


Review Article
A Comprehensive Review of the Addition of Water Absorbing Superabsorbent Polymers for Enhancing Concrete Performance


Abstract:	Comment by HP: Present the main results from the analysis in the summary.
Superabsorbent polymers (SAPs) have become one of the most promising materials for improving the mechanical, durability, and functional performance of modern cementitious systems. This comprehensive review synthesizes findings from existing high-impact literature and studies to provide a unified understanding of SAP behavior in concrete. SAPs—including nano- to millimeter scale powders and bead-type particles larger than 1mm—exhibit exceptional water absorption and controlled release capabilities. These features directly influence hydration kinetics, internal curing efficiency, shrinkage mitigation, microstructural refinement, pore formation, and long-term durability. The review examines SAP impacts on compressive and tensile strength, shrinkage (plastic, autogenous, drying), water–cement ratio sensitivity, and ultrasonic pulse velocity (UPV) as an indicator of internal homogeneity. Extensive SEM/TEM findings reveal that SAPs refine hydration products, modify gel porosity, and influence the interfacial transition zone (ITZ). Moreover, SAP beads (>1 mm) called as water absorbing beads act as spherical internal reservoirs that provide prolonged water release, improving self-desiccation resistance while functioning as intentional lightweight inclusions that adjust density, thermal conductivity, and insulation capacity. SAP-modified concretes show improved resistance to chloride penetration, carbonation, salt-scaling, and mechanical degradation, particularly under low-humidity or sealed-curing environments. Thermal analyses demonstrate dual roles: (1) SAP voids enhance insulation by reducing conductivity; (2) SAP-driven microstructural refinement improves thermal mass stability for building energy applications. This review consolidates multi-scale insights into SAP behavior, identifies optimal dosages, and highlights emerging formulations such as delayed-absorption SAPs, functionalized hydrogels, and polymer–inorganic hybrids. Critical research gaps are identified regarding field-scale validation, SAP beads’ thermophysical behavior, and multi-physics modeling. Recommendations for mix design, curing protocols, and performance prediction models are presented to support the integration of SAPs into advanced, durable, and sustainable concrete.	Comment by HP: reduce the number of words in the context justification
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1. INTRODUCTION
Concrete remains the most widely used man-made material, yet its performance is increasingly challenged by autogenous shrinkage, early-age cracking, durability degradation, and severe environmental exposure. High-performance concretes (HPCs) with low water–cement ratios (w/c < 0.35) are particularly vulnerable to self-desiccation, leading to internal relative humidity (IRH) drops and microcracking. Traditional external curing techniques often fail to maintain sufficient internal moisture, motivating the development of internal curing agents. Superabsorbent polymers (SAPs) are capable of absorbing water upto 1000 times of their weight (Boshoff, W. et al., 2020; Yang, J. et al., 2019; Hasholt, M. T., et al., 2015 and 2012). SAPs exist in two primary forms:	Comment by HP: Clearly state the problem, outline the objectives, and clearly announce the work plan.	Comment by HP: Review how you format the references. Either use APA format and remove the numbers from the reference list.
i. Fine granular SAPs (50µm-1mm): There sizes are less than 1mm in dry state. When used in concrete, it improves internal curing, increase matrix density, and enhance hydration, leading to higher compressive strength.
ii. Spheres or SAP Beads (1-4mm): These are used as water-absorbing lightweight inclusions. They are more effective at reducing shrinkage in concrete but can result in slightly lower strength and stiffness.
Figure 1(a) and 1(b) shows dried form of fine granular SAP and SAP beads respectively.	Comment by HP: Remove the diagrams, numbering, and tables from the introduction. Make the introduction a single paragraph.
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	Figure 1(a) Fine granular SAP
	Figure 1(b) SAP beads >1mm


