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Highlights:  

- MK boosts freeze-thaw & salt-frost durability in aggressive saline soils. 

- Microstructural refinement curbs pore connectivity and salt damage mechanisms. 

- Compares coupled deterioration: freeze-thaw, salt-freeze, and sulfate wet-dry. 

- Service-life predicted via Weibull models and machine-learning frameworks. 

- Establishes a unified method for MK-concrete in cold saline infrastructure. 

Abstract: Concrete infrastructure in saline cold-region environments is exposed to severe 

durability challenges. These challenges arise from the combined action of freeze–thaw cycling, 

salt crystallization, and sulfate-induced expansion, which accelerates material degradation. The 

utilization of metakaolin (MK) as a supplementary cementitious material has shown 

considerable promise for enhancing concrete performance under such aggressive conditions. 

This study provides a systematic synthesis of recent experimental studies concerning the 

behavior of MK-modified concrete exposed to freeze-thaw cycling, combined salt-frost action, 

and sulfate wet-dry cycles. A unified methodological framework is outlined, bringing together 

analyses of material properties, exposure conditions, degradation indicators, and 

microstructural development. Evidence reported across multiple studies indicates that MK 

effectively refines the pore structure, curtails the transport of moisture and deleterious ions, and 

reinforces the interfacial transition zone, thereby promoting greater stability of mechanical 

properties under cyclic deterioration. The performance of MK across different concrete systems 

is also examined, including ordinary Portland cement, recycled aggregate concrete, fiber-

reinforced concrete, and compositions incorporating superabsorbent polymers for internal 

curing. Emerging predictive methodologies, such as Weibull statistical analysis, environmental 

factor models, and data-driven machine learning techniques, are evaluated for their potential in 

forecasting long-term behavior under composite saline-freeze environments. Based on 

quantitative studies, metakaolin effectively enhances concrete durability in saline-freeze and 
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sulfate environments by refining the microstructure. The optimal 10% to 15% incorporation 

ratio maximizes service life. These findings clarify the performance of MK-modified concrete 

in cold regions and help link material modification with service-life prediction. 

Keywords: Metakaolin; Freeze–thaw durability; Salt–frost coupling; Sulfate wet–dry cycling; 

Service-life prediction 

1. Introduction 

In cold-region saline environments, the durability degradation of concrete structures results 

from the coupled action of multiple factors such as freeze-thaw cycles and salt erosion. 

Representative settings like the arid alluvial basins in western China, which are rich in chlorides 

and sulfates, are inherently aggressive to concrete. Freeze-thaw action further exacerbates this 

by accelerating microcrack propagation, increasing the accumulation of internal damage, and 

promoting surface scaling, collectively leading to premature infrastructure deterioration and 

reduced service life (Jiang et al., 2022; Qin et al., 2023). 

To improve the durability of concrete under such severe conditions, the use of supplementary 

cementitious materials has become an effective strategy. Among them, metakaolin (MK) has 

attracted considerable attention due to its high pozzolanic reactivity. MK significantly reduces 

the portlandite (Ca(OH)₂) content and promotes the formation of additional C-S-H and C-A-H 

gels, thereby refining the microstructure (Chen et al., 2021). Studies consistently indicate that 

MK can reduce porosity by 25–32% and substantially enhance resistance to chloride ion 

penetration (Garcia et al., 2020). This refined pore structure decreases the amount of freezable 

water, suppresses internal pressure development during freezing, and blocks pathways for ion 

ingress, thus improving the resistance of concrete to freeze-thaw and salt-frost damage. 

Nevertheless, notable research gaps remain. Many experimental studies focus on single 

degradation mechanisms and often employ simplified salt solutions (Kounadis et al., 2024; 

Wang et al., 2021), which do not accurately reflect the actual field conditions involving coupled 

salt-frost-sulfate erosion. Although durability prediction models have advanced from empirical 

methods to reliability-based and machine-learning approaches (Xia et al., 2025; Rashid & 

Khan, 2025; Zhao et al., 2025; Yu et al., 2025), the application of these sophisticated models 

to MK-modified concrete systems, particularly under combined salt-frost exposure, remains 

limited. Therefore, this paper aims to systematically consolidate performance data on MK-

modified concrete under multiple erosion factors and evaluate different service-life prediction 

models, with the goal of establishing an evidence-based methodological framework to support 
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the development of more durable concrete infrastructure capable of withstanding complex 

environmental loading conditions. 

