Effect of Acid Attack on Cement Mortar and Concrete
1 Introduction
Acid attack represents one of the most destructive forms of chemical degradation affecting cement mortar and concrete structures. It occurs when acidic solutions—whether from industrial effluents, acid rain, sewer systems, agricultural waste, or natural acidic waters—come into contact with cementitious materials. The highly alkaline nature of hydrated cement paste, with a pH typically above 12.5, makes it inherently susceptible to neutralization and dissolution when exposed to low-pH environments .
The consequences of acid attack are severe and multifaceted. Deterioration manifests as surface softening, mass loss, increased porosity, reduced mechanical strength, and ultimately structural failure. The economic implications are substantial, as acid attack limits the service life of concrete structures in wastewater treatment plants, sewer pipes, agricultural facilities, industrial buildings, and infrastructure exposed to acidic precipitation . Understanding the mechanisms, influencing factors, and consequences of acid attack is essential for designing durable concrete structures and developing effective mitigation strategies.
2 Mechanisms of Acid Attack
2.1 Fundamental Chemical Processes
The fundamental mechanism of acid attack involves the reaction of hydronium ions (H₃O⁺) from the acidic solution with the alkaline constituents of the cementitious matrix. The process can be described as a three-step sequence: (i) transport of H₃O⁺ ions to the reaction zone, (ii) chemical reaction with cement hydration products, and (iii) removal of reaction products from the reaction zone .
The primary targets of acid attack are the hydration products of Portland cement: calcium hydroxide (portlandite, CH) and calcium silicate hydrate (C-S-H). The reaction neutralizes the alkaline pore solution and causes decalcification and dissolution of these phases. A highly porous corroded layer develops on the concrete surface, consisting essentially of hydrated silicates and silica gel .
2.2 Phase Dissolution and pH Thresholds
From a thermodynamic perspective, each solid phase in the cement matrix has a corresponding pH value below which it becomes unstable and dissolves . The sequence of phase dissolution follows a hierarchy based on stability:
At pH values below approximately 12.5, calcium hydroxide (portlandite) begins to dissolve. This is the most soluble and least acid-resistant component of the hardened cement paste . The congruent dissolution behavior of Ca(OH)₂ means that this initial stage is reaction-controlled .
As the pH continues to decrease, the stability of other hydrates diminishes. AFm and AFt phases (calcium aluminate hydrates) dissolve at lower pH values, followed by the decalcification of C-S-H. The decomposition of C-S-H occurs through incongruent dissolution, leaving behind a silica-rich gel layer at the interface between the intact matrix and the aggressive solution .
At very low pH values (< 4), even the aluminum hydroxide and iron hydroxide phases become soluble, and the silica gel itself begins to dissolve .
2.3 Formation of Corrosion Products
The reaction products formed during acid attack significantly influence the degradation process. The type and solubility of calcium salts formed determine whether they precipitate within the matrix or dissolve and leach away .
Gypsum formation. In sulfuric acid attack, calcium ions react with sulfate to form gypsum (CaSO₄·2H₂O). Gypsum has limited solubility and precipitates within the corroded layer. While gypsum precipitation can initially reduce the rate of acid penetration by blocking pores, its expansive nature can also cause internal cracking and spalling . Under acidic conditions at pH ≤ 2.0, gypsum formation is strongly promoted .
Soluble salts. In attack by nitric acid, hydrochloric acid, and organic acids such as acetic acid, the calcium salts formed are highly soluble. Calcium nitrate (Ca(NO₃)₂), calcium chloride (CaCl₂), and calcium acetate (Ca(CH₃COO)₂) dissolve readily in the aggressive solution and are removed from the reaction zone. This dissolution prevents the formation of a protective barrier and accelerates degradation, as fresh acid can continuously reach the reaction front .
3 Influence of Acid Type
The severity and nature of acid attack vary significantly depending on the type of acid, its concentration, and the solubility of the resulting calcium salt.
3.1 Mineral Acids
Mineral acids—including sulfuric acid (H₂SO₄), hydrochloric acid (HCl), and nitric acid (HNO₃)—are generally strong acids that dissociate completely in solution. Their aggressive effect on hardened cement paste follows the order HNO₃ > HCl ≫ H₂SO₄, with sulfuric acid being the least aggressive among the three due to the low solubility of gypsum .
Sulfuric acid. Sulfuric acid attack combines dissolution and expansion effects. The reaction of H₂SO₄ with portlandite and C-S-H produces gypsum and ettringite, both of which form with significant volume increases, leading to internal pressure, cracking, and structural failure . In sewage systems, biogenic sulfuric acid produced by sulfur-oxidizing bacteria has been identified as a major cause of concrete corrosion, with corrosion rates reaching several millimeters per year .