	Extensive research (RILEM TC-260, fib Commission 5, ACI-308) confirms that SAPs enhance hydration, reduce autogenous shrinkage, mitigate restrained stresses, and refine microstructure. At the same time, SAPs influence density, thermal conductivity, and energy absorption behavior. This article provides a multi-scale review of SAP-enhanced concrete, covering mechanical, microstructural, durability, thermal, and rheological perspectives. This review combines advanced multi-physics studies (NMR, XCT, calorimetry, CFD), sustainability and thermally oriented studies on SAPs used in concrete. The objective is to deliver an integrated understanding of SAP effects across all major performance domains. Table 1 describe characteristics of SAP and SAP Beads (>1 mm).
Table 1. Characteristics of Fine granular SAP and SAP Beads (>1 mm)
	Characteristic
	SAP or Fine granular SAP
	SAP Beads

	Particle size
	100–1000 µm
	1–4 mm

	Absorption speed
	Fast
	Slow

	Water storage
	Low–medium
	Very high

	Void size created
	Microvoids (50–1000 µm)
	Macrovoids (1–12 mm)

	Strength impact
	Minor
	Moderate–high reduction

	Thermal insulation
	Moderate
	High

	Best application
	HPC, UHPC, shrinkage control
	Insulated panels, lightweight concrete



