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ABSTRACT 

	[bookmark: _GoBack]Mercury intrusion porosimetry (MIP) is one of the most widely used methods for characterizing the pore structure of cement-based materials. Under high pressure, the pore structure of cement-based materials may undergo significant alterations. MIP enables direct acquisition of first-hand information on the pore structure of hardened cement paste without relying on extensive or complex models and assumptions for pore structure interpretation. Leveraging this advantage alongside newly reported pore measurement techniques holds potential for breakthroughs in the characterization of pore structures in hardened cement paste. This paper briefly discusses the fundamental principles, operational procedures, and mechanistic analysis of MIP-based pore structure measurement. Key characterization parameters derived from MIP for cement-based materials are provided (specify these parameters in this part). Additionally, the combined application of MIP and X-ray computed tomography (XCT) in cement-based materials is analyzed, offering novel research insights (present briefly the main findings (results), and their Implications) into exploring pore distribution patterns within cement-based porous matrices. 
Reorganize clearly this part in a brief summary of the review's purpose, methods, findings, and conclusions.



Keywords: Cement-based materials; Mercury intrusion porosimetry testing; Pore structure; MIP; Microstructure.

1. INTRODUCTION

The strength and durability of cement-based materials are closely related to their compactness. In addition to porosity, the pore structure significantly influences the compactness of cement-based materials [1]. During cement hydration, hydration products fill the spaces originally occupied by water. As hydration progresses, the increasing volume of hydration products leads to continuous changes in the porosity and pore size distribution of the cement paste. Therefore, determining porosity and pore size distribution is critical in the study of cement-based materials. Mercury intrusion porosimetry (MIP) is currently the most widely used method for characterizing the pore structure of cement-based materials. As a traditional technique with a history spanning over 90 years [2], MIP originated from Washburn’s pioneering work [3], which proposed that the structural characteristics of porous solids could be analyzed by forcing a non-wetting liquid into their pores. Washburn hypothesized that the minimum pressure P required to force a non-wetting liquid into a pore of radius R is governed by the formula P=K/R (what means K? The equations can be provided in a separated line and numbered), forming the theoretical foundation of modern MIP. Initially developed to address the limitations of gas adsorption methods in detecting large pores (e.g., >30 nm), advancements in high-pressure equipment later enabled MIP to measure smaller pores within the range accessible to adsorption techniques. MIP can characterize pore features across five orders of magnitude, with a minimum detectable pore size of ~2 nm and a maximum of several hundred micrometers. Additionally, it quantifies pore-specific surface area, porosity, and pore shape distribution.

The performance of cement-based materials, particularly their strength, permeability, and durability, is predominantly governed by their pore structure. Thus, evaluating pore structural characteristics is essential for comprehensively understanding these properties. In 2008, Yoshida from the University of Tokyo [4] proposed an innovative MIP-based technique. The core principle involves crushing or grinding hardened cement paste (prepared with identical water-to-binder ratios and curing conditions) into particles of varying fineness, followed by hydration termination, drying, and stepwise mercury intrusion testing on different particle sizes. Unlike non-destructive methods, MIP directly interacts with pores via mercury intrusion, mimicking the process by which environmental aggressive agents degrade the hardened paste structure. This approach not only provides pore structure parameters but also reveals interactions between fluid media (this can be deleted) and the paste structure, offering a more direct and convenient method for characterizing pore structures in hardened cement paste.

2. Basic Principles and Sample Preparation of Mercury Intrusion Porosimetry​

2.1 Basic Principles of Mercury Intrusion Porosimetry​

The research on rubber recycled concrete started relatively late in China, and rubber and recycled aggregates are not widely used in practical engineering. They have only been applied in a few pilot highway projects, such as the service area pavement at the entrance of the Hebei Shijiazhuang section of the Qingyin Expressway, which uses rubber concrete. This is also the largest section of rubber aggregate concrete pavement in China, with a total area of over 2000 square meters, and it is also the project with the largest amount of rubber particles. After recent years of research and development, breakthrough progress has been made in the study of the basic mechanical properties and frost resistance durability of materials such as rubber concrete, recycled concrete, and rubber recycled concrete [4].

The essence of mercury intrusion porosimetry (MIP) lies in evacuating gas from the interconnected pores of a porous material and then forcing mercury to fill these pores under external pressure. The volume of mercury intruded correlates with the size and distribution of the pores, while the intrusion pressure depends on the pore size. Qualitatively, smaller pores require higher intrusion pressures, and vice versa.