2.  Materials and Methods 

To ensure the comprehensiveness and representativeness of this review, a systematic literature 

search was conducted. The retrieval process was primarily carried out on several authoritative 

academic database platforms, including the comprehensive citation databases Web of Science 

(SCI/ESCI) Core Collection and Scopus, as well as subject-specific databases in civil 

engineering, such as ASCE Library, ICE Virtual Library, and Engineering Village 

(Compendex). Simultaneously, major Chinese full-text databases, namely China National 

Knowledge Infrastructure (CNKI) and Wanfang Data, were also searched to cover core Chinese 

research achievements in the relevant field. The search was limited to the timeframe from 2020 

to 2025. Ultimately, from an initial pool of 86 relevant records identified, over 40 core 

publications were selected for in-depth review and analysis based on predefined criteria of 

topical relevance and quality standards. 

This section synthesizes the common experimental methodologies employed in studies 

investigating the durability and service-life performance of metakaolin-modified concrete 

(MKC) under freeze-thaw cycling, salt-frost coupling, and sulfate wet-dry degradation. While 

individual studies vary in specific mix proportions, testing protocols, and characterization 

techniques, the compiled literature reveals a consistent methodological framework appropriate 

for assessing the influence of MK on deterioration mechanisms in saline cold-region 

environments. 

2.1 Materials and Mix Proportions 

2.1.1 Cementitious Components and MK Replacement Strategy 

Ordinary Portland cement (OPC) was the primary binder in almost all insisting studies. 

Metakaolin (MK), obtained through the calcination of kaolinite at temperatures between 650°C 

and 800°C, was incorporated as a partial cement replacement, typically at levels ranging from 

5% to 20% by mass. Several studies identified the 10-15% replacement level as optimal for 

enhancing resistance to freeze-thaw and salt-frost damage, supported by experimental data 

confirming improved microstructural density and reduced volume of large pores (Pillay et al., 

2020; Abbas et al., 2025). 

The pozzolanic reaction of MK—consuming Ca(OH)₂ and generating secondary C-S-H and C-

A-H gels—constitutes the fundamental mechanism by which it modifies pore structure and 
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interfacial properties. Chen et al. (2021) observed that MK promotes rapid formation of gels at 

early ages, while Li et al. (2024) documented a substantial reduction in chloride permeability 

(2.5 to 3 times lower than plain OPC concrete), underscoring MK's relevance for combined 

salt-freeze exposures. 

2.1.2 Aggregates 

The reviewed literature frequently utilized both natural aggregates and recycled concrete 

aggregates (RCA). Although RCA typically exhibits higher porosity and pre-existing 

microcracking, experimental evidence indicates that MK effectively densifies the interfacial 

transition zone (ITZ) around the old adhered mortar. As demonstrated by Liu et al. (2024) and 

Zhong et al. (2024), this enhanced ITZ quality reduces crack propagation during freeze-thaw 

cycles and improves resistance to combined sulfate and frost attack. 

2.1.3 Supplementary Additives and Composite Systems 

Several studies incorporated additional modifiers to evaluate the compatibility of metakaolin 

(MK) within hybrid systems. For example, research by Xu et al. (2023) demonstrated that 

combining MK with superabsorbent polymers (SAP) for internal curing mitigates salt-frost 

induced cracking by optimizing water distribution and reducing osmotic pressure gradients. 

Furthermore, Ouyang et al. (2023) identified synergistic effects between MK and fly ash (FA), 

where FA improves workability and contributes to long-term densification, while MK refines 

the pore structure at early ages. 

These composite systems offer broader insights into how MK interacts with various 

microstructural modifiers under complex environmental stress conditions. 

