed to 1% H2SO4 solution showed clear deterioration on the surfaces. However, it can be 

seen that nano-admixed specimens exhibited less signs of deterioration as compared to the other 

specimens. Thus, the calcium nitrite and ethanolamine were not effective against acid attack. 

But, both nano-TiO2 and nano-SiO2 exhibited acid resistant properties. Moreover, the corrosion 

signs were decreasing with increasing the 
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volumes of nano-admixtures. The degree of damage has been observed as EA5A > EA3A > 

EA1A > X0A (OPC) > CN1A > CN3A > CN5A > NT1A > NS1A > NT3A 

> NS3A > NS5A > NT5A. Furthermore, the damage is due to the formation of gypsum and 

ettringite on the surfaces. This might also be associated with the reduction of mass and 

compressive strength of mortar. 

 

4.3.2.2 Weight measurements 
 

Figs. 4.24–4.26 present weight change of mortar specimens exposed in tap water, 3.5% NaCl 

solution and 1% H2SO4 solution for 360 days. 

 

Figure 4.24 Weight change with age of specimens exposed in tap water 

 
As shown in Fig. 4.24, the weight change of all the specimens exposed in tap water was increasing 

continuously with a very slow rate. This weight gain can be attributed to the formation of 

hydration products. In addition, all nano-admixed specimens showed higher weight gain as 

compared to control specimen. This may be due to the pozzolanic and pore filling properties of 

nano-admixtures, which consequently increase the amount of hydration products and reduce the 

porosity. Also, it can be observed that the difference in weight gain between calcium nitrite 

admixed and control specimen was very low. However, ethanolamine admixed specimens showed 

a 
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lower weight gain compared to control. This may be due to its retarding effect on hydration 

reaction and consequently formation of less hydration products and presence of more voids. 

 

The weight of all specimens exposed in NaCl solution (Fig. 4.25) was continuously increasing 

with age. This rise in weight may occur due to the development of hydration products, and salts 

precipitation on the surface and inside of specimens [27, 28]. It has been observed that all nano-

admixed specimens exhibited higher weight gain compared to control specimen at early ages of 

exposure. This may be due to the formation of more hydration products in the presence of nano-

admixtures. However, all nano-admixed specimens showed lower weight gain compared to 

control specimen at later ages of exposure. This may be due to the development of more compact 

microstructure in the presence of nano-admixtures that restrict the ingress of salts. 

 

 

Figure 4.25 Weight change with age of specimens exposed in 3.5% NaCl solution 

 
It has been observed in Fig. 4.26 that weight of all specimens (except nano-admixed specimens) 

stored in H2SO4 solution were continuously decreasing with age. While the nano-admixed 

specimens showed weight loss after 120 days of exposure. The decrease in weight may be 

attributed to the formation of voluminous gypsum and 
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ettringite in the presence of H2SO4 (Eq. 1.20–1.22). Thus, inducing tensile stresses in 

cementitious composite and resulting in cracking and spalling [29, 30]. Moreover, it has been 

observed that nano-admixed specimens showed greater corrosion resistance against sulphuric 

acid attack. This is mainly because of the lower porosity and higher ion impermeability of nano-

admixed specimens as compared to control specimen. 

 

Figure 4.26 Weight change with age of specimens exposed in 1% H2SO4 solution 

 
4.3.2.3 Compressive Strength 

 

The compressive strength results of specimens exposed in tap water, 3.5% NaCl solution, and 

1% H2SO4 solution are shown in Figs. 4.27–4.29, Figs. 4.30–4.32 and Figs. 4.33–4.35, 

respectively. 
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Figure 4.27 Compressive strength of specimens containing 1% admixtures in tap water 
exposure condition 
 

 

Figure 4.28 Compressive strength of specimens containing 3% admixtures in tap water 
exposure condition 
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Figure 4.29 Compressive strength of specimens containing 5% admixtures in tap water 
exposure condition 
 

 

Figure 4.30 Compressive strength of specimens containing 1% admixtures in 3.5% NaCl 
solution exposure condition 

 

 



143 

            © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-
3315 

 

 

Figure 4.31 Compressive strength of specimens containing 3% admixtures in 3.5% NaCl 
solution exposure condition 
 
 
 

Figure 4.32 Compressive strength of specimens containing 5% admixtures in 3.5% NaCl 
solution exposure condition 
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Figure 4.33 Compressive strength of specimens containing 1% admixtures in 1% H2SO4 

solution exposure condition 
 

 

Figure 4.34 Compressive strength of specimens containing 3% admixtures in 1% H2SO4 

solution exposure condition 
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Figure 4.35 Compressive strength of specimens containing 5% admixtures in 1% H2SO4 

solution exposure condition 
 

As shown in Figs. 4.27–4.29, the compressive strength values of all the mortar specimens (stored 

in tap water) increases with the exposure time due to the continuous hydration of cement. 

However, the calcium nitrite admixed specimens showed higher compressive strength values as 

compared to control specimens (X0T) at all the ages of exposure. On the other hand, the 

ethanolamine admixed specimens exhibited lower compressive strength values than control 

specimens at all the duration of exposure. But, both nano-TiO2 and nano-SiO2 admixed specimens 

showed significantly higher compressive strength as compared to control specimens a t all 

exposure time. It is because of the fact that nano-admixed mortar specimens offer a compact 

microstructure and more hydration products due to small particle size and the pozzolanic 

properties of nanoparticles. In addition, the compressive strength of nano- TiO2-admixed mortar 

has been found to be increasing with the increase in the dose of nano-TiO2. But, the compressive 

strength values of nano-SiO2-admixed specimens increased up to 3% nano-SiO2 content and 

thereafter decreased. The variation in compressive strength of various specimens with respect to 

the control specimens at different exposure period is shown in Table 4.6. 
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Table 4.6 Variation in compressive strength of specimens with respect to X0T 
 

Specimen Variation in compressive strength (%) 

30 days 90 days 180 days 360 days 

CN1T 1.35 1.72 2.12 1.89 

CN3T 3.82 3.66 4.88 4.42 

CN5T 4.94 5.39 5.52 5.47 

EA1T -2.70 -2.16 -1.91 -1.68 

EA3T -6.74 -5.82 -5.73 -5.68 

EA5T -8.54 -7.76 -8.49 -8.21 

NT1T 8.99 9.70 9.98 10.11 

NT3T 13.48 14.22 14.23 14.53 

NT5T 15.51 15.30 15.50 16.21 

NS1T 11.46 11.85 12.74 13.26 

NS3T 16.18 15.95 15.07 15.79 

NS5T 13.03 13.36 14.23 14.32 

 
All the specimens stored in 3.5% NaCl solution (Figs. 4.30–4.32) showed higher compressive 

strength as compared to the corresponding specimens kept in tap water (Figs. 4.27–4.29) at 30 

days of exposure. However, after that, the compressive strength of all specimens have been 

steadily decreasing with exposure period. The variation in compressive strength of various 

specimens exposed in 3.5% NaCl solution with respect to the corresponding specimens exposed 

in tap water at different exposure time can be seen Table 4.7. Generally, the increase in strength 

is attributed to the formation of hydration products. In addition, the increased solubility of 

Ca(OH)2 in NaCl solution also improves the stability of C-S-H [31]. Besides, part of the sodium 

ion (Na+) can be absorbed by the C-S-H and be bonded into its interlayer space [32], which is 

advantageous to the improvement of strength. In contrast, the decrease in strength is because of 

the formation of calcium chloroaluminate hydrate and the consumption of calcium aluminate 

hydrate. Apart from this, it can be due to crystallization of salt in pores, which can develop 

stresses and cause micro-cracks [33]. 
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Table 4.7 Variation in compressive strength of specimens exposed in saline solution with 
respect to the corresponding specimens exposed in tap water 
 

Specimen Variation in compressive strength (%) 

30 days 90 days 180 days 360 days 

X0S 1.35 -8.41 -13.80 -17.05 

CN1S 1.55 -8.05 -12.68 -16.74 

CN3S 1.73 -7.90 -11.34 -15.93 

CN5S 1.71 -6.95 -13.48 -16.97 

EA1S 1.39 -7.71 -14.94 -17.13 

EA3S 0.48 -9.15 -15.77 -17.86 

EA5S 0.25 -10.05 -16.47 -19.95 

NT1S 1.65 -5.50 -8.88 -10.52 

NT3S 1.98 -4.34 -7.43 -10.66 

NT5S 1.95 -3.18 -7.54 -9.96 

NS1S 1.81 -4.43 -9.42 -12.08 

NS3S 2.13 -3.16 -4.98 -8.36 

NS5S 2.19 -3.42 -7.62 -10.68 

 
The variation in compressive strength of chemical corrosion inhibitors and nano- admixed 

specimens exposed in 3.5% NaCl solution with respect to control specimens (X0S) are presented 

in Table 4.8. A marginal improvement in strength has been observed for all the calcium nitrite 

admixed specimens as compared to the control specimens at all the ages of exposure. In contrast, 

ethanolamine admixed specimens exhibited lower strength as compared to control specimens at 

all the duration of exposure. However, both nano-TiO2 and nano-SiO2 admixed mortar specimens 

indicated considerably higher compressive strength as compared to the control specimens at all 

exposure period. This may be due to the pore blocking ability of nanoparticles that restrict the 

ingress of saline solution and consequently decreased the salt concentration. Furthermore, it can 

be seen that NT5S and NS3S specimens showed the highest compressive strength and lowest 

strength reduction at all the period of testing. 
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Table 4.8 Variation in compressive strength of specimens with respect to X0S 
 

Specimen Change in compressive strength (%) 

30 days 90 days 180 days 360 days 

CN1S 1.55 2.12 3.45 2.28 

CN3S 4.21 4.24 7.88 5.84 

CN5S 5.32 7.06 5.91 5.58 

EA1S -2.66 -1.41 -3.20 -1.78 

EA3S -7.54 -6.59 -7.88 -6.60 

EA5S -9.53 -9.41 -11.33 -11.42 

NT1S 9.31 13.18 16.26 18.78 

NT3S 14.19 19.29 22.66 23.35 

NT5S 16.19 21.88 23.89 26.14 

NS1S 11.97 16.71 18.47 20.05 

NS3S 17.07 22.59 26.85 27.92 

NS5S 13.97 19.53 22.41 23.10 

 
As shown in Figs. 4.33–4.35, the compressive strength of all the specimens immersed in 1% 

H2SO4 solution decreases with time. The reductions in compressive strength of all the specimens 

exposed in 1% H2SO4 solution with respect to the corresponding specimens exposed in tap water 

are given in Table 4.9. In addition, the losses in compressive strength with respect to control 

specimen (X0A) are presented in Table 

4.10. The strength of calcium nitrite admixed specimens are found to be comparable to the 

control specimen (X0A) at all the ages of exposure. On the other hand, ethanolamine admixed 

specimens showed higher strength loss as compared to control specimens. But, both nano-TiO2 

and nano-SiO2 admixed mortar specimens exhibited substantially lower loss in compressive 

strength as compared to the control specimens at all exposure period. This may be due to limiting 

the acidic diffusion into the cementitious matrix by nanoparticles. Moreover, the loss in strength 

is attributed to the reaction between H2SO4 and Ca(OH)2 that produce gypsum. The gypsum also 

reacts with calcium aluminate (C3A) to form ettringite. The volume of gypsum and ettringite is 

significantly higher than the initial compounds. This causes inner pressure in mortar leading to 

the development of cracks [29]. 
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Table 4.9 Variation in compressive strength of specimens exposed in acidic solution with 
respect to the corresponding specimens exposed in tap water 
 

Specimen Variation in compressive strength (%) 

30 days 90 days 180 days 360 days 

X0A -5.39 -14.87 -18.90 -27.37 

CN1A -6.21 -15.04 -19.75 -27.89 

CN3A -7.58 -15.18 -21.05 -28.83 

CN5A -7.71 -17.18 -20.52 -30.14 

EA1A -6.00 -14.54 -19.05 -30.41 

EA3A -6.99 -16.25 -19.59 -33.26 

EA5A -8.35 -17.06 -20.19 -36.47 

NT1A -2.06 -13.36 -18.15 -22.94 

NT3A -1.39 -10.57 -15.24 -21.51 

NT5A -0.97 -8.97 -13.79 -21.38 

NS1A -1.81 -12.72 -18.08 -25.46 

NS3A -1.16 -9.85 -14.39 -22.18 

NS5A -1.59 -10.27 -16.17 -23.76 

 
 

4.4 Workability of Concrete 

 
The workability is a desirable property of freshly mixed concrete and it has been described in 

many ways. The American Concrete Institute defines workability as the ease with which the fresh 

concrete can be mixed, placed, consolidated, and finished to a homogenous condition [34]. 

Neville briefly describes workability as the amount of useful internal work necessary to produce 

full compaction [35]. Several techniques (such as slump test, compaction factor test, K-slump 

tester, Vee-Bee consistometer, etc.) have been developed for determining the workability of 

concrete. However, in this investigation slump and compaction factor test have been performed 

in accordance with IS 1199-1959 [36]. 

 

The apparatus for slump test consist of a mould in the shape of a frustum of a cone with a top 

diameter of 100 mm, a bottom diameter of 200 mm, and a height of 300 mm. The fresh concrete 

is filled into the mould in three equal layers. Each layer is 
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compacted by 25 strokes of a tamping rod (16 mm in diameter and 0.6 m long). The mould is 

lifted vertically upward and the variation in the height of the concrete is recorded as slump value 

in “mm”. 

 

Table 4.10 Variation in compressive strength of specimens with respect to X0A 
 

Specimen Variation in compressive strength (%) 

30 days 90 days 180 days 360 days 

CN1A 0.48 1.52 1.05 1.16 

CN3A 1.43 3.29 2.09 2.32 

CN5A 2.38 2.53 3.40 1.45 

EA1A -3.33 -1.77 -2.09 -5.80 

EA3A -8.31 -7.34 -6.54 -13.33 

EA5A -11.40 -10.13 -9.95 -19.71 

NT1A 12.83 11.65 10.99 16.81 

NT3A 18.29 20.00 19.37 23.77 

NT5A 20.90 23.29 22.77 25.80 

NS1A 15.68 14.68 13.87 16.23 

NS3A 21.38 22.78 21.47 24.06 

NS5A 17.58 19.49 18.06 20.00 

 
The apparatus for compaction factor test include a rigid frame that supports two conical hoppers 

vertically aligned above each other and mounted above a cylinder. The upper hopper (254 mm 

top diameter, 127 mm bottom diameter and 279 mm height) is slightly larger than the lower 

hopper (229 mm top diameter, 127 mm bottom diameter and 229 mm height), while the cylinder 

(152 mm diameter and 305 mm height) is lesser in volume than both hoppers. To execute the 

test, the fresh concrete is filled into the upper hopper, but without compaction. The door on the 

bottom of the upper hopper is unlocked and the concrete is allowed to fall into the lower hopper. 

Once the lower hopper is filled with concrete, the bottom door is opened and the concrete is 

allowed to drop into the cylinder. After that, the surplus concrete is cautiously struck off the top 

of the cylinder and then weight of the concrete in the cylinder is determined. This weight is 

known as the weight of partially compacted concrete. This weight of fully compacted concrete 

in the same cylinder is determined with hand rodding or vibration. Thereafter, the compaction 

factor is 
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determined as the ratio of the weight of the partially compacted concrete to the weight of the fully 

compacted concrete. 

 

4.4.1 Investigation Scheme 
 

The effects of varying content (i.e. 1%, 3% and 5% by weight of cement) of chemical corrosion 

inhibitors and nano-admixtures on the workability of concrete have been determined in this 

investigation. For this, locally available fine and coarse aggregates, ordinary Portland cement 

(OPC), calcium nitrite (CN), ethanolamine (EA), nano-TiO2 (NT), and nano-SiO2 (NS) have been 

used. Thirteen mix proportions were involved in this study. The fine aggregate to binder (OPC + 

Nanoparticles) ratio for all mixtures were kept at 1.5. The ratio of coarse aggregate (C.A.) to fine 

aggregate (F.A.) was fixed at 2, and the water to binder (W/B) ratio for all the mixtures was set 

at 0.5. The binder content of all mixtures was 300 kg/m3. The proportions of the mixtures are 

given in Table 4.11. 

 

Table 4.11 Concrete mix proportion in Kg/m3 

 

Mix OPC F.A. C.A. Water CN EA NT NS 

X0 300 450 900 150 – – – – 

CN1 300 450 900 150 3 – – – 

CN3 300 450 900 150 9 – – – 

CN5 300 450 900 150 15 – – – 

EA1 300 450 900 150 – 3 – – 

EA3 300 450 900 150 – 9 – – 

EA5 300 450 900 150 – 15 – – 

NT1 297 450 900 150 – – 3 – 

NT3 291 450 900 150 – – 9 – 

NT5 285 450 900 150 – – 15 – 

NS1 297 450 900 150 – – – 3 

NS3 291 450 900 150 – – – 9 

NS5 285 450 900 150 – – – 15 

 
The control (X0), CN and EA incorporated mixtures were prepared with cement content of 300 

kg/m3, while NT and NS were added as a partial replacement of cement weight. Initially, the 

fine aggregate, coarse aggregate and cement were 
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thoroughly mixed in the dry state to obtain a uniform mix. Thereafter, the measured quantity of 

water was added to the dry condition mixture. After that, the ingredients were mixed thoroughly 

to obtain concrete with uniform consistency. Moreover, for CN and EA admixed mixtures, the 

measured amount of CN and EA were mixed in water, while for nano-admixed mixtures, the 

designed quantity of nanomaterials were added in water and dispersed through magnetic stirrer. 

 

4.4.2 Results and Discussion 
 

The results of slump and compaction factor tests have been presented in Table 4.12. It can be 

seen that the calcium nitrite shows no significant effect on the slump and compaction factor of 

fresh concrete. However, the workability is found to be marginally increased with increasing the 

content of calcium nitrite. Similar trend was also observed in the previous studies [37–39]. On 

the other hand, a significant increase in the workability is found by the addition of ethanolamine. 

Moreover, the workability is observed to be increasing with increasing the amount of 

ethanolamine. Other researchers have also observed similar effects [38, 39]. 