2. SUPERABSORBENT POLYMERS: CHEMISTRYAND BEHAVIOR
2.1 Chemical Structure and Absorption Mechanisms
Superabsorbent polymers (SAPs) used in cementitious materials encompass a broad range of chemistries, including polyacrylate and polyacrylamide polymer networks, which remain the most widely adopted due to their high water absorption capacity and predictable swelling behavior. Other modern SAP systems include natural polymer–grafted hydrogels, inorganic–organic hybrids such as silica–polymer composites, and functionalized hydrogels engineered to respond to thermal or pH variations within the cement matrix. Their water absorption behavior is strongly dictated by the polymer’s cross-linking density, ionic charge distribution, particle size, and the chemistry of the cement pore solution, particularly its alkalinity and ion concentration. The mixing energy and shear rate during batching further influence SAP swelling kinetics. SAP beads larger than 1 mm typically absorb water more slowly than fine granular SAPs but can retain significantly larger water volumes, thereby functioning as macroscopic spherical internal curing reservoirs.
2.2 Swelling, Desorption, and Timing
The swelling and subsequent water release of SAPs during hydration are controlled by several interrelated mechanisms, including chemical shrinkage–induced suction, internal relative humidity gradients, capillary pressure development, and the rate of cement hydration. These factors determine the timing of desorption, which is critical for effective internal curing. Recent innovations include delayed-absorption SAPs, which are engineered to swell only after the formation of initial hydration shells around cement grains. This controlled swelling minimizes early-age void formation and enhances the mechanical performance of the hardened matrix, as demonstrated by Morinaga et al. (2022).	Comment by HP: ?????????????????????? THROUGHOUT THE TEXT REVIEW REFERENCES
2.3 Influence of SAP Size 
SAP particle size also plays a decisive role in concrete performance. Small particles in the range of 50–200 μm tend to distribute uniformly throughout the cement paste, dissolving within the hydration products and refining the microstructure (Snoeck, D., et al., 2015). Medium-sized SAP particles (200 μm to 1 mm) provide an optimal balance between distribution and water-storage capacity, ensuring effective internal curing across a larger microstructural volume. In contrast, SAP beads greater than 1 mm in diameter behave similarly to lightweight inclusions, significantly influencing thermal insulation and acoustic performance while creating larger, stable voids that can function as long-term moisture reservoirs. Together, these size-dependent behaviors highlight the multifunctional role of SAPs in enhancing both structural and thermal performance of concrete.
3. INFLUENCE OF SAPS ON FRESH AND HARDENED CONCRETE PROPERTIES
3.1 Workability and Rheology
SAPs significantly alter the fresh-state rheology of cementitious mixtures. When dry SAPs are added, they immediately absorb a portion of the mix water, reducing the effective water–binder ratio (w/b). This results in increased viscosity, decreased slump, and higher yield stress. Agostinho et al. (2021) demonstrated that nano silica exerts stronger influence on rheology than SAPs, but SAPs still increase paste viscosity by 5–20% depending on dosage and particle size.
Pre-saturated SAPs maintain workability because they do not draw water during mixing. Studies by Huang et al. (2022) and RILEM TC-260 indicate that pre-absorbing SAPs in mixing water (teabag method) produces consistent workability while ensuring immediate internal curing.
SAP beads (>1 mm) behave differently. Their large size and low-density act similarly to lightweight aggregates, improving flowability due to ball-bearing effects, especially in self-compacting concretes (SCC). However, excessive bead content may introduce segregation risks.
3.2 Compressive Strength
SAPs influence compressive strength in two competing ways:
i. Negative effect: Void formation
When SAPs release their absorbed water, empty voids (50µm – 1mm) remain, which can reduce strength:
· Strength drops typically 5–15% for 0.2–0.6% SAP dosage (Zheng et al., 2021).