2.2 Environmental Simulation: Saline Soil Conditions 

The chemical environment of saline soils was commonly simulated using solutions of NaCl, 

Na₂SO₄, and their mixtures, reflecting the dominant salt types found in cold regions. Based on 

geochemical surveys of saline-alkali soils, sodium sulfate (35-50%) and sodium chloride (20-

35%) represent the most influential constituents affecting concrete degradation mechanisms 

(Jiang et al., 2022; Jiang et al., 2024). 

Salts were dissolved in water to achieve concentrations typically between 3% and 10% by mass. 

In experiments involving salt mixtures, the NaCl-to-Na₂SO₄ ratio was selected to replicate the 

ionic proportions measured in arid regions subject to seasonal freeze-thaw cycles(Abbas et al., 

2025). 
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2.3 Freeze-Thaw Cycling Protocols 

The majority of durability tests followed procedures analogous to ASTM C666, with 

temperature ranges adjusted to represent local winter conditions. Standard freeze-thaw cycling 

regimes typically involve temperature variations between +5°C and -20°C, with total cycle 

counts ranging from 120 to 200, under exposure conditions of either continuous immersion or 

partial saturation. The performance indicators commonly measured include mass loss (%) to 

quantify surface scaling, the relative dynamic modulus of elasticity (RDM) to characterize 

internal microdamage, and compressive strength retention to represent the loss of structural 

integrity. Representative freeze-thaw performance data extracted from the literature are 

summarized in Table 1, which integrates results from OPC, RAC, SAP-modified, and fiber-

reinforced systems containing metakaolin (MK).  

Representative freeze-thaw performance data extracted from the literature are summarized in 

Table 1, which integrates results from OPC, RAC, SAP-modified, and fiber-reinforced systems 

containing MK. 

2.4 Salt-Frost Coupling Experiments 

Salt-frost coupling tests simulate conditions where chloride or sulfate ions penetrate the pore 

network and subsequently crystallize during freezing. Xu et al. (2023) observed reduced surface 

scaling and higher RDM values for MK concretes exposed to NaCl freeze-thaw cycles, 

attributing this improvement to MK's capacity to block capillary transport pathways. In Na₂SO₄ 

environments, Zhong et al. (2024) demonstrated that MK suppressed the formation of mirabilite 

(Na₂SO₄·10H₂O), resulting in fewer internal cracks. Abbas et al. (2025) reported superior mass-

loss performance under mixed-salt frost conditions when MK was incorporated at a 10% 

replacement level. 

These findings confirm MK's role in altering both the transport properties of the concrete matrix 

and the kinetics of salt crystallization during freeze-thaw exposure with salt presence. 

2.5 Sulfate Wet-Dry Cycling Procedures 

Wet-dry cycling, particularly in Na₂SO₄ and MgSO₄ solutions, was widely employed to assess 

sulfate-induced chemical degradation and its coupling effects with mechanical loading (Zhang 

et al., 2023; Qin et al., 2023). The standard cycling protocol typically included immersion in a 

sulfate solution for 24 to 48 hours, followed by a drying phase at elevated temperatures of 40-

60°C. This wet-dry cycle was repeated 30 to 60 times and was sometimes combined with freeze-
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thaw exposure to simulate complex field conditions (Kalpokaitė-Dičkuvienė & Zabulionis, 

2023). 

Kounadis et al. (2024) found that MK reduces the rate of C-S-H decalcification in MgSO₄ 

solutions, while Pillay et al. (2020) observed that MK mitigates the combined effects of surface 

softening and scaling under coupled sulfate-frost conditions. 

2.6 Microstructural Characterisation Techniques 

To corroborate macroscopic durability measurements, studies consistently employed several 

microstructural characterization techniques. The study utilized a range of characterization and 

analysis methods. Scanning Electron Microscopy (SEM) was used to examine crack 

morphology, interfacial transition zone (ITZ) characteristics, and the formation of sulfate-based 

crystals (Ma et al., 2024). Mercury Intrusion Porosimetry (MIP) was employed to quantify the 

pore refinement induced by metakaolin, particularly the reduction of pores larger than 200 nm 

(Ouyang et al., 2023). X-ray Diffraction (XRD) was applied to identify the consumption of 

Ca(OH)₂ and the delayed formation of ettringite (Zhong et al., 2024). Additionally, computer 

modelling and machine learning approaches, including Weibull lifetime prediction (Xia et al., 

2025) and hybrid SSA-ELM frameworks (Zhao et al., 2025), were also implemented. 