 

With regard to the effect of nano-TiO2 and nano-SiO2 on the workability of concrete, it has been 

observed that the addition of both nanoparticles significantly decreases the slump and 

compaction factor of concrete as compared to the control mix. Thus, workability is reduced due 

to the addition of nanoparticles in concrete. This behaviour confirms that the inclusion of high 

surface area nanoparticles to concrete needed more quantities of water in order to retain the 

workability of the mixture. The water content is kept constant in this case; therefore free water 

content is decreasing with increasing the quantity of nanoparticles. As a result, internal friction 

between the particles increased and workability decreased. Moreover, it is suggested that in order 

to maintain the desired workability, some workability improver admixtures together with 

nanoparticles may be added. 

4.5 Electrical Resistivity of Concrete 

 

The electrical properties of concrete are considered to be related to the concrete's pore structure, 

and moisture/ion transport in concrete. It can also provide the extent of corrosion risk associated 

with reinforced concrete. Therefore, electrical resistivity test was conducted in this investigation. 

For this, the concrete mixture proportions as mentioned earlier in Table 4.11 was used. 
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Table 4.12 Effect of different admixtures on the workability of concrete 
 

Mix Slump 

(mm) 

% Variation Compaction 

Factor 

% Variation 

X0 52 – 0.91 – 

CN1 52 0.00 0.91 0.00 

CN3 53 1.92 0.92 1.10 

CN5 54 3.85 0.92 1.10 

EA1 55 5.77 0.93 2.20 

EA3 58 11.54 0.94 3.30 

EA5 62 19.23 0.95 4.40 

NT1 49 -5.77 0.90 -1.10 

NT3 46 -11.54 0.89 -2.20 

NT5 42 -19.23 0.88 -3.30 

NS1 48 -7.69 0.90 -1.10 

NS3 44 -13.46 0.88 -3.30 

NS5 39 -23.08 0.86 -5.49 

 
The principle involved in the measurement of electrical resistivity of concrete has already been 

explained in the Chapter-2 (section 2.2.7). Table 4.13 provides recommendations for interpreting 

electrical resistivity measurements by means of Wenner four-probe method when referring to 

corrosion of steel embedded in concrete. The resistivity of concrete is a useful supplementary 

measurement for ascertaining problem zones or confirming concerns about poor quality concrete, 

however the data should be considered in conjunction with other measurements [41]. 

 
 

Table 4.13 Relationship between resistivity of concrete and corrosion rate 
 

Resistivity (kΩ.cm) Corrosion rate 

> 20 Low 

10 to 20 Low to moderate 

5 to 10 High 

< 5 Very high 
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4.5.1 Investigation Scheme 
 

The cylindrical mould with dimensions of 150 mm diameter and 300 mm height was used to 

prepare the specimens. After 24 hours of casting, the specimens were removed from the mould, 

and then were kept in tap water for curing until 28 days. After curing, the specimens of each group 

were divided into three equal subgroups. One subgroup was put in the saline solution (3.5% 

NaCl), other was kept in sulphuric acid solution (1% H2SO4) and the rest was continued to store 

in tap water. The test solutions were renewed in every 15 days to maintain the pH and 

concentratio n of chloride and sulphate ions. 

 

The specimens were removed from the exposure environments after 30, 90, 180 and 360 days, 

and four angle marks (0°, 90°, 180°, and 270°) were drawn on the top as shown in Fig. 4.36(a), 

a centerline mark was also drawn as shown in Fig. 4.36(b). The electrical resistivity of specimens 

were measured using Wenner four-probe electrical resistivity device (Proceq Resipod) in 

accordance with the AASHTO TP 95 standard. The specimen was positioned on a non-

conducting base with the 0° at the top. Then, the Resipod was aligned with the 0° mark and the 

inner probes were equidistant from centerline as shown in Fig. 4.36(c). Before taking each 

measurement, the probes of the Resipod must be dipped in a shallow container of water and 

pressed many times to fill the reservoirs. The measurement was recorded once the reading became 

stable. After taking the first reading, the specimen was rotated with 90° on top and then, second 

measurement was recorded. In this way, four measurements of each specimen were noted and 

then their average was calculated. 

 

Figure 4.36 (a) Angle marks (b) Centerline mark (c) Resistivity measurement 
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4.5.2 Results and Discussion 
 

The results of electrical resistivity of specimens exposed in tap water are given in Table 4.14. It 

has been observed that the electrical resistivity of all the specimens is increasing with age. Since 

the electrical resistivity of concrete primarily depends on pore structure (volume, size, and 

connectivity of pores) and composition of pore solution (concentration of ions), therefore, these 

trends can be explained with the help of pore structure and pore solution of concrete. A typical 

diagram of the charge distribution in the capillary pore system of the hardened cementitious 

composite is shown in Fig. 4.37 [40]. 

 

Figure 4.37 Charge distribution in the capillary pore system of the hardened 
cementitious composite 
 

 
It has been well recognized that the hardened cementitious composite contains cement gel, 

capillary pores (e.g. open pores), dead end or closed pores. The pore solution contains both 

positive as well as negative ions (for example Na+, K+, Mg+2, Ca+2, OH-, Cl-, SO4
-) that are 

scattered uniformly within the cementitious composite when no external current is applied (Fig. 

4.37(a)). However, if an electric field is applied over the cementitious composite by two 

electrodes, then the positive ions (cations) and the negative ions (anions) move towards the 

cathode and anode, respectively (Fig. 4.37 (b)). In addition, the ions present in the closed or dead 

ends pores are acting as condensers without affecting the Ohmic resistance of the cementitious 

composite. 
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Table 4.14 Electrical resistivity of specimens exposed in tap water 
 

Specimen Resistivity (kΩ.cm) 

30 days 90 days 180 days 360 days 

X0T 18.7 23.4 26.3 28.1 

CN1T 18.5 23.2 26.0 28.0 

CN3T 18.2 23.0 25.8 27.7 

CN5T 17.8 22.6 25.4 27.5 

EA1T 18.4 23.1 26.2 27.9 

EA3T 18.0 22.8 25.7 27.5 

EA5T 17.4 22.2 25.3 27.0 

NT1T 21.7 26.5 29.2 31.4 

NT3T 23.3 27.7 30.8 32.7 

NT5T 25.2 30.1 33.0 35.1 

NS1T 19.5 24.3 27.2 29.0 

NS3T 23.6 28.5 31.3 33.4 

NS5T 23.4 28.2 31.0 32.8 

 

 
As far as the rise in electrical resistivity of specimens exposed in tap water with time is concerned 

(Table 4.13), this occurred because the free water content drops steadily with the increase in 

hydration age. Besides that, it is well-known fact that the hydration products of cement increases 

with age that fills up the pores and improves the microstructure of concrete. However, the 

calcium nitrite admixed specimens showed slightly lower resistivity as compared to the control 

specimens at all the ages. In addition, the resistivity has been reduced continuously with 

increasing the content of calcium nitrite. This may be due to increase in the concentration of 

calcium and nitrite ions in the pore solution that causes an increase in the electrical conductivity 

of the cementitious composite. Likewise, the resistivity of ethanolamine admixed specimens has 

observed to be marginally lesser than control specimens at all the ages. Apart from this, the 

increase in the quantity of ethanolamine leads to decrease the resistivity continuously. This may 

be due to the formation of more voids as the ethanolamine contributes to the increase in the liquid 

content of concrete. On the other hand, when nano-TiO2 or nano-SiO2 was included, there has 

been a significant 
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enhancement in electrical resistivity compared to control specimens. On increasing the amount 

of nano-TiO2, the resistivity of concrete was also increasing. This indicates that nano- TiO2 has 

a considerable beneficial effect on the resistivity of concrete, and it can be seen that the most 

effective level was 5%. However, the rate of change in resistivity fluctuated in specimens 

containing nano-SiO2. The resistivity reached a peak when 3% nano-SiO2 was used, but it was 

reduced by marginal extent when 5% nano-SiO2 was added. This reduction may be due to 

inappropriate dispersion of nano-SiO2 at higher doses. Even though this reduction has occurred, 

the resistivity is still more than that of the other specimens, except for NS3T (at 3%) and the 

NT5T (at 5%) specimens. These results confirm that the nano-admixtures refining the pore 

structure of concrete and lower the ionic concentration within the pore solution. 

 

The results of electrical resistivity of specimens exposed in 3.5% NaCl solution has presented in 

Table 4.15. 

Table 4.15 Electrical resistivity of specimens exposed in 3.5% NaCl solution 
 

Specimen Resistivity (kΩ.cm) 

30 days 90 days 180 days 360 days 

X0S 16.4 14.1 11.6 9.5 

CN1S 15.9 13.8 11.2 9.3 

CN3S 15.6 13.5 10.8 9.0 

CN5S 15.2 13.2 10.5 8.6 

EA1S 15.7 14.0 11.4 9.4 

EA3S 15.3 13.6 11.5 9.0 

EA5S 15.0 13.4 11.2 8.4 

NT1S 18.7 17.5 16.3 15.6 

NT3S 20.2 19.6 18.7 17.4 

NT5S 22.9 21.4 20.8 20.1 

NS1S 17.4 16.5 15.2 14.0 

NS3S 21.5 20.2 19.5 18.7 

NS5S 21.2 20.0 19.1 18.3 
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It can be seen that all the specimens exhibited lower resistivity as compared to the corresponding 

specimens stored in tap water. Also, it has been found that the electrical resistivity of all the 

specimens is decreasing with age. It can be attributed to the increase in chloride concentration 

within the concrete with exposure period. In addition, the increase in chloride concentration of 

the pore solution increases the conductivity of concrete. Thus, the increase in current conduction 

leads to reduce the electrical resistivity of concrete. Moreover, the electrical resistivity slightly 

decreased with an increased proportion of the calcium nitrite. This may be again due to increase 

in the calcium and nitrite ions concentration in the pore solution. Similarly, the electrical 

resistivity of ethanolamine admixed specimens marginally reduced as compared to the control 

specimens at all the ages. This can be due to the presence of more pores filled with ionic solution. 

In contrast, the electrical resistivity of the concrete containing nano-TiO2 and nano-SiO2 has been 

found more than the control concrete at all the ages. Furthermore, it was interesting to note that 

the both nano- TiO2 and nano-SiO2 incorporated specimens exhibited significantly lower 

resistivity reduction rate compared to other specimens with age. This indicates that the nano- 

admixtures are effective in improving the pore structure of concrete and thus reducing the ingress 

of chloride ions. 

 

The results of electrical resistivity of specimens exposed in 1% H2SO4 solution has given in 

Table 4.16. 

 

The resistivity of all the specimens was found to be significantly higher than the corresponding 

specimens stored in 3.5% NaCl solution. This contrary effect of H2SO4 is due to fact that the 

sulphate ions mainly reacts with the hydrated constituents of cement to form gypsum and 

ettringite. In addition, the porosity of concrete decreases as the gypsum and ettringite form within 

its pore spaces. In this process, Ca(OH)2 is consumed and subsequently decalcification and 

disintegration of the C-S-H phase is occurred. As a result, the hydroxyl ions concentration in the 

pore solution decreases. Thus, the electrical conductivity of concrete reduces with the increase 

in the amount of gypsum and ettringite and the decrease in the ionic concentration of pore 

solution. Moreover, it was observed that with the increase in the dosage of calcium nitrite, 

electrical resistivity of concrete decreases slightly. Similarly, with the increase in ethanolamine 

content, there was a slight decrease in the resistivity of the concrete. In 
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contrast, the resistivity of concrete was increasing with the increase in nano-TiO2 and nano-SiO2 

amount with the exception of 5% nano-SiO2 content. However, it was interesting to note that the 

all the specimens showed very low decrement or increment rate of resistivity with age. 

 

Table 4.16 Electrical resistivity of specimens exposed in 1% H2SO4 solution 
 

Specimen Resistivity (kΩ.cm) 

30 days 90 days 180 days 360 days 

X0A 18.3 19.3 20.4 21.3 

CN1A 18.1 19.0 20.1 21.0 

CN3A 17.8 18.8 19.7 20.8 

CN5A 17.5 18.4 19.3 20.5 

EA1A 18.2 19.1 20.2 21.1 

EA3A 18.0 19.1 20.0 21.0 

EA5A 17.2 18.6 19.2 20.4 

NT1A 19.9 20.6 21.0 21.5 

NT3A 21.4 21.9 22.4 23.0 

NT5A 24.0 24.4 24.9 25.2 

NS1A 19.7 20.3 21.1 21.9 

NS3A 23.0 23.5 24.4 24.8 

NS5A 22.8 23.3 23.9 24.4 

 

 
4.6 Concluding Remarks 

 
In this chapter, an attempt has been made to investigate the influence of two chemical corrosion 

inhibitors (calcium nitrite and ethanolamine) and two nano-admixtures (nano- TiO2 and nano-

SiO2) on the properties of cement viz. standard consistency, setting time, compressive strength, 

microstructural and mineralogical composition. In addition, investigations were conducted to 

assess the effectiveness of these inhibitors and nano-admixtures against chloride and acid attack. 

Further, slump, compaction factor and surface electrical resistivity measurements were also 

conducted to evaluate the effect of these admixtures on the workability and resistivity of 

concrete. 
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It has been observed that the water requirement for standard consistency of cement was 

decreasing with the increase in the amount of calcium nitrite and ethanolamine. On the other 

hand, the water requirement for standard consistency of cement was increasing with the increase 

in the proportion of nano-TiO2 and nano-SiO2. As far as initial and final setting time is concerned, 

it was observed that calcium nitrite and both nano-admixtures acted as an accelerator. On the 

contrary, the ethanolamine behaved as retarder. However, it is worth mentioning here that 

regardless of admixtures performing as an accelerator or as a retarder, the values of the initial 

and final setting time are within the recommended limits. 

 

A general trend of increase in the compressive strength with age has been observed for all the 

mortar specimens cured in tap water. In addition, the mortars containing calcium nitrite exhibited 

a slightly higher value of compressive strength compared to control specimen. Also, the 

compressive strength increased marginally with the increase in the dosage of calcium nitrite. In 

contrast, a decrease in the compressive strength value has been observed with the increase in the 

dosage of ethanolamine. However, it has been observed that the compressive strength is 

significantly increased with the increase in the percentage of nano-TiO2. But, the trend of 

compressive strength fluctuated in the specimens containing nano-SiO2. The strength reached a 

peak when 3% nano-SiO2 was added, but it was reduced by slight extent when 5% nano-SiO2 

was added. This reduction may be due to the agglomeration of nano-SiO2 at higher doses, which 

creates weak zones. 

The microstructural analysis confirmed that the calcium nitrite does not cause any negative 

impact on the microstructural properties of mortar. In contrast, the ethanolamine admixed 

specimen exhibited more amount of needle- like crystals (Ettringite) and pores compared to 

control specimen. This indicates that the high volumes of ethanolamine may adversely affect the 

microstructural properties of cementitious composites. However, the micrograph of nano-TiO2 

admixed specimen showed a large quantity of C-S-H gel, and a low amount of pores and needle-

like crystals. Thus, nano- TiO2 improved the microstructural properties of mortars. This might 

be because the addition of nano-TiO2 increased particle-packing density of mortar. Similarly, 

mortar containing nano-SiO2 showed a homogeneous and compact microstructure. This is 

probably due to high pozzolanic property of nano-SiO2 that consequently forms a high amount 

of C-S-H gel. 
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The XRD analysis of calcium nitrite admixed cement paste specimen exhibited lower intensity 

peak of Portlandite as compared to control specimen. This indicates that the more amount of C-

S-H gel has been formed in the presence of calcium nitrite. On the other hand, the XRD analysis 

of cement paste specimen containing ethanolamine showed many overlapping and lower 

intensity peaks that indicate the presence of Ettringite. Consequently, the addition of a higher 

amount of ethanolamine may adversely affect the strength and durability characteristics of 

cementitious composites. Similarly, the XRD analysis confirmed that the inclusion of nano- 

TiO2/nano-SiO2 leads to increase the amount of C-S-H gel and thus may enhance the 

microstructural and the durability properties of cementitious composites. 

 

As far as the effectiveness of these admixtures against chloride and acid attack is concerned, the 

results of weight change and compressive strength revealed that the calcium nitrite admixed 

specimens did not exhibit appreciable effect against chloride and acid attack as compared to 

control specimens. In addition, ethanolamine admixed specimens showed considerably lower 

resistance against chloride and acid attack as compared to control specimens. Moreover, the 

specimens containing nano-admixtures showed significantly higher resistance against chloride 

and acid attack as compared to control specimens. Thus, it can be inferred that the inclusion of 

the appropriate amount of these nano-admixtures with proper dispersion in the cementitious 

composite led to enhance the corrosion resistant properties. 

 

It has been observed that the workability of concrete mix is marginally increased with increasing 

the content of calcium nitrite. However, the workability of ethanolamine admixed concrete mix 

is found to be considerably higher than the control mix. The concrete mix containing nano-

TiO2/nano-SiO2 showed lower workability as compared to control mix. This behaviour confirms 

that the inclusion of high surface area nanoparticles to concrete required more amount of water 

in order to maintain the workability of the mixture. 

The surface electrical resistivity measurement showed that the resistivity of the specimens 

containing chemical corrosion inhibitors was found almost comparable to the control specimen. 

However, nano-admixed specimens exhibited significantly higher resistivity as compared to 

control specimen. This indicates that the nano- admixtures are effective in improving the 

microstructure of concrete and thus reducing the ionic concentration

 of pore solution. 
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CHAPTER 5 

 
EFFECT OF CHEMICAL CORROSION INHIBITORS AND NANO-

ADMIXTURES ON THE CORROSION OF STEEL EMBEDDED IN MORTAR 

5.1 General 

 

A thin film of iron oxide that forms under an alkaline condition usually prevents the corrosion of 

steel embedded in the cementitious composite [1]. In addition, the presence of precipitated calcium 

hydroxide in the vicinity of steel stabilizes the local alkalinity of the pore solution and aids to 

prevent corrosion [2]. However, corrosion can occur, when the protective oxide film is destroyed 

by the diffusion of aggressive ions (such as chloride ions) or the reduction in pH of the cementitious 

composite by carbonation through atmospheric CO2. Subsequent steel corrosion produces iron 

oxides that have significantly higher volume than the original steel [3]. These voluminous corrosion 

products exert pressure on the cementitious composite and causing cracking and spalling of the 

cover concrete, and thus exposing the steel to the corrosive environments. This process reduces the 

cross-section of the steel and ultimately decreases the load carrying capacity of the steel reinforced 

concrete member. As a result, annually an enormous budget is required worldwide to repair 

corrosion damage of concrete structures. Therefore, in this study, an attempt has been made to 

control the corrosion of steel using chemical and nano-admixtures. 

