The role of metakaolin in pore structure evolution of Portland cement pastes revealed by an impedance approach
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Abstract: Metakaolin has been shown to play a significant role in the pore structure evolution of cementitious materials due to its high pozzolanic reactivity and small fineness. In this work, the early-age evolution of pore structure of moderate heat Portland cement (MHPC) pastes incorporating metakaolin is studied using an innovative impedance approach. Based on the fractal modeling, the pore structure parameters of MHPC blended with metakaolin of various mass percentages up to 20%, including porosity, pore size distribution, pore tortuosity and its fractal dimension, and mean and maximal pore diameters, are determined. The results from the impedance measurements show that the porosity of metakaolin-blended MHPC at both initial hydration and pozzolanic reaction stages increases with the hydration time, which is, respectively, attributed to the dissolution of cement and metakaolin grains. The maximal porosities and the saturation states of MHPC-metakaolin blended pastes occur concurrently due to the dissolution behavior of cement grains. It is concluded that metakaolin incorporation at the 10% replacement ratio is optimal in terms of pore structure refinement of blended cement pastes. 
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1. Introduction
Even nowadays, ordinary Portland cement (OPC) is still one of the most extensively consumed construction materials globally. Nevertheless, the development of supplementary cementitious materials (SCMs) used to partially substitute OPC also makes rapid advancement in sustainable concrete technology [1]. Regarding SCMs with pozzolanic reactivity (e.g., metakaolin, calcined clays, coal fly ash, and ground granulated blast-furnace slag), they not only mitigate the negative environmental impacts of OPC, but also enhance its durability through multiple physicochemical effects [2]. The metakaolin is commercially produced by means of calcinating kaolinitic clays at a temperature range of 500 ℃ to 800 ℃ [3,4]. The key processing condition for metakaolin to achieve a high pozzolanic reactivity is to thoroughly dehydroxylate it in the calcination process at an appropriate temperature range [3]. In addition, the mean particle size of metakaolin as SCM is around 3µm and its maximal particle size is no larger than 16 µm in general [3]. The fineness of metakaolin is typically smaller than that of fly ash and slag, accompanied by a comparatively higher pozzolanic reactivity [5]. As such, the utilization of metakaolin as SCM has shown great potentials in enhancing the strength and durability of concrete.

[bookmark: _Hlk53582397]The macroscopic performances of cementitious materials, including strength, permeability, and chemical durability, are closely related to and even determined by the pore structure [6-8]. Due to the high pozzolanic reactivity and small fineness, metakaolin plays a considerable role in the pore structure evolution of cementitious materials through a number of physical and chemical effects. In fact, massive investigations focusing on the influence of metakaolin on the pore structure of cementitious matrices have been conducted over the past decades. For instance, Poon et al pointed out that the incorporation of metakaolin in concrete reduces the porosity and shrinks the pore sizes [9]. Güneyisi et al found that ultra-fine metakaolin at a 20% replacement level improves the pore structure and reduces the quantity of harmful large pores of concrete [10]. Ping et al reported that concrete with metakaolin possesses lower porosity than those without metakaolin [6]. However, Frı́as et al reported that a 15% increase in porosity of metakaolin-OPC blends was observed, in comparison to the plain system [11]. Similarly, the work conducted by Jiang et al indicated that the porosity of blended metakaolin-OPC mortars increases with the increase of metakaolin percentage [12]. The discrepancy in these findings may be attributed to the various influencing factors, such as chemical composition and purity of kaolinite clays, reactivity and fineness, mix formulation, and curing regimes. Therefore, a consensus regarding the role of metakaolin on the pore structure development of cementitious materials remains to be reached, and further research should be conducted. Besides, although there exists some literature regarding the pore structure analysis of cementitious materials by using either electrical methods [13,14] or fractal theories [15,16], the combination of impedance measurement and fractal modeling as a new nondestructive pore structure characterization method is deficiently explored so far. 

In this work, the evolution of pore structure for moderate heat Portland cement (MHPC) pastes blended with metakaolin is studied through a combination of impedance measurement and fractal modeling. Various pore structure parameters, including porosity, pore size distribution, pore tortuosity and its fractal dimension, and mean and maximal pore diameters, are systematically discussed. Besides, the fractal dimension of the pore surface is analyzed by using a fractal model based on the thermodynamic method. This work innovatively proposes an impedance approach to predict the evolution of the pore structure of blended metakaolin-MHPC systems.

2. Materials and experimental methods

2.1. Materials and mix proportions
Metakaolin and MHPC were adopted as the two main raw materials to constitute blended metakaolin-MHPC mixtures. Five replacement levels, namely, 0%, 5%, 10%, 15%, and 20% (by mass) of cement by metakaolin were studied, and, respectively, denoted as M0, M5, M10, M15, and M20. The metakaolin-MHPC mixtures were designed at a constant water-to-binder mass ratio of 0.4. Due to a smaller specific gravity of MK than OPC, the gradual incorporation of MK tends to reduce the initial volumetric water-to-binder ratio (i.e., smaller initial porosity). The metakaolin and MHPC powder were dry mixed for two minutes by a planetary-type mixer in advance. Afterwards, these solid mixtures were stirred with distilled water for eight minutes in a chamber at ambient temperature of 25 ± 2 ℃ and relative humidity of 50 ± 5 %. Subsequently, this freshly mixed paste with 2.4 kg in total was poured into a ring-shape container and manually vibrated in the holder of non-contact impedance measurement (NCIM) to dissipate the entrapped air in the paste.

