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1 Introduction
The alkali-silica reaction (ASR), often referred to as "concrete cancer," is one of the most significant internal deterioration mechanisms affecting the durability of cement concrete structures worldwide. It is a deleterious swelling reaction that occurs over time between the highly alkaline pore solution of cement paste and reactive amorphous silica present in certain aggregates, given sufficient moisture.
The reaction was first identified by Thomas E. Stanton in California during the 1930s, with his founding publication appearing in 1940. Since then, ASR has been recognized as a global problem affecting concrete structures ranging from dams and bridges to pavements and nuclear facilities. The reaction produces a hygroscopic alkali-silica gel that expands upon absorbing water, generating internal pressures that can exceed the tensile strength of concrete, leading to cracking, spalling, and potential structural failure.
The economic and safety implications of ASR are substantial. Damage caused by ASR can force the demolition of critical infrastructure, and the reaction is often observed in combination with other deterioration mechanisms such as corrosion and sulfate attack, accelerating overall degradation. Understanding the mechanisms, influencing factors, and mitigation strategies for ASR is therefore essential for designing durable concrete structures.
2 Mechanisms of Alkali-Silica Reaction
2.1 Fundamental Chemical Processes
The ASR is a multi-stage process involving several sequential reactions: (1) dissolution of metastable silica, (2) formation of nano-colloidal silica sol, (3) gelation of the sol, and (4) swelling of the gel. The overall reaction can be understood as a mineral acid-base reaction between alkali hydroxides (NaOH and KOH), calcium hydroxide (portlandite), and silicic acid.
The first step is the attack of siloxane (Si-O-Si) bonds in the aggregate by hydroxide ions. The alkali hydroxides dissociate in the pore solution, providing OH⁻ ions that break the siloxane bridges, depolymerizing the silica structure:
≡Si−O−Si≡+2OH−→2≡Si−O−+H2O≡Si−O−Si≡+2OH−→2≡Si−O−+H2​O
The silicic acid formed is a weak acid and immediately reacts with additional hydroxyl ions to form alkali silicate (the ASR gel):
H4SiO4+2OH−→SiO32−+3H2OH4​SiO4​+2OH−→SiO32−​+3H2​O
A simplified representation of the complete reaction after exchange of alkali cations with calcium ions is:
Ca(OH)2+H4SiO4→Ca2++H2SiO42−+2H2O→CaH2SiO4Ca(OH)2​+H4​SiO4​→Ca2++H2​SiO42−​+2H2​O→CaH2​SiO4​
2.2 The Role of Calcium and Reaction Rims
Calcium plays a dual role in ASR. First, it participates in "alkali recycling"—exchanging with alkalis in the reaction products, which allows alkalis to return to the pore solution and continue attacking silica. Second, calcium influences the composition and properties of the ASR gel, determining whether it is expansive or non-expansive.
Research has demonstrated that the alkali silicate generated by ASR has no ability to generate expansive pressure unless the aggregate is tightly packed with a reaction rim. The reaction rim is slowly generated from the alkali silicate that covers the ASR-affected aggregate. Consumption of alkali hydroxide by the ASR induces dissolution of Ca²⁺ ions into the pore solution. The alkali silicate then reacts with Ca²⁺ ions to convert to an insoluble, tight, and rigid reaction rim. This rim allows penetration of alkaline solution but prevents leakage of viscous alkali silicate, so that the gel generated afterward accumulates within the aggregate to produce expansive pressure sufficient for cracking.
2.3 Gel Composition and Swelling
The ASR gel is a hydrated alkali silicate with the general formula Na₂SiO₃·nH₂O or K₂SiO₃·nH₂O. The gel is hygroscopic and swells by imbibing water from the surrounding pore solution. The swelling pressure developed during this process can reach up to 20 N/mm², far exceeding the tensile strength of normal concrete.
The composition of the gel is critical to its expansive behavior. Powers and Steinour proposed that reactions could be "safe" or "unsafe" depending on the relative amounts of calcium and alkalis in the reaction products. If a high calcium concentration is present in the pore water, a non-expansive gel containing a high amount of calcium is formed. However, if the calcium concentration is low, alkali-rich swelling gels are formed. This model, while often debated, remains a foundational concept in ASR research.
More recent research has emphasized that gel formation occurs through condensation reactions between silicic acid anions, rather than through cation binding as previously assumed. The dissolved and hydrolyzed silica condenses under the charge-neutralizing effect of dissolved, hydrated cations. The cations form a weakly attached charge-compensating absorbed layer on the gel.
3 Factors Influencing ASR
3.1 Reactive Silica in Aggregates
The presence of reactive silica in aggregates is a fundamental prerequisite for ASR. Reactive forms of silica include opal, chalcedony, tridymite, cristobalite, and certain volcanic glasses. Non-crystalline (amorphous) silicate structures are more susceptible to reaction than crystalline forms because their irregular tetrahedral arrangements are more porous and provide greater surface area for attack.
Aggregate reactivity is greatly influenced by crystallinity. The reactivity of aggregates can be characterized by a chemical reactivity index determined from the concentrations of Si, Ca, and Al in test suspensions containing aggregate, CaO, and NaOH.