 

In this chapter, the effectiveness of calcium nitrite, ethanolamine, nano-TiO2 and nano-SiO2 in 

controlling the corrosion of steel embedded in mortar under different exposure condition has been 

presented. Moreover, two electrochemical techniques (viz. potentiodynamic polarization and linear 

polarization resistance) were used to evaluate various corrosion kinetic parameters of embedded 

steel. Furthermore, gravimetric weight loss technique was used to assess the corrosion rate of 

embedded steel and to verify the results of electrochemical tests. 
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5.2 Electrochemical Corrosion Studies 

 
Potentiodynamic polarization and linear polarization tests were performed using the Gill AC 

Potentiostat supplied by ACM (Applied Corrosion Monitoring) instrument, UK. This instrument 

also provides inbuilt programs to evaluate the various corrosion kinetic parameters. The most 

common three-electrode electrochemical cell assembly was used in which the test specimen, 

Saturated Calomel Electrode (SCE) and Platinum Electrode (PE) were acting as the Working 

Electrode (WE), Reference Electrode (RE) and the Counter Electrode (CE) respectively. A working 

sense (WS) was also connected to WE. The exposure mediums (test solutions) were used as an 

electrolyte of the cell. A schematic diagram of the test setup is shown in Fig. 5.1. 

 

Figure 5.1 Schematic diagram of electrochemical test setup 
 

 
The tests were carried out at the potential ranges of -300 mV to +300 mV (vs. SCE) from the Open 

Circuit Potential (EOC) with the potential sweep rate of 60 mV/minute. In addition, the method of 

analysis of the Tafel plot (Potentiodynamic curve) and linear polarization curve as explained earlier 

in the Chapter-2 (sections 2.2.3 and 2.2.4) has been used. Furthermore, the corrosion Inhibition 

Efficiency (I.E) in percentage was estimated by the following relationship [4]: 

I. E (%) = (
CRO − CRW) × 100 5.1 

CRO 
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Where CRO and CRW are the corrosion rate of the specimens without and with admixture 

respectively. 

5.2.1 Investigation Scheme and Test Specimens 

 

The aim of this study is to investigate the corrosion resistance performance of steel embedded in 

mortar specimens containing different dosages (i.e. 0%, 1%, 3% and 5% by weight of cement) of 

calcium nitrite (CN), ethanolamine (EA), nano- TiO2 (NT) and nano-SiO2 (NS). 

In order to determine the corrosion behavior of embedded steel through electrochemical tests, 

cylindrical mortar specimens (with centrally embedded steel bar) of size 30mm diameter and 42mm 

height were prepared. The stainless steel moulds used in the preparation of specimens is shown in 

Fig. 5.2. The same mixture proportions as given in Chapter-4 (section 4.3.1) was used for the 

preparation of mortar. The mild steel bar of diameter 3mm was positioned in such a way that it 

projected from the top of the mould by 30mm and also providing a uniform clear cover of 13.5mm 

from the sides and bottom of the specimen. This projected part of the steel bar was wrapped with 

insulating tape. At the time of testing, this tape was removed for electrical connection. In order to 

accelerate the corrosion process in the middle region of the steel bar, the actual exposure length of 

steel bar was taken as 10 mm (surface area of approximately 1cm2). Insulating tape followed by 

enamel and red oxide coating was applied on the remaining part of steel surrounded with mortar to 

avoid any potential crevice corrosion. Moreover, the preparation stages of steel bar is shown in Fig. 

5.3. The schematic diagram of the test specimen with details is shown in Fig. 5.4. Moreover, several 

investigators have also proposed similar test specimens [5–7]. 
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Figure 5.2 Cylindrical moulds of size 30mm × 42mm 
 
 

 

Figure 5.3 Preparation stages of steel 
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Figure 5.4 Schematic diagram of test specimen 
 
 
 

Thirteen mortar mixtures were involved in this study as presented in Table 5.1. For each mixture, 

45 specimens were made and were kept in the different plastic beaker containing tap water for 

curing. After 28 days of curing, 15 specimens were exposed under saline water (3.5% NaCl 

solution), 15 specimens were exposed under acidic solution (1% H2SO4 solution) and remaining 15 

specimens were kept in tap water. In addition, to avoid any contamination, each specimen was kept 

in the separate beaker containing different test solution. In order to maintain the pH and 

concentration of chloride and sulphate ions, the test solutions were renewed in every two weeks. 

Moreover, the specimens were monitored continuously with bimonthly wetting and drying cycle 

in order to accelerate the corrosion process. The specimens under investigation are shown in Fig. 

5.5. Potentiodynamic polarization and linear polarization resistance tests were conducted after 30, 

90, 180, 270 and 360 days of exposure duration. The electrochemical test arrangement and ACM 

instrument during testing has been shown in Fig. 5.6 and Fig. 5.7, respectively. 
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Table 5.1 Investigation scheme for electrochemical test 
 

Mix designations based 

on exposure medium 

Dose of 

admixtures 

Number of 

specimens 

Duration of Exposure 

(days) 

Tap Saline Acidic 

X0T X0S X0A 0% (Control) 45 30,90,180, 270 and 360 

CN1T CN1S CN1A 1% CN 45 30,90,180, 270 and 360 

CN3T CN3S CN3A 3% CN 45 30,90,180, 270 and 360 

CN5T CN5S CN5A 5% CN 45 30,90,180, 270 and 360 

EA1T EA1S EA1A 1% EA 45 30,90,180, 270 and 360 

EA3T EA3S EA3A 3% EA 45 30,90,180, 270 and 360 

EA5T EA5S EA5A 5% EA 45 30,90,180, 270 and 360 

NT1T NT1S NT1A 1% NT 45 30,90,180, 270 and 360 

NT3T NT3S NT3A 3% NT 45 30,90,180, 270 and 360 

NT5T NT5S NT5A 5% NT 45 30,90,180, 270 and 360 

NS1T NS1S NS1A 1% NS 45 30,90,180, 270 and 360 

NS3T NS3S NS3A 3% NS 45 30,90,180, 270 and 360 

NS5T NS5S NS5A 5% NS 45 30,90,180, 270 and 360 

 
 

Figure 5.5 Specimens under investigation 
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Figure 5.6 Electrochemical test setup 
 

 

Figure 5.7 ACM Instrument during testing 
 

 
5.2.2 Effect of Calcium Nitrite 
 

The effect of calcium nitrite on the corrosion resistance properties of steel embedded in mortar as 

determined through potentiodynamic polarization and linear polarizat ion resistance measurements 

has been discussed in the subsequent sections. 
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5.2.2.1 Results of the Potentiodynamic Polarization Test 

 

Figures 5.8–5.12 show the respective potentiodynamic polarization curves obtained for different 

calcium nitrite admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. The 

corrosion kinetic parameters such as anodic Tafel constant (βa), cathodic Tafel constant (βc), 

corrosion potential (Ecorr), corrosion current density (Icorr) and corrosion rate (C.R) of different 

specimens as obtained from their respective potentiodynamic polarization curves are presented in 

Table 5.2. The corrosion inhibition efficiencies (I.E) of different content of calcium nitrite were 

also calculated and are presented in Table 5.2. 

 

 
 

 

Figure 5.8 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 30 days of exposure in tap water 
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Figure 5.9 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 90 days of exposure in tap water 
 

 

 
Figure 5.10 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 180 days of exposure in tap water 
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Figure 5.11 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 270 days of exposure in tap water 
 

 

 
Figure 5.12 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 360 days of exposure in tap water 
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Table 5.2 Corrosion kinetic parameters of the calcium nitrite admixed specimens exposed in 
tap water 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 

(mm/year) 

× 10-3 

I.E (%) 

X0T-30 316.44 157.22 -325.58 1.200 13.908 – 

CN1T-30 349.51 131.24 -304.82 0.599 6.938 50.12 

CN3T-30 494.99 114.43 -182.50 0.257 2.983 78.55 

CN5T-30 460.68 122.39 -129.38 0.211 2.446 82.42 

X0T-90 420.15 183.76 -511.97 3.253 37.701 – 

CN1T-90 324.67 187.28 -194.24 1.456 16.880 55.23 

CN3T-90 359.65 150.55 -159.99 0.143 1.655 95.61 

CN5T-90 393.56 104.32 -203.75 0.073 0.848 97.75 

X0T-180 581.20 173.65 -764.13 2.982 34.555 – 

CN1T-180 257.13 136.72 -144.13 0.091 1.059 96.94 

CN3T-180 387.43 97.04 -211.59 0.034 0.392 98.86 

CN5T-180 491.10 117.40 -125.98 0.027 0.316 99.09 

X0T-270 382.86 215.16 -404.63 3.841 44.517 – 

CN1T-270 370.24 199.20 -322.99 1.125 13.039 70.71 

CN3T-270 397.27 191.16 -304.00 0.412 4.770 89.28 

CN5T-270 494.83 175.85 -203.88 0.238 2.761 93.80 

X0T-360 440.87 183.14 -508.20 2.804 32.502 – 

CN1T-360 426.34 210.38 -261.33 1.124 13.031 59.91 

CN3T-360 553.91 125.56 -123.87 0.194 2.246 93.09 

CN5T-360 534.30 123.65 -84.60 0.085 0.989 96.96 

 
Figures 5.13–5.17 show the respective potentiodynamic polarization curves obtained for different 

calcium nitrite admixed specimens exposed in saline solution (3.5% NaCl) for 30, 90, 180, 270, 

and 360 days. The corrosion kinetic parameters of different specimens as obtained from their 

respective potentiodynamic polarization curves are presented in Table 5.3. The corrosion inhibition 

efficiencies of different content of calcium nitrite were also calculated and are presented in Table 

5.3. 
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Figure 5.13 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 30 days of exposure in saline solution 
 

 

 
Figure 5.14 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 90 days of exposure in saline solution 
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Figure 5.15 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 180 days of exposure in saline solution 
 

 

 
Figure 5.16 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 270 days of exposure in saline solution 
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Figure 5.17 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 360 days of exposure in saline solution 

Table 5.3 Corrosion kinetic parameters of the calcium nitrite admixed specimens exposed in 
saline solution 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 
Ecorr 
(mV) 

Icorr 
(mA/cm2) 

× 10-3 

C.R 
(mm/year) 

× 10-3 

I.E (%) 

X0S-30 280.31 245.61 -599.78 31.924 369.998 – 

CN1S-30 378.70 158.44 -614.12 11.530 133.634 63.88 

CN3S-30 405.52 176.88 -459.59 2.655 30.771 91.68 

CN5S-30 326.14 195.44 -386.31 2.198 25.475 93.11 

X0S-90 494.07 148.59 -743.44 106.149 1230.200 – 

CN1S-90 505.84 109.24 -700.83 43.626 505.626 58.90 

CN3S-90 410.95 121.43 -587.70 28.612 331.615 73.04 

CN5S-90 473.56 140.78 -589.13 27.932 323.727 73.69 

X0S-180 444.19 137.55 -663.06 41.127 476.665 – 

CN1S-180 487.93 166.29 -484.40 13.623 157.894 66.87 

CN3S-180 377.74 229.66 -397.11 5.606 64.978 86.37 

CN5S-180 578.78 179.62 -358.71 3.371 39.071 91.80 

X0S-270 563.27 163.32 -685.90 52.042 603.167 – 

CN1S-270 407.34 198.24 -582.88 30.610 354.775 41.18 

CN3S-270 398.71 194.37 -537.98 9.848 114.141 81.08 

CN5S-270 576.29 196.92 -383.73 7.113 82.445 86.33 

X0S-360 321.66 146.69 -640.24 84.983 984.956 – 

CN1S-360 391.04 142.62 -640.24 43.742 506.965 48.53 

CN3S-360 316.58 154.21 -584.38 31.667 367.020 62.74 

CN5S-360 310.01 149.56 -576.40 29.377 340.484 65.43 
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Figure 5.18 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 30 days of exposure in acidic solution 
 

 

 
Figure 5.19 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 90 days of exposure in acidic solution 
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Figure 5.20 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 180 days of exposure in acidic solution 
 

 

 
Figure 5.21 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 270 days of exposure in acidic solution 
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Figure 5.22 Potentiodynamic polarization curves of the calcium nitrite admixed specimens 
after 360 days of exposure in acidic solution 
 

 
Table 5.4 Corrosion kinetic parameters of the calcium nitrite admixed specimens exposed in 
acidic solution 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 
Icorr 

(mA/cm2) 
× 10-3 

C.R 
(mm/year) 

× 10-3 

I.E (%) 

X0A-30 495.90 132.30 -219.32 0.311 3.606 – 

CN1A-30 504.96 109.21 -161.85 0.236 2.731 24.34 

CN3A-30 512.50 82.35 -130.03 0.130 1.502 58.40 

CN5A-30 503.20 85.25 -105.79 0.127 1.471 59.24 

X0A-90 502.11 97.68 -208.28 0.164 1.901 – 

CN1A-90 377.08 102.92 -178.57 0.075 0.865 54.49 

CN3A-90 422.18 66.59 -153.30 0.017 0.196 89.68 

CN5A-90 396.71 62.35 -79.08 0.015 0.179 90.59 

X0A-180 499.91 187.25 -281.69 0.491 5.691 – 

CN1A-180 497.69 129.18 -270.04 0.044 0.510 91.04 

CN3A-180 496.86 100.63 -139.93 0.028 0.328 94.24 

CN5A-180 525.12 83.44 -101.10 0.013 0.146 97.44 

X0A-270 443.60 215.30 -313.12 1.867 21.640 – 

CN1A-270 562.23 74.29 -74.72 0.023 0.263 98.79 

CN3A-270 455.71 78.48 23.75 0.019 0.225 98.96 

CN5A-270 500.54 79.72 34.94 0.018 0.206 99.05 

X0A-360 432.88 312.11 -180.84 2.317 26.856 – 

CN1A-360 467.02 195.94 -136.02 0.269 3.113 88.41 

CN3A-360 496.79 90.83 -5.53 0.021 0.248 99.08 

CN5A-360 513.37 75.31 -63.70 0.013 0.154 99.43 
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5.2.2.2 Results of the Linear Polarization Resistance Test 

 

Figures 5.23–5.27 show the respective linear polarization plots obtained for different calcium nitrite 

admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. The linear polarization 

resistance (LPR) of different specimens as obtained from their respective linear polarization plots 

are presented in Table 5.5. 

 

Figure 5.23 Linear polarization plots of the calcium nitrite admixed specimens after 30 days 
of exposure in tap water 
 

Figure 5.24 Linear polarization plots of the calcium nitrite admixed specimens after 90 days 
of exposure in tap water 
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Figure 5.25 Linear polarization plots of the calcium nitrite admixed specimens after 180 
days of exposure in tap water 
 
 

 

Figure 5.26 Linear polarization plots of the calcium nitrite admixed specimens after 270 
days of exposure in tap water 
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Figure 5.27 Linear polarization plots of the calcium nitrite admixed specimens after 360 
days of exposure in tap water 
 

 
Table 5.5 Linear polarization resistance of the calcium   nitrite admixed 
specimens exposed in tap water 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0T 38057 17087 19497 15592 20061 

CN1T 69298 35456 424770 50055 54475 

CN3T 156990 323090 996830 136330 229680 

CN5T 199230 490220 1512300 236790 511890 

 
Figures 5.28–5.32 show the corresponding linear polarization plots obtained for different calcium 

nitrite admixed specimens exposed in saline solution for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.6. 
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Figure 5.28 Linear polarization plots of the calcium nitrite admixed specimens after 30 days 
of exposure in saline solution 
 
 
 
 

Figure 5.29 Linear polarization plots of the calcium nitrite admixed specimens after 90 days 
of exposure in saline solution 
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Figure 5.30 Linear polarization plots of the calcium nitrite admixed specimens after 180 
days of exposure in saline solution 
 
 
 
 

Figure 5.31 Linear polarization plots of the calcium nitrite admixed specimens after 270 
days of exposure in saline solution 



186 

            © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

 
Figure 5.32 Linear polarization plots of the calcium nitrite admixed specimens after 360 
days of exposure in saline solution 
 

 
Table 5.6 Linear polarization resistance of the calcium nitrite admixed specimens exposed in 
saline solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0S 1782.8 467.9 1110.3 1057.7 515.41 

CN1S 4212.4 895.34 3958.1 1894 1038.7 

CN3S 20168 1424.3 11076 5768.8 1423.7 

CN5S 24173 1689.2 17679 8970.7 1493.1 

 
Figures 5.33-5.37 shows the corresponding linear polarization plots obtained for different calcium 

nitrite admixed specimens exposed in acidic solution for 30, 90, 180, 270, and 360 days. The 

linear polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.7. 
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Figure 5.33 Linear polarization plots of the calcium nitrite admixed specimens after 30 days 
of exposure in acidic solution 
 
 

 

Figure 5.34 Linear polarization plots of the calcium nitrite admixed specimens after 90 days 
of exposure in acidic solution 
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Figure 5.35 Linear polarization plots of the calcium nitrite admixed specimens after 180 
days of exposure in acidic solution 
 
 

 

Figure 5.36 Linear polarization plots of the calcium nitrite admixed specimens after 270 
days of exposure in acidic solution 
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Figure 5.37 Linear polarization plots of the calcium nitrite admixed specimens after 360 
days of exposure in acidic solution 
 

 
Table 5.7 Linear polarization resistance of the calcium nitrite admixed specimens exposed in 
acidic solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0A 145960 216740 120630 33752 34028 

CN1A 165650 471160 1013500 1258500 223420 

CN3A 238040 1478300 1287500 1500700 1561700 

CN5A 249650 1518600 2489100 1681000 2150700 

 

5.2.2.3 Discussion on Test Results 

As seen in Figs. 5.8–5.12 and Table 5.2, the corrosion inhibition efficiency increases with the 

increase in the dosage of calcium nitrite for the specimens exposed in tap water for the whole 

duration of exposure. Similar trends were also found in case of saline solution (Figs. 5.13–5.17 and 

Table 5.3) and acidic solution (Figs. 5.18–5.22 and Table 5.4) exposure conditions. This suggests 

that a higher quantity of calcium nitrite can yield a more stable ferric oxide film, thus prohibiting 

the reactions of aggressive ions with ferrous ions [8]. However, the corrosion rate of all the 

specimens exposed in saline solution was found to be significantly higher than the corresponding 
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specimens exposed in tap water. On the other hand, the corrosion rate of all the specimens exposed 

in acidic solution was found to be slightly lower than the corresponding specimens exposed in tap 

water. This contrary effect may be due to the formation of gypsum and ettringite within the pores 

of mortar in the presence of H2SO4. Further, the gypsum and ettringite cause to block the voids of 

mortar and reduce the ingress of aggressive ions. 