· Larger SAP beads (>1 mm) cause more pronounced strength reduction at early ages due to high-volume voids.
ii. Positive effect: Improved hydration and microstructure
SAPs provide internal water for continued hydration, resulting in:
· Higher degree of hydration
· Lower autogenous shrinkage
· Reduced microcracking
· Denser C–S–H and ITZ
SAP beads typically reduce compressive strength, but when used intentionally as lightweight inclusions, they support insulation and thermal mass objectives. Delayed-absorption SAPs (Morinaga et al., 2022) demonstrated up to 30% higher compressive strength under sealed and low-humidity curing compared to reference concrete. Most studies show slight strength loss is common at 7 days curing age. At 28–90 days, SAP concrete often matches or exceeds reference concrete strength. Under sealed or low-RH conditions, SAP mixes outperform conventional cures.
3.3 Tensile and Flexural Strength
Tensile performance is more sensitive to microcracking than to porosity. SAPs reduce micro strain during hydration, leading to improved tensile strength in many cases.
· SAP + fiber concretes show 15–40% improvements in tensile and flexural strength due to crack control and moisture availability.
· For typical SAP powder additions (0.2–0.4%), tensile strength reductions are limited to <10%.
· When SAP beads are used (>1 mm), tensile strength reduction increases due to larger void formation but can be balanced with fiber reinforcement (polypropylene, basalt, or steel fibers).
4. SHRINKAGE CONTROL WITH SAPS
SAPs represent one of the most effective technologies for reducing plastic, autogenous, and drying shrinkage.
4.1 Plastic Shrinkage
SAPs mitigate plastic shrinkage by retaining water near the surface, slowing the evaporation process and reducing capillary pressure buildup. Different researchers noted 50–80% reduction in plastic shrinkage cracking area. Complete crack elimination was achieved when SAPs are combined with fibers. This makes SAPs particularly valuable in 3D-printed concrete, pavement slabs, and hot-weather concreting (Van der Putten, J.,.2021; Olawuyi, B. J., & Boshoff, W. P., 2017)
4.2 Autogenous Shrinkage
[bookmark: _Hlk214308551]Autogenous shrinkage is reduced due to internal curing. Numerous studies (Jensen & Hansen, 2001; RILEM 260-RSC; Morinaga et al., 2022) consistently show 60–90% reduction in autogenous shrinkage. Near-zero early-age tensile stress in SAP mixes and excellent performance in high-strength concrete (HSC) and UHPC was noted in past studies due to reduction in autogenous shrinkage. In 3D-printed concrete, SAPs reduced autogenous shrinkage by up to 200% (Van Der Putten et al. 2021).
4.3 Drying Shrinkage
Drying shrinkage is more complex. SAPs reduce early-age drying shrinkage by maintaining internal RH. Prolonged drying may enlarge SAP voids, increasing long-term shrinkage unless mix design is optimized. Studies show 20–40% reduction in drying shrinkage under moderate SAP dosages. Slight long-term increases under high SAP content (>0.6%). SAP–expansive agent (KEA) synergy reduces total shrinkage by up to 20% at 91 days (Zhang et al., 2021).
5. INTERNAL CURING EFFECTIVENESS
Internal curing (IC) is the core function of SAPs. Hydration-induced chemical shrinkage creates a negative capillary pressure inside the cement matrix. SAPs counteract this by releasing stored water, maintaining internal RH >80%.
5.1 Internal RH Maintenance
Studies using NMR and humidity sensors shows that SAPs maintain internal humidity 20–40% higher than control mixes. SAP cavities remain water-filled for 9–12 hours after mixing  (Ji, Y., et al., 2019). Non-retentive SAPs release water quickly but retain cavities until suction pulls water into the matrix (Zhong et al., 2021)
5.2 Effect in Low w/c Systems
In systems with w/c < 0.30, SAPs ensure complete hydration of C3S and partial hydration of C2S that results in fewer autogenous cracks. Increased long-term strength and reduced interfacial transition zone (ITZ) porosity is attained for concrete prepared with low water cement ratio. SAP beads (>1 mm) are especially effective internal curing reservoirs due to their large water-holding capacity.
6. EFFECT OF SAP ON WATER–CEMENT RATIO (W/C)
SAP addition changes the effective water–cement ratio (w/c effective):