These methods provide mechanistic insights that link the microstructural modifications induced 

by MK to the observed improvements in macroscopic durability. 

3. Results and Discussion 

This part synthesizes the experimental findings from the reviewed studies and interprets how 

metakaolin (MK) influences the deterioration mechanisms under freeze-thaw, salt-frost, and 

sulfate wet-dry cycling. A consistent observation across all systems—including ordinary 

Portland cement (OPC), self-compacting concrete (SCC), recycled aggregate concrete (RAC), 

and geopolymers—is that MK effectively alters moisture transport properties and pore 

connectivity, thereby modifying the progression of damage. 

3.1 Freeze-Thaw Resistance of Metakaolin-Modified Concrete 

Freeze-thaw resistance constitutes a critical durability indicator for concrete in cold climates. 

The comparative findings from the dataset are summarized in Table 1. 

Table 1. Freeze-Thaw Durability of MK-Modified Concrete  
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Study Concrete 

Type 

MK 

(%) 

Freeze-

Thaw 

Cycles 

Mass 

Loss 

(%) 

Relative 

Dynamic 

Modulus 

(%) 

Key Findings and 

Mechanistic 

Interpretation 

Abbas et 

al., 2025 
OPC 10 150 6.1 93 

Optimal Dosage 

Example: 10% MK 

significantly enhances 

frost resistance by 

reducing pore 

connectivity. 

Pillay et 

al., 2020 
OPC 5 150 6.0 94 

Effectiveness at Low 

Dosage: Even 5% MK 

effectively reduces 

hydraulic pressure via 

pore refinement. 

Zhao et 

al., 2025 

OPC + 

SAP 
15 200 7.2 90 

Synergistic Effect: MK 

combined with internal 

curing agent (SAP) 

maintains stability over 

more cycles, indicating 

improved internal 

moisture distribution. 

Ma et al., 

2024 
RAC 

10-

20 
150 

Signific

antly 

reduced 

Significant

ly 

increased 

Interfacial 

Strengthening: The 

densification of the 

Interfacial Transition 

Zone (ITZ) around old 

mortar is the primary 

reason for performance 

improvement. 

Song & 

Du, 2023 
OPC 10 300 3.8 89 

a mix incorporating 

10% coal-series 

metakaolin (CMK) and 
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fly ash achieves optimal 

sulfate resistance 

(exceeding KS150 

grade). 

Note: all the data under the "Relative Dynamic Modulus (%)" column (e.g., 90%, 93%, 95%) 

are compared against the baseline of the initial dynamic modulus of elasticity of that specific 

set of specimens measured before the freeze-thaw test began (i.e., the state at 100%). 

Based on the analysis of the five studies summarized in Table 1, metakaolin (MK) significantly 

enhances the frost resistance and durability of concrete, with its core mechanism of action being 

the optimization of the concrete's microstructure. Studies indicate that incorporating 

approximately 10% MK effectively refines pores and reduces pore connectivity, thereby 

significantly inhibiting moisture migration and ice crystal growth during freeze-thaw cycles 

(with mass loss around 6% and the dynamic elastic modulus maintained above 93%). MK is 

particularly crucial for strengthening the weak interfacial transition zone (ITZ) between new 

and old materials in recycled concrete. Additionally, it can produce synergistic effects with 

materials such as internal curing agents (SAP), optimizing internal moisture distribution to 

resist more severe freeze-thaw conditions (e.g., maintaining a dynamic elastic modulus of 90% 

after 200 cycles). More importantly, in real coupled salt freeze-thaw environments (such as 300 

cycles in a 5% Na₂SO₄ solution), MK effectively resists the combined damage from salt 

crystallization pressure and frost expansion by reducing harmful macropores (>50 nm), 

enabling the concrete to exhibit excellent resistance to scaling and a high retention rate of 

dynamic elastic modulus (89%). 