 

The linear polarization resistance of all calcium nitrite admixed specimens exposed in tap water 

was found to be higher than the control specimens, as shown in Figs. 5.23– 

5.27 and Table 5.5. Moreover, the linear polarization resistance increases with the increase in the 

dosage of calcium nitrite for the whole duration of exposure. Similar trends were also found for the 

specimens exposed in saline solution (Figs. 5.28–5.32 and Table 5.6) and acidic solution (Figs. 

5.33–5.37 and Table 5.7). Since the high linear polarization resistance indicates low corrosion rate, 

thus it can be said that the calcium nitrite is effective in inhibiting the corrosion of embedded steel. 

Moreover, the linear polarization resistance of all the specimens exposed in saline solution was 

found to be considerably lower than the respective specimens exposed in tap water. In contrast, the 

linear polarization resistance of all the specimens exposed in acidic solution was found to be higher 

than the corresponding specimens exposed in tap water. Furthermore, the linear polarization plots 

of all the specimens did not show the true linear relationship between current and potential. This is 

mainly because the corrosion is an electrochemical process and does not obey the Ohm’s law. 

 

5.2.3 Effect of Ethanolamine 
 

The effect of ethanolamine on the corrosion resistance properties of steel embedded in mortar as 

determined through potentiodynamic polarization and linear polarizat ion resistance measurements 

has been discussed in the subsequent sections. 

 

5.2.3.1 Results of the Potentiodynamic Polarization Test 
 

Figures 5.38–5.42 show the respective potentiodynamic polarization curves obtained for different 

ethanolamine admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. The 

corrosion kinetic parameters of different specimens as obtained from their corresponding 

potentiodynamic polarization curves are presented in Table 5.8. The corrosion inhibition 

efficiencies (I.E) of different content of ethanolamine were also evaluated and are presented in 

Table 5.8. 
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Figure 5.38 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 30 days of exposure in tap water 
 

 

 
Figure 5.39 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 90 days of exposure in tap water 
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Figure 5.40 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 180 days of exposure in tap water 
 

 

 
Figure 5.41 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 270 days of exposure in tap water 
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Figure 5.42 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 360 days of exposure in tap water 

Table 5.8 Corrosion kinetic parameters of the ethanolamine admixed specimens exposed in 
tap water 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 
× 10-3 

C.R 
(mm/year) 

× 10-3 

I.E (%) 

X0T-30 316.44 157.22 -325.58 1.200 13.908 – 

EA1T-30 312.20 128.99 -188.89 0.567 6.569 52.78 

EA3T-30 347.99 91.06 -121.70 0.033 0.384 97.24 

EA5T-30 432.35 145.19 -147.32 0.181 2.097 84.93 

X0T-90 420.15 183.76 -511.97 3.253 37.701 – 

EA1T-90 428.40 164.62 -331.86 1.233 14.285 62.11 

EA3T-90 439.65 112.24 -213.12 0.034 0.393 98.96 

EA5T-90 399.34 169.81 -251.02 0.895 10.371 72.49 

X0T-180 581.20 173.65 -764.13 2.982 34.555 – 

EA1T-180 541.35 199.35 -320.45 1.054 12.211 64.66 

EA3T-180 624.46 96.14 -128.90 0.045 0.522 98.49 

EA5T-180 596.02 156.51 -269.91 0.564 6.533 81.09 

X0T-270 382.86 215.16 -404.63 3.841 44.517 – 

EA1T-270 500.43 184.45 -331.38 1.598 18.524 58.40 

EA3T-270 483.75 99.54 -233.57 0.055 0.640 98.58 

EA5T-270 372.45 208.92 -376.66 1.468 17.019 61.79 

X0T-360 440.87 183.14 -508.20 2.804 32.502 – 

EA1T-360 436.00 193.22 -396.96 2.076 24.061 25.97 

EA3T-360 578.34 109.26 -263.87 0.054 0.630 98.06 

EA5T-360 509.64 156.38 -373.58 0.892 10.336 68.20 
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Figures 5.43–5.47 show the respective potentiodynamic polarization curves obtained for different 

ethanolamine admixed specimens exposed in saline solution (3.5% NaCl) for 30, 90, 180, 270, and 

360 days. The corrosion kinetic parameters of different specimens as obtained from their respective 

potentiodynamic polarization c urves are presented in Table 5.9. The corrosion inhibition 

efficiencies of different content of calcium nitrite were also calculated and are presented in Table 

5.9. 

 
 

 

Figure 5.43 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 30 days of exposure in saline solution 
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Figure 5.44 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 90 days of exposure in saline solution 
 

 

 
Figure 5.45 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 180 days of exposure in saline solution 
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Figure 5.46 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 270 days of exposure in saline solution 
 

 

 
Figure 5.47 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 360 days of exposure in saline solution 
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Table 5.9 Corrosion kinetic parameters of the ethanolamine admixed specimens exposed in 
saline solution 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 

(mm/year) 

× 10-3 

I.E (%) 

X0S-30 280.31 245.61 -599.78 31.924 369.998 – 

EA1S-30 310.83 250.96 -494.47 6.053 70.158 81.04 

EA3S-30 393.41 144.55 -475.51 1.735 20.105 94.57 

EA5S-30 427.36 216.99 -456.56 6.479 75.092 79.70 

X0S-90 494.07 148.59 -743.44 106.149 1230.200 – 

EA1S-90 305.77 188.03 -698.22 39.601 458.979 62.69 

EA3S-90 301.27 185.55 -698.22 19.038 220.645 82.06 

EA5S-90 281.14 179.38 -731.45 23.137 268.152 78.20 

X0S-180 444.19 137.55 -663.06 41.127 476.665 – 

EA1S-180 445.13 135.81 -610.94 27.125 314.380 34.05 

EA3S-180 258.89 201.19 -481.76 10.272 119.051 75.02 

EA5S-180 373.71 192.69 -493.41 16.090 186.487 60.88 

X0S-270 563.27 163.32 -685.90 52.042 603.167 – 

EA1S-270 405.45 174.96 -579.61 41.439 480.282 20.37 

EA3S-270 466.22 126.45 -537.16 16.140 187.061 68.99 

EA5S-270 459.80 190.55 -556.87 23.340 270.515 55.15 

X0S-360 321.66 146.69 -640.24 84.983 984.956 – 

EA1S-360 400.83 171.52 -527.91 40.831 473.232 51.95 

EA3S-360 358.38 199.26 -578.23 27.501 318.738 67.64 

EA5S-360 310.33 180.04 -617.48 30.734 356.205 63.84 

 
Figs. 5.48-5.52 shows the respective potentiodynamic polarization curves obtained for different 

ethanolamine admixed specimens exposed in saline solution (1% H2SO4) for 30, 90, 180, 270, and 

360 days. The corrosion kinetic parameters of different specimens as obtained from their 

corresponding potentiodynamic polarization curves are presented in Table 5.10. The corrosion 

inhibition efficiencies of different content of calcium nitrite were also calculated and are presented 

in Table 5.10. 
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Figure 5.48 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 30 days of exposure in acidic solution 
 

 

 
Figure 5.49 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 90 days of exposure in acidic solution 



199 

           © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

 

 
 

Figure 5.50 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 180 days of exposure in acidic solution 
 

 

 
Figure 5.51 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 270 days of exposure in acidic solution 



200 

            © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

 
 

Figure 5.52 Potentiodynamic polarization curves of the ethanolamine admixed specimens 
after 360 days of exposure in acidic solution 

Table 5.10 Corrosion kinetic parameters of the ethanolamine admixed specimens exposed in 
acidic solution 
 

 

Specimen 
βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 

(mm/year) 

× 10-3 

 

I.E (%) 

X0A-30 495.90 132.30 -219.32 0.311 3.606 – 

EA1A-30 477.90 90.35 -131.43 0.160 1.859 48.44 

EA3A-30 565.77 121.79 -81.52 0.033 0.380 89.46 

EA5A-30 495.77 86.89 -109.60 0.092 1.065 70.47 

X0A-90 502.11 97.68 -208.28 0.164 1.901 – 

EA1A-90 492.74 105.05 -191.55 0.101 1.170 38.47 

EA3A-90 529.73 70.75 -106.94 0.024 0.278 85.37 

EA5A-90 589.59 69.87 -11.98 0.027 0.316 83.40 

X0A-180 499.91 187.25 -281.69 0.491 5.691 – 

EA1A-180 586.86 123.93 -217.78 0.072 0.832 85.39 

EA3A-180 593.91 54.63 -50.25 0.011 0.128 97.75 

EA5A-180 576.57 109.30 -148.66 0.039 0.446 92.16 

X0A-270 443.60 215.30 -313.12 1.867 21.640 – 

EA1A-270 641.65 53.63 -149.63 0.021 0.240 98.89 

EA3A-270 609.22 65.30 -140.10 0.014 0.166 99.23 

EA5A-270 591.37 71.61 -124.86 0.019 0.225 98.96 

X0A-360 432.88 312.11 -180.84 2.317 26.856 – 

EA1A-360 472.23 198.20 -123.46 0.368 4.269 84.10 

EA3A-360 456.47 53.11 -47.32 0.019 0.217 99.19 

EA5A-360 467.33 58.90 -12.18 0.030 0.343 98.72 
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5.2.3.2 Results of the Linear Polarization Resistance Test 

 

Figures 5.53–5.57 show the corresponding linear polarization plots obtained for different 

ethanolamine admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. The 

linear polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.11. 

 

Figure 5.53 Linear polarization plots of the ethanolamine admixed specimens after 30 days 
of exposure in tap water 
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Figure 5.54 Linear polarization plots of the ethanolamine admixed specimens after 90 
days of exposure in tap water 
 
 

 

Figure 5.55 Linear polarization plots of the ethanolamine admixed specimens after 180 
days of exposure in tap water 
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Figure 5.56 Linear polarization plots of the ethanolamine admixed specimens after 270 
days of exposure in tap water 
 
 
 
 

Figure 5.57 Linear polarization plots of the ethanolamine admixed specimens after 360 
days of exposure in tap water 
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Table 5.11 Linear polarization resistance of the ethanolamine admixed 
specimens exposed in tap water 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0T 38057 17087 19497 15592 20061 

EA1T 70024 41950 60127 36662 28040 

EA3T 946540 1145900 805020 649980 734930 

EA5T 261190 57890 95609 39630 58342 

 
Figures 5.58–5.62 show the corresponding linear polarization plots obtained for different 

ethanolamine admixed specimens exposed in saline solution for 30, 90, 180, 270, and 360 days. 

The linear polarization resistance (LPR) of different specimens as obtained from their respective 

linear polarization plots are presented in Table 5.12. 

 

 

Figure 5.58 Linear polarization plots of the ethanolamine admixed specimens after 30 days 
of exposure in saline solution 



205 

           © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

 
 

Figure 5.59 Linear polarization plots of the ethanolamine admixed specimens after 90 
days of exposure in saline solution 
 
 
 
 

Figure 5.60 Linear polarization plots of the ethanolamine admixed specimens after 180 
days of exposure in saline solution 
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Figure 5.61 Linear polarization plots of the ethanolamine admixed specimens after 270 days 
of exposure in saline solution 
 
 
 
 

Figure 5.62 Linear polarization plots of the ethanolamine admixed specimens after 360 
days of exposure in saline solution 
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Table 5.12 Linear polarization resistance of the ethanolamine admixed 
specimens exposed in saline solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0S 1782.8 467.9 1110.3 1057.7 515.41 

EA1S 9973.2 1278.3 1667.9 1282.3 1279 

EA3S 26494 2622.4 4791.9 2679.6 2024.5 

EA5S 9657.7 2057.8 3435.4 2509.5 1611.8 

 
 
Figures 5.63–5.67 show the corresponding linear polarization plots obtained for different 

ethanolamine admixed specimens exposed in acidic solution for 30, 90, 180, 270, and 360 days. 

The linear polarization resistance (LPR) of different specimens as obtained from their respective 

linear polarization plots are presented in Table 5.13. 

 

 

Figure 5.63 Linear polarization plots of the ethanolamine admixed specimens after 30 days 
of exposure in acidic solution 
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Figure 5.64 Linear polarization plots of the ethanolamine admixed specimens after 90 
days of exposure in acidic solution 
 
 
 
 

Figure 5.65 Linear polarization plots of the ethanolamine admixed specimens after 180 
days of exposure in acidic solution 
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Figure 5.66 Linear polarization plots of the ethanolamine admixed specimens after 270 
days of exposure in acidic solution 
 
 

 

Figure 5.67 Linear polarization plots of the ethanolamine admixed specimens after 360 
days of exposure in acidic solution 
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Table 5.13 Linear polarization resistance of the ethanolamine admixed specimens exposed 
in acidic solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0A 145960 216740 120630 33752 34028 

EA1A 205920 373040 619930 1039900 164770 

EA3A 946630 1130500 1969500 1794900 1105300 

EA5A 349810 997550 1037300 1429100 767570 

 
5.2.3.3 Discussion on Test Results 
 

It has been observed from Figs. 5.38–5.42 and Table 5.8 that the presence of ethanolamine up to 

3%, produces a significant decrease in the corrosion rate of steel embedded in mortar specimens 

exposed to tap water. Further addition of ethanolamine up to 5%, marginally reduces the 

corrosion rate of the embedded steel as compared to 3% dosage. Thus, the corrosion inhibition 

efficiency of ethanolamine increases with the increase in the dosage upto 3%, and slightly decreases 

at 5% dosage, for the whole duration of exposure. This is probably due to the formation of the 

non-stable film in the mortar at higher dosages of ethanolamine [9]. Similar trends of effectiveness 

of ethanolamine were observed in case of saline solution (Figs. 5.43– 

5.47 and Table 5.9) and acidic solution (Figs. 5.48–5.52 and Table 5.10) exposure conditions. The 

effectiveness of ethanolamine in preventing corrosion is believed to be due to the formation of a 

film around the steel [10]. Moreover, the corrosion rate of all the specimens exposed in saline 

solution was observed to be considerably higher than the corresponding specimens exposed in tap 

water. In contrast, the corrosion rate of all the specimens exposed in acidic solution was found to 

be marginally lower than the corresponding specimens exposed in tap water. This conflicting effect 

may be due to the development of gypsum and ettringite within the pores of mortar in the presence 

of sulphuric acid that reduces the ingress of aggressive ions. 

The LPR of all the ethanolamine admixed specimens exposed in tap water was found to be higher 

than the control specimens, as shown in Figs. 5.53–5.57 and Table 5.11. But, the LPR increases 

with the increase in the dosage of ethanolamine up to 3%, and at higher dosage (5%) slightly 

decreases, for the whole duration of exposure. Similar trends were observed for the specimens 

exposed in saline solution (Figs. 5.58–5.62 and Table 5.12) and acidic solution (Figs. 5.63–5.67 

and Table 5.13). Thus, the 
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ethanolamine is effective in preventing the corrosion of embedded steel. Moreover, the LPR of all 

the specimens exposed in saline solution was found to be significantly lower than the respective 

specimens exposed in tap water. On the contrary, the LPR of all the specimens exposed in acidic 

solution was found to be greater than the corresponding specimens exposed in tap water. 

 

5.2.4 Effects of Nano-TiO2 

 

The effects of nano- TiO2 on the corrosion resistance properties of steel embedded in mortar as 

determined through potentiodynamic polarization and linear polarization resistance measurements 

have been discussed in the subsequent sections. 

 

5.2.4.1 Results of the Potentiodynamic Polarization Test 
 

Figures 5.68–5.72 show the corresponding potentiodynamic polarization curves obtained for 

different nano-TiO2 admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. 

The corrosion kinetic parameters of different specimens as obtained from their respective 

potentiodynamic polarization curves are presented in Table 5.14. The corrosion inhibition 

efficiencies (I.E) of different content of nano- TiO2 were also calculated and are presented in Table 

5.14. 