Incorporation of dry SAPs reduce w/c effective, increasing strength early but increasing shrinkage risk if not offset by released water. Pre-saturated SAPs maintain consistent w/c during mixing. High-performance concretes with low w/c benefit significantly from SAP-controlled hydration, achieving hydration degrees similar to concretes with much higher w/c.
7. SAP EFFECTS ON ULTRA-PULSE VELOCITY (UPV)
UPV is an excellent indicator of microstructural uniformity, stiffness, crack density and durability. Study shows that UPV decreases initially due to SAP-induced macropores (100µm – 1mm) that reduce elastic modulus. Early-age UPV may drop by 5–20%. UPV correlates with compressive strength in SAP concretes using modified empirical equations:
where:
	= UPV (km/s)
	= compressive strength
	= SAP-dependent coefficients
SAP beads require modified coefficients due to larger void influence.
UPV increases long-term as internal curing improves hydration and reduces microcracking. Internal curing densifies matrix of concrete. UPV increases by 5–12% over 28–90 days. Even some SAP mixes surpass control mixes after 2 months of curing. This confirms that SAPs enhance long-term structural integrity. SAP in addition with fiber combinations show the highest UPV improvements.
Large spherical SAP beads (> 1mm) cause more significant early-age UPV reduction because wave velocity decreases significantly in the presence of large air cavities. However, their advantages in internal curing and thermal insulation outweigh UPV limitations depending on application.
8. THERMAL MASS, INSULATION, AND HEAT-TRANSFER EFFECTS OF SAPS
Thermal properties of SAP concretes are crucial for building and pavement applications.
8.1 Influence on Thermal Mass:
SAP presence influences thermal properties of concrete through voids (low conductivity), water release (thermal buffering) and lightweight aggregate behavior (for SAP beads). SAP-modified concretes show slight reduction in thermal mass due to void formation. Thermal mass determines a concrete’s ability to absorb and release heat. SAP concrete has more stable thermal gradients and enhanced thermal inertia because of reduced cracking. Geopolymer and SAP concretes used in thermal energy storage (TES) systems (Rahjoo 2023) show 3.5 times higher heat storage capacity compared to OPC. SAP concretes exhibit lower density that reduces its thermal capacity. Geopolymer–SAP systems improve thermal mass efficiency by 25–40%.
SAP beads (>1 mm) act similarly to lightweight aggregates, slightly lowering thermal mass but improving thermal damping.
8.2 Insulation and Thermal Conductivity:
Insulation Properties of concrete can be improved using SAPs in it. SAPs increase insulation by introducing sealed voids, reducing density of concrete and lowering thermal conductivity. Studies show 10–30% reduction in thermal conductivity for SAP concretes. Reduction in thermal conductivity goes up to 50% in case of SAP beads i.e for SAP size larger than 1mm. SAP beads (>1 mm) significantly reduce, thermal conductivity, density and heat flux transmission. Lower thermal conductivity improves interior insulation, pavement surface cooling and thermal resistance in wall panels. This supports energy-efficient building envelope design. Comparable studies with expanded polystyrene (EPS) beads show reductions up to 93% (Shabbar, R., et al., 2024; Mathew, M., et al., 2023; Canbaz, M., & Türeyen, A. C., 2022; Wibowo, A. P., et al., 2021). SAP beads behave similarly but retain the advantage of internal curing. SAP beads behave as “hydrogel lightweight inclusions”.
8.3 Heat Transfer Performance
Pervious and porous concretes exhibit heat sensitivity based on albedo and thermal inertia. SAP concretes show slower heat rise due to moisture retention. More stable temperature under thermal cycles and reduced thermal cracking due to moisture availability is observed while using SAP in concrete. SAP–PCM (phase change material) hybrid systems reduce supercooling and improve temperature stability (Lee & Park 2024). Studies show SAP beads when used in concrete retain more water, enhancing evaporative cooling resulting 4–6°C lower surface temperatures (Sarvesh and Abhilash, 2025). It improves urban heat Island (UHI) mitigation under dry climates and Enhancing stormwater cooling potential.
9. DURABILITY ENHANCEMENT IN SAP-MODIFIED CONCRETE
Durability represents one of the most significant advantages of SAP incorporation. Across dozens of experimental studies, SAP-modified concretes demonstrate improved performance against freeze–thaw cycling, chloride ingress, carbonation, permeability, and chemical attack. The mechanisms relate primarily to internal curing, microstructural refinement, and reduced cracking.
