Electrical resistivity of partially-saturated alkali-activated slag containing sodium nitrite admixture
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Abstract: Electrical resistivity is a key durability indicator for evaluating the mass transport properties of cementitious materials particularly in partially-saturated states. In this work, the electrical resistivity of alkali-activated slag (AAS) with and without incorporation of sodium nitrite admixture, over a broad range of relative humidity (RH), is analyzed and compared to ordinary Portland cement (OPC) pastes. The van Genuchten equation and Archie equation are used to model the dependency of electrical resistivity of AAS on RH, degree of saturation, and pore structure parameters. The results show that at relatively high RH conditions (> 58%), the electrical conductivity of AAS is significantly affected by the pore structure and conductivity of pore solution. At relatively low RH (< 58%) conditions, the electrical conductivity of AAS is dominantly governed by the amount of adsorption water of reacted phases. Besides, the incorporation of sodium nitrite has multiple effects on the resistivity of AAS and OPC pastes, including provision of extra conductive ions in pore solution, pore structure refinement, and improvement of the water-binding capacity of reacted phases. 

Keywords: Alkali-activated slag; Electrical resistivity; Durability; Transport property; Sodium nitrite. 

1. Introduction
Alkali-activation of ground granulated blast-furnace slag (GGBS), a byproduct of pig iron industry, produces cementitious binders with potentially lower greenhouse gas emissions and better eco-efficiency than ordinary Portland cement (OPC) [1,2]. Moreover, alkali-activated slag (AAS) shows several superior durability performances over OPC-counterparts, including better resistance against water and chloride penetration and stronger protection against steel corrosion [3–7]. One of the main reasons responsible for the remarkable durability performances of AAS lies in its comparative strong mass transport resistance that microstructurally originates from its dense pore structure [4,5,8]. Nevertheless, the transport properties of AAS, particularly in partially-saturated states, were rarely reported, and it remains unclear how it is affected by pore structure, degree of saturation, and pore solution chemistry. 

One experimental method to quantify the transport property of partially-saturated porous media including hardened OPC and AAS, is based on the electrical resistivity measurements [9–14]. Electrical resistivity of partially-saturated porous materials can be straightforwardly measured and provides meaningful implications for other mass transport properties, e.g., water sorptivity and ionic diffusion coefficients [15–18]. For instance, the ionic diffusion coefficient of a porous medium drops with decreasing moisture content, which can be reflected in and correlated to its increasing electrical resistivity [9,19]. Although the electrical properties and its dependency on relative humidity (RH) of hardened OPC pastes, mortars, and concretes have been extensively documented, there is a lack of such investigation on AAS systems. Instead, only a few studies on the electrical resistivity of AAS materials exist in the literature with controversial results reported [4,20–22]. For example, Ma et al. found that AAS concrete has higher electrical resistivity than OPC concrete [4]; while Rovnaník et al. reported a lower electrical resistivity of AAS mortars than OPC mortars [22]. 

In comparison to hardened OPC systems, AAS of similar strength tends to have a pore solution of higher alkalinity and finer pore structure [23–25]. The phase assemblage and microstructure of AAS are also different from those of OPC systems due to differences in reactant chemistry and formation mechanism [26–28]. However, it remains unknown how the microstructural differences between OPC and AAS systems impact their electrical properties. Moreover, the chemistry of activator in AAS influences not only the phase assemblage, microstructure, and pore structure, but also its pore solution chemistry [26,28], all of which are directly related to the electrical resistivity properties. Nevertheless, few studies have ever investigated the effects of activator type on the electrical properties of AAS. 

On the other hand, the electrical resistivity of AAS and OPC may be influenced by the presence of other chemical admixtures, e.g., nitrite-based corrosion inhibitor [29,30]. Nitrite, as one of the inorganic anodic corrosion inhibitors, oxidizes ferrous ions into stable films (see Equations 1 and 2) and thus blocks passage of ferrous ions from the steel [31–33], thereby raising the chloride threshold level at which the passive corrosion turns into an active or pitting process [34].
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Based on this inhibiting mechanism, nitrite salts (e.g., Ca(NO2)2, NaNO2) have been commonly added in reinforced concrete to provide protection against electrochemical corrosion of steel reinforcement [35–38]. However, existing evidence suggests that the incorporation of nitrite salts may increase the ion diffusion coefficient of OPC-based concrete [38,39]. Nevertheless, the impacts of nitrite on the phase assemblage, microstructure, and electrical resistivity of AAS remain largely unexplored. 