 

 
 

 

Figure 5.68 Potentiodynamic polarization curves of the nano-TiO2 admixed specimens after 
30 days of exposure in tap water 
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Figure 5.69 Potentiodynamic polarization curves of the nano-TiO2 admixed specimens 
after 90 days of exposure in tap water 
 

 

 
Figure 5.70 Potentiodynamic polarization curves of the nano-TiO2    admixed specimens 
after 180 days of exposure in tap water 
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Figure 5.71 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 270 days of exposure in tap water 
 

 

 
Figure 5.72 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 360 days of exposure in tap water 
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Table 5.14 Corrosion kinetic parameters of the nano-TiO2 admixed specimens exposed in 
tap water 
 

 

Specimen 
βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 

(mm/year) 
× 10-3 

 

I.E (%) 

X0T-30 316.44 157.22 -325.58 1.200 13.908 – 

NT1T-30 375.59 105.24 -132.30 0.214 2.474 82.21 

NT3T-30 299.91 116.60 -90.68 0.107 1.245 91.05 

NT5T-30 355.16 88.60 -21.30 0.067 0.776 94.42 

X0T-90 420.15 183.76 -511.97 3.253 37.701 – 

NT1T-90 384.32 105.18 -170.43 0.162 1.875 95.03 

NT3T-90 393.78 101.13 -161.96 0.079 0.918 97.57 

NT5T-90 390.60 102.76 -181.72 0.029 0.334 99.11 

X0T-180 581.20 173.65 -764.13 2.982 34.555 – 

NT1T-180 683.76 160.38 -138.59 0.525 6.090 82.38 

NT3T-180 562.49 124.58 -125.82 0.233 2.704 92.18 

NT5T-180 699.28 107.25 -202.45 0.070 0.816 97.64 

X0T-270 382.86 215.16 -404.63 3.841 44.517 – 

NT1T-270 328.27 161.12 -323.88 1.520 17.616 60.43 

NT3T-270 263.52 166.75 -386.48 1.333 15.454 65.29 

NT5T-270 298.82 101.84 -302.45 0.370 4.287 90.37 

X0T-360 440.87 183.14 -508.20 2.804 32.502 – 

NT1T-360 497.03 127.62 -364.58 1.588 18.400 43.38 

NT3T-360 598.63 186.08 -131.68 0.360 4.177 87.15 

NT5T-360 625.8 104.07 -99.636 0.202 2.345 92.78 

 
Figures 5.73–5.77 shows the corresponding potentiodynamic polarization curves obtained for 

different nano-TiO2 admixed specimens exposed in saline solution (3.5% NaCl) for 30, 90, 180, 

270, and 360 days. The corrosion kinetic parameters of different specimens as obtained from their 

respective potentiodynamic polarization curves are presented in Table 5.15. The corrosion 

inhibition efficiencies of different content of nano-TiO2 were also calculated and are presented in 

Table 5.15. 
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Figure 5.73 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 30 days of exposure in saline solution 
 

 

 
Figure 5.74 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 90 days of exposure in saline solution 
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Figure 5.75 Potentiodynamic polarization curves of the   nano-TiO2    admixed specimens 
after 180 days of exposure in saline solution 
 

 

 
Figure 5.76 Potentiodynamic polarization curves of the nano-TiO2    admixed specimens 
after 270 days of exposure in saline solution 
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Figure 5.77 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 360 days of exposure in saline solution 
 

Table 5.15 Corrosion kinetic parameters of the nano-TiO2 admixed specimens exposed in 
saline solution 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 
× 10-3 

C.R 
(mm/year) 

× 10-3 

I.E (%) 

X0S-30 280.31 245.61 -599.78 31.924 369.998 – 

NT1S-30 309.66 250.96 -561.89 10.042 116.391 68.54 

NT3S-30 390.31 181.12 -254.17 1.638 18.986 94.87 

NT5S-30 378.14 243.4 -361.87 0.397 4.601 98.76 

X0S-90 494.07 148.59 -743.44 106.149 1230.200 – 

NT1S-90 282.95 240.89 -632.64 38.386 444.897 63.84 

NT3S-90 345.28 199.48 -693.2 28.684 332.450 72.98 

NT5S-90 424.43 103.16 -714.73 8.701 100.839 91.80 

X0S-180 444.19 137.55 -663.06 41.127 476.665 – 

NT1S-180 458.14 124.09 -614.57 24.432 283.169 40.59 

NT3S-180 293.64 197.59 -539.54 18.045 209.142 56.12 

NT5S-180 375.28 242.01 -405.44 5.441 63.056 86.77 

X0S-270 563.27 163.32 -685.9 52.042 603.167 – 

NT1S-270 331.12 235.59 -526.8 19.140 221.835 63.22 

NT3S-270 385.64 243.73 -532.58 12.726 147.495 75.55 

NT5S-270 391.19 243.42 -515.25 8.156 94.528 84.33 

X0S-360 321.66 146.69 -640.24 84.983 984.956 – 

NT1S-360 369.68 142.16 -580.17 30.257 350.681 64.4 

NT3S-360 315.17 165.9 -520.95 17.287 200.353 79.7 

NT5S-360 313.2 147.13 -470.84 13.687 158.635 83.9 
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Figures 5.78–5.82 show the corresponding potentiodynamic polarization curves obtained for 

different nano-TiO2 admixed specimens exposed in acidic solution (1% H2SO4) for 30, 90, 180, 

270, and 360 days. The corrosion kinetic parameters of different specimens as obtained from their 

respective potentiodynamic polarization curves are presented in Table 5.16. The corrosion 

inhibition efficiencies of different content of nano-TiO2 were also calculated and are presented in 

Table 5.16. 

 

 
 

 

Figure 5.78 Potentiodynamic polarization curves of the nano-TiO2    admixed specimens 
after 30 days of exposure in acidic solution 
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Figure 5.79 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 90 days of exposure in acidic solution 
 

 

 
Figure 5.80 Potentiodynamic   polarization   curves   of   the   nano-TiO2     admixed specimens 
after 180 days of exposure in acidic solution 
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Figure 5.81 Potentiodynamic polarization curves of the nano-TiO2    admixed specimens 
after 270 days of exposure in acidic solution 
 
 
 
 

 
Figure 5.82 Potentiodynamic polarization curves of   the nano-TiO2    admixed specimens 
after 360 days of exposure in acidic solution 
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Table 5.16 Corrosion kinetic parameters of the nano-TiO2 admixed specimens exposed in 
acidic solution 
 

 

Specimen 
βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 
× 10-3 

C.R 
(mm/year) 

× 10-3 

 

I.E (%) 

X0A-30 495.90 132.30 -219.32 0.311 3.606 – 

NT1A-30 502.93 112.45 -100.83 0.181 2.099 41.86 

NT3A-30 359.44 58.03 69.82 0.058 0.675 81.31 

NT5A-30 396.24 52.25 69.82 0.037 0.431 88.07 

X0A-90 502.11 97.68 -208.28 0.164 1.901 – 

NT1A-90 424.41 101.25 -200.35 0.121 1.402 26.19 

NT3A-90 395.05 81.31 -122.63 0.048 0.562 70.43 

NT5A-90 414.96 66.63 -121.05 0.020 0.236 87.59 

X0A-180 499.91 187.25 -281.69 0.491 5.691 – 

NT1A-180 470.84 91.39 -75.55 0.035 0.401 92.96 

NT3A-180 493.56 95.44 -91.41 0.031 0.360 93.68 

NT5A-180 526.41 96.60 -142.94 0.017 0.198 96.52 

X0A-270 443.60 215.30 -313.12 1.867 21.640 – 

NT1A-270 418.71 221.36 -202.97 0.738 8.549 60.49 

NT3A-270 507.49 140.50 -159.15 0.256 2.969 86.28 

NT5A-270 567.70 66.62 -147.72 0.025 0.289 98.66 

X0A-360 432.88 312.11 -180.84 2.317 26.856 – 

NT1A-360 433.80 280.97 -123.53 0.450 5.215 80.58 

NT3A-360 455.30 225.09 -138.22 0.293 3.397 87.35 

NT5A-360 532.48 142.31 -105.56 0.196 2.267 91.56 

 
5.2.4.2 Results of the Linear Polarization Resistance Test 
 

Figures 5.83-5.87 show the corresponding linear polarization plots obtained for different nano- 

TiO2 admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.17. 
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Figure 5.83 Linear polarization plots of the nano-TiO2 admixed specimens after 30 days of 
exposure in tap water 
 

 

Figure 5.84 Linear polarization plots of the nano-TiO2 admixed specimens after 90 days of 
exposure in tap water 
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Figure 5.85 Linear polarization plots of the nano-TiO2 admixed specimens after 180 days of 
exposure in tap water 
 

 

Figure 5.86 Linear polarization plots of the nano-TiO2 admixed specimens after 270 days of 
exposure in tap water 
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Figure 5.87 Linear polarization plots of the nano-TiO2 admixed specimens after 360 days of 
exposure in tap water 
 

 
Table 5.17 Linear polarization resistance of the nano-TiO2 admixed specimens exposed in 
tap water 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0T 38057 17087 19497 15592 20061 

NT1T 167420 221900 107500 30915 27810 

NT3T 339920 441900 190070 33301 171230 

NT5T 460540 1226900 574540 89273 191750 

 
Figures 5.88-5.92 show the corresponding linear polarization plots obtained for different nano-

TiO2 admixed specimens exposed in saline solution for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.18. 
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Figure 5.88 Linear polarization plots of the nano-TiO2 admixed specimens after 30 days of 
exposure in saline solution 
 
 

Figure 5.89 Linear polarization plots of the nano-TiO2 admixed specimens after 90 days of 
exposure in saline solution 
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Figure 5.90 Linear polarization plots of the nano-TiO2 admixed specimens after 180 days of 
exposure in saline solution 
 

 

Figure 5.91 Linear polarization plots of the nano-TiO2 admixed specimens after 270 days of 
exposure in saline solution 
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Figure 5.92 Linear polarization plots of the nano-TiO2 admixed specimens after 360 days of 
exposure in saline solution 
 

 
Table 5.18 Linear polarization resistance of the nano-TiO2 admixed specimens exposed in 
saline solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0S 1782.8 467.9 1110.3 1057.7 515.41 

NT1S 6001.4 1473.7 1737.6 3126.8 1475.4 

NT3S 32835 1916.4 2845.8 5102.2 2733.6 

NT5S 162180 4147.1 11757 7998.9 3179.8 

 
Figures 5.93–5.97 show the corresponding linear polarization plots obtained for different nano- 

TiO2 admixed specimens exposed in acidic solution for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.19. 
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Figure 5.93 Linear polarization plots of the nano-TiO2 admixed specimens after 30 days of 
exposure in acidic solution 
 
 
 

Figure 5.94 Linear polarization plots of the nano-TiO2 admixed specimens after 90 days of 
exposure in acidic solution 



229 

           © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

 
 

Figure 5.95 Linear polarization plots of the nano-TiO2 admixed specimens after 180 days of 
exposure in acidic solution 
 
 

Figure 5.96 Linear polarization plots of the nano-TiO2 admixed specimens after 270 days of 
exposure in acidic solution 
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Figure 5.97 Linear polarization plots of the nano-TiO2 admixed specimens after 360 days of 
exposure in acidic solution 
 
 
 
Table 5.19 Linear polarization resistance of the nano-TiO2 admixed specimens exposed in 
acidic solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0A 145960 216740 120630 33752 34028 

NT1A 220640 293740 962890 85355 164770 

NT3A 373240 604870 1120600 186770 223420 

NT5A 540240 1227300 2078300 1039900 249650 

 
 
5.2.4.3 Discussion on Test Results 

 
It has been observed from Figures 5.68–5.72 and Table 5.14 that the corrosion rates exhibited by 

the nano-TiO2 admixed specimens were found to be significantly lower than the control specimens 

exposed in tap water for the whole duration of exposure. Thus, the corrosion inhibition efficiency 

increases with the increase in the dosage of nano-TiO2. Also, the specimens exposed to saline 

solution (Figs. 5.73–5.77 and Table 5.15) and acidic solution (Figs. 5.78–5.82 and Table 5.16) 

showed similar effects. 
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This suggests that the nano-TiO2 can fill up the voids and produce a denser mortar and thus reducing 

the ionic transport. This finding is partially in confirmation of the results of the other studies [11, 

12]. Moreover, the corrosion rate of all the specimens exposed in saline solution was found to be 

substantially higher than the corresponding specimens exposed in tap water. On the other hand, the 

corrosion rate of all the specimens exposed in acidic solution was found to be marginally lower 

than the corresponding specimens exposed in tap water. This contrary effect may be due to the 

formation of gypsum and ettringite within the pores of mortar in the presence of H2SO4. Further, 

this may also be due to pore filling abilities of nano-TiO2. 

 

The LPR of all nano-TiO2 admixed specimens exposed in tap water was found to be higher than 

the control specimens, as shown in Figs. 5.83–5.87 and Table 5.17. Besides, the LPR increases 

with the increase in the dosage of nano-TiO2 for the whole duration of exposure. Similar effects 

were also observed for the specimens exposed in saline solution (Figs. 5.88–5.92 and Table 5.18) 

and acidic solution (Figs. 5.93–5.97 and Table 5.19). Thus, the nano- TiO2 is effective in preventing 

the corrosion of embedded steel. In addition, the LPR of all the specimens exposed in saline 

solution was found to be significantly lower than the respective specimens exposed in tap water. In 

contrast, the LPR of all the specimens exposed in acidic solution was found to be more than the 

corresponding specimens exposed in tap water. 

 

5.2.5 Effect of Nano-SiO2 
 

The effect of nano-SiO2 on the corrosion resistance properties of steel embedded in mortar as 

determined through potentiodynamic polarization and linear polarization resistance measurements 

has been discussed in the subsequent sections. 

 

5.2.5.1 Results of the Potentiodynamic Polarization Test 
 

Figures 5.98-5.102 show the corresponding potentiodynamic polarization curves obtained for 

different nano-SiO2 admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. 

The corrosion kinetic parameters of different specimens as obtained from their respective 

potentiodynamic polarization curves are presented in Table 5.20. The corrosion inhibition 

efficiencies (I.E) of different content of nano- SiO2 were also calculated and are presented in Table 

5.20. 
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Figure 5.98 Potentiodynamic   polarization   curves   of   the   nano-SiO2     admixed specimens 
after 30 days of exposure in tap water 
 

 

 
Figure 5.99 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens after 
90 days of exposure in tap water 
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Figure 5.100 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens after 
180 days of exposure in tap water 
 

 

 
Figure 5.101 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens after 
270 days of exposure in tap water 
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Figure 5.102 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 360 days of exposure in tap water 

Table 5.20 Corrosion kinetic parameters of the nano-SiO2 admixed specimens exposed in tap 
water 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 

(mm/year) 

× 10-3 

I.E (%) 

X0T-30 316.44 157.22 -325.58 1.200 13.908 – 

NS1T-30 432.05 130.80 -260.07 0.379 4.390 68.44 

NS3T-30 290.52 80.83 -113.38 0.070 0.811 94.17 

NS5T-30 234.96 110.29 -174.66 0.104 1.204 91.34 

X0T-90 420.15 183.76 -511.97 3.253 37.701 – 

NS1T-90 271.20 155.56 -474.86 1.986 23.014 38.96 

NS3T-90 462.64 205.40 -348.81 1.192 13.820 63.34 

NS5T-90 268.93 183.85 -505.24 1.530 17.733 52.96 

X0T-180 581.20 173.65 -764.13 2.982 34.555 – 

NS1T-180 479.86 180.92 -251.24 0.897 10.393 69.93 

NS3T-180 589.82 139.52 -181.78 0.169 1.963 94.32 

NS5T-180 576.98 132.69 -241.66 0.173 2.003 94.21 

X0T-270 382.86 215.16 -404.63 3.841 44.517 – 

NS1T-270 316.60 230.52 -496.04 2.068 23.965 46.17 

NS3T-270 327.08 221.40 -237.40 1.773 20.547 53.85 

NS5T-270 394.01 212.21 -380.00 2.003 23.211 47.86 

X0T-360 440.87 183.14 -508.20 2.804 32.502 – 

NS1T-360 475.35 176.60 -410.42 1.438 16.670 48.71 

NS3T-360 513.10 142.46 -295.47 0.785 9.098 72.01 

NS5T-360 255.04 197.73 -266.73 0.833 9.652 70.30 



235 

           © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

Figures 5.103–5.107 show the corresponding potentiodynamic polarization curves obtained for 

different nano-SiO2 admixed specimens exposed in saline solution for 30, 90, 180, 270, and 360 

days. The corrosion kinetic parameters of different specimens as obtained from their respective 

potentiodynamic polarization curves are presented in Table 5.21. The corrosion inhibition 

efficiencies (I.E) of different content of nano- SiO2 were also calculated and are presented in Table 

5.21. 