The oxide composition of metakaolin and MHPC determined by X-ray fluorescence (XRF) is shown in Table 1. It can be seen that the CaO and SiO2 are the two main oxide compositions in MHPC, while the total content of SiO2 and Al2O3 in metakaolin is beyond 90%. In addition, particle size distributions of metakaolin and MHPC measured by laser particle analyzer are given in Fig. 1. It can be seen that the fineness of metakaolin is smaller than that of MHPC, and probably indicates that metakaolin particles can fill in the gaps among the cement particles.

2.2. Experimental methods

2.2.1. Impedance measurement
NCIM was used to continuously monitor the impedance response of metakaolin-MHPC blends during the hydration process. The NCIM is mainly composed of a transformer, a leakage current meter, and a ring-shaped container. The detailed working principle of NCIM can be found in the previous literatures [17,18]. The impedance data acquisition with 9 different alternating current frequencies was completed successively during hydration for 1440 min.

2.2.2. Mercury intrusion porosimetry
Mercury intrusion porosimetry (MIP) was used to characterize the evolution of pore structure of metakaolin-MHPC mixtures. The MIP experiment was carried out using the PoreMaster 33GT manufactured by Quantachrome Instruments Corporation. The tested sample with the maximal size no more than 10 mm was frozen for 15 min in a container filled up with liquid nitrogen and was then dried for 24h by a vacuum drier. The treated sample was placed into a glass tube of 20 mm in length and 10 mm in diameter, and then stuffed up around half of the tube volume. The contact angle and surface tension were set as 140 degrees and 480 ergs/cm2, respectively.

3. Impedance approach

The macroscopic electrical impedance response of cementitious materials under the applied weak electric field, resulted from the migration of charged ions restricted in pore channels, is influenced by the micro-variation of pore structure. Therefore, the subtle changes in the pore structure can be captured through continuous monitoring of electrical impedance. It is well known that the pore structure network of cement paste consists of pores of different sizes. In general, the presence of pore network in the interior of cementitious materials is chaotic and irregular; nevertheless, its pore structure is proved to exhibit fractal characteristics, as clearly documented in the previous studies [19,20]. Furthermore, the pores with nano- and micro-size generally account for a larger quantitative proportion in the pore structure network of cementitious materials, as compared to those with meso- and macro-size. Therefore, the fractal pore structure network is established in terms of fractal tree-like model [21] and fractal leaf vein model [22], as proposed previously. The schematic illustration of the fractal pore structure network is shown in Fig. 2.

In order to relate the pore structure network of cementitious materials to its electrical impedance response, it is essential to construct an equivalent electrical circuit network, i.e., fractal electrical network, as shown in Fig 3. The fractal electrical network is derived from the fractal tree-network model and fractal leaf vein model. For the sake of simplification, a pore branch only evolves two-pore branches at the next level, and the whole fractal pore structure network merely exhibits connective pore branches distributing at three successive levels. Similarly, the fractal electrical network figure is also simplified in this way.

Based on the two fractal networks mentioned above, combined with the fractal scale law [23], the fractal dimension of pore volume can be solved quantitatively, which is regarded as an intermediate transition variable to calculate the pore structure parameters. The detailed derivation and calculation process for various pore structure parameters are given in the Appendix.

[bookmark: OLE_LINK6]4. The fractal model based on the thermodynamic method
With the growth of pressure of intrusion mercury in the MIP test, the quantity of mercury intruded into the pore structure of cement paste samples increases gradually. Meanwhile, the surface energy of mercury also grows during this process, and its increment equals the work that mercury intrusion apparatus does on mercury. Hence, the equation for the transformation between work and energy can be expressed as follows [24]:

(1)





where  is the intrusion volume of mercury;  is the applied pressure of intrusion mercury;  is the pore surface area of cement sample;  is the surface tension of mercury;  is the contact angle between mercury and pore surface. It should be noted that the minus sign of Eq. (1) indicates that the surface energy of mercury is larger when the apparatus does more work on mercury.

According to the characteristics of MIP technique, the whole process of intrusion mercury can be divided into several stages. Therefore, the total work on mercury can also be divided into several pieces of work at different stages, as shown in Eq. (2).

(2)



where  is the mean intrusion pressure of mercury at ith intrusion stage;  is the intrusion volume of mercury at ith intrusion stage;  is the number of accomplished mercury intrusion stages. 

Based on the fractal characteristics of pore structure, the surface energy of mercury can be expressed by the fractal dimension of pore surface, pore diameter, and pore volume:

(3)






where  denotes the minimal diameter of pore which the mercury can reach for  times intrusion;  denotes the cumulative volume of mercury for  times intrusion;  denotes the fractal dimension of pore surface of cement paste sample;  is a constant, which is influenced by surface tension and cosine of contact angle [25].


After accomplishing mercury intrusion for  stages, the total work is denoted as:

(4)
Combined with Eqs. (1)-(4), the characteristic equation of the fractal model based on the thermodynamic method can be described as follows [26]:

(5)




[bookmark: OLE_LINK2][bookmark: OLE_LINK3]According to Eq. (5),  and  can be calculated through the data set of MIP test at different intrusion stages, and then, the plot of  versus  can be made linearly. Through the linear fitting, the slope of the fitting line is regarded as the fractal dimension of the surface area [27,28].