This work aims to characterize and quantify the dependence of electrical resistivity of AAS pastes as a function of RH, degree of saturation, and pore structure parameters. The quantitative relationships among electrical resistivity, degree of saturation, and RH are further modeled using the van Genuchten equation and Archie equation. The AAS prepared by two types of activator (i.e., sodium hydroxide and waterglass) and reference OPC pastes with three water-to-cement ratios, are considered. The impacts of NaNO2 admixture on the phase assemblage, microstructure, and electrical resistivity of AAS and OPC pastes are also discussed. 

2. Methodology
2.1 Materials and Mixture
A commercial GGBS with specific gravity of 2.85 and an ASTM C150 Type I OPC with specific gravity of 3.15 are used. The oxide composition (X-ray fluorescence spectrometer) and mineralogical analysis (X-ray diffractometer) of GGBS and OPC are listed in Table 1 and Figure 1, respectively. As shown in Table 2, AAS mixtures prepared using sodium hydroxide (NH) or sodium silicate (NSi) activator and OPC mixtures of three water-to-cement (w/c) mass ratios (i.e., 0.29, 0.34, and 0.41) are considered. The NaNO2 is admixed at 5 wt.% of the binder (GGBS or OPC), as per our previous studies [40,41]. For all the AAS mixtures, the volumetric liquid-to-solid (i.e., activator-to-slag) is constant at 1.28 and the equivalent water-to-slag mass ratio is 0.45. For OPC mixtures, the P41 and P41-N are designed to have the same volumetric liquid-to-solid ratio as the AAS mixtures, rendering a corresponding w/c mass ratio of 0.41, considering the difference in specific gravities between GGBS and OPC. On the other hand, to prepare activators for AAS, technical-grade NH or NSi pellets were dissolved in deionized water and sealed in airtight containers to prevent carbonation and moist exchange with air, and then cooled down to indoor temperature (around 25 °C) before use. 

2.2 Water vapor sorption isotherms
The water vapor sorption isotherms (WVSIs) of AAS and OPC pastes were developed according to ASTM C1498, through measuring the moisture content of paste specimens equilibrated at various RH conditions. After being uniformly mixed as per ASTM C305, the fresh pastes were immediately poured into customized stainless steel molds to cast “mini-bar” prismatic specimens with a dimension of 12.5 mm × 12.5 mm × 150.0 mm. Owing to the small geometry of “mini-bar” specimens, the hardened pastes could reach hygroscopic equilibrium with the environment in a relatively short period (within two months). After casting, the specimens were covered by parafilm and cured in a moist cabinet (> 95% RH, 25 ± 0.5 °C) for 24 hours. After demolding, the samples were continued curing in the moist cabinet. At the age of 28 days, the “mini-bar” specimens were cut into prisms with a dimension of 12.5 mm × 12.5 mm × 60 mm and then placed in environmental containers maintaining various RH levels. Eight RH levels, including 43%, 58%, 69%, 75%, 84%, 94%, 97%, and 100%, were created by using saturated salt solutions (i.e., K2SO4, KNO3, KCl, NaCl, KI NaBr, and K2CO3) or deionized water according to ASTM E104. Meanwhile, the temperature was controlled at 25 ± 0.2 °C throughout the tests to minimize the influence of temperature fluctuation on the test results. To ensure repeatability, three duplicates were tested for each RH condition. 

After exposure to various RHs for at least 3 months, the specimens reached the hygroscopic equilibrium states as the mass change was weighted less than 0.1% within one week period. The mass of the specimens upon achieving the equilibrium at a specific RH, m, was measured using an analytical scale with a measuring precision of 0.0001 gram. The oven-dried mass of the specimens, , was weighted after drying at 105 °C for 48 hours. Therefore, the moisture content, , including both free water and physically adsorbed water, of the specimens equilibrated at various RHs can be calculated as: 
	
	
	(3)


It should be noted that the  of samples at 100% RH could be used to estimate its porosity (i.e., volumetric fraction of water-filled pores), which is denoted as . Also, the degree of saturation of samples, S, could be calculated as the ratio of the  of samples at a specific RH to the   of samples at 100% RH.