 

 
 

 

Figure 5.103 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 30 days of exposure in saline solution 
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Figure 5.104 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 90 days of exposure in saline solution 
 

 

 
Figure 5.105 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 180 days of exposure in saline solution 
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Figure 5.106 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 270 days of exposure in saline solution 
 

 

 
Figure 5.107 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 360 days of exposure in saline solution 
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Table 5.21 Corrosion kinetic parameters of the nano-SiO2 admixed specimens exposed in 
saline solution 
 

 

Specimen 
βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 

(mm/year) 
× 10-3 

 

I.E (%) 

X0S-30 280.31 245.61 -599.78 31.924 369.998 – 

NS1S-30 495.16 59.683 -794.06 9.107 105.545 71.47 

NS3S-30 287.41 188.03 -507.48 3.859 44.723 87.91 

NS5S-30 295.29 100.92 -717.43 8.292 96.098 74.03 

X0S-90 494.07 148.59 -743.44 106.149 1230.200 – 

NS1S-90 327.48 114.66 -700.64 72.607 841.509 31.60 

NS3S-90 235.55 140.8 -636.98 43.930 509.148 58.61 

NS5S-90 394.31 109.48 -724.03 56.427 653.994 46.84 

X0S-180 444.19 137.55 -663.06 41.127 476.665 – 

NS1S-180 352.95 187.73 -645.29 36.009 417.348 12.44 

NS3S-180 394.28 194.84 -620.54 25.796 298.970 37.28 

NS5S-180 350.45 213.45 -703.54 33.736 391.004 17.97 

X0S-270 563.27 163.32 -685.9 52.042 603.167 – 

NS1S-270 445.07 184.96 -682.44 45.791 530.719 12.01 

NS3S-270 335.06 209.65 -514.71 16.226 188.064 68.82 

NS5S-270 365.41 199.92 -550.10 21.436 248.443 58.81 

X0S-360 321.66 146.69 -640.24 84.983 984.956 – 

NS1S-360 354.32 154.76 -652.01 59.560 690.301 29.92 

NS3S-360 320.13 191.96 -531.94 15.782 182.914 81.43 

NS5S-360 360.15 159.24 -625.16 28.689 332.508 66.24 

 
 

Figures 5.108–5.112 show the corresponding potentiodynamic polarization curves obtained for 

different nano-SiO2 admixed specimens exposed in acidic solution for 30, 90, 180, 270, and 360 

days. The corrosion kinetic parameters of different specimens as obtained from their respective 

potentiodynamic polarization c urves are presented in Table 5.22. The corrosion inhibition 

efficiencies (I.E) of different content of nano-SiO2 were also calculated and are presented in Table 

5.22. 
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Figure 5.108 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 30 days of exposure in acidic solution 
 

 

 
Figure 5.109 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 90 days of exposure in acidic solution 
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Figure 5.110 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 180 days of exposure in acidic solution 
 

 

 
Figure 5.111 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 270 days of exposure in acidic solution 
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Figure 5.112 Potentiodynamic polarization curves of the nano-SiO2 admixed specimens 
after 360 days of exposure in acidic solution 
 

Table 5.22 Corrosion kinetic parameters of the nano-SiO2 admixed specimens exposed in 
acidic solution 
 

Specimen βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV) 

Icorr 

(mA/cm2) 

× 10-3 

C.R 
(mm/year) 

× 10-3 

I.E (%) 

X0A-30 495.90 132.30 -219.32 0.311 3.606 – 

NS1A-30 425.41 79.49 -126.96 0.130 1.512 58.12 

NS3A-30 419.92 109.02 -81.24 0.059 0.682 81.12 

NS5A-30 468.67 84.33 -86.13 0.071 0.824 77.19 

X0A-90 502.11 97.68 -208.28 0.164 1.901 – 

NS1A-90 509.17 86.97 -188.72 0.087 1.004 47.18 

NS3A-90 506.43 62.65 -205.05 0.031 0.360 81.05 

NS5A-90 496.54 118.17 -133.41 0.061 0.703 62.98 

X0A-180 499.91 187.25 -281.69 0.491 5.691 – 

NS1A-180 492.75 132.18 -85.03 0.057 0.666 88.30 

NS3A-180 471.88 80.18 -90.96 0.019 0.224 96.06 

NS5A-180 551.79 110.55 -168.03 0.028 0.330 94.21 

X0A-270 443.60 215.30 -313.12 1.867 21.640 – 

NS1A-270 575.33 154.99 -197.09 0.562 6.513 69.90 

NS3A-270 538.45 187.33 -161.03 0.324 3.750 82.67 

NS5A-270 476.82 217.25 -192.26 0.348 4.035 81.35 

X0A-360 432.88 312.11 -180.84 2.317 26.856 – 

NS1A-360 389.64 267.57 -181.51 0.508 5.889 78.07 

NS3A-360 451.88 254.68 -274.69 0.220 2.545 90.52 

NS5A-360 443.19 234.29 -123.77 0.404 4.687 82.54 
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5.2.5.2 Results of the Linear Polarization Resistance Test 

 

Figures 5.113–5.117 show the corresponding linear polarization plots obtained for different nano-

SiO2 admixed specimens exposed in tap water for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.23. 

 

Figure 5.113 Linear polarization plots of the nano-SiO2 admixed specimens after 30 days of 
exposure in tap water 
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Figure 5.114 Linear polarization plots of the nano-SiO2 admixed specimens after 90 days of 
exposure in tap water 
 

 

Figure 5.115 Linear polarization plots of the nano-SiO2 admixed specimens after 180 days 
of exposure in tap water 
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Figure 5.116 Linear polarization plots of the nano-SiO2 admixed specimens after 270 days 
of exposure in tap water 
 
 
 

Figure 5.117 Linear polarization plots of the nano-SiO2 admixed specimens after 360 days of 
exposure in tap water 
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Table 5.23 Linear polarization resistance of the nano-SiO2 admixed specimens exposed in 
tap water 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0T 38057 17087 19497 15592 20061 

NS1T 115240 21645 63704 32380 38922 

NS3T 392880 51868 289710 29943 61758 

NS5T 314090 31030 271450 28049 58148 

 
Figures 5.118–5.122 show the corresponding linear polarization plots obtained for different nano-

SiO2 admixed specimens exposed in saline solution for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.24. 

 

 

Figure 5.118 Linear polarization plots of the nano-SiO2 admixed specimens after 30 days of 
exposure in saline solution 
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Figure 5.119 Linear polarization plots of the nano-SiO2 admixed specimens after 90 days of 
exposure in saline solution 
 
 
 

Figure 5.120 Linear polarization plots of the nano-SiO2 admixed specimens after 180 days of 
exposure in saline solution 
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Figure 5.121 Linear polarization plots of the nano-SiO2 admixed specimens after 270 days of 
exposure in saline solution 
 
 
 

Figure 5.122 Linear polarization plots of the nano-SiO2 admixed specimens after 360 days of 
exposure in saline solution 
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Table 5.24 Linear polarization resistance of the nano-SiO2 admixed specimens exposed in 
saline solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0S 1782.8 467.9 1110.3 1057.7 515.41 

NS1S 2542.9 508.55 1479.6 1240.6 786.29 

NS3S 12807 872.17 2197.8 3455.4 3305.9 

NS5S 3944 660.24 1709.6 2620.9 1673.3 

 
Figures 5.123–5.127 show the corresponding linear polarization plots obtained for different nano-

SiO2 admixed specimens exposed in acidic solution for 30, 90, 180, 270, and 360 days. The linear 

polarization resistance (LPR) of different specimens as obtained from their respective linear 

polarization plots are presented in Table 5.25. 

 

 

Figure 5.123 Linear polarization plots of the nano-SiO2 admixed specimens after 30 days of 
exposure in acidic solution 
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Figure 5.124 Linear polarization plots of the nano-SiO2 admixed specimens after 90 days of 
exposure in acidic solution 
 

 

Figure 5.125 Linear polarization plots of the nano-SiO2 admixed specimens after 180 days of 
exposure in acidic solution 
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Figure 5.126 Linear polarization plots of the nano-SiO2 admixed specimens after 270 days of 
exposure in acidic solution 
 
 
 

Figure 5.127 Linear polarization plots of the nano-SiO2 admixed specimens after 360 days of 
exposure in acidic solution 
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Table 5.25 Linear polarization resistance of the nano-SiO2 admixed specimens exposed in 
acidic solution 
 

Specimen LPR (Ohm. cm2) 

30 days 90 days 180 days 270 days 360 days 

X0A 145960 216740 120630 33752 34028 

NS1A 223230 373040 788860 94461 135740 

NS3A 639900 780440 1541300 186770 322560 

NS5A 437340 683950 1407400 186400 164770 

 
5.2.5.3 Discussion on Test Results 
 

It has been observed from Figs. 5.98–5.102 and Table 5.20 that the addition of nano- SiO2 up to 

3% produces a substantial reduction in the corrosion rate of steel embedded in mortar specimens 

exposed to tap water. Further addition of nano-SiO2 up to 5% slightly decreases the corrosion rate 

as compared to 3% dosage of nano- SiO2. As a result, the corrosion inhibition efficiency of nano-

SiO2 increases with the increase in the dosage up to 3%, and slightly decreases at 5% dosage, for 

the whole duration of exposure. A lower efficiency for 5% dosage of nano-SiO2 may be attributed 

to the inappropriate dispersion of nanoparticles [13]. Similar trends of effectiveness of nano-SiO2 

were observed in case of saline solution (Figs. 5.103– 

5.107 and Table 5.21) and acidic solution (Figs. 5.108–5.112 and Table 5.22) 

exposure conditions. The effectiveness of nano-SiO2 in inhibiting corrosion may be due to the 

development of compact microstructure of mortar and thereby reduce the transport of aggressive 

ions [14]. Moreover, the corrosion rate of all the specimens exposed in saline solution was observed 

to be substantially higher than the corresponding specimens exposed in tap water. In contrast, the 

corrosion rate of all the specimens exposed in acidic solution was found to be slightly lower than 

the corresponding specimens exposed in tap water. This contradictory effect may be due to the 

development of gypsum and ettringite within the pores of mortar in the presence of sulphuric acid 

that reduces the ingress of aggressive ions. This may also be due to the improvement of the 

microstructure of mortar in the presence of nano- SiO2. 

 

The LPR of all the nano-SiO2 admixed specimens exposed in tap water was found to be higher than 

the control specimens, as shown in Figs. 5.113–5.117 and Table 5.23. 
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But, the LPR increases with the increase in the dosage of nano-SiO2 up to 3%, and at higher dosage 

(5%) decreases marginally, for the whole duration of exposure. Similar trends were also observed 

for the specimens exposed in saline solution (Figs. 5.118– 

5.122 and Table 5.24) and acidic solution (Figs. 5.123–5.127 and Table 5.25). Accordingly, the 

nano-SiO2 is effective in preventing the corrosion of embedded steel. Moreover, the LPR of all 

the specimens exposed in saline solution was found to be considerably lower than the respective 

specimens exposed in tap water. On the contrary, the LPR of all the specimens exposed in acidic 

solution was found to be greater than the corresponding specimens exposed in tap water. 

 

5.2.6 Comparative Studies 
 

In this section, the effect of the exposure medium and exposure duration on the corrosion inhibition 

efficiency of different content of calcium nitrite, ethanolamine, nano-TiO2, and nano-SiO2 has been 

presented. The corrosion inhibition efficiency of different admixtures as obtained through 

potentiodynamic measurements has been compared, and has been discussed in the following sub-

sections. 

5.2.6.1 Corrosion Conditions in Tap Water Exposure Environment 
 

Figure 5.128 shows the corrosion inhibition efficiencies of 1% calcium nitrite, ethanolamine, nano-

TiO2, and nano-SiO2 in tap water environment with exposure duration of upto 360 days. It can be 

seen that the inhibition efficiency of all the admixtures fluctuates over time. However, at the end 

of measurement (i.e. 360 days), the order of inhibition efficiencies has been found as CN1T > NS1T 

> NT1T > EA1T. The efficiencies observed for 3% and 5% content of different admixtures are 

shown in Fig. 5.129 and Fig. 5.130, respectively. The order of inhibition efficiencies were found 

to be different after 360 days. Accordingly, the order of inhibition efficiencies have been observed 

as EA3T > CN3T > NT3T > NS3T and CN5T > NT5T > NS5T > EA5T for 3% and 5% admixtures 

content, respectively. 

 

Some of the specimens after 360 days of exposure have been shown in Fig. 5.131. Moreover, the 

embedded steels were taken out from the mortar composite. The corrosion conditions of such steels 

after 360 days of exposure can be seen in Fig. 5.132–5.134. The effectiveness of different 

admixtures in inhibiting the corrosion of embedded steel are evident from these visuals. 



253 

           © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

 

Figure 5.128 Corrosion inhibition efficiencies of 1% admixtures content in tap water 
environment 
 
 

 

Figure 5.129 Corrosion inhibition efficiencies of 3% admixtures content in tap water 
environment 
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Figure 5.130 Corrosion inhibition efficiencies of 5% admixtures content in tap water 
environment 
 
 

 

Figure 5.131 Specimens containing different admixtures (a) 1% (b) 3% and (c) 5%, after 
360 days of exposure in tap water 
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Figure 5.132 Corrosion condition of embedded steels after splitting the specimens containing 
1% of different admixtures, exposed under tap water for 360 days 
 

 

Figure 5.133 Corrosion condition of embedded steels after splitting the specimens containing 
3% of different admixtures, exposed under tap water for 360 days 
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Figure 5.134 Corrosion condition of embedded steels after splitting the specimens containing 
5% of different admixtures, exposed under tap water for 360 days 
 

5.2.6.2 Corrosion Conditions in Saline Solution Exposure Environment 
 

Figure 5.135 shows the corrosion inhibition efficiencies of 1% calcium nitrite, ethanolamine, nano-

TiO2, and nano-SiO2 in saline solution environment with exposure duration of upto 360 days. It 

has been observed that the inhibition efficiency of all the admixtures varies with the exposure 

duration. However, the order of inhibition efficiencies has been found as NT1S > EA1S > CN1S > 

NS1S at 360 days of the exposure. Similar fluctuatiing behaviour in inhibition efficiencies have 

also been found for 3% and 5% of admixtures contents as shown in Fig. 5.136 and Fig. 5.137, 

respectively. But, the order of inhibition efficiencies were found to be different at 360 days of 

exposure. Hence, the order of inhibition efficiencies have been found as NS3S > NT3S > EA3S 

> CN3S and NT5S > NS5S > CN5S > EA5S for 3% and 

5% admixtures content, respectively. 

 
After 360 days of exposure, some of the specimens have been shown in Fig. 5.138. Moreover, the 

corrosion condition of embedded steels after 360 days of exposure can be seen in Fig. 5.139–5.141. 

The effectiveness of different admixtures in inhibiting the corrosion of embedded steel can be 

observed from the visuals. 
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Figure 5.135 Corrosion inhibition efficiencies of 1% admixtures content in saline solution 
environment 
 
 
 

Figure 5.136 Corrosion inhibition efficiencies of 3% admixtures content in saline solution 
environment 
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Figure 5.137 Corrosion inhibition efficiencies of 5% admixtures content in saline solution 
environment 
 
 

 

Figure 5.138 Specimens containing different admixtures (a) 1% (b) 3% and (c) 5%, after 
360 days of exposure in saline solution 
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Figure 5.139 Corrosion condition of embedded steels after splitting the specimens containing 
1% of different admixtures, exposed under saline solution for 360 days 
 

 

Figure 5.140 Corrosion condition of embedded steels after splitting the specimens containing 
3% of different admixtures, exposed under saline solution for 360 days 
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Figure 5.141 Corrosion condition of embedded steels after splitting the specimens containing 
5% of different admixtures, exposed under saline solution for 360 days 
 

 
5.2.6.3 Corrosion Conditions in Acidic Solution Exposure Environment 
 

Figure 5.142 shows the corrosion inhibition efficiencies of 1% calcium nitrite, ethanolamine, nano-

TiO2, and nano-SiO2 in acidic solution environment with exposure duration of upto 360 days. It has 

been observed that the inhibition efficiency of all the admixtures fluctuates with the duration of 

exposure. However, the order of inhibition efficiencies has been found as CN1A > EA1A > NT1A 

> NS1A at 360 days of the exposure. inhibition efficiencies observed for 3% and 5% of admixtures 

contents are shown in Fig. 5.143 and Fig. 5.144, respectively. The order of inhibition efficiencies 

were found to be different at 360 days of exposure. For 3% admixtures content, the order of 

inhibition efficiencies is EA3A > CN3A > NS3A > NT3A and for 5% admixtures content, inhibition 

efficiencies order is CN5A> EA5A > NT5A > NS5A. 

 

Some of the specimens after 360 days of exposure have been shown in Fig. 5.145. Moreover, Fig. 

5.146–5.148 shows the corrosion condition of embedded steels after 360 days of exposure. The 

visuals are clearly indicating the effectiveness of different admixtures in inhibiting the corrosion 

of embedded steel. 
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Figure 5.142 Corrosion inhibition efficiencies of 1% admixtures content in acidic solution 
environment 
 
 

 

Figure 5.143 Corrosion inhibition efficiencies of 3% admixtures content in acidic solution 
environment 
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Figure 5.144 Corrosion inhibition efficiencies of 5% admixtures content in acidic solution 
environment 
 
 

 

Figure 5.145 Specimens containing different admixtures (a) 1% (b) 3% and (c) 5%, after 
360 days of exposure in acidic solution 
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Figure 5.146 Corrosion condition of embedded steels after splitting the specimens containing 
1% of different admixtures, exposed under acidic solution for 360 days 
 

 

Figure 5.147 Corrosion condition of embedded steels after splitting the specimens containing 
3% of different admixtures, exposed under acidic solution for 360 days 
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Figure 5.148 Corrosion condition of embedded steels after splitting the specimens containing 
5% of different admixtures, exposed under acidic solution for 360 days 
 

 
5.3 Gravimetric Weight Loss Measurement 

 

This is the simplest and reliable method of measuring the corrosion rate of a metal. The detailed 

guideline for the preparation of test specimens and evaluation of corrosion rate by means of this 

technique has been specified in ASTM G1-03, as explained earlier in the Chapter-2 (Section 2.2.8). 

In this study, this method has been mainly used to verify electrochemical test results, which have 

been reported in previous sections. 

 

5.3.1 Investigation Scheme and Test Specimens 
 

In this study, the corrosion rate of steel embedded in mortar has been assessed. In addition, the 

effectiveness of calcium nitrite, ethanolamine, nano-TiO2 and nano-SiO2 in controlling the 

corrosion of steel has also been estimated. For this, cylindrical mortar specimens (with centrally 

embedded steel rod) of size 30mm diameter and 52mm height were prepared. The same mixture 

proportions as mentioned in Chapter- 
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4 (section 4.3.1) was used for the preparation of mortar. The steel bar of diameter 3mm and length 

25mm was placed in the middle portion of the cylinder in such a way that a uniform clear cover of 

13.5mm was provided to the steel from all the sides. It must be noted here that, before preparation 

of cylindrical specimens, the steel bars were cleaned, degreased and dried as per ASTM G1-03; 

and thereafter, initial weight of the specimen was recorded using a digital electronic balance. The 

cylindrical specimens were removed from the mould after 24 hours of casting, and thereafter, they 

were stored in tap water for 28 days for curing. After curing, specimens were exposed to different 

exposure mediums (tap water, saline solution and acidic solution) for 360 days. Also, the specimens 

were exposed to a dry-wet cycle of 15 days in order to accelerate the corrosion process. The test 

solutions were also renewed after every 15 days to maintain the chloride and sulphate ions 

concentration. The investigation scheme has been presented in Table 5.26. 

 

Finally, steel bars were taken out from the specimens after 360 days of exposure and were cleaned 

as per ASTM G1-03. After that, the final weight of the steel bar was recorded and then the loss in 

weight was calculated. An average weight loss of three specimens for each set has been observed 

and consequently, corrosion rate was determined from Eq. 2.13. The parameters involved in this 

equation have been taken as follows. 