5. Results and Discussion

5.1. Porosity of metakaolin blended cement pastes
Porosity, as an extensively used pore structure parameter, is adopted to describe the pore volume fraction of cement paste at the macroscopic level. The porosity of metakaolin blended cement pastes versus hydration time is exhibited in Fig. 4, as obtained from the impedance approach. Meanwhile, the schematic of the early hydration process for metakaolin blended cement pastes is shown in Fig. 5. For both plain paste and pastes containing metakaolin, there is an increase in the total porosity until around 150 min. The physical meaning of porosity at the beginning hydration stage is different from that at the later stage when the hydration percolating status has been reached. The very beginning porosity is associated with the “pore network” formed by raw material particles stacking, as shown in Fig. 5(a), while the porosity after the hydration percolation is related to the pore structure formed by the precipitation and interconnection of hydrated products [29,30]. The dissolution of cement particles begins to occur and the charged ions are released from the surface of cement particles into paste solution, as soon as raw cement particles contact with water [31]. As Fig. 5(b) depicts, calcium and hydroxide ions, primarily from the hydration of tricalcium and dicalcium silicates, form a solution layer to cover the surface of cement particles. Therefore, the pore gaps among the different cement particles begin to enlarge, resulting in an increase of porosity. In that context, it is of significance to note that the occurrence of maximum in the concentration of charged ions in the aqueous solution coincides with the occurrence of maximum in the porosity of cement pastes [31]. With the further proceeding of hydration, the porosity of plain paste begins to decrease. This is primarily assigned to the formation of solid hydrated products whose volume is larger than that of reacted clinker particles [32], so parts of interspaces among raw clinker particles are occupied. Besides, the formation of calcium hydroxide also occurs at this hydration stage to lift up the alkalinity of the pore solution. This hydration process is illustrated schematically in Fig. 5(c). For metakaolin-blended pastes, porosity decreases in a short period and then increases again with hydration time, which can be explained by the triggered dissolution of metakaolin particles in the paste solution with high alkalinity, as shown in Fig. 5(d). The released silicate and aluminate ions from metakaolin allow the precipitation of secondary C-S-H and C-A-S-H via pozzolanic reaction, as suggested in previous findings [33,34]. Beyond this stage, porosity again continues to decrease with hydration time. This observation suggests the solid hydrated products, including C-S-H and C-A-S-H derived from cement hydration and metakaolin pozzolanic reaction, begin to increase quickly, as shown in Fig. 5(e).

It can be also seen in Fig. 4 that porosity reduces with the increase of metakaolin content level at the initial stage, which is attributed to the difference in density and fineness between metakaolin and cement. The particle fineness of metakaolin is much smaller than that of cement, as shown in Fig. 1. As such, metakaolin particles can play a significant role in filling up the gaps among cement particles, which makes the pore structure of blended pastes denser. As the hydration proceeds, there is a significant alteration in the role of metakaolin on the blended paste porosity. More specifically, beyond 1000 min hydration time, the porosity of blended cement paste except for MK20 is smaller than that of control paste. An explanation for this observation may be in connection with the high pozzolanic property of metakaolin that can be activated in alkaline paste solution at such an early age. The extra hydrated products produced from the pozzolanic reaction fill the pore gaps in blended pastes and make a denser microstructure. However, in the case of MK20, the dilution effect of metakaolin on hydration seems to override the pozzolanic effects, leading to a reduction in total solid hydrated products.

To verify the reliability of the impedance approach, the porosity predicted from this approach is compared to that from the MIP test. The objective of this part focuses on the stage after percolation, since the pore structure of blended paste is relatively mature at this stage. Fig. 6 compares the porosities obtained by the impedance approach (denoted as IA in Fig. 6) and MIP test at the middle moment of CE stage (denoted as CE) and ending moment of 1 d (denoted as E). The specific division of hydration process into different stages within 1 d for blended pastes can refer to our previous work [33]. For these two methods, the porosity ranking of blended pastes at (CE) moment is consistent with that of blended pastes at E moment: MK10 < MK5 < MK15 < MK20. This indicates that the impedance approach has a certain precision in predicting porosity and a 10% replacement level of cement with metakaolin seems to be optimal to refine pore structure. Apart from M15 at (CE) moment and M20 at the ending moment, most of porosities predicted from the impedance approach are larger than those from the MIP test, as shown in Fig. 6. This observation may be attributed to the rapid proceeding of hydration at an early age and inevitable time-consumption of pretreating blended paste samples for the MIP test, which makes the pore structure denser than expectation. However, the contrary cases occur for M15 and M20 at (CE) and ending moments, respectively. The probable reason is the mercury intrusion into blended paste samples during the MIP test process resulting in damage of original pore structure. From the comparison, it is highlighted that the impedance approach possesses a unique advantage in rapidly and nondestructively capturing the instant transformation of pore structure.

