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1 Introduction
The use of seawater in concrete production has emerged as a critical area of investigation, driven by the escalating global water crisis and the need for sustainable construction practices in coastal regions. Freshwater scarcity affects approximately 2.2 billion people worldwide, and the concrete industry consumes about 9% of total global industrial water usage . In coastal and island areas where freshwater is limited or must be transported over long distances at considerable cost and energy expenditure, seawater presents a practical alternative for concrete mixing and curing .
The historical precedent for seawater concrete dates back to the Romans, who built concrete structures along the Mediterranean coastline using seawater . Modern interest in this practice has intensified in recent decades, with research focusing on both the potential benefits and the significant durability challenges associated with chloride and sulfate ions present in seawater. Understanding the effects of seawater on the strength and durability of cement concrete is essential for determining appropriate applications and developing mitigation strategies.
2 Composition of Seawater and Mechanisms of Interaction
Seawater typically has a salinity of approximately 3.5%, containing dissolved ions including chloride (Cl⁻), sodium (Na⁺), magnesium (Mg²⁺), sulfur (S²⁻), calcium (Ca²⁺), and potassium (K⁺) . These ions interact with cement hydration products in complex ways that influence both fresh and hardened concrete properties.
2.1 Acceleration of Hydration
Chloride ions in seawater are known to accelerate cement hydration. The mechanism involves a chemical reaction between sodium chloride and calcium hydroxide produced during hydration, resulting in the formation of calcium chloride (CaCl₂), a powerful accelerator . This acceleration effect is manifested in reduced setting times—seawater concrete exhibits initial setting times approximately 25% faster than freshwater concrete (33 minutes versus 42 minutes in one study) .
2.2 Formation of Additional Phases
The interaction of seawater ions with hydration products leads to the formation of additional phases not typically present in freshwater concrete. Friedel's salt (calcium chloroaluminate hydrate) forms through the reaction of chloride with AFm phases, while ettringite and gypsum form through reactions involving sulfate ions . A comparative study of brine-seawater sand concrete and ordinary concrete revealed that seawater-mixed systems had larger mass fractions of amorphous phase (primarily C-S-H), ettringite, and gypsum during hydration . These phase formations influence the microstructure and, consequently, the physical and mechanical properties of concrete.
2.3 Chloride Binding
Seawater-mixed cementitious systems exhibit a unique characteristic: chloride binding occurs during early hydration (within 48 hours) through interaction with C₃S and C₃A phases . This early chloride binding capacity can mitigate corrosion risk by reducing the concentration of free chlorides available to initiate steel depassivation. However, the stability of bound chlorides is a concern, as chemical binding can be partially or completely undone, and physical binding can be lost with carbonation of hydrated cement phases .
3 Effect on Strength
3.1 Early-Age Strength
The most consistently observed effect of seawater on concrete strength is enhanced early-age strength development. Studies demonstrate that seawater concrete achieves significantly higher compressive strength at 7 days compared to freshwater concrete . This improvement is attributed to the acceleration of hydration by chloride ions, which promotes more rapid formation of C-S-H gel and refinement of pore structure at early ages . The accelerated setting and strength gain can be advantageous in construction schedules where rapid formwork turnover is desired.
3.2 Long-Term Strength
The long-term strength behavior of seawater concrete presents a more complex picture. While many studies show comparable or slightly higher 28-day compressive strength compared to freshwater concrete, there is evidence of strength reduction at later ages. Research indicates a potential reduction in compressive strength of up to 10% when using seawater compared to tap water, particularly after curing periods of 90 and 180 days . This long-term strength reduction is attributed to salt-induced micro-cracking and the gradual alteration of hydration products over time.
However, the behavior is not uniform. A 26-year exposure study of concrete specimens in the tidal zone found that none of the concrete types fell significantly below their 28-day compressive strength, maintaining equivalent or better condition over the long term . The researchers concluded that the corrosion of steel reinforcement in seawater-mixed concrete under tidal zone conditions was not significantly different from that in freshwater-mixed concrete .
