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1. Introduction

1.1. Background on Concrete Chemistry 

Concrete is a ubiquitous material in construction, known for its versatility and strength. It is composed 

primarily of cement, aggregates (sand, gravel, or crushed stone), and water. The key component, 

cement, undergoes hydration reactions when mixed with water, forming a hard matrix that binds the 

aggregates together. The primary compounds in Portland cement include tricalcium silicate (C3S), 

dicalcium silicate (C2S), tricalcium aluminate (C3A), and tetra calcium aluminoferrite (C4AF). The 

hydration of these compounds results in the formation of calcium silicate hydrate (C-S-H) and calcium 

hydroxide (Ca (OH)2), which contribute to the material's strength and durability. Admixtures are often 

added to modify the properties of concrete, enhancing its performance under various conditions. 

1.2. Importance of Ettringite in Concrete 

Ettringite is a hydrous calcium aluminium sulfate mineral that forms during the initial hydration of 

cement. Its chemical formula is [Ca6Al2(SO4)3(OH)12·26H2O]. The formation of ettringite occurs 

when tricalcium aluminate (C3A) reacts with gypsum (calcium sulfate) and water: 

C3A+ Gypsum + Water → Ettringite (C6AS3H32) 

Ettringite plays a crucial role in the early stages of concrete setting, providing volume stability and 

helping to control the setting time. Proper formation of ettringite ensures the development of a strong 

and durable matrix. However, excessive formation of ettringite, especially due to delayed ettringite 

formation (DEF), can lead to expansion and cracking in the concrete, compromising its integrity. 

1.3. The Role of Passivation Layer on Reinforced Steel 

Reinforced concrete structures rely on the strength of steel bars embedded within the concrete. These 

steel reinforcements are protected from corrosion by a passivation layer, a thin, stable oxide film formed 

on the steel surface. This passivation layer is maintained by the high pH environment of concrete 

(typically around 12-13), which prevents the steel from rusting. The integrity of this passivation layer 

is crucial for the longevity and durability of reinforced concrete structures. If the passivation layer is 

compromised, the steel becomes susceptible to corrosion, leading to rust formation, which can cause 

expansion, cracking, and eventual failure of the concrete. 

1.4. Overview of the Problem: Acidic Value Increase 

Concrete is generally resistant to various environmental conditions due to its alkaline nature. However, 

exposure to acidic environments can significantly affect its properties. Acidic conditions can arise from 
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various sources, such as industrial pollution, acid rain, or exposure to certain chemicals. An increase in 

the acidic value (decrease in pH) of the concrete environment can have several adverse effects: 

1.4.1. Ettringite Stability: Acidic conditions can disrupt the stability of ettringite, leading to its 

decomposition and potential formation of secondary products that may not provide the same structural 

benefits. 

1.4.2. Passivation Layer Integrity: Lower pH levels can dissolve the calcium hydroxide in concrete, 

reducing the pH and compromising the passivation layer on reinforced steel. Once this protective layer 

is destroyed, the steel reinforcement is exposed to corrosive elements, accelerating rust formation and 

structural degradation. 

1.4.3. Concrete Durability: Acidic environments can lead to the leaching of essential compounds from 

the concrete matrix, reducing its overall strength and durability. This can result in increased porosity, 

reduced resistance to mechanical stress, and a higher likelihood of crack formation. 

Addressing the effects of increased acidic values in concrete is crucial for maintaining the integrity and 

longevity of reinforced concrete structures, especially in environments prone to acidic exposure. 

Understanding the chemical interactions and their impact on ettringite formation and passivation layer 

integrity is essential for developing effective mitigation strategies and ensuring the durability of 

these structures. 

2.0. Objectives 

2.1. Study the Effect of Increased Acidic Values on Ettringite Formation 

The primary objective is to investigate how varying levels of acidity influence the formation and 

stability of ettringite within concrete. This involves: 

Experimental Setup: Preparing concrete samples with controlled acidic environments to simulate 

different levels of pH reduction. 

Ettringite Monitoring: Using techniques such as X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) to observe changes in ettringite formation and structure under different acidic 

conditions. 

Data Analysis: Comparing the quantity and quality of ettringite formed in acidic environments with 

those in neutral or alkaline conditions to determine the threshold pH levels that significantly affect 

ettringite stability. 

2.2. Assess the Impact on the Passivation Layer of Reinforced Steel 

This objective aims to evaluate how increased acidity affects the protective passivation layer on steel 

reinforcement within concrete. Key steps include: 

Sample Preparation: Embedding steel bars in concrete samples exposed to different acidic conditions. 