MIP primarily employs four pore models: cylindrical pores, slit-shaped pores, sphere-packed pores, and a "model-free" approach. The most widely used model is the cylindrical pore model. Based on this model, Washburn [3] proposed the equation:

πr²p = -4πdγcosθ (equation should be centered, numbered and cited in the text in parentheses)

where:

ｄ :  is the ​​equivalent pore diameter​​ (mm),

P:  is the ​​mercury intrusion pressure​​ (MPa),

γ : is the ​​surface tension of mercury​​ (mN/m),

θ : is the ​​contact angle​​ between mercury and the porous material.

The physical interpretation of the terms is as follows:

πd : represents the circumference of the equivalent cylindrical pore cross-section,

－πdγcosθ:  denotes the ​​capillary resistance​​ opposing mercury intrusion due to surface tension,

πr² : is the cross-sectional area of the equivalent pore,

πr²p: corresponds to the ​​applied pressure​​ driving mercury into the pore. 

From a differential perspective, mercury intrudes a pore when the applied pressure balances the capillary resistance.

The Washburn equation [3] assumes that ​​all pores are cylindrical​​ and ​​extend to the specimen’s surface​​, allowing mercury to access them. However, except for specially engineered materials, few real-world materials meet these assumptions. Experimental studies reveal that the internal pores in hydrated cement systems deviate significantly from both assumptions. Consequently, MIP data reflect the ​​physical process of mercury intrusion​​ rather than being strictly governed by the specimen’s actual pore geometry.

2.2 Sample Preparation​ (Sampling method)

Sample preparation involves sampling methods, sample dimensions, and drying techniques (describe these methods and/or provide the references). Traditional sampling methods include cutting, core drilling, and crushing. Kumar and Bhattacharjee [5] (authors' names and blanked number are the same, so, delete one of them; same observation for all references. See the author guideline of the journal) suggested that both crushed and cored samples can be used to study the pore structure of concrete, but core drilling reduces errors more effectively. Hearn and Hooton [6] found that crushing samples may introduce secondary cracks. When comparing MIP results from crushed samples and cut samples from the same original specimen, crushed samples exhibit an increased number of large pores, attributed to microcrack formation during the crushing process. Hearn and Hooton [6] also investigated the impact of sample size (do you mean the impact of particle sizes of the sample?) on MIP results. They observed that reducing sample size decreases the fraction of closed pores inaccessible to mercury, yielding results closer to the true values. However, if the sample dimension falls below a critical threshold, the MIP results remain unaffected. The minimum sample size also influences MIP outcomes, as smaller minimum dimensions lead to an increase in large pores.

Prior to MIP testing, drying samples to remove free water is essential. Common drying methods include oven drying (typically at 50–105°C), vacuum drying, freeze-drying, solvent replacement drying, dry ice drying, and desiccant drying. Galle et al. [7] compared the effects of oven drying, vacuum drying, and freeze-drying on MIP results, concluding that freeze-drying is the optimal method for cement-based materials. This conclusion was further corroborated by Korpa and Tettin et al. [8].

3. Key Characterization Parameters of Cement-Based Materials Analyzed by Mercury Intrusion Porosimetry​ (this is too long title)

Generally, the parameters used to characterize the pore structure morphology of cement-based materials through mercury intrusion porosimetry (MIP) include specific surface area, pore size distribution, porosity, average pore size, most probable pore size and critical pore size, etc (delete ‘’etc’’). In MIP results, the area enclosed by the differential curve and the horizontal axis represents the total pore volume (add Figure). Within a specific pore size range, a higher peak in the differential pore size distribution curve indicates a greater total pore volume within that interval (add figure or references). The pore size corresponding to the peak of the differential pore size distribution curve has the following physical meaning: pores smaller than this size cannot form connected pathways in concrete, and this value also represents the pore size with the highest probability of occurrence, termed the "most probable pore size." The critical pore size diameter is defined as the inflection point on the porosity curve (or the cumulative mercury intrusion volume versus pore size curve), corresponding to the maximum pore size at which a significant increase in intruded mercury volume occurs. On the pressure versus mercury intrusion volume curve, the critical pore size corresponds to the endpoint pressure at the yield of mercury volume. The theoretical basis for the critical pore size lies in the material's composition of pores of varying sizes, where larger pores are interconnected by smaller ones. The critical pore size represents the largest pore class that connects larger pores, reflecting pore connectivity and the tortuosity of permeability pathways. It has the greatest influence on permeability and is also the maximum detectable pore size [9]. 
(add figures to support and confirm these informations)
(provide clairly the details of different parameters ant their impacts) 
Porosity is defined as the ratio of pore volume to the total apparent volume of the porous material (references). In MIP, porosity is calculated as the mercury volume intruded at maximum pressure divided by the sample volume, expressed by the formula: d = -4γcosθ/p (equations must be in separated line, centered and numbered). The differential pore size distribution curve can be obtained by plotting dV/d(logd) against logd [10]. For cement-based materials, the differential pore size distribution curve may exhibit two peaks (add figure). R. Kumar and B. Bhattacharjee [11] refer to the pore sizes corresponding to these peaks as "critical pore widths." The first peak corresponds to capillary pore structures (0.1–10 μm), while the second peak corresponds to gel pore structures (0.001–0.01 μm). H.N.Atanhan and Osman N.Okatr [12] found that critical pore widths are closely related to the permeability of concrete.