3.3 Influence of Supplementary Cementitious Materials
The inclusion of supplementary cementitious materials (SCMs) significantly modifies the strength development of seawater concrete. A study incorporating fly ash and ground granulated blast furnace slag (GGBFS) in seawater concrete demonstrated that Trail Mix 1 (25% FA + 25% GGBFS) achieved compressive strength of 50.07 N/mm² at 28 days with seawater curing, compared to 42.37 N/mm² with tap water curing . At 90 days, the seawater-cured specimens reached 57.63 N/mm² .
Blended cementitious systems benefit from the pozzolanic reaction of SCMs, which consumes calcium hydroxide and produces additional C-S-H, densifying the matrix and compensating for the potential long-term strength reduction associated with seawater alone. The use of SCMs also reduces permeability and enhances resistance to aggressive ion ingress, providing a dual mechanism for improving seawater concrete performance .
4 Effect on Durability
4.1 Chloride-Induced Corrosion of Reinforcement
The most significant durability concern for seawater concrete is chloride-induced corrosion of steel reinforcement. Chloride ions can accumulate on the surface of steel bars, and when their concentration exceeds a threshold level, they cause depassivation of the protective oxide film, initiating corrosion . Corrosion products exert pressure on the surrounding concrete, generating cracks and spalling that further exacerbate the deterioration process .
Most reinforced concrete standards prohibit the use of seawater due to this risk. The Japan Society of Civil Engineers (JSCE) specifies that seawater may be used in plain concrete without reinforcement, provided that chloride content is verified and no adverse effects are expected . This regulatory stance reflects the persistent engineering challenge posed by chloride-induced corrosion.
4.2 Influence of SCMs on Corrosion Resistance
The incorporation of supplementary cementitious materials significantly improves the corrosion resistance of seawater concrete. Concretes containing slag and fly ash demonstrate lower macrocell corrosion than plain Portland cement concrete mixed with seawater . This improvement results from multiple mechanisms: reduced permeability limiting chloride ingress, chloride binding by AFm phases forming Friedel's salt, and reduced calcium hydroxide content lowering the risk of carbonation-induced chloride release.
Silica fume has been shown to enhance chemical stability and long-term strength in chloride-rich environments by promoting the formation of additional C-S-H gel and lowering calcium hydroxide content . Metakaolin, through its high pozzolanic reactivity, produces additional C-S-H that fills voids and refines pore structure, enhancing resistance to chloride ion penetration .
4.3 Carbonation and Chloride Binding Stability
The durability of seawater concrete is influenced by the stability of bound chlorides. Carbonation of hydrated cement phases can release chemically and physically bound chlorides, increasing the concentration of free chlorides available to initiate corrosion . This interaction between carbonation and chloride binding underscores the importance of understanding the carbonation resistance of seawater-mixed concrete for long-term durability assessment.
Research on carbonation resistance of seawater concrete with SCMs is essential because the chemical binding of chlorides can be partially or completely undone with carbonation . The resistance of the concrete matrix to CO₂ ingress determines the rate at which bound chlorides may be released, affecting the time to corrosion initiation.
4.4 Sulfate Attack
Seawater contains sulfate ions that can react with hydration products to form expansive ettringite and gypsum. However, research suggests that seawater-mixed concrete may exhibit lower and slower strength degradation from sulfate attack compared to freshwater concrete in certain conditions . This counterintuitive finding may relate to the early formation of chloride-bearing phases that alter the subsequent sulfate reaction pathways.
A study on high-strength concrete submerged in seawater found that primary hydration products (C-S-H and CH) continued to increase with submersion time, while Friedel's salt and ettringite formed due to chlorides and sulfates in the cement bonding with seawater . The continued hydration suggests that, under certain conditions, seawater exposure does not necessarily lead to rapid deterioration of the cementitious matrix.