 

CR = Corrosion rate (mm/year) 

∆W = Weight loss (g) 

A = Exposed surface area = 2.5 cm2 T = Time of exposure = 8640 hours 

K = Unit conversion constant = 8.76 × 104 ρ = Density = 7.86 g/cm3 
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Table 5.26 Investigation scheme for weight loss measurement 
 

Specimen designations based on 

exposure medium 
Dose of 

admixtures 

Number of 

specimens 

Duration of 

Exposure 

(days) Tap Saline Acidic 

X0T X0S X0A 0% (Control) 9 360 

CN1T CN1S CN1A 1% CN 9 360 

CN3T CN3S CN3A 3% CN 9 360 

CN5T CN5S CN5A 5% CN 9 360 

EA1T EA1S EA1A 1% EA 9 360 

EA3T EA3S EA3A 3% EA 9 360 

EA5T EA5S EA5A 5% EA 9 360 

NT1T NT1S NT1A 1% NT 9 360 

NT3T NT3S NT3A 3% NT 9 360 

NT5T NT5S NT5A 5% NT 9 360 

NS1T NS1S NS1A 1% NS 9 360 

NS3T NS3S NS3A 3% NS 9 360 

NS5T NS5S NS5A 5% NS 9 360 

 

5.3.2 Results and Discussion 
 

Figure 5.149 shows the condition of cylindrical specimens after 360 days of exposure under tap 

water, saline solution and acidic solution. The embedded steel bars were taken out after splitting 

these specimens. The corrosion condition of steel embedded in the mortar containing different 

admixtures that were exposed in tap water can be seen in Fig. 5.150. The higher amount of 

corrosion products have been observed in the control specimens as compared to than other 

specimens. Thus, it is evident from the visuals that the chemical and nano-admixtures are effective 

in reducing the corrosion process of embedded steel. The weight loss and corrosion rate of these 

steel were determined as shown in Table 5.27. The corrosion inhibition efficiency of different 

admixtures of different content was also calculated and presented in Table 

5.27. The corrosion rate of all the specimens has been found to be slightly lower than 

the corrosion rate of respective specimens as obtained through potentiodynamic polarization 

technique. However, the inhibition efficiency of different admixtures as obtained through weight 

loss technique was found to be comparable to the inhibition efficiency obtained through 

potentiodynamic tests. The corrosion inhibition efficiency of calcium nitrite was found to be 

increasing with increasing the content. The ethanolamine also showed a similar effect but decreased 

corrosion inhibition efficiency at higher dosage (5%). The inhibition efficiency of nano- TiO2 was 

found to 
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be increasing with increasing the dosage. The inhibition efficiency of nano-SiO2 was found to be 

increasing with increasing the dosage up to 3%, but there is a slight decrease at a higher dose (5%). 

 

Figure 5.149 Specimens after 360 days of exposure under (a) tap water (b) saline solution 
and (c) acidic solution 
 

Figure 5.150 Corrosion condition of embedded steel rods after splitting the specimens 
exposed in tap water 
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Table 5.27 Corrosion inhibition efficiency of different admixtures in tap water exposure 
condition 
 

Specimen 
designation 

Average weight 
loss (g) 

Corrosion rate 
(mm/year) × 10-3 

Inhibition 
efficiency (%) 

X0T 0.0552 28.482 – 

CN1T 0.0223 11.506 59.60 

CN3T 0.0035 1.806 93.66 

CN5T 0.0017 0.877 96.92 

EA1T 0.0354 18.265 35.87 

EA3T 0.0012 0.619 97.83 

EA5T 0.0185 9.546 66.49 

NT1T 0.0312 16.098 43.48 

NT3T 0.0074 3.818 86.59 

NT5T 0.0038 1.961 93.12 

NS1T 0.0288 14.860 47.83 

NS3T 0.0152 7.843 72.46 

NS5T 0.0176 9.081 68.12 

 
Figure 5.151 shows the corrosion condition of steel rods that were embedded in the mortars 

containing different admixtures, which were kept in saline solution for 360 days. The weight loss 

and corrosion rate of these steel were determined as presented in Table 5.28. In addition, the 

corrosion inhibition efficiency of different admixtures of different content was also calculated and 

presented in Table 5.28. Furthermore, Fig. 

5.152 shows the corrosion condition of steel bar after splitting the cylindrical specimens that were 

exposed to the acidic solution for 360 days. The weight loss and corrosion rate of these steel bars 

were determined as presented in Table 5.29. Also, the corrosion inhibition efficiency of different 

admixtures of different content was calculated and presented in Table 5.29. Also, similar trends of 

inhibition efficiency of different admixtures as observed in tap water exposure condition were 

found in both saline and acidic exposure mediums. 

As far as the effect of different exposure medium on the corrosion rate of different specimens is 

concerned, it has been observed that corrosion rate of the specimens that were exposed in saline 

solution is considerably higher than specimens that were exposed in tap water. However, acid 

contaminated specimens exhibited slightly lower corrosion rate as compared to the respective 

specimens that were kept in tap water. 
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Figure 5.151 Corrosion condition of embedded steel rods after splitting the specimens 
exposed in saline solution 
 

 
Table 5.28 Corrosion inhibition efficiency of different admixtures in saline solution exposure 
condition 
 

Specimen 

designation 

Average weight 

loss (g) 

Corrosion rate 

(mm/year) × 10-3 

Inhibition 

efficiency (%) 

X0S 1.7089 881.748 – 

CN1S 0.7825 403.750 54.21 

CN3S 0.5113 263.818 70.08 

CN5S 0.4599 237.296 73.09 

EA1S 0.7171 370.005 58.04 

EA3S 0.4177 215.522 75.56 

EA5S 0.4903 252.982 71.31 

NT1S 0.4842 249.835 71.67 

NT3S 0.3588 185.131 79.00 

NT5S 0.2074 107.013 87.86 

NS1S 0.9818 506.583 42.55 

NS3S 0.3445 177.753 79.84 

NS5S 0.4297 221.714 74.86 
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Figure 5.152 Corrosion condition of embedded steel rods after splitting the specimens 
exposed in acidic solution 

 
Table 5.29 Corrosion inhibition efficiency of different admixtures in acidic solution exposure 
condition 
 

Specimen 

designation 

Average weight 

loss (g) 

Corrosion rate 

(mm/year) × 10-3 

Inhibition 

efficiency (%) 

X0A 0.0392 20.226 – 

CN1A 0.0055 2.838 85.97 

CN3A 0.0005 0.258 98.72 

CN5A 0.0002 0.103 99.49 

EA1A 0.0063 3.251 83.93 

EA3A 0.0004 0.206 98.98 

EA5A 0.0006 0.310 98.47 

NT1A 0.01 5.160 74.49 

NT3A 0.0058 2.993 85.20 

NT5A 0.0039 2.012 90.05 

NS1A 0.0101 5.211 74.23 

NS3A 0.0046 2.373 88.27 

NS5A 0.0081 4.179 79.34 
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5.4 Concluding Remarks 

 

In this chapter, an attempt has been made to study the effect of calcium nitrite, ethanolamine, nano-

TiO2 and nano-SiO2 on the corrosion resistance properties of steel embedded in mortar. 

Electrochemical and gravimetric weight loss techniques were used to evaluate the efficiency of these 

admixtures in inhibiting the corrosion of steel. In this study, the specimens were exposed under 

three different environments viz. tap water, saline solution and sulphuric acidic solution for 360 days. 

The corrosion kinetic parameters of the specimens were obtained through electrochemical tests after 

30, 90, 180, 270 and 360 days of exposure duration. In addition, weight loss and corrosion rate were 

determined by gravimetric weight loss measurement method after exposure period of 360 days. Apart 

from quantitative investigation, qualitative observations were also made. 

 

It has been observed that the corrosion rate of steel embedded in mortar is significantly decreased 

with the inclusion of calcium nitrite. The corrosion inhibition efficiency of calcium nitrite was 

found to be increasing with the increase in the amount calcium nitrite. Similar trends of inhibition 

efficiency were observed in all the three exposure environments. The linear polarization resistance 

of calcium nitrite admixed specimens was also found to be considerably higher than the control 

specimens. The optimal effectiveness was found at 5% content of calcium nitrite. 

 

The corrosion rate of the ethanolamine admixed specimens was found to be considerably lower 

than the control specimens in all the three exposure environments. Thus, ethanolamine was found 

to be effective in inhibiting the corrosion of steel. Moreover, the corrosion inhibition efficiency of 

3% ethanolamine was found to be higher than the 5% content. The linear polarization resistance of 

ethanolamine admixed specimens showed similar trends. The optimal effectiveness was found at 

3% content of ethanolamine. 

The corrosion rate exhibited by the nano-TiO2 admixed specimens was found to be significantly 

lower than the control specimens in all the three exposure mediums. Moreover, the corrosion 

inhibition efficiency increased with the increase in the dosage of nano-TiO2. The inclusion of 

nano-TiO2 also increased the linear polarization resistance of the specimens. The optimal 

effectiveness was found at 5% content of nano-TiO2. 

 

The presence of nano-SiO2 significantly decreased the corrosion rate of embedded steel. However, 

the addition of nano-SiO2 up to 5% reduced the corrosion rate of the 
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embedded steel but to a lesser extent than the 3% nano-SiO2 content. Accordingly, the corrosion 

inhibition efficiency of 3% dosage of nano-SiO2 was found to slightly more than the 5% dosage. 

Similar trends of inhibition efficiency were observed in all the three exposure environment. Apart 

from this, the linear polarization resistance of the specimens was increased with the incorporation 

of nano-SiO2. The optimal effectiveness was found at 3% content of nano-SiO2. 

 

It has been observed that the corrosion rate of all the specimens varies over time. Accordingly, the 

inhibition efficiency of all the admixtures was fluctuating with exposure duration. However, based 

on electrochemical tests, the order of corrosion inhibition efficiencies of specimens after 360 days 

of exposure in tap water has been found as EA3T > CN5T > CN3T > NT5T > NT3T > NS3T > 

NS5T > EA5T > CN1T 

> NS1T > NT1T > EA1T. The sequence of corrosion inhibition efficiencies of different 

admixed specimens after 360 days of exposure in saline solution was NT5S 

> NS3S > NT3S > EA3S > NS5S > CN5S > NT1S > EA5S > CN3S > EA1S > CN1S 

> NS1S. The sequence of corrosion inhibition efficiencies of different admixed 

specimens after 360 days of exposure in acidic solution was CN5A > EA3A > CN3A 

> EA5A > NT5A > NS3A > CN1A > NT3A > EA1A > NS5A > NT1A > NS1A. 

Also, the same sequences of corrosion inhibition effectiveness were observed on the basis of 

gravimetric weight loss test results. Although these sequences change over time, the order of 

corrosion inhibition efficiency of different dosage of each admixture was found to be constant. 

The corrosion rate of all the specimens exposed in saline solution has been found to be significantly 

higher than respective specimens exposed in tap water. However, the specimens exposed in acidic 

solution has shown slightly lower corrosion rate than respective specimens exposed in tap water. 
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CHAPTER 6 

 
EFFECT OF CHEMICAL CORROSION INHIBITORS AND NANO-

ADMIXTURES ON THE FLEXURAL BEHAVIOUR OF REINFORCED 

CONCRETE BEAMS 

6.1 General 

 
In the previous chapters, it was observed that the 5% calcium nitrite (CN5), 3% ethanolamine 

(EA3), 5% nano-TiO2 (NT5) and 3% nano-SiO2 (NS3) content exhibited optimal effectiveness. 

After that, it was decided to investigate the effect of these chemical corrosion inhibito rs and nano-

admixtures on the flexural behaviour of reinforced concrete (RC) beams. This objective has been 

taken due to the fact that if new materials are to be used in practice, their effects on the behaviour 

of structural members need to be investigated. 

 

Thus, the aim of this part of the study is to investigate the flexural behaviour of reinforced concrete 

beams containing chemical corrosion inhibitors and nano- admixture and to compare it with the 

flexural behaviour of control reinforced conc rete beams (conventional reinforced concrete beams). 

6.2 Details of Experimental Program 

 
For this part of the investigation, 45 RC beam specimens were fabricated and tested. The size of 

beams was 310 × 50 × 50 mm. The proposed program comprised of five groups (i.e. X0, CN5, 

EA3, NT5 and NS3). 9 specimens of each group were prepared. After 24 hours of casting, all the 

specimens were kept in tap water for curing. After 28 days of tap water curing, each group were 

divided into three subgroups. One subgroup (containing 3 specimens) was exposed in the saline 

solution, other was kept in acidic solution, and the rest was used as a reference and continued to 

store in tap water for 360 days. After that, the specimens were tested in flexure to determine the 

effect of corrosion inhibitors and nano-admixtures on their load deflection behaviour up to the 

failure level. The investigation scheme is presented in Table 6.1. 
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Table 6.1 Investigation scheme for flexural test 
 

Mix designations based 

on exposure medium 

Dose of 

admixtures 

Number of 

specimens 

Duration of 

Exposure (days) 

Tap Saline Acidic 

X0T X0S X0A 0% (Control) 9 360 

CN5T CN5S CN5A 5% CN 9 360 

EA3T EA3S EA3A 3% EA 9 360 

NT5T NT5S NT5A 5% NT 9 360 

NS3T NS3S NS3A 3% NS 9 360 

 
 

6.3 Preparation of RC Beam Specimens 

 
The same concrete mixture proportions as described in Chapter-4 (section 4.4.1) were used for the 

preparation of RC Beams. All the specimens were prepared using locally available materials as 

described in the Chapter-3. The wooden moulds prepared with internal dimensions of 310 × 50 × 

50 mm were used for casting RC beams [1]. The moulds were stiff enough to prevent any 

significant movement during placing the concrete. The reinforcement used was plain mild steel 

bars of 5 mm diameter. Two bars each were provided at top and bottom at a clear cover of 5 mm. 

The shear stirrups in the form of hoops at a spacing of 50 mm c/c were provided. The stirrups were 

made up of mild steel bars of 2 mm diameter. The cross-section of RC beam is shown in Fig. 6.2. 

 
b 

 

 
5 Mild steel bars 

 
 

Shear stirrups 

 

Figure 6.1 Cross-section of RC beam 
 

 
The prepared test specimens after 360 days of exposure under tap water, saline solution and acidic 

solution are shown in Figs. 6.2, 6.3 and 6.4 respectively. 
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Figure 6.2 RC Beams after 360 days of exposure under tap water 
 
 
 
 
 

Figure 6.3 RC Beams after 360 days of exposure under saline solution 
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Figure 6.4 RC Beams after 360 days of exposure under acidic solution 
 
 

6.4 Flexural Test Setup 

 
The beams were tested under four-point loading and the deflection was applied to the beams at a 

uniform rate of 0.5 /minute and the corresponding load were recorded, to get the cracking load, 

maximum applied load, the location of fracture, the mode of failure and the load-deflection curves. 

In this type of loading arrangement, a constant bending moment is produced between the load 

points. Also, this loading system produces maximum bending stress on one third of the span, and 

consequently flexural cracking is likely to take place in this zone [2,3]. Fig. 6.5 shows the 

schematic diagram of the set up for flexural testing of RC beams. After 360 days of exposure under 

different medium, the specimens were washed with the lime-solution. This was done to see the 

cracking pattern clearly during the test. After that, loading positions were marked on the surface of 

the specimen. The prepared specimens before test are shown in Fig. 6.6. The specimen during 

flexural test is shown in Fig. 6.7. 
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Figure 6.5 Schematic diagram for test set up for RC beam 
 
 
 

 

Figure 6.6 Specimens before test 
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Figure 6.7 Specimen under flexural test 
 
 

6.5 Results and Discussion 

 
Figs. 6.8–6.10 shows the load-deflection curves obtained from the flexural test of the specimens 

kept under different exposure solution. In the beginning, all the curves are linear and then there is 

a fall in the load, after that the deflection increases with the marginal rise in the load. All the 

specimens exposed under saline solution have showed marginally lower load carrying capacity 

than the corresponding specimens exposed under tap water. This may be due to the corrosion of 

steel reinforcement in the presence of chloride [4]. However, the specimens exposed under acidic 

solution have exhibited significantly lower load carrying capacity than the corresponding 

specimens exposed under tap water. This may be primarily due to the deterioration of concrete in 

the presence of sulphuric acid [5]. Moreover, the load carrying capacity of the beams is significantly 

improved with the addition of chemical corrosion inhibitors and nano-admixtures. This may be due 

to the corrosion inhibition effectiveness of these admixtures as reported earlier. 
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Figure 6.8 Load deflection curves for the specimens exposed under tap water 
 
 
 

Figure 6.9 Load deflection curves for the specimens exposed under saline solution 
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Figure 6.10 Load deflection curves for the specimens exposed under acidic solution 

 

The cracking load, failure load, ultimate deflection and bending moment of all the RC beam 

specimens has been given in Table 6.2. Regarding to the effect of admixtures, the cracking load as 

compared to X0T was found to be increased by about 12.8%, 24.4%, 58.3% and 45.5% for CN5T, 

EA3T, NT5T and NS3T specimens, respectively. Similarly, the CN5S, EA3S, NT5S and NS3S 

specimens exhibited 40.3%, 28.5%, 58.8% and 54.8% higher cracking load as compared to X0S, 

respectively. Likewise, the CN5A, EA3A, NT5A and NS3A specimens showed 12.1%, 3.6%, 

31.8% and 29.9% higher cracking load as compared to X0A, respectively. 

As far as the failure load of specimens is concerned, the failure load was found to be improved by 

about 7.0%, 4.5%, 16.5% and 10.0% for CN5T, EA3T, NT5T and NS3T specimens, respectively. 