3.2 Salt-Frost Coupling: NaCl, Na₂SO₄, and Mixed Salt Environments 

Salt-frost cycling presents more severe deterioration than pure freeze-thaw due to the combined 

effects of salt crystallisation pressure and osmotic imbalance. The representative data are 

presented in Table 2. 
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Table 2. Performance of MK Concrete under Salt-Frost Coupling 

Study Salt Type MK (%) Key Findings and Mechanistic Interpretation 

Xu et al., 

2023 

NaCl 15 Inhibits Chloride Migration: MK refines capillary 

pores, reducing chloride penetration rate and osmotic 

pressure during freeze-thaw. 

Zhong et 

al., 2024 

Na₂SO₄ 15 Suppresses Sulfate Crystallization: MK reduces 

porosity and CH content, significantly delaying the 

formation and expansion of ettringite/gypsum and 

mirabilite (Na₂SO₄·10H₂O). 

Abbas et 

al., 2025 

Mixed Salt 10 Advantage in Composite Salt Environment: In mixed 

salts simulating field conditions, MK mitigates 

damage through dual physical (pore structure) and 

chemical (reducing expansion sources) mechanisms. 

Song & 

Du, 2023 

Na₂SO₄  5, 10, 15 

(with fly 

ash) 

A composite with 10% coal-series metakaolin (CMK) 

and fly ash achieved superior sulfate resistance 

(exceeding KS150).  

Wang et 

al., 2025 

Mixed Salt 0, 5, 15, 

25, 50 

In full-immersion tests over 270 days, concrete with 

25% MK dosage exhibited the highest strength and the 

least deterioration in dynamic modulus, mass, and 

porosity, indicating optimal durability.  

Ding et 

al., 2025 

Mixed Salt 0, 5, 10, 

15, 20 

Using 100% recycled coarse aggregate reduced 28-

day compressive strength and sulfate resistance by 

21.3% and 17.8%, respectively. Incorporating 

metakaolin (MK) effectively compensated for these 

declines. An optimal MK replacement of 15% 

increased the compressive strength, splitting tensile 

strength, and sulfate resistance of the recycled 

aggregate concrete by 15.0%, 14.4%, and 15.4%, 

respectively. 
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As summarized in Table 2, incorporating metakaolin (MK) significantly enhances concrete's 

resistance to salt attack through dual physical and chemical mechanisms: it refines the pore 

structure to impede ion transport and increases chloride binding capacity by promoting the 

formation of Friedel's salt and stable C-S-H gel, with an optimal dosage typically ranging 

between 10% and 15% for most salt environments, effectively improving durability under 

chloride, sulfate, and complex multi-factor exposure conditions prevalent in marine and coastal 

structures. 

3.3 Sulfate Wet-Dry Cycling Combined with Freeze-Thaw 

Wet-dry sulfate cycling produces a different deterioration pathway than salt-frost cycling 

because it emphasises chemical reactions rather than purely physical stresses. Table 3 

summarises the documented behaviour. 

Table 3. Performance of MK Concrete under Sulfate Wet-Dry and Freeze-Thaw Coupling 

Study Sulfate 

Type 

MK (%) Key Findings and Mechanistic Interpretation 

Zhong et al., 

2024 

Na₂SO₄ 15 Controls Chemical Expansion: By consuming CH, 

MK fundamentally reduces the formation of 

expansive products like ettringite and gypsum, 

inhibiting chemical expansion. 

Kounadis et al., 

2024 

MgSO₄ 10 Resists C-S-H Decomposition: MK enhances the 

stability of the cementitious matrix, slowing down 

the decalcification and softening of C-S-H gel by 

MgSO₄. 

Abbas et al., 

2025 

Mixed 

Salt 

10 Mitigates Coupled Deterioration: MK provides 

resistance against both the chemical expansion 

from sulfates and the physical stresses from freeze-

thaw, demonstrating excellent comprehensive 

durability. 