5.2. Pore size distribution
Pore size distribution can be regarded as a critical factor to reflect the cementitious material microstructure statistically [35]. This work adopted an impedance approach to predict the pore size distribution in the range of 6.2 nm ~ 10 μm which spans the entire distribution range of capillary pores. Fig. 7 illustrates the cumulative volume evolution of pore whose size locates in the ranges of 1-10 μm, 0.1-1 μm, 0.01-0.1 μm, and 0.0062-0.01 μm. The evolution trends of cumulative pore volume in these four distribution ranges are similar to that of porosity. It is no coincidence for this phenomenon. With the reduction in magnitude order of pore size, the inclination of curves for cumulative pore volume also decreases gradually, indicating that the cumulative volume of pores with larger size decreases more rapidly than that of pores with a smaller size. In general, the pores with large size are harmful to the durability of cement paste. Therefore, a large reduction rate of cumulative volume for pore with large size is beneficial for the refinement and densification of pore structure, which accords with general expectation. In addition, the reduction rate of cumulative pore volume for blended pastes begins to decline in the post-peak segment according to the slope evolution of curves. Even so, this type of rate for blended pastes with a replacement level no more than 10% is not smaller compared with the plain paste. In that context, the addition of metakaolin to cement pastes contributes to the refinement of the early-age pore structure after the presence of pozzolanic effects, when its content is smaller than 10%. Among the different pore size distribution ranges, the cumulative pore volume corresponding to the 0.01-0.1μm range is largest, which coincides with the general cases for the pore size distribution of cementitious materials [36].

5.3. Pore tortuosity and fractal dimension of pore tortuosity
Pore tortuosity and its corresponding fractal dimension are employed as two microscopic parameters in terms of microscopic scale to reveal the complexity of pore structure. Pore tortuosity and its fractal dimension versus hydration time for all pastes are exhibited in Figs. 8 and 9 (Note: impedance approach denoted as IA in Fig. 8). It should be noted that the trendline of these two parameters seems to be opposite to that of porosity. It may be no coincidence for this observation. The solid hydrated products precipitate and overlap each other, constructing the initial pore structure at the early hydration stage. As the hydration proceeding, the solid hydrated products fill in the pore space and obstruct the pore passage, resulting in not only the decrease of porosity but also the increase of tortuosity of the pore network. Furthermore, the impacts of metakaolin on pore tortuosity and its fractal dimension are considerable in Figs. 8 and 9. The potential mechanisms may be mainly correlated with the filling effect of metakaolin at the very beginning stage and with the pozzolanic effect of metakaolin at the later stage.

To further validate the reliability of the impedance approach presented in this work, Archie’s Law is adopted to predict the pore tortuosity. Based on [37], Archie’s Law is expressed as:

(6)



[bookmark: OLE_LINK4][bookmark: OLE_LINK5]where  and  denote the electrical resistivities of total cement paste and pore solution, respectively;  represents a cementation exponent, whose typical value ranges from 1.3 to 2.0 [38].


The results of pore tortuosity from Archie’s Law (denoted as AL in Fig. 8) are displayed in Fig. 8, which shows a good agreement between the predictions from the impedance approach and those from Archie’s Law. It is noteworthy that the cementation exponent  in this work is assigned as 1.86 [39]. 

[bookmark: OLE_LINK1]5.4. Mean pore diameter and maximal pore diameter
Mean and maximal pore diameters are adopted to investigate the pore structure of blended pastes in terms of a one-dimensional scale. The evolutions of mean and maximal pore diameters versus hydration time for different blended pastes are shown in Figs. 10 and 11, respectively. Except for the cement dissolution stage from beginning to around 150 min and metakaolin dissolution stage from around 500 min to 800 min [33], the decrease of these two diameters with hydration time is manifested, which is an indication for the densification process of pore structure. It is known that the filling effect of solid hydrated products makes the pore passage narrow and shrink the pore diameters, which is beneficial to the refinement of pore structure. 

5.5. Fractal dimension of pore surface
The fractal dimension of the pore surface can be used to quantitatively characterize the complexity of the microscopic pore structure of cementitious materials. The increase in the fractal dimension of pore surface means the increase in both irregularity of pore surface and complexity of pore structure [26]. The fractal dimension of the pore surface for blended pastes is obtained by fractal modeling of pore structure based on the above-mentioned thermodynamic method. Table 2 displays the fractal dimension of the pore surface and its relevant fitting regression coefficient at (CE) and E moments for different blended paste samples. All the values of the fractal dimension of pore surface are between 2 and 3, and all the fitting regression coefficients are close to 1. This indicates that there are remarkable fractal characteristics for all pore structure of blended pastes. As the hydration proceeds, there is a distinct growth in the fractal dimension of pore surface for different blended pastes, which implies the pore structure becomes complicated and mature increasingly. During the hydration process, the fresh solid hydrated products precipitate and pile up on the surface of previous hydrated products in a stepwise manner, which makes the pore surface rough and is responsible for the increase in the fractal dimension of pore surface.

It can also be observed in Table 2 that for different blended pastes, the ranking of fractal dimension of pore surface at both (CE) and E moments is M20 > M10 > M15 > M5. Due to the high content of metakaolin in the M20 system, a mass of unreacted metakaolin particles may scatter on the pore wall, resulting in the increment of roughness and fractal dimension of pore surface. When the replacement level of cement by metakaolin is less than 15%, the fractal dimension of the pore surface of M10 is the largest. It should be noted that the pore surface roughness of pastes with the metakaolin percentage of less than 15% is mainly correlated with the precipitation and stacking of products generated from the pozzolanic reaction. In that context, the M10 with metakaolin content of 10% has an optimal refined pore structure. This conclusion is in agreement with that in section 5.1.