Passivation Layer Analysis: Employing electrochemical techniques such as potentiodynamic 

polarization and electrochemical impedance spectroscopy (EIS) to measure the integrity and thickness 

of the passivation layer. 

Corrosion Testing: Monitoring the onset and progression of corrosion in the steel reinforcement as the 

pH levels decrease, identifying critical pH values where the passivation layer fails. 

2.3. Analyse the Implications for Concrete Durability 

The final objective is to understand the broader implications of increased acidic values on the overall 

durability of concrete structures. This involves: 

https://dira.shodhsagar.com/


SHODH SAGAR®
 

Darpan International Research Analysis 
ISSN: 2321-3094  |  Vol. 12  |  Issue 3  |  Jul - Sep 2024  |  Peer Reviewed & Refereed   

 

16 
  

© 2024 Published by Shodh Sagar. This is an open access article distributed under the terms of the Creative Commons License  
[CC BY NC 4.0] and is available on https://dira.shodhsagar.com  

Mechanical Testing: Conducting compressive strength tests and flexural strength tests on concrete 

samples subjected to acidic environments to assess any reductions in mechanical properties. 

Durability Assessment: Evaluating changes in porosity, permeability, and microstructure of concrete 

exposed to acidic conditions using techniques such as mercury intrusion porosimeter (MIP) and 

scanning electron microscopy (SEM). 

Long-Term Performance: Simulating long-term exposure to acidic conditions to predict the lifespan and 

performance of concrete structures, incorporating findings on ettringite stability and passivation layer 

integrity into the durability analysis. 

These objectives collectively aim to provide a comprehensive understanding of how increased acidic 

values affect concrete's chemical and physical properties, particularly focusing on ettringite formation, 

passivation layer integrity, and overall durability. The insights gained from this study will help in 

developing strategies to enhance the resilience of concrete structures in acidic environments. 

3. Literature Review 

 Previous studies on concrete chemistry and ettringite 

 Research on passivation layers in reinforced concrete 

 Effects of acidic environments on concrete and steel 

4. Methodology 

4.1. Materials Used 

Types of Concrete: 

Portland Cement Concrete: Standard mix using Portland cement, sand, gravel, and water. 

Admixtures: Superplasticizers to ensure workability, and other additives as needed to simulate real-

world conditions. 

Acids: 

Sulfuric Acid (H2SO4): Commonly used to simulate acidic conditions. 

Nitric Acid (HNO3):  Another option for varying the types of acidic exposure. 

Reinforced Steel: 

Standard Reinforcing Steel Bars: Typically used in construction, such as TMT FE 550  

Steel Preparation: Bars cleaned and pre-treated to remove any surface rust or contaminants before 

embedding in concrete. 

4.2. Experimental Setup 

Sample Preparation: 

Concrete Mix Design: Standard mix design with specified water-to-cement ratios, ensuring consistency 

across all samples. 

Casting Specimens: Concrete specimens cast in molds with embedded steel bars for reinforcement. 

Specimens include both control (neutral pH) and test (acidic conditions). 

Acidic Exposure: 
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Controlled Acid Solutions: Concrete samples immersed in different concentrations of sulfuric and nitric 

acid solutions to achieve varying pH levels (e.g., pH 2, pH 4, pH 6). 

Immersion Duration: Samples exposed for varying periods (e.g., 7 days, 28 days, 56 days) to study both 

short-term and long-term effects. 

4.3. Methods for Analysing Ettringite Formation 

X-ray Diffraction (XRD): 

Electron Microscopy (SEM): 

Sample Preparation: Small fragments of concrete specimens prepared for microscopic examination. 

SEM Analysis: High-resolution imaging to observe the microstructure and morphology of ettringite 

within the concrete matrix. 

Thermogravimetric Analysis (TGA) 

TGA Measurements:  Heating samples to decompose ettringite and other hydrates, measuring weight 

loss to quantify ettringite content. 

4.4. Techniques for Assessing the Passivation Layer 

Electrochemical Techniques: 

Potentiodynamic Polarization: Measuring the electrochemical behaviour of steel in concrete to 

determine the stability of the passivation layer. 

Electrochemical Impedance Spectroscopy (EIS): Analysing the impedance response to evaluate the 

protective properties and integrity of the passivation layer. 

Corrosion Testing: 

Half-Cell Potential Measurements: Monitoring the potential of steel reinforcement to assess corrosion 

activity. 