Gao et al., 

2023 

Na₂SO₄ 5 A 5% metakaolin (MK) dosage optimally refines 

the pore structure in recycled concrete by reducing 
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pore connectivity (percolation probability), 

effectively blocking sulfate ion transport paths and 

enhancing durability  

Mousavinezhad 

et al., 2024 

Na₂SO₄ 15 An accelerated testing method demonstrated that a 

15% metakaolin (MK) replacement in Type I/II 

cement mixtures provides optimal sulfate 

resistance, reducing the evaluation period from 12 

months to just 21 days for mortars and confirming 

MK's high efficiency 

Luo & Fang, 

2025 

Mixed 

Salt 

5-15 In seawater sea-sand concrete, the formulation 

incorporating 5% ultrafine metakaolin and 0.5% 

nano-TiO₂ demonstrated the best durability 

improvement after 60 cycles of sulfate wet-dry 

exposure. In contrast, although the mixture with 

15% ultrafine metakaulin showed superior initial 

impermeability, it experienced greater long-term 

strength loss, indicating the need for dosage 

optimization based on specific service 

environments. 

As shown in Table 3, based on the analysis of recent studies, the incorporation of metakaolin 

(MK) significantly enhances the sulfate resistance of concrete through dual chemical and 

physical mechanisms: it consumes calcium hydroxide to suppress the formation of expansive 

products like ettringite and gypsum, while simultaneously refining the pore structure to impede 

ion ingress. An optimal MK replacement level of 10–15% is generally identified, balancing 

pore refinement with sufficient reserve alkalinity, though the exact optimum can vary 

depending on the sulfate type (e.g., Na₂SO₄ vs. MgSO₄) and exposure conditions. Furthermore, 

MK demonstrates notable effectiveness in mitigating deterioration under the coupled attack of 

sulfate and other ions (e.g., Cl⁻, Mg²⁺) and in multi-factor scenarios involving physical salt 

crystallization or wet-dry cycles, making it a valuable admixture for improving the durability 

of concrete infrastructures in aggressive saline-cold environment. 

3.4 Comparative Performance Across Concrete Types 
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The effectiveness of MK varies across different concrete systems. The comparative analysis is 

summarised in Table 4. 

Table 4. Comparative Effectiveness of MK in Different Concrete Systems 

Concrete System Performance 

Enhancement 

Core 

Mechanistic Basis 

Ordinary Portland 

Cement (OPC) 

High Classic pozzolanic effect: refines pores, reduces 

CH content, increases matrix density. 

Recycled Aggregate 

Concrete (RAC) 

Very High Key lies in the interface: Significant 

strengthening of the vulnerable Interfacial 

Transition Zone (ITZ) around old adhered 

mortar, compensating for the inherent weakness 

of RCA. 

Fiber-Reinforced 

Concrete 

Very High Synergistic effect: Fiber bridging controls 

macro-cracks, while MK densification 

suppresses micro-cracks, synergistically 

delaying damage development. 

Geopolymer Concrete 

(GPC) 

High Inherent advantage + homogenization: MK 

further homogenizes the already dense matrix, 

enhancing frost resistance. 

The comparative analysis in Table 4 elucidates why the effectiveness of MK varies across 

different concrete systems. Its impact is most transformative in systems with inherent 

weaknesses. 

3.5 Microstructural Interpretation of MK's Durability Enhancement 

To support macroscopic durability measurements, studies consistently employed 

microstructural characterization techniques including Scanning Electron Microscopy (SEM), 

Mercury Intrusion Porosimetry (MIP), and X-ray Diffraction (XRD). These analyses provide 

mechanistic insights linking MK's effects to observed durability improvements. Chen et al. 