6. Conclusions
In this paper, based on the fractal electrical and pore structure networks, an innovative impedance approach is proposed to characterize the early-age evolution of pore structure of blended cement pastes containing metakaolin. Besides, the fractal modeling of pore structure based on thermodynamics is adopted to study the fractal dimension of the pore surface of blended pastes. The following conclusions can be drawn:

(1) At the initial hydration stage, the rising trend of porosity is due to the dissolution of raw cement particles. There is a similar phenomenon present at around 500-800 min hydration stage, which is, however, dominated by the dissolution of metakaolin particles in the alkaline environment. The occurrence of maximum in porosity at the initial stage coincides with the occurrence of a saturation state of blended cement pastes.

(2) The impedance approach proposed has relatively high accuracy and may be an alternative method in characterizing the pore structure evolution due to its unique superiority of rapid and timely impedance response and nondestructive detection. Metakaolin has a significant impact on the evolution of pore structure, and its content of 10% is optimal to refine the early-age pore structure of blended cement pastes.

(3) The pore size distribution and two kinds of pore diameters keep the same evolution trend with porosity, while pore tortuosity and its fractal dimension evolve contrarily with porosity.

(4) Pore surface of metakaolin blended cement pastes is rather irregular but shows a distinct fractal characteristic. The fractal dimension of pore surface for blended pastes grows with the hydration time, which implies the pore surface becomes rough increasingly. 
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Appendix
In accordance with the fractal and electrical characteristics of pore structure of cementitious materials, some hypotheses are made: the geometric sizes of pores in various scale ranges comply with the fractal scale law [23], and the shape type of pore is cylindrical with smooth internal surface and full of an electrolyte solution. It should be noted that the pore branch of fractal pore structure network does not represent the real pore channel of cementitious materials but denotes a cluster of pores with similar geometric sizes among pore structure.



A branch of fractal electrical network is composed of equivalent electrical resistance, capacitance and inductance by means of series-parallel connecting mode. Herein, the electrical resistance effect is induced through migrating of charged ions in the pore channels, electrical capacitance effect is equivalent to the electrical double layer between surfaces of electrolyte solution and solid reacted product phase, and electrical inductance effect can be correlated with the tortuosity of pore channels [17]. Since fractal pore structure and electrical networks correspond to each other, the amount, , of branch stemmed from an identical branch at the upper level, and level number, , of a whole network are the same. To analyze the relationship between the electrical properties and pore structure quantitatively, both the electrical elements including electrical resistance, capacitance and inductance, and the geometric sizes of pore branch decrease progressively and proportionally with the level number.



According to the multi-level and multi-branch feature of fractal electrical, the equivalent electrical resistance, capacitance and inductance at level  and , can be expressed as follows [2]:

(1)

(2)

(3)

(4)

(5)

(6)





















where  and  represent the equivalent electrical resistance at level  and ;  and  represent the equivalent electrical capacitance at level  and ;  and  represent the equivalent electrical inductance at level  and ;  and , and  and  denote length and diameter of pore branch located at level  and ; , , and  are the conductivity of electrical resistivity, specific capacitance and magnetic conductivity of inductance, respectively.




[bookmark: OLE_LINK7]The ratio of diameter of pore branch at level  to that at level  is assigned as :

(7)

Similarly, the ratio for pore branch lengths at adjacent levels is assigned as :

(8)






From Eqs. (1)-(8), the relationships between  and ,  and , and  and , can be deduced as follows: 

(9)

(10)

(11)



where , , and  represent the ratios for equivalent electrical resistances, capacitances and inductances at adjacent levels, respectively.


From Eqs. (9)-(11), the relationships between equivalent electrical elements at level 0 and those at level  can be inferred step by step:
[image: ](12)

(13)

(14)



where , , and  are initial equivalent electrical resistance, capacitance and inductance at level 0.

1. Fractal dimension of pore volume





[bookmark: MTBlankEqn]With respect to fractal pore structure network with total level number of n, the diameter and length of initial pore branch at level 0 are given as  and , respectively. Similarly, the diameter and length of final pore branches at level n are given as  and . According to the evolution law of pore structure network, it can be inferred that the maximal and minimal pore branches are initial and final pore branches, respectively. Deducing stepwise with level number through Eqs. (7) and (8), the relationships between the geometric sizes of initial pore branch and final pore branches can be obtained as follows:

(15)

(16)


Based on geometric law of cylinder, the maximal volume  and minimal volume  of pore branches distributed in the fractal pore structure network can be expressed as follows:

(17)

(18)

According to the fractal characteristics of pore structure network and fractal scaling law [40], the total amount, , of pore branch in fractal pore structure network can be expressed as:

(19)

where  represents the fractal dimension of pore volume for fractal pore structure network.





According to the simultaneous system of Eqs. (15)-(19), the relationship among , ,  and  can be obtained as follows:

(20)



In addition, combining with the multi-level and multi-branch characteristics of fractal pore structure network,  can be expressed by  and  as follows:

(21)

And then,  can be solved through the simultaneous system of Eqs. (20) and (21).

(22)


It is worthy to be noted that  is a significant transition coefficient before the acquisition of pore structure parameters, so the solution of  is an important prerequisite.