3.2 Alkali Content
Sufficient alkalis are required to raise the pore solution hydroxyl concentration to a level at which aggregates are attacked at a significant rate. Research indicates that a pore solution OH⁻ concentration of 0.2 to 0.25 M is necessary to sustain the attack over time. While the majority of alkali contribution is linked to the cement (e.g., alkali sulfates), aggregates and supplementary cementitious materials can also supply alkalis. External sources such as seawater or deicing salts can increase concrete alkalinity.
Portland cement standards frequently limit alkali concentration to 0.60 wt% Na₂Oₑq to reduce ASR degradation when reactive aggregates are used. However, some structures constructed with alkali content below this threshold nonetheless sustain considerable damage, indicating that other factors also play significant roles. Different nations and agencies have set maximum allowable alkali contents ranging from 2.5 to 4.5 kg/m³ Na₂Oₑq.
3.3 Moisture
Moisture is essential for ASR to occur and progress. Water facilitates the flow of ions in the porous media and allows the hygroscopic gel to swell when it absorbs water. A minimum relative humidity of approximately 80% is required to initiate ASR and cause significant expansion. Many researchers have reported increasing ASR expansions as relative humidity increases.
The quantity of gel produced is far inferior when there is no external water supply, and higher humidity leads to higher expansion. However, after completion of the reactions (depending on available silica and alkalis), any added water will not cause extra expansion. If there is still silica and alkalis available and a lack of water occurs, expansion will stop but will be quickly reactivated if water is again introduced to the system.
3.4 Pessimum Effects
A well-documented but not fully understood phenomenon in ASR is the "pessimum effect." For a fixed amount of alkali, there is a reactive silica content that induces maximal expansion. Beyond this critical point—called the pessimum—the expansion decreases. Stanton demonstrated in 1940 that a certain proportion of some reactive siliceous aggregate caused the largest expansion, and that expansion decreased when the content of reactive aggregate was increased or decreased from that pessimum proportion. He also found a pessimum size effect, where expansion became maximum at a certain grain size.
Various theories have been proposed to explain the pessimum effect. One theory suggests that increasing the proportion of reactive aggregates increases the total volume of expansive alkali silicate, but excessive increase significantly decreases the concentration of alkalis in the alkali silicate, which decreases expansion. Another explanation involves the consumption of portlandite. The mature alkali silicate preferentially reacts with Ca²⁺ ions to transform into fragmental calcium alkali silicate, while immature alkali silicate gradually reacts with Ca²⁺ to cover the surface of reactive minerals with tight layers of calcium alkali silicate (reaction rims).
Recent research has shown that the pessimum effect can be exploited to reduce ASR expansion. The increase in reactive aggregate proportion allowed reduction of ASR expansion in concretes made with potentially reactive chert aggregates. This reduction was attributed to the capacity of reactive siliceous phases to fix alkali ions up to a certain threshold without being degraded.
4 Consequences of ASR
4.1 Mechanical Property Deterioration
All mechanical properties of concrete are affected by ASR. The production of expansive gel fills voids and exerts pressure on the surroundings, causing internal tensile stress. New cracks may generate and propagate when this pressure exceeds the tensile strength of the concrete. The reduction in mechanical properties depends on the degree of ASR progress and the specific property measured.
Research indicates that modulus of elasticity and tensile strength have the highest susceptibility to ASR progress, while compressive strength is generally less affected. The reduction in mechanical properties has a good correlation with the expansion of mortar and concrete specimens in some properties and can be considered as a good test method for evaluating aggregate reactivity.
The location of the ASR gel and the mechanism of deterioration differ depending on aggregate type. In aggregates such as granite, greywacke, and quartzite, a shallow layer is decomposed from the aggregate surface, forming a layer of rich calcium gel. The alkalis pass through this layer more quickly than calcium, facilitating decomposition of the aggregate and formation of ASR gel. This cycle repeats and leads to expansion and cracking. In this condition, the ASR gel affects the interfacial transition zone (ITZ), debilitating it and reducing bond strength between aggregate and pore solution.
In aggregates such as soda-lime glass, which have inherent cracks, alkalis penetrate these cracks to dissolve reactive silica and form ASR gel. The expansion of the gel results in cracking and extending the inherent cracks, as well as reducing the strength of the aggregate itself.
4.2 Cracking Patterns and Structural Effects
ASR produces a distinctive crack pattern often described as "spider web" or "map cracking". However, affected prestressed elements tend to show cracks parallel to the stress direction. The cracking affects the appearance and serviceability of a structure, though structural integrity—particularly compressive strength—may not be immediately compromised.
The formation of cracks enhances the penetration of various aggressive compounds, leading to acceleration of other types of degradation. ASR is often observed in combination with corrosion and sulfate attack and can be their predecessor. The increase in permeability due to crack opening and progression facilitates secondary chemical deteriorations.
4.3 Influence of Loading Conditions
The presence of external loads or confinement can mitigate ASR expansion and damage to some extent. Experimental studies on combined ASR and cyclic loading have been conducted on reinforced concrete prisms. The specimens were partially immersed in water and exposed to humidity to accelerate ASR, with cyclic loading applied to simulate service conditions. This research recognizes that real structures are subjected to both chemical deterioration and mechanical loading simultaneously, and the interaction between these factors affects overall performance.