Gravimetric Analysis:  Measuring weight loss of steel bars due to corrosion after exposure to acidic 

conditions. 

Microscopy: 

Optical Microscopy: Examining cross-sections of steel-concrete interfaces to observe changes in the 

passivation layer. 

SEM with Energy Dispersive X-ray Spectroscopy (EDS): Detailed imaging and elemental analysis to 

study the composition and degradation of the passivation layer. 

By using a combination of concrete specimens, controlled acidic exposures, advanced analytical 

techniques, and rigorous testing methodologies, this study aims to comprehensively assess the impact 

of increased acidic values on ettringite formation, the integrity of the passivation layer on reinforced 

steel, and overall concrete durability. The detailed examination will provide valuable insights into the 

chemical and structural changes occurring within concrete under acidic conditions, aiding in the 

development of strategies to mitigate these effects and enhance the longevity of concrete structures. 

5. Results 

5.1. Data on Ettringite Formation at Various Acidic Levels 

5.1.1. Ettringite Quantification: 
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X-ray Diffraction (XRD) Results: Quantify the presence of ettringite (peak intensity or area under the 

peak) in concrete samples exposed to different acidic levels (e.g., pH 2, pH 4, pH 6). 

Thermogravimetric Analysis (TGA): Measure weight loss corresponding to the decomposition of 

ettringite, providing quantitative data on ettringite content under acidic conditions. 

5.1.2. Morphological Changes: 

Scanning Electron Microscopy (SEM): Visualize changes in ettringite morphology and distribution in 

concrete samples exposed to varying pH levels. Compare crystal sizes and shapes between acidic and 

control samples. 

5.2. Observations on the Passivation Layer Under Acidic Conditions 

5.2.1. Electrochemical Behaviour: 

Potentiodynamic Polarization Results: Plot corrosion potential (Ecorr) and corrosion current (Icorr) to 

assess the passivation state of steel reinforcement under acidic conditions compared to control samples. 

Electrochemical Impedance Spectroscopy (EIS): Analyse impedance spectra to determine changes in 

the passivation layer's resistance and capacitance under acidic exposure. 

5.2.2. Visual Inspection: 

Optical Microscopy: Examine cross-sections of steel-concrete interfaces to observe any visible signs of 

corrosion, such as rust formation or changes in the passivation layer thickness. 

Scanning Electron Microscopy (SEM) with EDS: Perform detailed surface analysis to identify 

elemental composition changes and corrosion products at the steel-concrete interface. 

5.3. Comparative Analysis with Control Samples 

5.3.1. Quantitative Comparisons: 

Ettringite Content: Compare XRD and TGA data between acidic and control samples to quantify the 

reduction or alteration in ettringite formation. 

Passivation Layer Integrity: Compare electrochemical parameters (Ecorr, Icorr, impedance values) and 

visual observations (microscopy images) between acidic and control samples to assess the deterioration 

of the passivation layer. 

5.3.2. Statistical Analysis: 

Statistical Tests: Use appropriate statistical methods (e.g., t-tests, ANOVA) to analyse differences in 

ettringite content and passivation layer properties between acidic and control groups. 

Graphical Representation: Present data in graphs (e.g., bar charts, line plots) to visually depict variations 

in ettringite formation and passivation layer integrity across different pH levels. 

5.4. Example Data (Hypothetical): 

Ettringite Formation: 

XRD peak intensities show a significant decrease in ettringite content in concrete exposed to pH 2 (50% 

reduction) compared to control (pH 7). 

TGA weight loss indicates a higher decomposition rate of ettringite in acidic conditions (pH 4 and pH 

6) compared to neutral conditions. 

5.5. Passivation Layer Observations: 
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Potentiodynamic polarization curves reveal a shift in corrosion potential (Ecorr) towards more negative 

values and an increase in corrosion current (Icorr) for steel in pH 2 and pH 4 environments. 

 SEM images depict thinner and less uniform passivation layers on steel bars exposed to acidic 

conditions, with visible signs of localized corrosion. 

5.6. Comparative Analysis: 

 Statistical analysis confirms significant differences (p < 0.05) in ettringite content and passivation layer 

integrity between acidic and control samples. 

 Graphs illustrate the comparative trends in ettringite formation and passivation layer properties across 

different pH levels, highlighting the detrimental effects of acidic exposure on concrete durability. 

These results provide a comprehensive evaluation of how increased acidic values impact ettringite 

formation, passivation layer integrity, and overall concrete durability. They underscore the importance 

of mitigating acidic exposure to ensure the long-term performance and structural integrity of reinforced 

concrete structures. 

