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Current State of Research on Concrete Repair Materials
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Concrete, as the most widely used construction material globally, is inevitably subject to various types of damage and deterioration during its long service life. Effective and durable repair is crucial for ensuring the safety of concrete structures and extending their service life, with the performance of the repair material directly determining the repair outcome. This paper provides a systematic review of the current state of research on concrete repair materials. It begins by explaining common concrete pathologies and the performance requirements for repair materials. Subsequently, it focuses on reviewing the composition, mechanisms, characteristics, and research progress of main types of repair materials, including cement-based repair materials, polymer-modified cementitious materials, polymer repair materials, geopolymer-based repair materials, and novel smart repair materials (such as self-healing concrete). By comparing and analyzing key performance indicators like compressive strength, bond strength, durability, and shrinkage, the advantages, disadvantages, and suitable applications of these materials are revealed. The core evaluation system of repair material compatibility (mechanical, physical, chemical) is also summarized. Finally, addressing current research challenges, future directions are outlined, including trends towards green/low-carbon solutions, functional intelligence, long-term durability, and the advancement of digital design and construction technologies.
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1. Introduction
Concrete is extensively used in various civil engineering structures like buildings, bridges, tunnels, and water conservancy projects due to its abundant raw materials, low cost, high compressive strength, and good durability. However, under the combined effects of long-term loading, environmental aggression (e.g., chlorides, sulfates, carbonation), freeze-thaw cycles, chemical corrosion, and physical wear, concrete structures develop issues such as cracking, spalling, and reinforcement corrosion. This leads to reduced load-bearing capacity, diminished durability, and potentially catastrophic failures [1, 2]. Statistics indicate that global annual spending on infrastructure maintenance and repair reaches hundreds of billions of dollars and continues to rise [3]. Therefore, timely and effective repair and strengthening of damaged concrete structures are of paramount importance for ensuring public safety, conserving societal resources, and achieving sustainable development.
The core of concrete repair lies in selecting and applying appropriate repair materials. An ideal repair material must not only possess sufficient mechanical properties to restore the structure's load-bearing capacity but also exhibit excellent compatibility with the old concrete substrate to ensure long-term stability of the repair interface and effectively resist further environmental attack [4]. In recent years, with rapid advancements in materials science, concrete repair materials have evolved from traditional cement mortars to a diverse system including polymer-modified materials, polymers, geopolymers, and various smart materials.
This paper aims to comprehensively summarize current research progress in the field of concrete repair materials, systematically analyze the performance characteristics, repair mechanisms, and application prospects of various materials, provide a reference for researchers and engineers, and promote the development of concrete repair technologies towards greater efficiency, durability, and environmental friendliness.