2.3 Electrical resistivity
The electrochemical workstation Reference 600+ (Gamry Instrument) was used to measure the electrical resistance of partially-saturated OPC and AAS pastes conditioned to various RHs. After reaching the hygroscopic equilibrium at various RH conditions, the same specimens for the WVSIs tests were attached between a pair of copper electrodes. Conductive gel was spread evenly on the 12.5 mm × 12.5 mm opposing faces of specimens to ensure sufficient conductivity and contact with electrodes. The electrical resistance of the specimens was tested by electrochemical impedance spectroscopy with 60 frequencies logarithmically distributed from 106 to 1 Hz. The entire process did not exceed 10 minutes to minimize the potential moisture exchange between the specimens and the ambient environment during data acquisition. The electrical resistivity of the specimens was calculated by multiplying the electrical resistance with a geometry factor of 2.604 mm. 

2.4 Porosity and Pore size distribution
The porosity (volume of permeable pore space) of hardened paste samples was determined as per ASTM C642 using the same batch of pastes as for the WVSIs tests. The samples were vacuum saturated first in a lime-saturated solution for 3 hours to minimize the outwash of ions and alkalinity loss from the pore solution. Then, the saturated surface dry mass, , and the apparent mass immersed in deionized water, , of the samples were measured, respectively. Afterwards, the oven-dried mass, , was measured after oven drying at 105 °C for 48 hours. Therefore, the ASTM C642 porosity, , of the samples can be calculated as follows:
	
	 
	(4)


Micromeritics AutoPore IV 9510 mercury intrusion porosimetry (MIP) was used to study the pore size distributions of hardened OPC and AAS pastes. The mercury was injected by a pressure ranging from 0 to 414 MPa, which is capable of acquiring the size of pore diameters down to around 3 nm [42]. The hardened pastes after curing for 6 months were first segmented into slices of about 2 mm and then immersed in isopropyl alcohol for at least 7 days, followed by 3 days vacuum drying at 40 °C. The use of solvent exchange and vacuum drying was to gently dry specimens to allow minimum alteration and disruption of pore structure [43].

On the other hand, the pore size distribution was also determined from the WVSIs using the Barett, Jonyer, and Halenda (BJH) method [44], which is based on the relationships among RH, curvature radius of meniscus in idealized cylindrical pores,  (Kelvin radius), and the capillary pressure, , through the Kelvin-Laplace equation. 
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where  is the density of pore liquid [g/m3]; M is the molar mass of pore liquid [g/mol];  is the universal gas constant [(8.314 J/(mol K)];  is temperature [K],  is the surface tension between pore fluid and vapor [N/m]. It should be noted that despite the simplification of cylindrical pore morphology, the BJH calculation can provide useful pore structure information at least for comparative purposes. 

2.5 Measurements of pH of pore solution
To estimate the electrical resistivity of pore solution in samples, the pH of the pore solution was measured. According to the literature [23,25,45], the extracted pore solution of AAS pastes is dominated by Na+ and OH-. As such, in this work, the pore solution composition was assumed to be a mixture of KOH and NaOH with a 2: 1 molar ratio for OPC pastes and NaOH only for AAS pastes, respectively. 

The pH of the samples was measured by using ex-situ leaching method. The pulverized samples of 5 grams with size below 150 μm were mixed with 10 ml deionized water at room temperature. After stirring for 5 min, the suspension was filtered through a 0.45 μm filter, and the pH of the obtained water extracted solution was measured by using a calibrated pH meter. Also, the free-water mass of the sample, , was obtained by measuring the mass loss of the sample after oven drying at 105 °C till reaching a constant value. The OH- concentration of pore solution, , can be calculated based on the OH- concentration of water extraction solution, , considering the dilution of ions [46]:
	
	(6)


Therefore, the electrical conductivity of pore fluid, , can be calculated as a weighted sum of the equivalent conductivity of each ionic species [47]: 
	
	
	(7)


where  and  are the species valence and molar concentration, respectively;  is the equivalent conductivity of a single ionic species, which can be calculated as the following:
	
	
	(8)


where  is the equivalent conductivity of ionic species at infinite dilution and  is an empirical coefficient, both of which are dependent on temperature;  is the ionic strength, which can be calculated as the definition:
	
	
	(9)