It is evident that different researchers establish quantitative relationships between characterization parameters and macroscopic material properties based on MIP results and their specific research objectives. However, these parameters are difficult to unify, as using a single parameter to describe the influence of complex pore structures on concrete performance has clear limitations and lacks universal applicability.
(What about the viscosity? Can it influence the porosity of cement-based material? If necessary, talk about it). Weak viscosity (high fluidity) could reduce the porosity and high one can increase it.

4. The application of mercury intrusion porosimetry (MIP) in characterizing the pore structure of cement-based materials (this is too long title)

4.1 Analysis and Interpretation of the existing MIP Research on Models

Wang Xiaohu, Peng Yu et al. [13] investigated changes in the pore structure of cement paste before and after mercury intrusion porosimetry (MIP). Their results indicated that some initially isolated pores became interconnected after MIP, leading to increased pore size and reduced pore quantity. Figure 1 compares the 3D pore spatial distribution within the same volume of interest (VOI) before and after MIP, with the threshold segmentation method for pore reconstruction illustrated in Figure 2. Notably, the overall pore spatial distribution remained largely consistent before and after MIP, but several characteristic changes were observed.

First, the total number of pores decreased after MIP, primarily due to a reduction in small pores. As shown in Figure 1, regions A and B contained numerous small pores before MIP, but these pores nearly disappeared in the corresponding regions A' and B' post-MIP. This may result from residual mercury in the matrix obscuring the grayscale contrast between small pores and the matrix, making these pores indistinguishable in the reconstructed grayscale images. Additionally, the voxel resolution decreased after MIP, likely preventing the 3D reconstruction of pores that were resolvable prior to mercury intrusion.

Second, localized pore increases occurred post-MIP. Comparing regions C and E before MIP with regions C' and E' after MIP (Figure 1), significant new pores appeared post-intrusion. This phenomenon is attributed to the high-pressure mercury rupturing pore walls during intrusion, forming interconnected pores and enlarging pore sizes.

Finally, pore coalescence was observed in localized areas post-MIP, occurring exclusively between adjacent pores. As illustrated in Figure 5, two neighboring pores in region D before MIP merged into a single larger pore (region D') after mercury intrusion. This coalescence arose when high-pressure mercury created interconnected pore channels between adjacent pores.

[image: ]
Figure 1. Comparison of 3D images of the VOI (Volume of Interest) region in cement paste specimens before and after mercury intrusion porosimetry (MIP).
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    Figure 2. Voxel-grayscale distribution curves and pore threshold extraction before and after mercury intrusion porosimetry (MIP).

To more explicitly investigate mercury intrusion-induced changes in pore structure, a quantitative analysis was conducted on the pores within the VOI (Volume of Interest) region shown in Figure 1. Figure 3 compares the cumulative pore distributions in this VOI region before and after mercury intrusion porosimetry (MIP). Although the total number of pores decreased by approximately 10% due to reduced voxel resolution (10.03 μm pre-MIP vs. 11.13 μm post-MIP), the total pore volume increased significantly. Statistical results revealed that the cumulative pore volume rose from 0.070 mm³ pre-MIP to 0.083 mm³ post-MIP, an increase of 18.5%, primarily driven by growth in large-pore volume. By tracking the volumetric changes of several large pores (e.g., the six pores highlighted in the gray-shaded area of Figure 3), it was observed that post-MIP pore sizes consistently exceeded pre-MIP values [13].

This analysis demonstrates that mercury intrusion testing substantially increases pore volume, indicating that this measurement method can alter or damage the pore structure of cement-based materials.
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Figure 3. Comparison of pore distribution and selected large pore sizes in cement paste specimens before and after mercury intrusion porosimetry (MIP).

4.2 Mechanistic Analysis (Mechanical analysis)

The direct cause of pore structure damage in cement-based materials during mercury intrusion porosimetry (MIP) is the localized force exerted by high-pressure liquid mercury exceeding the material’s load-bearing capacity, thereby disrupting the original pore structure and microstructure. Olson et al. [14] observed pore morphology in hardened cement paste before and after MIP using environmental scanning electron microscopy (ESEM). They found that when mercury pressure surpassed a critical threshold (10–20 MPa, corresponding to pore sizes of 60–120 nm), pore sizes increased significantly while pore quantity decreased. However, below this threshold, minimal changes in pore structure occurred, indicating that exceeding the critical mercury pressure is the primary driver of pore structure alteration. The critical pressure reported by Olson et al. [14] aligns closely with the percolation pore size.