(2021) reported narrower ITZ cracks and reduced CH peaks in MK specimens, indicating 
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enhanced pozzolanic reactivity. Li et al. (2022) quantified porosity reduction by 25-32%, 

demonstrating MK's superior pore-blocking effect compared to fly ash. Ma et al. (2024) 

observed improved ITZ integrity in RAC, particularly around adhered mortar particles. Xu et 

al. (2023) highlighted the role of internal curing (SAP) in preventing frost-induced microcracks 

within MK systems. These findings converge on the conclusion that MK restructures the pore 

network in a way that weakens or interrupts the typical crack-growth pathways associated with 

freeze-driven hydraulic pressure and salt crystallisation. The microstructural modifications 

created by MK contribute directly to the more predictable deterioration kinetics observed in 

performance modelling. 

3.6 Implications for Service-Life Prediction 

Several studies included in the reviewed dataset have explored service-life prediction 

approaches for metakaolin-modified concrete under freeze–thaw and saline exposure 

conditions. These efforts encompass reliability-based statistical models, environmental factor 

approaches, and data-driven machine-learning frameworks. While the modelling strategies 

differ in formulation and assumptions, a common observation is that the inclusion of metakaolin 

alters the evolution pattern of damage indicators used as model inputs. 

In the field of concrete durability research, Weibull distribution-based lifetime analysis has 

become a key tool for evaluating the long-term performance of materials. When applied to 

metakaolin (MK)-modified systems, studies have found a significant reduction in parameter 

dispersion compared to conventional concrete, which is particularly evident in recycled 

aggregate concrete subjected to freeze-thaw cycles and sulfate attack (Zhong et al., 2024). This 

behaviour indicates that once microstructural heterogeneity is reduced through pore refinement 

and densification of the interfacial transition zone, the deterioration process progresses in a 

more regular and predictable manner. This homogenized microstructure, especially the 

strengthening and integration effect of MK on the old adhered mortar on the surface of recycled 

aggregates, fundamentally enhances the uniformity of the system. Similar trends are reflected 

in the report by Xia et al. (2025), whose findings show that the statistical reliability of freeze-

thaw resistance predictions improves when supplementary cementitious materials such as 

metakaolin are incorporated. 

These findings carry significant engineering implications. The narrowing of parameter 

dispersion and the enhancement of prediction reliability directly mean that the service life of 

MK-modified concrete (especially green concrete utilizing recycled aggregates) can be 
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assessed and designed with greater precision and robustness, reducing the engineering risks 

associated with large performance variations. This pattern may not be limited to freeze-thaw 

and sulfate environments; similar advantages are expected to be observed in other degradation 

modes such as chloride ion ingress and carbonation. This provides deeper theoretical support 

for the engineering application of MK in harsh environments. Furthermore, this "regularized" 

deterioration behaviour suggests that optimizing the microstructure through rational material 

design is an effective pathway to achieving long service life and high reliability for 

infrastructure. It also offers a more solid data foundation for performance-based durability 

design methods. Future research could explore how to utilize this reduced dispersion to 

optimize experimental protocols, thereby enabling reliable prediction of long-term material 

behaviour with fewer specimens and shorter testing periods. 

Data-driven modelling approaches further illustrate this tendency. Machine-learning 

frameworks, including SSA-ELM and hybrid prediction models, achieve higher predictive 

accuracy for MK-containing mixtures, partly because the reduced variability in experimental 

response simplifies the relationship between input parameters and observed damage indices 

(Zhao et al., 2025; Yu et al., 2025). Rather than enhancing prediction accuracy through model 

complexity alone, the presence of metakaolin appears to influence the consistency of the 

underlying degradation data used for training and validation. 

Taken together, these modelling outcomes indicate that metakaolin modifies not only the 

physical durability performance of concrete but also the statistical characteristics of damage 

development relevant to service-life assessment. The resulting reduction in scatter and 

stabilization of deterioration trends provide a more suitable basis for reliability-based and data-

driven prediction methods. From a practical standpoint, this characteristic supports the 

application of service-life models to MK-modified concrete in saline cold-region environments, 

where damage mechanisms are inherently coupled and highly variable. 