Similarly, the CN5S, EA3S, NT5S and NS3S specimens showed 29.6%, 25.5%, 36.3% and 32 % 

higher failure load as compared to X0S, respectively. Likewise, the CN5A, EA3A, NT5A and 

NS3A specimens exhibited 12.4%, 7.1%, 16.4% and 12.3% higher failure load as compared to 

X0A, respectively. Thus, the moment carrying capacity of RC beams was found to be improved 

with the inclusion of these admixtures. The ultimate deflection slightly increased with the addition 

of these admixtures. 
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Table 6.2 Flexure test results of different RC beam specimens 
 

Specimen 
Cracking load 
(kN) 

Failure load 
(kN) 

Ultimate deflection 
(mm) 

Bending moment 
(kN-m) 

X0T 10.35 16.34 8.14 0.74 

CN5T 11.67 17.48 8.46 0.79 

EA3T 12.88 17.07 8.27 0.77 

NT5T 16.38 19.04 8.85 0.86 

NS3T 15.06 17.98 8.65 0.81 

X0S 7.12 9.92 6.15 0.45 

CN5S 9.99 12.86 6.76 0.58 

EA3S 9.15 12.45 6.87 0.56 

NT5S 11.31 13.52 6.95 0.61 

NS3S 11.02 13.13 6.66 0.59 

X0A 6.35 8.15 5.28 0.37 

CN5A 7.12 9.16 5.64 0.41 

EA3A 6.58 8.73 5.59 0.39 

NT5A 8.37 9.49 6.47 0.43 

NS3A 8.25 9.15 6.38 0.41 

 

 
The crack patterns and failure modes of some of these specimens after flexural test has been shown 

in Fig. 6.11. It has been observed that almost all the RC beams were mainly failed by the 

development of cracks primarily in the flexure with a few exception of shear failure. 
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Figure 6.11 RC beams after flexural test 
 
 

6.6 Concluding Remarks 

 
The cracking load, failure load, ultimate deflection and bending moment of specimens exposed 

under saline water were found to be slightly lower than the corresponding specimens exposed under 

tap water. This is due to the presence of chloride that mainly responsible for the corrosion of steel 

reinforcement. All the specimens exposed under acid medium showed significantly lower cracking 

load, failure load, ultimate deflection and bending moment as compared to corresponding 

specimens exposed under tap water. The presence of sulphuric acid have deteriorated the matrix 

thereby inducing the loss of bond between steel and concrete. 

 

The presence of chemical corrosion inhibitors (calcium nitrite and ethanolamine) and nan-

admixtures (nano-TiO2 and nano-SiO2) considerably increased the cracking load, failure load, 

ultimate deflection and bending moment. This may be due to corrosion inhibition effect of these 

admixtures, as described in the previous chapter. 
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CHAPTER 7 

 
CONCLUSIONS AND SCOPE FOR FURTHER STUDIES 

7.1 Conclusions 

 

The main objective of this study was to investigate the effect of some nanomaterials in controlling 

the corrosion of steel embedded in cementitious composites, and to compare their effectiveness 

with that of some leading chemical corrosion inhibitors. Based on the comprehensive review of the 

previous investigations related to the use of chemical corrosion inhibitors and nanomaterials in 

the cementitious composites, two chemical corrosion inhibitors viz. calcium nitrite, ethanolamine, 

and two nanomaterials viz. titanium dioxide (nano-TiO2) silicon dioxide (nano-SiO2) were selected 

for this study. In the first part of the investigation, an attempt was made to evaluate the effect of 

different dosages of these corrosion inhibitors and nanomaterials on the basic properties of cement 

and cementitious composites such as standard consistency, setting time, compressive strength, 

microstructural and mineralogical composition. In addition to that, studies were also conducted to 

assess the effectiveness of these corrosion inhibitors and nanomaterials against chloride and 

sulphuric acid attack. Further, slump, compaction factor and surface electrical resistivity 

measurements were conducted to evaluate the effect of these admixtures on the workability and 

resistivity of concrete. Furthermore, the effects of these admixtures on the corrosion of steel 

embedded in mortar when exposed to normal (tap water) and aggressive environments (3.5% NaCl 

solution and 1% H2SO4 solution) were investigated. In this study, both quantitative and qualitative 

evaluations were made. Finally, experimental studies were undertaken to investigate the effect of 

best performing dose of each admixtures on the flexural response of reinforced concrete beam 

specimens that were exposed under normal and aggressive environments. 
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Some of the significant conclusions based on the results obtained from this study are summarized 

as follows: 

i. Standard consistency test revealed that the water requirement for hydration of cement 

was reducing with the increase in the quantity of calcium nitrite and ethanolamine. On the other 

hand, the water requirement for standard consistency of cement was increasing with the increase 

in the proportion of nano-TiO2 and nano-SiO2. 

ii. As far as setting time is concerned, it was found that calcium nitrite and both the nano-

admixtures (nano-TiO2 and nano-SiO2) performed as accelerator. On the contrary, the ethanolamine 

acted as a retarder. However, it is worth asserting here that irrespective of these admixtures 

performing as an accelerator or as a retarder, the values of the initial and final setting time are 

within the recommended limits. 

iii. Compressive strength test showed a usual trend of increase in the compressive strength 

with age for all the mortar specimens cured in tap water. In addition, the calcium nitrite admixed 

mortar specimens exhibited a marginally higher compressive strength as compared to control 

specimen. The compressive strength slightly improved with the increase in the dosage of calcium 

nitrite. On the other hand, ethanolamine admixed mortar specimens showed a slightly lower 

compressive strength as compared to control specimens. The reduction in the compressive strength 

was more significant at higher dose of ethanolamine. A substantial improvement in the compressive 

strength of mortars was observed with the addition of nano-TiO2. This improvement was found to 

be increasing with the increase in the percentage of nano-TiO2. The nano-SiO2 admixed mortar 

specimens exhibited higher compressive strength as compared to control specimens for all the 

dosage. The strength reached a peak when 3% nano-SiO2 was added and reduced slightly when 5% 

nano-SiO2 was used. 

iv. Microstructural analysis revealed that the microstructural properties of calcium nitrite 

admixed mortar were almost similar to the control mortar. However, the ethanolamine admixed 

mortar showed more volume of need le- like crystals (Ettringite) and pores compared to control 

mortar. 
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This indicates that the high amount of ethanolamine may adversely affect the microstructural 

properties of mortar. On the other hand, nano-TiO2 admixed mortar indicated a large amount of C-

S-H gel, and a low volume of pores and needle- like crystals. Hence, nano-TiO2 enhanced the 

microstructural properties of mortar. Similarly, nano-SiO2 admixed mortar exhibited homogeneous 

and compact microstructure. 

v. The XRD analysis of calcium nitrite admixed cement paste specimen showed 

slightly lower intensity peak of Portlandite as compared to control specimen. This might possibly 

be due to the formation of high volume of C-S-H gel in the presence of calcium nitrite. In contrast, 

the specimen containing ethanolamine exhibited many overlapping and lower intensity peaks, may 

be due to the presence of high volume of Ettringite. Both nano-TiO2 and nano- SiO2 admixed 

specimen showed lower intensity peak of Portlandit e as compared to control specimen indicating 

high volume of C-S-H gel in the presence of nano-TiO2 /nano-SiO2. 

vi. With the increase in age, a consistent increase in weight for all the specimens 

exposed in tap water has been observed. Similar trend has been found for specimens exposed in 

saline water. On the other hand, a decrease in weight has been noticed for all the specimens 

exposed in acidic medium indicating deterioration of matrix. However, a minimum reduction in 

weight of the specimens admixed with nanomaterials is indicative of better resistance against 

acidic exposure. 

vii. As compared to specimen exposed in tap water the compressive strength of mortar 

specimens exposed in saline environment have showed marginal increase after 30 days of exposure 

and reduction in compressive strength thereafter. For specimens exposed in acidic environment, a 

continuous reduction in compressive strength for all the exposure duration has been observed. 

viii. With the addition of nanomaterials the compressive strength of mortar specimens 

exposed in tap, saline and acidic environments a substantial increase has been observed for all the 

exposure duration. However, for calcium nitrite admixed mortar the increase is marginal. For 

ethanolamine admixed mortar a reduction in compressive strength has been found. 
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ix. The calcium nitrite and ethanolamine were found to be effective in increasing the 

workability of concrete mix. However, the concrete mix containing nano- TiO2 /nano-SiO2 showed 

lower workability as compared to control mix owing to the higher water demand as the surface 

area of the fines increased. 

x. The surface electrical resistivity measurement exhibited that the addition of calcium 

nitrite and ethanolamine slightly reduced the resistivity of concrete. However, nano-admixed 

specimens showed considerably higher resistivity as compared to control specimen. The resistivity 

of all the specimens exposed under both the saline and acidic solution was found to be lower than 

the corresponding specimens exposed under tap water. However the reduction in the resistivity was 

more in the specimens exposed in saline solution than acidic solution. 

xi. Electrochemical and weight loss investigations revealed that the calcium nitrite is 

effective in inhibiting the corrosion rate of the steel embedded in mortar. The corrosion inhibition 

efficiency of calcium nitrite was found to be increasing with the increase in the amount calcium 

nitrite. Similar trends of inhibition efficiency were observed in all the three exposure environments. 

The optimal effectiveness was found at 5% content of calcium nitrite. 

xii. The ethanolamine was found to be effective in reducing the corrosion rate of embedded 

steel as observed in e lectrochemical and weight loss studies. However, the corrosion inhibition 

efficiency of 3% ethanolamine was found to be higher than the 5% content in all the three exposure 

environment. Thus, optimum content of ethanolamine was 3%. 

xiii. The corrosion rate exhibited by the nano-TiO2 admixed specimens was found to be 

significantly lower than the control specimens, in both the electrochemical and weight loss studies. 

The corrosion inhibition efficiency has been observed to be increasing with the increase in the 

dosage of nano- TiO2   in all the exposure conditions. The optimal effectiveness was found at 5% 

content of nano-TiO2. 
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xiv. The results of electrochemical and weight loss studies showed that the nano- SiO2 

considerably reduced the corrosion rate of embedded steel. Very high level of corrosion inhibition 

has been observed for 3 and 5% dose of nano- SiO2, however, inhibition efficiency for 3% dose 

was slightly higher than 5% dosage. This reduction is may be due to the agglomeration of nano-

SiO2 at higher doses, which creates weak zones. Thus, 3% nano-SiO2 content showed optimal 

effectiveness. 

xv. The corrosion rate of all the specimens exposed under saline solution was found 

to be considerably higher than respective specimens exposed in tap water. However, the specimens 

exposed in acidic solution has shown slightly lower corrosion rate than respective specimens 

exposed in tap water. 

xvi. The cracking load, failure load, ultimate deflection and bending moment of 

specimens exposed under saline water were found to be slightly lower than the corresponding 

specimens exposed under tap water. All the specimens exposed under acidic medium exhibited 

significantly lower cracking load, failure load, ultimate deflection and bending moment as 

compared to corresponding specimens exposed under tap water. 

xvii. The chemical corrosion inhibitors (calcium nitrite and ethanolamine) and nan- 

admixtures (nano-TiO2 and nano-SiO2) were found to be effective in enhancing the cracking load, 

failure load, ultimate deflection and bending moment of the beam owing to the protection of the 

steel from corrosion and thereby maintaining better bond between steel and the surroundings. 

xviii. Finally, it is concluded that the both nano-admixtures were found to be effective 

in improving the strength and corrosion resistance properties of cementitious composites. The 

strength of the nano-admixed cementitious composite specimen was found to be significantly 

higher than the chemical corrosion inhibitor admixed specimen. Also, the corrosion inhibition 

efficiencies of both nano-admixtures were found to be quite comparable to the chemical corrosion 

inhibitors and even higher in some cases. 
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7.2 Scope for Further Study 

 

Corrosion control of cementitious composites is an important area of research. So far, little progress 

has been made towards corrosion control of cementitious composites using chemical or any other 

admixtures. There is a wide scope available for the investigations on the potential usefulness of 

chemical as well as mineral admixtures in controlling the corrosion of cementitious composites. In 

particular, studies involving corrosion control using nanomaterials in cementitious composites is 

rarely sighted. 

 

Following aspects need immediate attention from scientific community working in this area: 

 

i. The influence of change in the salinity or acidity level on the corrosion inhibition 

efficiencies of different dosage of various chemical corrosion inhibitors and nano-admixtures may 

be studied. 

ii. Investigations on some other types of chemicals inhibitors may be carried out and suitable 

application procedures must be established. 

iii. The performance of other nanomaterials in controlling the corrosio n of cementitious 

composite may be ascertained. 

iv. A better dispersion technique may be adopted for uniform mixing of nanomaterial in the 

cementitious composite. 

v. The combination of chemical and nano admixtures may also be tried for improving the 

strength and durability properties of cementitious composites. 

vi. Investigations need to be undertaken on modified cementitious composites utilizing some 

pozzolanic materials like fly ash with combination of different chemical corrosion inhibitors and 

nano-admixtures. 



           © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

References 

[1] E.W. Lazell, Hydrated lime: history, manufacture and uses in plaster, mortar, 
 

concrete; a manual for the architect, engineer, contractor and builder, JacksonRemlinger Print. 

Co., Pittsbg. (1915). 

[2] A.B. Searle, Limestone and its products: their nature, production, and uses, Ernest Benn Ltd., 

London. (1935). 

[3] C.R. Gagg, Cement and concrete as an engineering material: An historic appraisal and case 

study analysis, Eng. Fail. Anal. 40 (2014) 114 –140. doi:10.1016/j.engfailanal.2014.02.004. 

[4] D.D.N. Singh, T. Venugopalan, Understanding the corrosion and remedial measures to 

control the deterioration of reinforcement steel bars by modification in their chemistry and 

application of surface coatings, Trans. Indian Inst. Met. 66 (2013) 677–687. doi:10.1007/s12666-

013-0335-x. 

[5] Y. Zhao, W. Jin, Chapter-1, in: Steel Corros. Concr. Crack., China Science Publishing & 

Media Ltd. Published by Elsevier, 2016: pp. 1–17. doi:10.1016/B978-0-12-809197-5.00001-3. 

[6] The Effects and Economic Impact of Corrosion, in: Corros. Underst. Basics, ASM 

International, 2000: pp. 1–20. 

[7] G.H. Koch, M.P.H. Brongers, N.G. Thompson, Y.P. Virmani, J.H. Payer, Corrosion costs and 

preventive strategies in the United States, NACE Int. FHWA-RD-01 (2002) 1–12. 

[8] http://www.business-standard.com/article/economy-policy/india-loses-40-bn-ayear-due-to- 

corrosion-in-infra-112101003020_1.html, (n.d.). 

[9] G. Koch, J. Varney, N. Thompson, O. Moghissi, M. Gould, J. Payer, International Measures 

of Prevention , Application , and Economics of Corrosion Technologies Study, NACE Int. (2016) 

1–216. 

[10] C. Andrade, I.R. Maribona, S. Feliu, J.A. González, S. Feliu, The effect of 

http://www.business-standard.com/article/economy-policy/india-loses-40-bn-ayear-due-to-


            © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-3315 

 

macrocells between active and passive areas of steel reinforcements, Corros. Sci. 33 (1992) 237–

249. doi:10.1016/0010-938X(92)90148-V. 

[11] A. Rosenberg, C.M. Hansson, C. Andrade, Mechanisms of corrosion of steel in concrete, 

Am. Ceram. Soc. (1989) 285–313. 

[12] P. Garcés, P. Saura, A. Méndez, E. Zornoza, C. Andrade, Effect of nitrite in corrosion of 

reinforcing steel in neutral and acid solutions simulating the electrolytic environments of 

micropores of concrete in the propagation period, Corros. Sci. 50 (2008) 498–509. 

doi:10.1016/j.corsci.2007.08.016. 

[13] C.M. Hansson, A. Poursaee, S.J. Jaffer, Corrosion of reinforcing bars in concrete, Corrosion. 

(2012) 106–124. 

[14] A. Bentur, N. Berke, S. Diamond, Steel corrosion in concrete: fundamentals 21 

and civil engineering practice, NY: E & FN Spon Press, London and New York, 1997. 

[15] J.P. Broomfield, Corrosion of Steel in Concrete-Understanding, investigation and repair, 

Second edi, Taylor & Francis, 2007. 

[16] A. Poursaee, Corrosion of steel bars in saturated Ca(OH)2 and concrete pore solution, 

Concr. Res. Lett. 1 (2010) 90–97. 

[17] S.R. Morrison, Electrochemistry at semiconductor and oxidized metal electrodes, Plenum 

Press. New York. (1981). 

[18] A. Poursaee, C.M. Hansson, Reinforcing steel passivation in mortar and pore solution, Cem. 

Concr. Res. 37 (2007) 1127–1133. doi:10.1016/j.cemconres.2007.04.005. 

[19] K. Tuutti, Corrosion of steel in concrete, Swedish Cem. Concr. Res. Institute, Stock. 

Sweden. (1982) 82. 

[20] K. Tuutti, Service life of structures with regard to corrosion of embedded steel, Am. Concr. 

Inst. 65 (1980) 223–236. doi:10.14359/6355. 



            © 2022 IJRTI | Volume 7, Issue 8 | ISSN: 2456-
3315 

 

[21] G.J. Verbeck, Mechanisms of corrosion of steel in concrete, Am. Concr. Inst. 
 

49 (1975) 21–38. 
 

[22] A. Neville, Chloride attack of reinforced concrete: an overview, Mater. Struct. 28 (1995) 

63–70. doi:10.1007/BF02473172. 

[23] D. Pfeifer, W. Perenchio, W.H.-P. Journal, U. 1992, A critique of the ACI 318 chloride 

limits, PCI J. (1992). 

[24] Indian Standard 456-2000, Plain and reinforced concrete code of practice, 2000. 

[25] T. Nireki, H. Kabeya, Monitoring and analysis of seawater salt content, in: Fourth Int. 

Conf. Durab. Build. Mater. Struct., 1987: pp. 531–536. 

[26] P. Lambert, C.L. Page, P.R.W. Vassie, Investigations of reinforcement corrosion. 2. 

Electrochemical monitoring of steel in chloride-contaminated concrete, Mater. Struct. 24 (1991) 

351–358. doi:10.1007/BF02472068. 

[27] B. Mather, Calcium Chloride in Type V-Cement Concrete, Am. Concr. Inst. 131 (1992) 

169–178. 

[28] D.W.S. Ho, R.K. Lewis, The specification of concrete for reinforcement protection-

performance criteria and compliance by strength, Cem. Concr. Res. 18 (1988) 584–594. 

[29] G.K. Glass, C.L. Page, Factors affecting the corrosion rate in carbonated mortars, Corros. 

Sci. 32 (1991) 1283–1294. 

[30] J. Tritthart, Chloride binding in cement II. The influence of the hydroxide concentration in 

the pore solution of hardened cement paste on chloride binding, Cem. Concr. Res. 19 (1989) 

683–691 

 