2.6 Phase and microstructural analysis
The phase assemblage and microstructure of hardened OPC and AAS pastes were characterized to understand their effects on electrical resistivity. After moist curing for 28 days, the reactions of samples were arrested by isopropanol exchange and vacuum drying. Then, the samples were pulverized passing through a 150 μm sieve and analyzed by using X-ray diffraction (XRD), thermogravimetry, and infrared spectroscopy (IR). More specifically, the PANalytical X’Pert PRO powder diffractometer in a conventional Bragg-Brentano θ-2θ configuration with CuKα X-ray (λ = 1.5418 Å), generated at 40 mA and 40 kV operating conditions, was used to study the crystalline phase formation in samples. The PerkinElmer 400 thermogravimetry was used to obtain the thermogravimetric and derivative thermogravimetric (TG-DTG) diagrams of the same samples as those in XRD analysis. About 50 mg powders were heated from 30 to 900 °C in the ceramic crucible at a heating rate of 20 °C/minute and in a gaseous nitrogen-purged environment at 20 ml/minute. The PerkinElmer Frontier IR single-range spectrometer with attenuated total reflectance accessory was used to obtain the spectra of the same powder samples as in the XRD tests. The IR spectra were collected in the absorbance mode from 4000 to 650 cm-1 at a resolution of 1 cm-1. 

The Hitachi S-3400N scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy (SEM-EDS) was used to examine the microstructure and composition of hardened OPC and AAS pastes. After curing for 28 days, the segmented specimens were first immersed in isopropyl alcohol for at least one week followed by vacuum drying at 40 °C for at least 3 days, and then impregnated with low-viscosity epoxy under vacuum. The samples were polished using diamond suspensions down to 1 μm and carbon-coated prior to data acquisition.

3 Results and Discussion
3.1 Phase assemblage and composition
Figure 1 shows the XRD spectra of hardened OPC and AAS pastes. As commonly observed [48], the main hydrated phases in OPC pastes are calcium-silicate-hydrate (C-S-H), portlandite, ettringite, and monosulfate (SO4-AFm), regardless of the w/c ratio. However, with the NaNO2 incorporation, a peak corresponding to NO2-AFm (basal spacing of 7.9 Å) appears instead of the SO4-AFm (basal spacing of 8.9 Å), suggesting the intercalation of nitrite anions in the interlayer space of AFm phases [39,49]. Also, calcite is observed in the OPC pastes likely due to carbonation during the sample preparation and tests.

In the NH-activated slag, the formation of calcium-aluminosilicate-hydrate (C-A-S-H) and hydrotalcite-type phases, i.e., Mg-Al layered double hydroxide (LDHs), are confirmed as the two main reacted phases [26,28,50,51]. However, in NSi-activated slag, with the incorporation of vitreous silica from the activator, the overall crystallinity levels of C-A-S-H and hydrotalcite phases are considerably reduced [26,28,52]. Alternatively, the lower reflection intensities of reacted phases in the NSi-activated slag may be attributed to a reduced degree of reaction (will be elaborated later). Due to the incorporation of NaNO2, the formation of nitrite-containing Mg-Al LDHs in NSi-activated slag is also observed [53], which is, however, not unequivocally detected in the NH-activated slag. 

Figure 2 shows the TG-DTG diagrams of OPC and AAS pastes. Consistent with the XRD results, the formation of C-S-H, ettringite, SO4-AFm, and portlandite is confirmed in OPC pastes. It can be seen that due to the incorporation of NaNO2, the mass loss humps at ~180 °C assigned to dehydroxylation of SO4-AFm, are shifted to ~270 °C, supporting the formation of NO2-AFm phases [39,49,54]. The substitution of the interlayer anion in AFm phases by the nitrite anions undermines the stability of the hydroxyl groups from the main layer (e.g. due to change of basal spacing) and thus leads to a lower temperature of dehydroxylation [55–57]. Also, the incorporation of NaNO2 slightly magnifies the mass loss humps at ~100-200 °C in OPC pastes, which is probably due to the alteration of surface property and water-binding capacity of C-S-H phases due to nitrite adsorption. 

Regardless of activator type, the presence of C-A-S-H and Mg-Al LDHs is observed in the TG-DTG diagrams of AAS. However, the mass loss of NH-activated slag is substantially greater than that of NSi-activated slag, indicating a higher degree of slag reaction. It should be noted that some previous studies indicate a higher degree of slag reaction in NSi-activated slag than NH-activated slag particularly at a later stage [26,28]; the probable reason for the discrepancy is due to the differences in slag chemistry and waterglass used. In addition, due to the NaNO2 incorporation, the mass loss humps that newly appeared at ~260 and ~320 °C confirm the formation of nitrite-containing Mg-Al LDHs, in agreement with the XRD results. Also, the mass loss humps associated with C-A-S-H are significantly magnified due to NaNO2 addition, which may also be attributed to the altered surface properties of gel products.