Nitric acid. Nitric acid attack produces highly soluble calcium nitrate, which does not form a protective layer. The neutralization and nitrate ion migration process leads to decreased pH values and mechanical properties of concrete. Shotcrete lining in highway tunnels is particularly susceptible to nitric acid fog formed by nitrogen oxides reacting with water vapor .
Hydrochloric acid. Hydrochloric acid attack results in the formation of calcium chloride, a highly soluble salt. Research has shown that fiber-reinforced concrete exposed to HCl exhibits formation of hydrated calcium chloride (CaCl₂·4H₂O) and increased porosity due to the reduction of skeletal materials C-S-H and Ca(OH)₂ .
3.2 Organic Acids
Organic acids are prevalent in agricultural effluents, food and beverage industries, and wastewater systems. Acetic, citric, lactic, and propionic acids are among the most aggressive organic acids encountered in concrete environments .
The aggressiveness of organic acids depends not only on their dissociation constant but also on the solubility of their calcium salts. Acetic acid, although a weak acid, exhibits strong attack due to the high solubility of calcium acetate . Experimental studies have demonstrated that citric and lactic acids cause greater degradation than acetic and propionic acids. Specimens subjected to 15% lactic acid solution were completely disintegrated within 42 days of exposure .
Organic acids can undergo multiple complex degradation mechanisms simultaneously. In addition to acidolysis (reaction of hydration products with acid to yield soluble ions), complexolysis—enhanced leaching through the formation of strong complexes—can contribute to deterioration .
3.3 Carbonic Acid
Carbonic acid attack, associated with carbonated water environments, involves a two-stage process. Initially, carbon dioxide reacts with calcium hydroxide and C-S-H to form calcium carbonate and a carbonation layer. Subsequently, the calcium carbonate and remaining C-S-H react with additional carbonic acid to form soluble calcium bicarbonate (Ca(HCO₃)₂) and amorphous silica gel. This continuous calcium leaching leads to reduced stiffness and strength of concrete structures .
4 Factors Influencing Acid Attack
4.1 Cement Composition and Binder Type
The composition of the cementitious binder is a critical determinant of acid resistance. The most vulnerable component of the hardened cement paste is portlandite (Ca(OH)₂); therefore, reducing its content enhances corrosion resistance .
Supplementary cementitious materials (SCMs) such as fly ash, slag, and silica fume improve acid resistance through several mechanisms. The pozzolanic reaction consumes calcium hydroxide, reducing the amount available for acid attack. Additionally, the C-S-H formed by pozzolanic reaction typically has a lower Ca/Si ratio, which is more stable during leaching processes . Silica fume, in particular, has been shown to significantly reduce portlandite content and alter the microstructure and composition of the cement matrix, thereby improving corrosion resistance under acidic environments .
4.2 Water-to-Cement Ratio and Porosity
The water-to-cement (w/c) ratio controls the porosity and permeability of the hardened cement paste, which in turn influence the rate of acid penetration. A lower w/c ratio generally reduces porosity, limiting the transport of aggressive ions into the concrete matrix. However, the relationship is complex, as reduced porosity may also restrict the leaching of dissolved products, potentially affecting the degradation kinetics .
4.3 Acid Concentration and Replenishment
Higher acid concentrations accelerate degradation by increasing the concentration gradient driving ion transport and by providing more hydronium ions for reaction. A study on acetic acid exposure demonstrated that OPC mortar specimens subjected to 0.5 M concentration exhibited maximum strength loss .
The replenishment condition of the acid solution is equally important. Under renewing conditions—where the acid solution is periodically replaced to maintain the initial concentration—degradation is significantly accelerated. The aggressiveness of 0.125 M acetic acid solution under renewing conditions was found to be approximately five times that under non-renewing conditions . This is because reaction products accumulate in non-renewed solutions, reducing the effective concentration of the aggressive medium and slowing the dissolution reaction .
4.4 Exposure Conditions
The exposure regime significantly influences the rate of acid attack. Alternating wet and dry conditions can drastically increase acid uptake through capillary suction during wetting, followed by salt crystallization during drying. This combined physical and chemical attack is more destructive than continuous immersion .
The ratio of surface area to volume of the specimen and the flow rate of the aggressive solution also affect degradation kinetics. Higher flow rates remove reaction products more effectively, maintaining a steeper concentration gradient and accelerating attack .