4.5 Physical Salt Crystallization
Beyond chemical interactions, the crystallization of salts within concrete pores can cause deterioration through physical processes. Salt crystallization exerts stresses on the pore walls, potentially causing micro-cracking and progressive damage . This mechanism is distinct from chemical sulfate attack and can contribute to deterioration, particularly in environments subject to wet-dry cycling.
5 Influence of Curing Conditions
The curing environment significantly influences the performance of seawater concrete. Research comparing freshwater concrete cured in limewater, seawater concrete cured in seawater, and seawater concrete cured in limewater found that curing conditions affect the distribution of hydration products and pore refinement . The behavior of seawater concrete mixtures varies with curing conditions, which remain an area requiring detailed research .
Seawater curing can promote continued hydration and strength development through the availability of additional ions that participate in hydration reactions. However, exposure to aggressive marine environments with wet-dry cycling has been shown to cause more pronounced deterioration of mechanical properties than continuous immersion. After 12 months of seawater dry-wet cycles at 60°C, cubic compressive strength, elastic modulus, and axial compressive strength of seawater-mixed concrete decreased by approximately 14.4%, 13.0%, and 16.9%, respectively .
6 Mitigation Strategies
6.1 Supplementary Cementitious Materials
The most effective strategy for improving the durability of seawater concrete is the incorporation of SCMs. Fly ash, GGBFS, silica fume, metakaolin, and rice husk ash have all demonstrated the ability to reduce permeability, refine pore structure, and improve resistance to aggressive ion ingress . The use of SCMs also reduces the calcium hydroxide content, lowering the risk of carbonation-induced chloride release.
Ternary blended systems combining multiple SCMs can provide synergistic benefits. Research on binary and ternary combinations of fly ash, slag, and metakaolin in seawater-mixed concrete aims to identify optimal compositions for strength and durability performance . The most suitable ternary blended cementitious combination for producing seawater concrete can be identified through systematic evaluation of compressive strength, resistivity, and carbonation resistance .
6.2 Corrosion-Resistant Reinforcement
For reinforced concrete applications in marine environments, the use of corrosion-resistant reinforcement is essential. Fiber-reinforced polymer (FRP) bars offer a promising alternative to steel, as they are inherently resistant to chloride-induced corrosion. The use of FRP reinforcement enables the safe utilization of seawater and salt-contaminated aggregates for sustainable concrete production . A EU-US project (SEACON) aims to demonstrate safe utilization of seawater and salt-contaminated aggregates combined with non-corrosive reinforcement to construct durable and economical concrete infrastructures .
6.3 Corrosion Inhibitors
Beyond SCMs, corrosion inhibitors can be added to seawater concrete to control the onset of corrosion by influencing anodic and cathodic reactions at the near-surface interface . These admixtures provide an additional layer of protection, particularly in applications where SCMs alone may not provide sufficient corrosion resistance.
7 Conclusion
The effect of seawater on the strength and durability of cement concrete is complex and multifaceted. Seawater accelerates cement hydration through chloride interaction, producing enhanced early-age strength and reduced setting times. However, the long-term strength behavior is variable, with potential reductions of up to 10% at later ages balanced by cases of maintained or improved performance over extended exposure periods.
The primary durability concern is chloride-induced corrosion of steel reinforcement, which has led most standards to prohibit seawater in reinforced concrete. However, the incorporation of supplementary cementitious materials—particularly fly ash, slag, silica fume, and metakaolin—significantly improves the durability of seawater concrete by reducing permeability, binding chlorides, and refining pore structure. The use of corrosion-resistant reinforcement, such as FRP bars, offers a pathway to safe utilization of seawater in reinforced concrete applications.
Seawater concrete represents a viable option for plain concrete applications and, with appropriate SCMs and non-corrosive reinforcement, for structural applications in marine and coastal environments. The development of comprehensive standards and design specifications for seawater concrete remains an important area for future research, as does the long-term field performance of seawater concrete structures under realistic exposure conditions.
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