5 Testing and Diagnosis
5.1 Laboratory Test Methods
Assessment of aggregate susceptibility to ASR has always been considered a significant challenge. Most test methods are based on measurement of expansion. The accelerated mortar bar test (ASTM C1260) is widely used, in which mortar bars are stored in 1 mol/dm³ NaOH solution at 80°C. The concrete prism test (ASTM C1293) provides a more realistic assessment but requires longer testing duration.
Test conditions significantly influence results. Alkali leaching is a major challenge in laboratory expansivity tests, particularly for small specimens. Mortar bars and concrete prisms tested in sealed containers above water show higher expansion compared to unwrapped bars stored above water, while bars stored in a moist room show the least expansion and the greatest extent of alkali leaching. The influence of specimen size on expansion is related to aggregate reactivity—larger cross-sections result in greater expansion due to more pronounced alkali leaching effects in smaller specimens.
5.2 Diagnosis of ASR in Structures
Diagnosis of ASR in existing structures involves a combination of visual inspection, petrographic examination, and expansion testing. The presence of characteristic crack patterns, gel exudations, and reaction rims around aggregates provides evidence of ASR. Petrographic examination using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) allows identification of ASR products and assessment of the degree of aggregate degradation.
6 Mitigation Strategies
6.1 Fundamental Prerequisites and Control Options
ASR requires four main prerequisites for occurrence: (1) a source of reactive silica in aggregates, (2) alkalis or OH⁻ ions in the concrete pore solution, (3) a source of soluble calcium to form deleterious gel, and (4) access to moisture. Mitigation methods target eliminating one or more of these factors.
The primary mitigation strategies include:
· Avoiding reactive aggregate use
· Minimization of alkalis in Portland cement
· Implementation of supplementary cementing materials (SCMs)
· Lithium-based compounds implementation
6.2 Supplementary Cementitious Materials
SCMs are among the most effective and widely used mitigation strategies. The mechanism involves consumption of alkalis from Portland cement, thereby obstructing their ability to react with aggregate. Additionally, SCMs reduce the pH of the pore solution through pozzolanic reaction, which decreases the likelihood of reactions caused by high alkalis.
Research has demonstrated that the higher the content of reactive silica in the pozzolanic material, the greater the ASR inhibition level. Silica fume and coal fly ash are identified as the best Portland cement constituents for ASR mitigation. Al-rich SCMs (e.g., fly ash, metakaolin) are found to be more effective against ASR than SCMs that are only rich in silica, as soluble aluminum helps mitigate ASR.
6.3 Lithium Compounds
Lithium-based compounds function through a different mechanism than SCMs. While SCMs consume alkalis, lithium compounds change the nature of the reaction product. Lithium ions are believed to interfere with the ASR gel formation process, producing a non-expansive or less expansive product.
6.4 Reactive Aggregate Utilization at Pessimum Conditions
An innovative approach to ASR mitigation involves deliberately using reactive aggregates under anti-pessimum conditions. Research has shown that using very reactive siliceous minerals under anti-pessimum conditions is effective not only for inhibiting ASR but also for improving strength and durability of concrete structures. Knowledge of the alkali threshold may help verify the effectiveness of fixing harmful alkalis in the granular skeleton and could allow optimization of concrete mixtures.
6.5 Concrete Mix Design and Construction Practices
Limiting the alkali content of concrete through careful selection of cement and SCMs is a fundamental mitigation approach. The water-to-cement ratio and porosity also influence ASR by affecting the transport of ions and moisture within the concrete. Proper curing and minimizing moisture ingress through appropriate detailing and protection are important preventive measures.
7 Conclusion
The alkali-silica reaction represents one of the most significant internal chemical deterioration mechanisms affecting the long-term durability of cement concrete. The reaction involves the dissolution of reactive silica from aggregates by alkaline pore solution, formation of a hygroscopic alkali-silica gel, and swelling of this gel upon water absorption, generating internal pressures sufficient to crack concrete.
The progress and severity of ASR depend on multiple interacting factors: the presence and amount of reactive silica in aggregates, the alkali content of the pore solution, the availability of moisture, and the calcium concentration affecting gel composition. The pessimum effect—where maximum expansion occurs at a specific reactive aggregate content—demonstrates the complex, non-linear nature of the reaction.
Consequences of ASR include deterioration of all mechanical properties, with modulus of elasticity and tensile strength being most susceptible. Characteristic cracking patterns develop, and the resulting increased permeability accelerates other deterioration mechanisms.
Effective mitigation requires eliminating at least one of the four prerequisites for ASR. Supplementary cementitious materials, particularly silica fume and fly ash rich in alumina, are the most widely used and effective mitigation strategy. Lithium compounds offer an alternative mechanism by altering the reaction product. Continued research into the fundamental chemistry of ASR, improved diagnostic methods, and optimization of mitigation approaches remain essential for ensuring the durability of concrete infrastructure worldwide.
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