Due to the considerable complexity of total electrical impedance calculated through the fractal electrical network, it is essential to simplify the calculative results of total electrical impedance appropriately under the condition that accuracy is assured. According to the fractal electrical network and recurrence relation of Eqs. (12)-(14), the electrical impedance of pore branches located at level k, , can be expressed as follows:

(23)


where  denotes the imaginary unit, and  represents angular frequency.


In the condition of , Eq. (23) can be simplified as:

(24)





And then through fractal electrical network and Eqs. (9)-(11), total electrical impedance can be expressed by  and . Therefore, the real-time ratios of  and  are solved by monitoring of cementitious material impedance. Subsequently,  is obtained by Eq. (22).

2. Pore volume and porosity

As the pore shape is irregular and the spatial arrangement of pore is extremely disorder in the inner pore structure of cement paste, the fractal characteristics is only meaningful in the perspective of probability statistics.


In accordance with probability statistics theory, the cumulative volume, , of pores whose volumes are smaller than  can be denoted as:

(25)







where  is the volume of pore with given diameter ,  is the porosity of cement sample,  is the volume of ring-shape cement sample detected by NCIM and its solving method can refer to previous literature [17],  is the probability density function of pore volume, and  is the probability distribution function of pore volume which denotes the ratio of cumulative volume of pores whose volumes are smaller than  to total pore volume of ring-shape cement sample.



Probability density function  of pore volume is similar with that of pore diameter referred to [23], so  can be expressed as:

(26)







The diameter and length of pore branch located at level  are assigned as  and , and the total level is assigned as , so the relationship of pore branch sizes between level  and level  can be obtained through the recursion of Eqs. (7) and (8). 

(27)

(28)

Based on the above analysis,  can be solved quantitatively.

(29)

With regard to the porosity , it can be solved by General Effective Media equation [41]:

(30)


where  is a formation factor of pore structure, and denotes a ratio of total resistivity of ring-shape cement sample to resistivity of pore solution. Therefore,  can be solved by Eq. (31).

(31)



where  represents the total resistivity of ring-shape cement sample, which can be calculated through the electrical impedance and volume of ring-shape cement sample;  denotes the resistivity of pore solution in cement sample and can be assigned as 0.25 for the cement paste with water to binder ratio of 0.4 [42].




Based on the above analysis, the cumulative pore volume  can be obtained by the substitution of ,  and  to Eq. (25).
The absolute value of difference between two cumulative pore volumes with different given diameters denotes the in-between cumulative volume of pores whose diameters distribute in the range of these two given diameters. Hence, this in-between cumulative volume of pores is adopted to characterize the pore size distribution.

3. Maximal and mean pore diameters

Maximal and mean pore diameters can be used to characterize the microstructure and reflect the compactness of pore structure to some extent. When the porosity of cement sample is known, the maximal pore diameter can be obtained by Eq. (32) [43].

(32)
Then the mean pore diameter can also be calculated by Eq. (33) [44].

(33)




where  is the maximal pore diameter of cement sample;  is the mean diameter of raw cement particle;  is the mean pore diameter of cement sample;  is the minimal pore diameter of cement sample and its value is approximately assigned as 6.2nm [17].

4. Pore tortuosity and its fractal dimension


The connectivity of pore structure can be characterized by pore tortuosity and its fractal dimension. In this work, the pore tortuosity, , is calculated through Eq. (34) [45].

(34)


When the pore tortuosity  is known, pore tortuosity fractal dimension, , can be obtained by Eq. (35) [23].

(35)