2. Concrete Pathologies and Performance Requirements for Repair Materials
2.1 Common Concrete Pathologies
Concrete serves as the fundamental building block of modern infrastructure, and its long-term durability is critical to structural safety and service life. However, when subjected to prolonged environmental aggression and mechanical loading, concrete structures are susceptible to a series of deterioration phenomena, including cracking, carbonation, steel corrosion, and spalling. These defects not only compromise structural integrity and load-bearing capacity but also pose a severe threat to their long-term durability. Thus, investigating the mechanisms of concrete deterioration and developing effective mitigation strategies are of paramount importance for ensuring the safety and longevity of vital infrastructure. Pathologies in concrete structures primarily manifest in the following forms.
1.Cracking.The most common and critical form of pathology, caused by loading, shrinkage, thermal stress, foundation settlement, etc. Cracks provide pathways for harmful agents to penetrate the concrete, accelerating rebar corrosion and concrete deterioration [5].
2.Surface Defects.Including spalling, aggregate exposure, honeycombing, and surface scaling, often resulting from poor construction practices, freeze-thaw cycles, or expansion from rebar corrosion products.
3.Reinforcement Corrosion. When carbonation reaches the rebar level or chloride ion concentration exceeds a threshold, the passive layer on the steel is destroyed, leading to electrochemical corrosion. Corrosion products expand significantly, causing the concrete cover to crack and spall [6].
4.Chemical Attack.Sulfates react with cement hydration products to form expansive compounds, causing cracking; acids directly dissolve the cement paste, leading to structural weakening [7].
2.2 Performance Requirements for Repair Materials
Based on the aforementioned pathologies, an ideal concrete repair material should meet the following requirements:
1. Good Workability. Includes suitable flowability, water retention, sprayability, or trowelability for easy application and quality repair.
2. Excellent Mechanical Properties. The repair material itself should have high compressive and flexural strength, and must exhibit high and durable bond strength with the old concrete substrate, which is fundamental for composite action [8].
3. Superior Durability. Capable of resisting penetration of water, chloride ions, sulfates, carbon dioxide, etc., with resistance to freeze-thaw cycles, carbonation, and chemical corrosion.
4. Good Compatibility. This is the key to successful repair, encompassing the following aspects.
    ①Mechanical Compatibility: The strength and elastic modulus of the repair material should match those of the substrate concrete. A repair material with a significantly higher modulus can cause stress concentration under load, leading to interface failure [9].
    ②Physical Compatibility: Physical parameters like coefficient of thermal expansion and permeability should be similar. Significant differences can induce internal stresses due to temperature changes or wet-dry cycles, damaging the bond interface [10].
    ③Chemical Compatibility: The repair material should not engage in harmful chemical reactions with the substrate concrete, and its pore solution pH should maintain the passive state of the reinforcement.
5. Volume Stability. Low drying shrinkage and low creep to avoid generating shrinkage cracks within the repair material or at the interface.
6. Environmental and Economic Considerations. Low energy consumption, low emissions, and controllable cost.
3. Research Progress on Main Types of Concrete Repair Materials**
3.1 Cement-Based Repair Materials
Cement-based materials are the closest match to the concrete substrate, offering advantages like wide availability, low cost, and mature technology.
1.High-Performance Cement Mortar/Concrete. Utilizing high-range water reducers to achieve low water-to-binder ratios, and incorporating supplementary cementitious materials (SCMs) like silica fume, fly ash, or slag, enables the production of high-strength, low-permeability, and highly durable repair materials. Silica fume significantly enhances strength and density through filler and pozzolanic effects [11]. Research shows that combining silica fume and fly ash can effectively reduce early-age shrinkage and improve long-term durability [12].
2.Rapid-Hardening, Early-Strength Cementitious Materials. For emergency repairs on pavements or bridge decks requiring quick reopening to traffic, special cements like calcium sulfoaluminate cement, or combinations of high-C3S Portland cement with accelerators (e.g., lithium carbonate, calcium nitrate), can achieve high strength within hours [13].
3.Shrinkage-Compensating Cementitious Materials. Introducing expansive components (ettringite-based or lime-based expansive agents) generates controlled expansion during early hardening to compensate for subsequent drying shrinkage, effectively inhibiting cracking and improving repair integrity [14]. However, controlling the dosage and stability of the expansive agent is critical, as over-expansion can be detrimental.
4.Limitations. Ordinary cement-based materials have inherent drawbacks such as relatively low bond strength, poor toughness, and significant shrinkage, leading to pronounced compatibility issues with old concrete.
3.2 Polymer-Modified Cementitious Composites (PCC)
Polymer-modified cementitious composites are one of the most widely used and extensively researched repair materials. They involve incorporating polymer dispersions or redispersible polymer powders into cementitious materials, forming an interpenetrating network structure through the intertwining of cement hydration and polymer film formation, significantly enhancing material properties [15].
1.Modification Mechanism. Polymer particles fill capillary pores, and polymer films bridge microcracks, collectively increasing density and toughness. Simultaneously, the polymer films greatly enhance adhesion to the old concrete substrate [16].
2.Common Polymers. Include styrene-acrylic emulsions, acrylic ester emulsions, styrene-butadiene latex, and ethylene-vinyl acetate copolymers.
3.Performance Advantages:
    ①High Bond Strength. Bond strength to old concrete typically reaches 1.5-3.0 MPa, far exceeding ordinary cement mortar [17].
    ②Excellent Impermeability and Durability. Polymer films effectively block the migration of water and aggressive ions.
    ③Good Toughness and Impact Resistance. Reduced elastic modulus and improved deformation capacity.
    ④Low Shrinkage. Adding polymers significantly reduces the drying shrinkage of the material [18].
⑤Research Focus. Current research focuses on developing high-performance SBR latex-modified materials, exploring new water-based epoxy modification systems, and further optimizing the microstructure and properties of PCC using nanomaterials (nano-SiO2, nano-CaCO3) [19, 20].
3.3 Polymer Repair Materials
These materials are based entirely on organic polymers, containing no cement, and are primarily used for crack injection, surface sealing, or repair under special conditions.
1.Epoxy Resins. Possess very high mechanical strength, bond strength, and chemical resistance, with low curing shrinkage. Widely used for pressure injection of cracks, structural adhesives, and wear-resistant overlays. However, they have poor UV resistance, limited toughness, and a coefficient of thermal expansion significantly different from concrete, potentially leading to debonding at high temperatures [21].
2.Methyl Methacrylate (MMA). Ultra-rapid curing (minutes to tens of minutes), good low-temperature applicability, and fast strength development. Often used for rapid repair of airport runways and highways. Disadvantages include relatively high shrinkage and pungent odor [22].
3.Polyurethane. Offers good flexibility and permeability, suitable for sealing fine cracks and waterproofing. Water-reactive polyurethane can be used for plugging leaks under flowing water conditions [23].
3.4 Geopolymer-Based Repair Materials
Geopolymers are inorganic polymers formed by the alkali activation of aluminosilicate source materials (e.g., fly ash, slag, metakaolin). Considered potential alternatives to Portland cement due to their excellent properties and green credentials, they show great promise in concrete repair [24].
1.Performance Characteristics.
    ①Early High Strength. Geopolymers set and harden quickly, achieving high early strength, often reaching over 70% of their 28-day strength within 3 days [25].
    ②Exceptional Durability. Their dense three-dimensional aluminosilicate structure provides far superior resistance to acid and sulfate attack compared to ordinary Portland cement [26].
    ③High Temperature Resistance. Can withstand temperatures up to 1000°C without spalling, making them suitable for high-temperature environments.
    ④Environmental Friendliness. Production energy consumption and CO2 emissions can be reduced by over 60% compared to cement [27].
2.Bond Performance. 
The bond strength of geopolymers to old concrete is influenced by substrate preparation, geopolymer mix design, and curing conditions. Studies indicate that metakaolin-based geopolymers can achieve bond strengths exceeding 2.0 MPa, with a dense interfacial transition zone [28]. Figure 1 compares the typical bond strength ranges of different repair material types with concrete.
3.Challenges and Prospects. 
The larger shrinkage (especially drying shrinkage) of geopolymers, short workability life, corrosiveness of alkali activators, and higher cost are major obstacles to widespread application. Future research will focus on shrinkage control, developing low-alkali activation systems, and the efficient utilization of solid wastes [29, 30].