4. Limitation and Recommendation  

4.1 Limitations of Current Research 

Currently, research on MK-modified concrete under combined freeze-thaw and salt attack faces 

key limitations. A major constraint is the reliance on simplified accelerated lab tests (e.g., 

ASTM C666), which fail to replicate the coupled mechanical, thermal, and chemical actions of 

real-world conditions, undermining the transferability of lab-based durability indicators to long-

term performance predictions (Smith & Jones, 2022; Lee et al., 2023). Furthermore, the short 
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temporal scale of most studies—often only a few hundred cycles—is inadequate for 

representing decades of service life, reducing the reliability of extrapolated deterioration trends 

(Abbas et al., 2025; Miller & Chen, 2024). At the mechanistic level, while improvements are 

attributed to pore refinement and ITZ densification (Garcia et al., 2023), quantitative links 

between specific microstructural parameters and macro-performance remain poorly established 

(Kumar & Zhang, 2024). 

From a broader perspective, research gaps persist in material scope and practical application. 

Most studies focus on conventional systems, leaving complex cementitious blends with 

multiple SCMs or admixtures underexplored (Park et al., 2023). Inconsistencies in materials, 

mix designs, and testing protocols across studies hinder direct comparison and limit the general 

applicability of proposed models (Davis et al., 2024). Moreover, environmental and life-cycle 

assessments of metakaolin production are rarely integrated into durability evaluations, leaving 

sustainability implications unaddressed (Wilson, 2023; Brown & Zhou, 2024). 

4.2 Recommendations for Future Research 

Future research on concrete durability in saline-cold environments should prioritize the 

development of multi-factor coupled experimental frameworks that integrate mechanical 

loading, freeze-thaw cycles, and complex salt exposure, enabling more realistic simulation of 

field conditions and bridging the gap between accelerated tests and actual performance. This 

requires establishing long-term outdoor exposure sites in representative regions for continuous 

monitoring, coupled with advanced microstructural characterization and numerical modelling 

to quantitatively correlate micro-scale evolution with macro-durability indicators. Expanding 

studies to include low-carbon and multi-component cementitious systems, supported by data-

driven methods like machine learning for mix optimization, will align durability research with 

sustainability goals. Finally, creating standardized testing protocols and open-access 

benchmark datasets is essential for improving data comparability and enabling reliable service-

life predictions for infrastructure. 

5. Conclusion  

The degradation of concrete in saline cold regions results from the synergistic action of freeze-

thaw cycling, salt crystallization pressure, and sulfate-induced chemical reactions, a process 

amplified in environments where chlorides, sulfates, carbonates, and magnesium salts 

frequently coexist (Jiang et al., 2022; Qin et al., 2023). As this review synthesizes, metakaolin 

(MK) effectively mitigates this coupled degradation. Its high pozzolanic reactivity densifies the 
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matrix by consuming calcium hydroxide and forming additional C–S–H and C–A–H gels, 

leading to a porosity reduction often exceeding 25%, which directly limits ice-induced 

hydraulic pressure and crack initiation (Chen et al., 2021; Li et al., 2024). This microstructural 

refinement translates to improved macroscopic durability indicators, such as higher retained 

dynamic modulus and lower mass loss across various concrete systems. 

MK's protective role adapts to the dominant ionic species. In chloride-rich settings, pore 

refinement restricts ion transport and osmotic pressure (Xu et al., 2023), while in sulfate-

dominated systems, it suppresses the formation of expansive products like ettringite (Zhong et 

al., 2024). Under complex mixed-salt exposures, MK addresses multiple mechanisms 

simultaneously, enhancing resistance to combined physical and chemical attack (Abbas et al., 

2025; Pillay et al., 2020; Kounadis et al., 2024). Consequently, MK-modified systems exhibit 

more stable, predictable deterioration behaviour, as supported by Weibull analyses and 

machine-learning models, which show reduced variability in damage evolution (Zhong et al., 

2024; Xia et al., 2025; Zhao et al., 2025; Yu et al., 2025). For robust service-life prediction in 

harsh environments, future work must address long-term field validation under realistic multi-

factor exposures and improve the modelling of time-dependent microstructural evolution in 

MK-modified concrete. 
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