References
[bookmark: _ENREF_2_1][1] B. Lothenbach, K. Scrivener, R.D. Hooton, Supplementary cementitious materials, Cement Concr. Res. 41 (12) (2011) 1244-1256.
[bookmark: _ENREF_2_2][2] P. Chindaprasirt, S. Homwuttiwong, V. Sirivivatnanon, Influence of fly ash fineness on strength, drying shrinkage and sulfate resistance of blended cement mortar, Cement Concr. Res. 34 (7) (2004) 1087-1092.
[bookmark: _ENREF_2_3][3] R. Siddique, Metakaolin, Waste materials and by-products in concrete, Springer Berlin Heidelberg, 2008, pp. 41-92.
[bookmark: _ENREF_2_4][4] E. Güneyisi, M. Gesoğlu, A.O.M. Akoi, K. Mermerdaş, Combined effect of steel fiber and metakaolin incorporation on mechanical properties of concrete, Compos. Part B: Eng. 56 (2014) 83-91.
[bookmark: _ENREF_2_5][5] R. Siddique, M.I. Khan, Supplementary Cementing Materials, Springer, 2011, pp. 492.
[bookmark: _ENREF_2_6][6] P. Duan, Z. Shui, W. Chen, C. Shen, Influence of metakaolin on pore structure-related properties and thermodynamic stability of hydrate phases of concrete in seawater environment, Construct. Build. Mater. 36 (2012) 947-953.
[bookmark: _ENREF_2_7][7] H.W. Song, S.J. Kwon, Permeability characteristics of carbonated concrete considering capillary pore structure, Cement Concr. Res. 37 (6) (2007) 909-915.
[bookmark: _ENREF_2_8][8] T. Gonen, S. Yazicioglu, The influence of compaction pores on sorptivity and carbonation of concrete, Construct. Build. Mater. 21 (5) (2007) 1040-1045.
[bookmark: _ENREF_2_9][9] C.S. Poon, S.C. Kou, L. Lam, Compressive strength, chloride diffusivity and pore structure of high performance metakaolin and silica fume concrete, Construct. Build. Mater. 20 (10) (2006) 858-865.
[bookmark: _ENREF_2_10][10] E. Güneyisi, M. Gesoğlu, K. Mermerdaş, Improving strength, drying shrinkage, and pore structure of concrete using metakaolin, Mater. Struct. 41 (5) (2008) 937-949.
[bookmark: _ENREF_2_11][11] M. Frı́as, J. Cabrera, Pore size distribution and degree of hydration of metakaolin-cement pastes, Cem. Concr. Res. 30 (4) (2000) 561-569.
[bookmark: _ENREF_2_12][12] G. Jiang, Z. Rong, W. Sun, Effects of metakaolin on mechanical properties, pore structure and hydration heat of mortars at 0.17 w/b ratio, Construct. Build. Mater. 93 (2015) 564-572.
[bookmark: _ENREF_2_13][13] X. Wei, L. Xiao, Z. Li, Electrical measurement to assess hydration process and the porosity formation, J. Wuhan Univ. Technol. 23 (5) (2008) 761-766.
[bookmark: _ENREF_2_14][14] L. Xiao, Z. Li, Early-age hydration of fresh concrete monitored by non-contact electrical resistivity measurement, Cement Concr. Res. 38 (3) (2008) 312-319.
[bookmark: _ENREF_2_15][15] J. Yang, J. Huang, X. He, Y. Su, H. Tan, W. Chen, X. Wang, B. Strnadel, Segmented fractal pore structure covering nano- and micro-ranges in cementing composites produced with GGBS, Construct. Build. Mater. 225 (2019) 1170-1182.
[bookmark: _ENREF_2_16][16] Y. Gao, J. Jiang, G. De Schutter, G. Ye, W. Sun, Fractal and multifractal analysis on pore structure in cement paste, Construct. Build. Mater. 69 (2014) 253-261.
[bookmark: _ENREF_2_17][17] S.W. Tang, Z.J. Li, E. Chen, H.Y. Shao, Impedance measurement to characterize the pore structure in Portland cement paste, Construct. Build. Mater. 51 (2014) 106-112.
[bookmark: _ENREF_2_18][18] S.W. Tang, X.H. Cai, Z. He, W. Zhou, H.Y. Shao, Z.J. Li, T. Wu, E. Chen, The review of pore structure evaluation in cementitious materials by electrical methods, Construct. Build. Mater. 117 (2016) 273-284.
[bookmark: _ENREF_2_19][19] J. Kim, Y.C. Choi, S. Choi, Fractal characteristics of pore structures in GGBFS-based cement pastes, Appl. Surf. Sci. 428 (2018) 304-314.
[bookmark: _ENREF_2_20][20] X. Yang, F. Wang, X. Yang, Q. Zhou, Fractal dimension in concrete and implementation for meso-simulation, Construct. Build. Mater. 143 (2017) 464-472.
[bookmark: _ENREF_2_21][21] P. Xu, B. Yu, M. Yun, M. Zou, Heat conduction in fractal tree-like branched networks, Int. J. Heat Mass Transfer 49 (19) (2006) 3746-3751.
[bookmark: _ENREF_2_22][22] R.J. Cai, S.W. Tang, Z. He, The modeling of electrical property in porous media based on fractal leaf vein network, Int. J. Eng. Sci. 123 (2018) 143-157.
[bookmark: _ENREF_2_23][23] B. Yu, Analysis of flow in fractal porous media, Appl. Mech. Rev. 61 (5) (2008) 050801-050801-19.
[bookmark: _ENREF_2_24][24] S. Jin, J. Zhang, S. Li, M. Fan, Basic study on fractal characteristic of pore structure in cement mortar, ICCTP, 2009, pp. 1-7.
[bookmark: _ENREF_2_25][25] B. Zhang, W. Liu, X. Liu, Scale-dependent nature of the surface fractal dimension for bi- and multi-disperse porous solids by mercury porosimetry, Appl. Surf. Sci. 253 (3) (2006) 1349-1355.
[bookmark: _ENREF_2_26][26] S. Jin, J. Zhang, S. Han, Fractal analysis of relation between strength and pore structure of hardened mortar, Construct. Build. Mater. 135 (2017) 1-7.
[bookmark: _ENREF_2_27][27] Q. Zeng, K. Li, T. Fen-Chong, P. Dangla, Surface fractal analysis of pore structure of high-volume fly-ash cement pastes, Appl. Surf. Sci. 257 (3) (2010) 762-768.
[bookmark: _ENREF_2_28][28] Q. Zeng, M. Luo, X. Pang, L. Li, K. Li, Surface fractal dimension: An indicator to characterize the microstructure of cement-based porous materials, Appl. Surf. Sci. 282 (2013) 302-307.
[bookmark: _ENREF_2_29][29] Z. Yu, G. Ye, The pore structure of cement paste blended with fly ash, Construct. Build. Mater. 45 (2013) 30-35.
[bookmark: _ENREF_2_30][30] Z. Liu, Y. Zhang, Q. Jiang, Continuous tracking of the relationship between resistivity and pore structure of cement pastes, Construct. Build. Mater. 53 (2014) 26-31.
[bookmark: _ENREF_2_31][31] L. Xiao, Z. Li, New understanding of cement hydration mechanism through electrical resistivity measurement and microstructure investigations, J. Mater. Civ. Eng. 21 (8) (2009) 368-373.
[bookmark: _ENREF_2_32][32] L. Lam, Y.L. Wong, C.S. Poon, Degree of hydration and gel/space ratio of high-volume fly ash/cement systems, Cement Concr. Res. 30 (5) (2000) 747-756.
[bookmark: _ENREF_2_33][33] R. Cai, Z. He, S. Tang, T. Wu, E. Chen, The early hydration of metakaolin blended cements by non-contact impedance measurement, Cement Concr. Compos. 92 (2018) 70-81.
[bookmark: _ENREF_2_34][34] M. Antoni, J. Rossen, F. Martirena, K. Scrivener, Cement substitution by a combination of metakaolin and limestone, Cement Concr. Res. 42 (12) (2012) 1579-1589.
[bookmark: _ENREF_2_35][35] F. Massazza, G. Oberti, Durability of pozzolanic cements and Italian experience in mass concrete, ACI Symposium Publication, 1991.
[bookmark: _ENREF_2_36][36] G. Ye, X. Liu, G. De Schutter, A.M. Poppe, L. Taerwe, Influence of limestone powder used as filler in SCC on hydration and microstructure of cement pastes, Cement Concr. Compos. 29 (2) (2007) 94-102.
[bookmark: _ENREF_2_37][37] Y. Liu, P.K. Kitanidis, Tortuosity and Archie’s Law, in: P.K. Mishra, K.L. Kuhlman (Eds.), Advances in Hydrogeology, Springer, New York, 2013, pp. 115-126.
[bookmark: _ENREF_2_38][38] C. Haro, Permeability modeling in porous media, SPE, 2006.
[bookmark: _ENREF_2_39][39] Z. He, R. Cai, E. Chen, S. Tang, The investigation of early hydration and pore structure for limestone powder wastes blended cement pastes, Construct. Build. Mater. 229 (2019) 116923.
[bookmark: _ENREF_2_40][40] B. Yu, J. Li, Some fractal characters of porous media, Fractals 09 (03) (2001) 365-372.
[bookmark: _ENREF_2_41][41] J. Zhang, Z. Li, Application of GEM equation in microstructure characterization of cement-based materials, J. Mater. Civ. Eng. 21 (11) (2009) 648-656.
[bookmark: _ENREF_2_42][42] L. Xiao, X. Wei, Z. Li, Concrete hydration based on electrical resistivity measurement, Vdm Verlag Dr Müller, 2008.
[bookmark: _ENREF_2_43][43] B. Yu, M. Zou, Y. Feng, Permeability of fractal porous media by Monte Carlo simulations, Int. J. Heat Mass Transfer 48 (13) (2005) 2787-2794.
[bookmark: _ENREF_2_44][44] J. Cai, B. Yu, A discussion of the effect of tortuosity on the capillary imbibition in porous media, Transport Porous Med. 89 (2) (2011) 251-263.
[bookmark: _ENREF_2_45][45] B. Yu, J. Li, A geometry model for tortuosity of flow path in porous media, Chinese Phys. Lett. 21 (8) (2004) 1569-1571.