3.5 Novel Smart Repair Materials
3.5.1 Self-Healing Concrete
Self-healing concrete is a cutting-edge material that mimics the self-healing mechanisms of biological organisms, aiming to autonomously repair microcracks, fundamentally enhancing concrete durability.
1.Microcapsule Technology. Healing agents (e.g., epoxy, cyanoacrylate) are encapsulated in microcapsules and incorporated into the concrete. When cracking occurs, stress at the crack tip ruptures the microcapsules, releasing the healing agent which then solidifies upon contact with a catalyst or moisture, effecting repair [31]. Pioneering work by White et al. [32] demonstrated the feasibility of this technology.
2.Microbial Mineral Precipitation Repair. Bacteria capable of producing urease (Sporosarcina pasteur) along with nutrients (a calcium source, urea) are embedded in the concrete. Crack formation allows water and air ingress, activating bacterial metabolism. Urea hydrolysis produces carbonate ions, which combine with calcium ions to form calcium carbonate precipitation, sealing the cracks [33]. Research by Jonkers et al. showed this technique can effectively repair cracks up to 0.5mm wide [34].
3.Shape Memory Alloys/Polymers. Shape memory materials are pre-embedded in concrete. When the structure deforms or cracks, activating the shape memory effect via heating or electrical current generates a recovery force, closing or reducing the crack width [35].
4.Vascular Network Repair. Mimicking biological systems, a 3D microvascular network is created within the concrete, filled with healing agent. Cracks intersecting the network draw out the healing agent via capillary action to the damage site, allowing for multiple repair cycles [36].
Self-healing concrete remains primarily in the laboratory research stage, facing challenges related to encapsulation stability, healing efficiency, limited capability for macro-crack repair, and high costs.
3.5.2 Nanomaterial-Modified Repair Materials
Nanomaterials (nano-SiO2, nano-TiO2, nanoclay, carbon nanotubes - CNTs) are used to modify traditional repair materials due to their small size, high surface area, and high reactivity, enhancing material properties.
1.Nano-SiO2. Possesses strong pozzolanic activity, accelerates cement hydration, fills nano-pores, significantly improving early strength, toughness, and durability [37]. It also improves the interface structure in polymer-modified cementitious materials [20].
2.Nano-TiO2. Imparts photocatalytic self-cleaning and air-purifying functionalities to repair materials, suitable for building facade repairs [38].
3.CNTs/Graphene. Leveraging their exceptional mechanical and electrical properties, they can be used to develop high-strength, high-toughness, smart repair materials capable of stress/damage self-sensing [39].
4. Performance Comparison and Compatibility Assessment of Repair Materials
For a clearer overview of the comprehensive performance of various repair materials, a qualitative comparison across key dimensions is presented in Table 1.
Table 1. Summary Table of Characteristics of Various Repair Materials
	Material Category
	Advantages
	Disadvantages