Feldman [15] further characterized pore structure damage through repeated MIP testing, demonstrating that higher mercury pressures (70 MPa) were required to induce structural changes. This discrepancy is attributed to the use of fully hydrated cement paste blended with fly ash and slag in Feldman’s study, which resulted in a denser matrix requiring greater pressure to disrupt pore connectivity.

4.3 Integration of Mercury Intrusion Porosimetry (MIP) with Other Techniques

The interfacial transition zone (ITZ) between aggregates and the matrix is one of the most critical components of concrete, influencing its mechanical properties and durability. Based on the processes of concrete formation and hydration hardening, the mechanisms underlying ITZ formation can be attributed to wall effects, micro-bleeding effects, unidirectional growth effects, flocculation, ion migration, deposition and nucleation, and paste shrinkage [16]. In recent years, researchers worldwide have focused on developing new testing methods and modification techniques to comprehensively analyze the structural characteristics of ITZ and its impact on concrete’s macroscopic performance. For instance, Hosan et al. [17] employed nanoindentation, scanning electron microscopy (SEM), and X-ray energy-dispersive spectroscopy (EDS) to characterize the microstructure of ITZ between nano-aggregates and the matrix. Their results demonstrated that incorporating nano-CaCO₃ and nano-SiO₂ enhanced the modulus and hardness of hydration products in the ITZ of bulk slag concrete and slag-fly ash concrete while reducing ITZ thickness.

Mercury intrusion porosimetry (MIP), one of the most widely used methods for pore structure analysis, measures specific surface area, pore volume, pore size distribution, and other parameters (precise them or delete ‘’other parameters’’) in cement-based materials. It is fast and straightforward but suffers from inherent limitations. X-ray computed tomography (XCT), a nondestructive testing technique, enables rapid characterization of microstructures with minimal sample preparation. By leveraging differences in X-ray absorption coefficients among material phases, XCT generates projection images of these phases. Reconstruction of numerous projections allows for the calculation of spatial and dimensional information [18]. XCT overcomes challenges associated with traditional pore characterization methods, such as complex sample preparation, destructive testing, and reliance on 2D data. Through image reconstruction, XCT generates 3D representations of samples, providing data on porosity, phase distribution, pore and crack sizes, and more. Consequently, XCT has gained increasing popularity in the nondestructive characterization of pore structures and phases in cement-based materials [19].

Korat et al. [20] combined XCT and MIP to study the foaming process of silica fume blended with fly ash (to induce liquid phase formation) and SiC foaming agents, revealing pore evolution patterns under varying temperatures and residence times. Building on this principle, Zeng et al. [21] utilized residual mercury from MIP as a contrast-enhancing agent for X-ray imaging to investigate its role in pore structure characterization. Subsequently, Qi et al. [22] integrated MIP and XCT to analyze the dynamic mercury intrusion process in cement paste pores. Inspired by these studies, a novel method combining XCT and MIP was proposed for 3D visualization of ITZ structures. By performing XCT scans on specially designed cement-glass rod aggregate samples before and after MIP, the pore distribution within the ITZ was studied. Leveraging mercury’s X-ray contrast enhancement, the 3D pore structure of the ITZ was successfully resolved.

5. Conclusions and Perspectives
(Separate clearly in subheadings conclusion and perspectives
Conclusion: Summarizes the key findings, discusses the implications of the research, and Perspectives: suggests future research directions)
1) Mercury intrusion porosimetry (MIP) is a widely used method for characterizing the pore structure of porous materials. By forcing non-wetting mercury into the pores of a sample under pressure, pore structure parameters such as porosity, critical pore size, most probable pore size, and pore size distribution can be derived based on the relationship between mercury intrusion volume and applied pressure, following the Washburn equation.

2) MIP requires complete drying of samples, which may damage pore walls and affect test results. Therefore, appropriate drying methods should be adopted during sample preparation to minimize structural damage. When interpreting MIP data, deviations between the method’s assumptions (e.g., cylindrical pore geometry, pore connectivity) and real-world conditions must be carefully considered.

3) Combining MIP with X-ray computed tomography (XCT) enhances the phase analysis capabilities of conventional micron-scale industrial XCT. This integrated approach successfully resolved the 3D structure of the interfacial transition zone (ITZ) in cement-based materials. The findings are expected to deepen the scientific understanding of the aggregate-matrix ITZ and can be extended to characterize microstructures in other porous materials.
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