Figures
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Fig. 1. Particle size distributions for metakaolin and MHPC.
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Fig. 2. Fractal pore structure network.
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Fig. 3. Fractal electrical network.
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Fig. 4. Porosity evolution obtained by impedance approach for metakaolin blended cement pastes.
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Fig. 5. Schematic of early hydration process for metakaolin blended cement pastes.
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Fig. 6. Porosity comparison for metakaolin blended cement pastes between impedance approach (IA) and MIP test.
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Fig. 7. The evolution of pore size distribution obtained by impedance approach for metakaolin blended cement pastes.
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Fig. 8. The comparison of pore tortuosity for metakaolin blended cement pastes between impedance approach (IA) and Archie’s Law (AL).
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[bookmark: _Hlk53328888]Fig. 9. The evolution of fractal dimension of pore tortuosity obtained from impedance approach for metakaolin blended cement pastes.
[image: ]
Fig. 10. The evolution of mean pore diameter obtained from impedance approach for metakaolin blended cement pastes.
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Fig. 11. The evolution of maximal pore diameter obtained from impedance approach for metakaolin blended cement pastes.

Tables
[bookmark: OLE_LINK40]
Table 1 The oxide composition of metakaolin and MHPC.
	(mass %)
	CaO
	SiO2
	Al2O3
	SO3
	MgO
	K2O
	Fe2O3
	Na2O
	CO2
	P2O5
	TiO2
	Total

	Cement 
	61.28
	20.83
	5.76
	3.92
	2.51
	0.83
	3.21
	0.15
	0.70
	-
	-
	99.19

	Metakaolin 
	-
	53.23
	44.05
	0.13
	0.10
	0.57
	0.70
	0.35
	-
	0.51
	0.30
	99.94




Table 2 Fractal dimension of pore surface and its relevant regression coefficient for metakaolin blended cement pastes.
	Mix ID
	Moment
	DS
	R2

	M5
	(CE)
	2.9014
	0.9989

	
	E
	2.9208
	0.9993

	M10
	(CE)
	2.9421
	0.9988

	
	E
	2.9595
	0.9986

	M15
	(CE)
	2.9107
	0.9994

	
	E
	2.9537
	0.9992

	M20
	(CE)
	2.9433
	0.9989

	
	E
	2.9686
	0.9987
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