9.1 Freeze–Thaw Resistance 
SAPs exhibit a dual role during freeze–thaw cycling. When SAPs release absorbed water, they leave stable macro voids (100–300 µm), functioning as pressure relief chambers during ice formation. SAPs reduce autogenous and drying microcracks, lowering pathways for frost damage. Studies from Tenório Filho (2021), Kim (2021), and RILEM TC-260 confirm that freeze–thaw mass loss decreases by 30–60% and scaling depth decreases by 40–55%. SAPX (dual-crosslinked SAP) shows up to 72% reduction in frost damage. SAP beads (>1 mm) behave similarly to lightweight air voids, significantly improving freeze–thaw resistance even at low dosages.
9.2 Chloride Penetration and Permeability
	SAP concretes with optimal dosages (0.2–0.4%) demonstrate lower chloride penetration due to formation of densified C–S–H gels. It exhibits better ITZ structure due to deduced cracking. Zheng et al. (2021) and Sokołowska (2024) found 20–40% lower chloride diffusion coefficients, reduced sorptivity by 15–33% and lower water absorption after 28–90 days while using SAP. Excessive SAP (>0.6%) increases permeability due to excessive voids, but SAP–fiber or SAP–silica fume blends reduce this effect. SAP beads show much higher permeability initially but stabilize after microstructure densifies through internal curing.
9.3 Carbonation Resistance
Carbonation behavior of SAP concrete is influenced by two opposing factors: First, SAP voids provide pathways for CO₂ diffusion. Second, Improved hydration reduces portlandite consumption. Studies (Sokołowska 2024; Li et al. 2024) show that carbonation depth of SAP concrete remains similar or slightly higher (0–10% variance) compared to control mix and after 3 years, SAP concrete showed 8.6% higher UPV, indicating densification and reduced long-term carbonation susceptibility. Carbonation performance improves when SAPs are pre-saturated, minimizing void connectivity.
9.4 Chemical Resistance
SAP-induced internal curing reduces microcracking, improving chemical durability. Resistance to sulphate and MgSO₄ increased by 15–30%. Acid resistance improved due to reduced porosity and enhanced C–S–H stability. Geopolymer–SAP systems showed exceptional acid resistance, making them attractive for industrial environments.
9.4 Fire and High-Temperature Behavior
SAPs significantly influence thermal spalling performance. SAP voids act as vapor pressure relief chambers, reducing explosive spalling at 400–600°C. 70–100% reduction in spalling risk in HPC and UHPC was observed. SAP–fiber hybrids provide best combined resistance. SAP beads (>1 mm) provide pronounced spalling mitigation due to large pressure dissipation pores.
10. MICROSTRUCTURE EVOLUTION: SEM, TEM, XCT, AND NMR INSIGHTS
Microstructural analysis across uploaded and referenced studies reveals the fundamental mechanisms by which SAPs modify cement paste.
10.1 SEM and TEM Analysis
	Scanning Electron Microscopy (SEM) consistently shows spherical voids (50–1000 µm) that SAPs leave in concrete after drying. Voids are well-distributed and non-interconnected (critical for durability). SAP beads (>1 mm) produce large reservoir voids up to 1.5–10 mm.	Comment by HP: A list of acronyms and abbreviations must be included at the beginning of the document.
	Transmission Electron Microscopy (TEM) reveals enhanced nanostructure of C–S–H aggregates in SAP modified concrete. SAP creates more interconnected nano-gel networks and reduced average pore diameter (<10 nm) in concrete. 
[bookmark: _GoBack]	SAP-modified pastes display dense C–S–H around SAP voids (internal curing zones). It reduced CH crystal size and increased C–S–H gel density. TEM and SEM show that hydration shells extend 100–120 µm beyond SAP surfaces, confirming active internal curing. This supports findings that SAPs reduce self-desiccation, enabling complete hydration of C3S and secondary hydration of C2S and slag.
10.2 X-ray Computed Tomography (XCT)
	XCT presents 3D visualization of SAP spatial distribution. Microcracks are absent or significantly reduced in SAP mixes. Non-interconnected macro-voids dominate the SAP zone. SAP beads leave large, evenly spaced spheres that behave like engineered voids (Snoeck, D. et al., 2016).
10.3 Nuclear Magnetic Resonance (¹H NMR)	Comment by HP: ??????????
	NMR studies (Zhong et al., 2021; Nestle, N., et al., 2009) show SAPs retain water for 9–12 hours post-mixing. Release of water correlates directly with hydration-induced suction. Both retentive and non-retentive SAPs maintain fully water-saturated cavities for extended periods. This proves that SAP desorption kinetics synchronize with hydration needs. SAP beads can retain this water for longer period.