Figure 3 shows the IR spectra of OPC and AAS pastes. In the OPC pastes regardless of w/c ratio, the stretching vibration of Si-O-Si bonds at 950 cm−1 and S-O bonds at 1090 cm−1 confirms, respectively, the formation of C-S-H and SO4-AFm phases [58–60]. The formation of C-A-S-H in the NH- and NSi-activated slag is reflected by the asymmetric stretching vibration of Si–O–Si and Si-O-Al bonds at 950 cm−1 and 1015 cm−1, respectively [61]. Also, a stretching vibration and bending vibration of O-C-O bonds in the carbonate group (CO32-) is observed at 1477, 1417, and 875 cm−1 in all samples [62], due to the presence of calcite as also detected in XRD and TG-DTG results. The appearance of peaks at ~1240 cm-1 corresponds to nitrite in the form of N-O asymmetric stretching [63], which further confirms the formation of nitrite-AFm in OPC pastes and nitrite-intercalated Mg-Al LDHs in AAS. 

Figure 4 shows the SEM-EDS molar ratio plots to determine the type and composition of reacted phases in AAS pastes. It can be seen that a strong linear relation between the Mg/Si and Al/Si molar ratios exists, regardless of activator type, confirming the presence of Mg-Al LDHs with a Mg/Al molar ratio of around 1.7. The Al/Si molar ratio of the C-A-S-H (the intercept of Mg/Si versus Al/Si plot at Mg/Si = 0 [28]) in NSi-activated slag pastes (~0.32) is smaller than that in the NH-activated slag pastes (~0.45), owing to the additional reactive silica in the NSi activator. Besides, a strong linear relationship in the Al/Ca versus Si/Ca molar ratio is observed, suggesting the substitution of tetrahedral Si4+ in C-A-S-H by Al3+ [64]. It is also found that the incorporation of NaNO2 in AAS does not substantially affect the composition of reacted products, including the Al/Si ratio of C-A-S-H and Mg/Al ratio of Mg-Al LDHs.  

3.2 Porosity and Pore size distribution
The MIP porosity, , and  are compared in Figure 5.  It can be seen that the MIP porosity and  of OPC pastes tend to increase with increasing w/c ratio, but the  is comparable, indicating that the moisture condensation at 100% RH does not completely fill the large pores in OPC pastes. Nevertheless, for AAS and OPC pastes containing NaNO2, the values of  and  are comparable, indicating virtually complete moisture condensation in pores at 100% RH, probably due to relatively low water activity of their pore solutions owing to the presence of extra alkalis and nitrite ions. 

Figure 6 shows the MIP pore size distributions of hardened OPC and AAS pastes. The pore structure of OPC pastes tends to be coarser with the increasing w/c ratio, as evidenced by the greater proportion of pores larger than 50 nm in diameter. Comparatively, the AAS pastes, regardless of activator type, have noticeably narrow pore size distributions concentrating in the range of 5 ~ 25 nm in diameter [65]. In comparison to NSi-activated slag, the NH-activated slag pastes show a lower MIP porosity and more refined pore structure, which is supported by a higher reaction degree of slag as discussed before in the XRD and TG-DTG results. The incorporation of NaNO2 noticeably refines the pore structure of hardened OPC pastes, while its pore refinement effects on AAS pastes are comparatively subtle. 

Figure 7 shows the BJH pore size distributions of hardened OPC and AAS pastes. The BJH pore size distribution of OPC pastes shows little difference in the range smaller than 50 nm in diameter, regardless of w/c ratio. However, the pores larger than 50 nm in diameter cannot be reliably detected by the BJH method, which may be attributed to the fact that some large pores in OPC pastes are not filled with water at 100% RH, as discussed in Figure 6. Comparatively, the BJH pore structure of NH-activated slag is significantly finer than that of NSi-activated slag, which is consistent with the MIP results. The incorporation of NaNO2 refines the BJH pore structure and enlarges the volume fraction of pores smaller than 50 nm in diameter for OPC pastes, as also evidenced in the MIP results. However, regardless of activator type, the BJH pore structure of AAS pastes is slightly affected by the incorporation of NaNO2, which is also consistent with the MIP results. It should be noted that although the observation from MIP and BJH pore size distribution is rather consistent, the results may not be directly comparable due to their differences in measurement principle, applicability, and sample preparation method.