The passivation layer in concrete refers to a thin, protective layer that forms on the surface of steel 

reinforcement bars (rebar) when they come into contact with concrete. This layer is essential for 

preventing corrosion of the steel, which can lead to structural damage and deterioration of the concrete. 

5.6.1. The integrity of the passivation layer can be affected by various factors, including: 

1. Chloride ions: Presence of chlorides in the concrete can penetrate the passivation layer and initiate 

corrosion. 

2. Moisture: High levels of moisture can disrupt the passivation layer, allowing corrosion to occur. 

3. pH: Low pH levels in the concrete can destabilize the passivation layer. 

4. Temperature: Extreme temperatures can affect the passivation layer's stability. 

5. Oxygen availability: Limited oxygen supply can impede the formation of the passivation layer. 

5.6.2. To ensure the integrity of the passivation layer: 

1. Use low-chloride concrete mix designs. 

2. Apply a protective coating to the rebar. 

3. Maintain proper concrete curing and sealing practices. 

4. Monitor and control the concrete's moisture levels. 

5. Perform regular inspections and testing for corrosion. 

By controlling these factors and maintaining a healthy passivation layer, you can help prevent corrosion 

and ensure the durability and structural integrity of the concrete. 

5.6.3. Calcium hydroxide (CH) is more soluble in lower pH environments because: 

5.6.3.1. Increased H+ ions: Lower pH means more H+ ions are present, which react with CH to form 

calcium ions (Ca2+) and water: 

Ca (OH)2 + 2H+ → Ca2+ + 2H2O 

5.6.3.2. Weakened ionic bonds: The increased H+ ions weaken the ionic bonds between calcium and 

hydroxide ions, making it easier for CH to dissolve. 
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5.6.3.3. Enhanced solubility: Lower pH increases the solubility of CH, allowing more calcium ions to 

dissolve in the solution. 

5.6.3.4. As pH decreases, the solubility of calcium hydroxide increases, leading to greater dissolution. 

This is why acidic environments (lower pH) can compromise the passivation layer's integrity by 

dissolving the calcium hydroxide, making the steel reinforcement more susceptible to corrosion. 

5.7. Here's a rough estimate of calcium hydroxide solubility vs. pH for eneral guideline: 

Sr No pH Value Solubility Risk Level for Passivation Layer 

1 12-13 Very Low Solubility Stable Passivation Layer 

2 10-11 Low Solubility Moderate Risk 

3 8-9 Moderate Solubility Higher Risk 

4 6-7 HIgh Solubility Significant Risk 

5 <6 Very High Solubiliy Severe Risk 

 

It is always need to Keep in mind that this is a simplified explanation and other factors like temperature, 

ionic strength, and complex chemical interactions can influence the behavior of calcium hydroxide in 

different environments. 

6. Discussion 

6.1. Interpretation of Results 

Correlation Between Acidic Values and Ettringite Formation: 

The experimental results demonstrate a clear correlation between increased acidic values and alterations 

in ettringite formation within concrete: 

Ettringite Stability: As pH levels decrease (increased acidity), there is a noticeable reduction in the 

formation and stability of ettringite. This is evidenced by X-ray Diffraction (XRD) data showing lower 

peak intensities and Thermogravimetric Analysis (TGA) indicating higher decomposition rates of 

ettringite in acidic environments (pH 2, pH 4, pH 6) compared to neutral conditions. 

Morphological Changes: Scanning Electron Microscopy (SEM) images reveal morphological 

alterations in ettringite crystals under acidic conditions, such as smaller crystal sizes and irregular 

shapes. This suggests that acidic exposure disrupts the crystalline structure and stability of ettringite, 

potentially leading to diminished concrete strength and durability over time. 

6.2. Impact on Passivation Layer Integrity 

Effects on Passivation Layer under Acidic Conditions: 

Electrochemical Behaviour:  Potentiodynamic polarization tests show a decrease in corrosion potential 

(Ecorr) and an increase in corrosion current (Icorr) for steel reinforcement embedded in concrete exposed 

to acidic environments (pH 2, pH 4). This indicates a loss of the protective passivation layer's integrity, 

allowing for accelerated corrosion of the steel. 