5 Consequences of Acid Attack
5.1 Microstructural Degradation
The most fundamental consequence of acid attack is the dissolution and decalcification of cement hydration products. X-ray diffraction analysis of concrete exposed to hydrochloric acid has confirmed the formation of hydrated calcium chloride (CaCl₂·4H₂O), while exposure to sulfuric acid produces gypsum (CaSO₄·2H₂O) . The reduction of C-S-H and Ca(OH)₂ leads to increased porosity and loss of structural integrity .
Nuclear magnetic resonance studies have revealed that the degraded layer comprises an amorphous silica gel with framework silicates, in which silicon is partially substituted by aluminum. The gel forms through polycondensation and cross-linking of C-A-S-H chains .
5.2 Mechanical Property Deterioration
The dissolution of binding phases directly translates to loss of mechanical strength. Compressive strength, flexural strength, and dynamic modulus of elasticity all decrease progressively with acid exposure . The rate of strength loss depends on the acid type, concentration, and exposure duration.
For cement mortar specimens exposed to acetic acid, significant reductions in compressive strength, flexural strength, and relative dynamic elastic modulus have been documented . Specimens exposed to 15% lactic acid solution were completely disintegrated, losing all structural integrity .
5.3 Mass Loss and Dimensional Changes
Acid attack typically results in mass loss due to the dissolution and leaching of cement hydration products. However, in some cases—particularly with sulfuric acid—mass gain may be observed initially due to the formation and retention of gypsum and ettringite within the matrix . As degradation progresses and surface layers spall off, net mass loss becomes dominant.
Loss of cross-sectional area is a common measure of degradation severity. Studies have shown that mortar specimens exhibit higher loss in cross-sectional area compared to paste specimens, making mortar preferable for evaluating acid attack in accelerated testing .
6 Mitigation and Protection Strategies
6.1 Material Selection and Mix Design
The selection of appropriate cementitious materials is the first line of defense against acid attack. Blended cements containing supplementary cementitious materials—particularly silica fume, fly ash, and slag—demonstrate improved acid resistance by reducing portlandite content and refining pore structure .
Lower water-to-cement ratios reduce porosity and permeability, limiting acid ingress. However, extremely low w/c ratios may not always translate to improved performance, as the reduced porosity can affect the leaching kinetics of dissolved products .
6.2 Surface Protection Systems
For severe acid exposure conditions (pH < 4), protective coatings are often necessary, as mix design optimization alone cannot provide adequate resistance . Epoxy resin coatings have been shown to effectively protect concrete surfaces in contact with substances having pH < 6, making them suitable for silage silos, slurry tanks, and manure storage facilities .
Other protective systems include polyurethane coatings, asphalt-based treatments, and magnesium-based coatings. Magnesium oxide and magnesium hydroxide coatings maintain surface pH at alkaline levels (pH 9–10), providing protection against sulfuric acid biocorrosion .
6.3 Fibre Reinforcement
The incorporation of fibres into concrete can improve resistance to acid attack by enhancing density and reducing cracking. Non-destructive testing has shown that fibres increase ultrasonic pulse velocity and dynamic modulus of elasticity, indicating beneficial effects on concrete compactness .
7 Conclusion
Acid attack on cement mortar and concrete is a complex physicochemical process that poses significant challenges to the durability of concrete structures in aggressive environments. The degradation mechanism involves the transport of hydronium ions into the cementitious matrix, dissolution of alkaline hydration products, and formation of corrosion products whose solubility determines the extent of deterioration.
The severity of acid attack depends on multiple interacting factors: the type and concentration of acid, the solubility of calcium salts formed, the composition of the cementitious binder, the water-to-cement ratio, and the exposure conditions. Mineral acids such as nitric and hydrochloric acids are generally more aggressive than sulfuric acid due to the higher solubility of their calcium salts. Organic acids prevalent in agricultural and food industry effluents can be equally or more destructive, particularly when they form soluble calcium complexes.
The consequences of acid attack are progressive and include microstructural degradation, loss of mechanical strength, mass loss, and ultimately structural failure. The development of a porous corroded layer, decalcification of C-S-H, and the formation of expansive products such as gypsum and ettringite all contribute to the deterioration process.
Effective mitigation requires a multi-faceted approach combining appropriate material selection, optimized mix design, and where necessary, protective surface coatings. Supplementary cementitious materials that reduce portlandite content and refine pore structure offer significant improvements in acid resistance. For severe exposure conditions, protective coatings remain essential.
Future research should focus on developing more accurate predictive models for acid attack kinetics, optimizing binder compositions for specific acid exposure scenarios, and advancing protective technologies that can extend the service life of concrete structures in the most aggressive environments.
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