3.3 Moisture content versus Relative humidity
Figure 8 shows the WVSIs describing the RH versus moisture content, ,  relationships of OPC and AAS pastes. In 58% < RH < 100%, the corresponding Kelvin radius, r, is larger than 3 nm, which indicates that theoretically the pores with a diameter larger than around 6 nm drain [66]. It can be seen that the  of NH-activated slag pastes shows a gently falling trend with decreasing RH at this range, primarily due to its fine pore structure. As evidenced in the MIP and BJH pore size distributions, the volumetric fraction of pores with diameter larger than 6 nm is relatively small in NH-activated slag pastes. On the contrary, the  of NSi-activated slag pastes drops rapidly with decreasing RH at this range due to its large porosity and coarse pore structure. The fastest falling stage of WVSI in NSi-activated slag occurs at ~75% RH (r = 5 nm), corresponding to a characteristic pore diameter around 10~20 nm, which is close to the characteristic radius peaks observed in MIP and BJH pore size distributions. For OPC pastes, the falling slope of WVSIs is between NH- and NSi- activated slag pastes and independent of the w/c ratio. 

In RH < 58% (Kelvin radius r < 3 nm), the WVSIs show a similar slope for hardened OPC and AAS pastes despite different moisture content. Between 11% and 58% RH, the adsorbed water exists in multimolecular layers on surfaces of reacted phases in cementitious materials [67,68]. As such, the moisture content at 43% RH is considered as the amount of adsorbed water in hardened pastes (based on the mass after dried by isopropanol exchange and vacuum pumping drying), which is further compared against the bound water of reacted products calculated by the mass loss between 30 and 400 °C from TG-DTG diagrams. As shown in Figure 9, it can be seen that there exists a strong linear correlation between these two quantities with a slope of 0.78, confirming that the moisture content at low RH (< 58%) is highly dependent on the amount and/or water-binding capacity of reacted products. It should be noted that the ratio of adsorbed water and bound water content at 43% RH for model C-S-H, i.e., C3.4S2H3, is estimated as 0.89 by interpolation of the values at 11% RH and 23% RH after D-drying [68,69]. This theoretical ratio for C-S-H is smaller than the fitting slope of 0.78 in this study, mainly because of the presence of other reacted phases, including AFm, ettringite, and hydrotalcite. As such, the observation of similar changing slopes of WVSIs in this relatively low RH range between OPC and AAS pastes suggests that the desorption behavior of adsorbed water layers on reacted products (mainly C-S-H and C-A-S-H) is similar [70]. 

The incorporation of NaNO2 magnifies the moisture content to varying degrees at each RH for OPC and AAS pastes due to several potential effects. First, the incorporation of NaNO2 likely promotes the formation of C-S-H or C-A-S-H and/or improves the water-binding capacity, thereby increasing the adsorbed water content (see Figure 2). Second, the sodium and nitrite ion decrease the water activity of pore solution and then increase the Kelvin radius at the same level of RH. Third, the incorporation of NaNO2 leads to the finer pore size distribution and fewer large pores, which is significant for OPC pastes (see Figure 6 (a)).

3.4 Electrical resistivity versus Relative humidity
Figure 10 shows the RH versus electrical resistivity relationships of OPC and AAS pastes. When the RH exceeds 75%, the NH-activated slag pastes have significantly higher resistivity than OPC pastes despite of higher moisture content and greater conductivity of pore solution (see Table 3), because of its finer pore structure. The NSi-activated slag pastes show higher electrical resistivity than NH-activated slag pastes, despite of higher porosity, coarse pore structure, and higher moisture content, which is attributed to the lower conductivity of NSi pore solution (see Table 3). However, as RH drops to 43%, the NH-activated slag pastes show the lowest resistivity, followed by OPC pastes and NSi-activated slag pastes, which is correlated well to the amount of adsorbed water in the reacted phases. This observation indicates that the electrical conductivity of cementitious materials at low RH conditions is dominantly governed by the amount of adsorption water of reacted phases. 

The incorporation of NaNO2 tends to lead to a lower resistivity at each RH for hardened OPC and NSi-activated slag pastes. The primary reason is probably due to an increased moisture content at the same RH caused by refined pore structure and greater pore solution conductivity due to the incorporation of NaNO2. On the contrary, NH-activated slag pastes show a higher resistivity when RH exceeds 75% after the incorporation of NaNO2, the potential reason of which remains unclear and needs further investigation.  

3.5 Degree of saturation versus Relative humidity
The equation proposed by van Genuchten was used to model the WVSIs, which has been successfully applied in OPC systems [71,72]. The van Genuchten equation writes [73]:
	
	 
	(10)


where  is degree of saturation;  and  are two empirical parameters [unitless];  is a positive pressure [MPa] similar to the bubbling pressure in the Brooks and Corey model;  is a positive parameter [unitless] with a value typically between 0.3 and 0.6 for cementitious materials, which is related to pore size distribution. The relation between capillary pressure  and RH can be expressed by Equation (5). 