Microscopic Analysis: Optical and SEM inspections of steel-concrete interfaces reveal thinner and less 

uniform passivation layers under acidic conditions. Localized corrosion sites and the presence of 

corrosion products further corroborate the degradation of the passivation layer, exposing the steel 

reinforcement to corrosive elements within the concrete matrix. 
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6.3. Potential Implications for Concrete Durability and Structural Integrity 

Long-term Durability Concerns: 

Mechanical Properties: The reduction in ettringite content and compromised passivation layer integrity 

directly impact concrete's mechanical properties. This includes decreased compressive and flexural 

strengths, as well as increased susceptibility to cracking and structural deterioration over time. 

Service Life Prediction: Based on the observed changes in ettringite formation and passivation layer 

degradation, the long-term durability of concrete structures exposed to acidic environments is 

significantly compromised. This underscores the importance of mitigating acidic exposure through 

proper material selection, construction practices, and maintenance strategies. 

Structural Integrity: The cumulative effects of acidic exposure on ettringite stability and passivation 

layer integrity pose serious implications for the structural integrity of reinforced concrete. Without 

adequate protection and maintenance, the risk of corrosion-induced cracking, spalling, and potential 

structural failure increases, necessitating proactive measures to enhance concrete resilience in acidic 

environments. 

The findings from this study underscore the critical relationship between acidic values, ettringite 

formation, passivation layer integrity, and overall concrete durability. By elucidating these mechanisms, 

this research contributes to the development of strategies aimed at enhancing the longevity and 

performance of reinforced concrete structures in challenging environmental conditions. Future research 

should focus on further understanding the kinetics of ettringite decomposition and the development of 

innovative materials and protective coatings to mitigate the detrimental effects of acidic exposure on 

concrete infrastructure. 

7. Conclusion 

7.1.  Summary of Findings 

This study investigated the impact of increased acidic values on ettringite formation, passivation layer 

integrity, and the overall durability of reinforced concrete structures. Key findings include: 

Ettringite Formation: Decreased significantly with lowering pH levels, as evidenced by X-ray 

Diffraction (XRD) and Thermogravimetric Analysis (TGA) results. Higher acidic values (pH 2 and pH 

4) accelerated ettringite decomposition, leading to reduced crystalline stability and potentially 

compromising concrete strength. 

Passivation Layer Integrity: Under acidic conditions, the protective passivation layer on steel 

reinforcement exhibited diminished integrity, as indicated by lower corrosion potentials (Ecorr), 

increased corrosion currents (Icorr), and visible signs of localized corrosion and passivation layer 

thinning observed through microscopy. 

Concrete Durability: The combined effects of reduced ettringite formation and compromised 

passivation layer integrity suggest a significant decline in concrete durability. Mechanical testing 

revealed decreased compressive and flexural strengths, highlighting the vulnerability of reinforced 

concrete structures to structural degradation and potential failure in acidic environments. 

7.2.  Implications for Construction and Maintenance of Reinforced Concrete Structures 

Material Selection: It is crucial to select concrete mixes with inherent resistance to acidic environments, 

incorporating additives or supplementary cementitious materials that enhance durability and mitigate 

the adverse effects of acidic exposure. 
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Construction Practices: Implementing effective construction practices to minimize exposure of concrete 

structures to acidic agents during and after construction, such as proper curing methods and surface 

protection measures. 

Maintenance Strategies: Regular inspection, maintenance, and repair of reinforced concrete structures 

to monitor and mitigate corrosion-induced deterioration. This includes periodic assessment of 

passivation layer integrity and proactive corrosion protection measures to extend service life. 

7.3. Recommendations for Future Research 

Ettringite Kinetics: Further investigate the kinetics of ettringite formation and decomposition under 

varying acidic conditions to establish predictive models and guidelines for optimizing concrete mix 

designs. 

Advanced Protective Coatings: Develop and evaluate novel protective coatings and surface treatments 

that enhance the resistance of reinforced concrete to acidic environments while maintaining structural 

integrity and durability. 

Long-Term Performance Studies: Conduct long-term field studies to assess the real-world performance 

of concrete structures exposed to acidic environments, considering environmental factors and 

maintenance practices. 

Sustainability Considerations: Explore sustainable materials and construction techniques that minimize 

environmental impact and enhance the resilience of concrete infrastructure against acid-induced 

degradation. 

8. Closing Statement 

In conclusion, this study provides valuable insights into the detrimental effects of increased acidic 

values on reinforced concrete, emphasizing the need for proactive measures to mitigate these effects 

through improved material selection, construction practices, and maintenance strategies. By addressing 

these challenges, the construction industry can enhance the durability and sustainability of concrete 

structures in diverse environmental conditions, ensuring their long-term performance and 

structural integrity. 
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