11. DISCUSSION
	The collective body of research demonstrates that superabsorbent polymers profoundly influence the hydration kinetics, microstructure, mechanical behavior, thermal properties, and long-term durability of cementitious materials. When SAPs are used in powdered form, they primarily act as nano–micro internal curing reservoirs. When used as beads (>1 mm), SAPs behave as dual-function admixtures: (i) slow-release internal water sources and (ii) engineered lightweight spherical inclusions that reduce density and thermal conductivity.
	A consistent finding across studies is the competition between void formation and hydration enhancement. While empty SAP voids reduce compressive strength at early ages, long-term hydration typically compensates for the strength loss. SAP beads, with their large reservoir volumes, create voids that behave more like lightweight aggregates than traditional SAP pores. These beads noticeably reduce density and strength but substantially improve insulation.
	Durability performance consistently improves when SAP dosage (dry form) is kept within 0.2–0.4% by cement mass or when SAP beads (saturated form) represent about 12% volumetric replacement of coarse aggregates (Sarvesh and Abhilash, 2025). Optimal performance is observed when SAPs are pre-saturated, reducing early-age void formation and ensuring immediate internal curing. For ultra-low w/c concretes and UHPC, SAPs are indispensable, as they mitigate severe autogenous shrinkage and ensure microstructural stability. 
	Thermal behavior analysis indicates that SAP concretes exhibit reduced thermal conductivity due to added void content. Nevertheless, SAP concretes retain superior thermal mass stability due to reduced microcracking. SAP beads contribute positively to insulation but reduce heat storage capacity, making them suitable for envelope materials rather than structural members.
	Performance in UPV tests initially decreases due to pore introduction but increases at maturity due to microstructural densification. This aligns with SEM/TEM observations showing hydration improvement around SAP voids. XCT and NMR studies confirm the stable behavior of SAP cavities and validate internal curing models used in predictive frameworks.
12. RESEARCH GAPS AND FUTURE PERSPECTIVES
	Although SAP technology has reached a high level of maturity, multiple research gaps remain, especially concerning large-scale implementation, long-term behavior, and multi-functional performance of bead-type SAPs. Most studies are limited to lab-scale specimens. There is insufficient data from full-scale pavements, High-rise structural elements and mass concrete foundations. The interaction between SAPs, environmental exposure, and large thermal gradients requires further field monitoring.	Comment by HP: rephrase this part
	SAP-related voids may behave differently after years of loading, carbonation, and freeze–thaw cycling. Key unknowns include long-term chemical stability of hydrogel residues, microbial interactions with SAP cavities, SAP-induced changes in creep behavior and microstructural aging of SAP beads (>1 mm). Long-duration XCT and nanoindentation studies are needed.
	Mix Design Optimization is required for SAP Beads (>1 mm). There is limited guidance on maximum allowable bead volume fractions, energy absorption and ductility impacts, interaction with fibers, air entrainers, or lightweight aggregates. Computational modeling using CFD, DEM, and pore-network simulations can provide new insights.
	Advanced modeling is required to predict the combined effects of water transport, heat transfer, hydration progression, shrinkage stress development and frost-induced pressure cycles. Multiscale models combining NMR, XCT, and nanoindentation results would greatly enhance SAP design reliability.
13. PRACTICAL GUIDELINES AND DESIGN RECOMMENDATIONS
Based on the review, the following guidelines are recommended:
13.1 SAP Dosage
· Powder SAP (100–1000 μm): 0.15–0.35% by cement weight in dry form.
· SAP beads (>1 mm in saturated form): 8–12% by volume of coarse aggregates depending on desired thermal/structural performance.
13.2 Water–Cement Ratio Considerations
· For w/c < 0.30, SAPs are essential for preventing autogenous shrinkage.
· For w/c 0.30–0.45, SAPs improve durability and resist environmental cracking.
· For w/c > 0.45, SAPs are less critical but still beneficial in hot and dry climates.
13.3 SAP Beads in Thermal Applications
SAP beads (>1 mm) should be utilized for:
· Thermal insulation panels
· Lightweight facade elements
· Pervious pavement heat mitigation
· Passive cooling components
They should be avoided in:
· High-strength structural elements
· Prestressed members
· Heavy load-bearing beams
14. CONCLUSION
	Superabsorbent polymers significantly enhance concrete performance by providing controlled internal curing, reducing shrinkage, improving durability, and refining microstructure. Their ability to absorb and gradually release large quantities of water allows concrete to hydrate more completely, especially under low water–cement ratios or environmentally challenging curing conditions.	Comment by HP: conclusion in one paragraph	Comment by HP: 
SAPs improve autogenous shrinkage resistance by up to 90%, reduce drying shrinkage by 20–40%, and eliminate early-age tensile stresses under restraint. Although compressive strength may initially decrease due to void formation, long-term strength often matches or exceeds reference values because of superior hydration and reduced microcracking.
	Durability enhancements include improved freeze–thaw resistance (up to 70% mass loss reduction), reduced chloride ingress (20–40%), and enhanced resistance to thermal cracking and spalling. Microstructural analysis via SEM/TEM/XCT/NMR confirms the development of dense C–S–H gel, refined pore networks, and stable spherical voids that do not compromise long-term durability.
	SAP beads (>1 mm) emerge as a distinct category, acting not only as internal curing reservoirs but also as engineered lightweight inclusions with significant effects on thermal mass, insulation, heat transfer, and density. These materials offer impactful applications in energy-efficient buildings, pervious pavements, and thermally adaptive infrastructures. Sarvesh and Abhilash (2025) replace aggregates with water absorbing beads in concrete and observed that the lightweight concrete was obtained with the use of water absorbing beads. The use of water absorbing beads beyond 12% in expanded form reduces compressive and tensile strength of concrete. An improvement in thermal properties of concrete was seen with use of water absorbing beads which improves sustainability and thermal comfort of the buildings.
	The integration of SAPs into cementitious materials represents a major advancement in modern concrete technology. With optimized dosage, proper pre-saturation, and hybridization with other additives, SAP-modified concretes offer exceptional shrinkage control, mechanical stability, durability, and thermal performance. Future research should prioritize long-term field applications, advanced modeling, and integration with sustainable binders. SAPs will continue to play a crucial role in the transition toward resilient, energy-efficient, and sustainable construction materials.
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