Figure 11 shows the results of experimental data and van Genuchten equation fitting for OPC and AAS pastes, with the obtained fitting parameters listed in Table 4. The high  value indicates the applicability of van Genuchten equation for both OPC and AAS systems, though some data points at 94% RH deviate from the curve. For the OPC pastes, the data points cluster in a narrow area denoting the minor effect of w/c ratio on the degree of saturation at the same RH. Also, the degree of saturation of OPC pastes is almost unaffected by the incorporation of NaNO2, despite significantly increased moisture content as evidenced in WVSIs. In comparison to OPC pastes, the NH-activated slag pastes have a higher degree of saturation at the same RHs with a noticeably larger . On the contrary, NSi-activated slag pastes have much lower degree of saturation at the same RHs with smaller  than OPC pastes. 

The incorporation of NaNO2 improves the degree of saturation at the same RHs for AAS pastes, regardless of activator type, with an increase of  from 85.0 to 99.9 for NH-activated slag and from 38.3 to 56.7 for NSi-activated slag. This phenomenon may originate from the pore refinement effects of the NaNO2 addition on AAS, as well as the reduced water activity of pore solution due to the presence of extra alkali and nitrite ions. 

3.6 Electrical resistivity versus Degree of saturation
The saturation factor  is commonly used to link the electrical resistivity of porous media in saturated and partially-saturated states. A simple power formula based on the Archie equation is used to describe the mathematical relationship of saturation factor and degree of saturation [74], 
	
	 
	(11)


where is the ratio of the resistivity in the saturated and partially-saturated states [unitless];  is a fitting parameter named saturation coefficient [unitless], with a value of 3.5–5 is reported for OPC-based materials [15,18,75]. The saturation coefficient is independent on the w/c ratio and commonly increases with the incorporation of slag and silica fume in OPC systems [76,77].

In this study, the saturation factor is calculated as the ratio of bulk electrical conductivities of paste specimens at specific RH and 100% RH. Figure 12 shows the relationship between the saturation factor and degree of saturation of OPC and AAS pastes. For NH-N and NSi-N, there exist some points with the saturation factor exceeding 1.0 because the alkali leaching from the specimen due to water condensation at the surface under relative high RH (> 97%) leads to an overestimation of electrical resistivity. The quantitative relationship of resistivity in the saturated and partially- saturated systems can be established except for NSi-N and the fitting parameters are listed in Table 4. It can be seen that hardened OPC pastes with various w/c ratios and NH-activated slag pastes have the same saturation coefficient  with a value of 5.45, close to the reported value for OPC pastes in the literature [15] but larger than the value for OPC mortars [18,75,76]; while NSi-activated slag pastes have a small saturation coefficient  of 2.18. The incorporation of NaNO2 leads to a smaller saturation coefficient  of 3.46 for hardened OPC and NH-activated slag pastes. 

Conclusions
In this work, the quantitative relationships between electrical resistivity, relative humidity, and degree of saturation of hardened OPC and AAS pastes containing sodium nitrite admixture are investigated. The following conclusions can be drawn: 

(1) In RH > 58%, the degree of saturation (or moisture content) of NSi-activated slag pastes drops fastest in water vapor sorption isotherms, following by hardened OPC and NH-activated slag pastes. It is mainly because NSi-activated slag pastes have large porosity and coarse pore structure. 

(2) In RH > 58%, electrical resistivity is the result of the combined effect of the moisture content and pore solution conductivity. In comparison to OPC pastes, NH-activated slag pastes have significantly higher resistivity at high RH due to its considerably finer pore structure and less amount of condensed water. NSi-activated slag, in comparison to NH-activated slag, has noticeably higher resistivity despite of the larger porosity and coarser pore structure, which is attributed to the low pore solution conductivity. 

(3) In RH < 58%, the water vapor sorption isotherms of OPC and AAS pastes show similar slope despite of noticeably different moisture content. It suggests that at low RH levels, the moisture content is more dominantly affected by the amount or/and binding water capacity of reacted products. The desorption behavior of adsorbed water layers on reacted products (mainly C-S-H and C-A-S-H) is similar between AAS and OPC at low RH conditions.