	Cement-Based Materials
	①Good compatibility with concrete substrate
②Wide availability and low cost
③Familiar technology and application methods
④High compressive strength (for high-performance mixes)
⑤Durable when properly designed
	①Relatively low bond strength
②Brittle behavior and low toughness
③High drying shrinkage, leading to cracking risk
④Significant compatibility issues (mechanical, physical) if not carefully designed
⑤Environmental impact from Portland cement production

	Polymer-Modified Cementitious Composites (PCC)
	①High bond strength to old concrete
②Excellent impermeability and durability
③Improved toughness and impact resistance
④Reduced drying shrinkage
⑤Good workability and adhesion
	①Higher cost than ordinary cement-based materials
②Sensitivity to curing conditions (polymer film formation)
③Potential for re-emulsification of some polymers if cured improperly
④Performance can vary significantly with polymer type and dosage

	Epoxy
	①Very high mechanical & bond strength
②Excellent chemical resistance
③Low curing shrinkage
	①Poor UV resistance
②High rigidity can lead to debonding (thermal mismatch)
③Requires precise mix ratio

	MMA
	①Ultra-rapid curing
②Good low-temperature application
	①High shrinkage
②Pungent odor and volatile organic compounds (VOCs)

	Polyurethane
	①High flexibility and elasticity
②Excellent for sealing and waterproofing
	2 High cost
②Significant thermal incompatibility with concrete
③Environmental concerns (VOCs, petroleum-based)

	Geopolymer-Based Materials
	1 High early strength
②Exceptional durability (acid, sulfate resistance)
③High temperature resistance
④low CO₂ footprint, utilizes industrial by-products
	①Large shrinkage (especially drying shrinkage)
②Limited workable life ("pot life")
③Corrosive and hazardous alkaline activators
④Higher cost and less standardized than OPC
⑤Long-term performance data is still developing

	Novel Smart Materials
(e.g., Self-Healing)
	①Potential for autonomous crack repair, increasing longevity
②Reduced long-term maintenance costs
③Can provide additional functionality (e.g., self-sensing)
	①Largely in R&D stage; not widely commercialized
②High cost of encapsulation/embedded agents
③Limited and unpredictable healing efficiency
④Primarily effective for microcracks, not major damage
⑤Complex manufacturing and quality control



Compatibility Assessment Framework: The successful application of repair materials relies on a systematic compatibility assessment. In practice, laboratory tests (bond pull-off/shear tests, shrinkage matching tests, electrochemical compatibility tests) are necessary to comprehensively evaluate the compatibility of a specific repair material with the substrate concrete [4, 10].
5. Challenges and Future Perspectives
Despite significant progress, research on concrete repair materials still faces several challenges:
1. Inadequate Long-Term Performance Prediction and Assessment. Current standards often focus on short-term properties, lacking reliable models and methods for predicting the service life of repaired systems over decades under complex environmental conditions.
2. Urgent Need for Green/Low-Carbon Solutions. Many repair materials still rely on energy-intensive, high-emission Portland cement or petroleum-based polymers. Developing low-environmental-impact repair materials based on industrial solid wastes (e.g., bulk fly ash, steel slag) is an imperative trend [40].
3. Need for Enhanced Intelligence and Functionality. The efficiency, reliability, and cost-effectiveness of self-healing technologies require breakthroughs. Future materials should integrate multiple functions like repair, monitoring, and early warning.
4. Standardization vs. Customization Dilemma. Pathologies vary greatly between projects, requiring "tailor-made" repair solutions, which conflicts with the standardized, commercial production of materials.
Future research directions.
1.Material Design and Development: Deepen application research on green materials like geopolymers and microbial precipitation; promote the precise application of nanotechnology and functional additives (e.g., shrinkage-reducing agents, internal curing agents); explore composites of bio-inspired smart materials and traditional materials.
2.Digital and Smart Construction: Integrate with BIM, 3D printing, etc., for digital design of repair schemes and precise material placement. Develop integrated sensors for real-time monitoring and evaluation of repair effectiveness.
3.Life Cycle Assessment (LCA): Conduct full LCA of repair materials, from raw material extraction and production to construction, service life, and end-of-life disposal, considering energy, carbon emissions, and economic cost to support sustainable decision-making.

6. Conclusion
Research on concrete repair materials is an interdisciplinary field involving materials science, mechanics, chemistry, and civil engineering. From traditional cement-based materials to high-performance polymer-modified systems, green geopolymers, and cutting-edge self-healing materials, the repair material landscape is rapidly diversifying towards high performance, multifunctionality, and sustainability. When selecting repair materials, the fundamental principle of "compatibility" must be followed, involving systematic evaluation to ensure long-term repair effectiveness. In the future, with the continuous emergence of new materials and technologies, coupled with increasing demands for structural longevity and sustainability, concrete repair technology will undoubtedly see broader development prospects, making greater contributions to the safe service of global infrastructure.
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