(4) In RH < 58%, the electrical resistivity of OPC and AAS pastes without sodium nitrite shows similar developing trends, suggesting that at low RH condition, the bulk electrical conductivity of partially-saturated systems is dominantly governed by the amount of adsorption water of reacted phases. 

(5) The incorporation of NaNO2 magnifies the moisture content at each RH for all mixtures to varying degrees, which is primarily attributed to the refined pore structure and partially to the reduced water activity. The incorporation of NaNO2 leads to a resistivity drop at RH > 58% for hardened OPC and NSi-activated slag pastes due to increasing pore solution conductivity but a resistivity growth for NH-activated slag because of the refined pore structure. 

(6) The van Genuchten equation and Archie equation can be successfully applied to establish the quantitative relationship among electrical resistivity, degree of saturation, and ambient RH for hardened OPC and AAS pastes. The fitting saturation coefficients  are 5.45 for hardened OPC and NH-activated slag pastes, 3.46 for hardened OPC and NH-activated slag pastes with NaNO2, and 2.18 for NSi-activated slag pastes. 
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[bookmark: _Ref49953495]Table 1 Oxide composition of GGBS and OPC 
	Mass (%)
	CaO
	SiO2
	Al2O3
	MgO
	Na2O
	TiO2
	Fe2O3
	S
	MnO2
	K2O
	LOI

	GGBS
	54.98
	24.15
	10.42
	5.05
	1.24
	1.05
	0.85
	0.63
	0.53
	0.35
	3.78

	OPC
	66.48
	20.17
	4.01
	0.85
	-
	-
	2.77
	2.05
	-
	0.58
	1.43


Note: LOI is measured at 900 ºC. 

[bookmark: _Ref49956572]Table 2 Mixture ratio of OPC and AAS pastes
	Mix ID
	Slag (%)
	OPC (%)
	NaOH (%)a
	Na2SiO3 (%)a
	NaNO2 (%)a
	Water-to-binder mass ratio

	P29
	-
	100
	-
	-
	-
	0.29

	P34
	-
	100
	-
	-
	-
	0.34

	P41
	-
	100
	-
	-
	-
	0.41

	P41-N
	-
	100
	-
	-
	5
	0.41

	NH
	100
	-
	6.45
	-
	-
	0.45

	NH-N
	100
	-
	6.45
	-
	5
	0.45

	NSi
	100
	-
	-
	9.84
	-
	0.45

	NSi-N
	100
	-
	-
	9.84
	5
	0.45


Note: a, the % is the percentage with respect to the binder (slag or OPC) mass. 

Table 3 Calculated pH and electrical conductivity of pore solution of OPC and AAS pastes 
	Mix ID
	pH of water extracted solution
	Calculated pH of pore solution
	Calculated conductivity of pore solution,  (S/m)

	P29
	12.733
	13.915
	0.156

	P34
	12.763
	13.911
	0.155

	P41
	12.798
	13.928
	0.160

	P41-N
	12.821
	13.799
	-

	NH
	13.123
	14.098
	0.212

	NH-N
	13.048
	14.014
	-

	NSi
	12.783
	13.663
	0.089

	NSi-N
	12.746
	13.627
	-



[bookmark: _Ref52816433]Table 4 Fitting parameters by van Genuchten equation and Archie saturation function for hardened OPC and AAS pastes
	Mix ID
	van Genuchten equation
	Archie saturation function

	
	 (MPa)
	
	
	
	

	P29
	71.0
	0.460
	0.9886
	5.45
	0.9833

	P34
	65.1
	0.450
	0.9955
	
	

	P41
	56.3
	0.439
	0.9894
	
	

	NH
	85.0
	0.439
	0.9352
	
	

	NSi
	38.3
	0.551
	0.9989
	2.18
	0.9758

	P41-N
	59.3
	0.450
	0.9855
	3.46
	0.9254

	NH-N
	99.9
	0.463
	0.9466
	
	

	NSi-N
	56.7
	0.551
	0.9799
	-
	-





(a)

 
(b)
[bookmark: _Ref42710018]Fig. 1 The XRD spectra of hardened (a) OPC pastes and (b) AAS pastes after moist curing for 28 days.


(a)


(b)
[bookmark: _Ref50806140]Fig. 2 The TG-DTG diagrams of hardened (a) OPC pastes and (b) AAS pastes after moist curing for 28 days.
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(b)
[bookmark: _Ref42692836]Fig. 3 The IR spectra of hardened (a) OPC pastes and (b) AAS pastes after moist curing for 28 days.
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(a)
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(b)
[bookmark: _Ref42678488]Fig. 4 Compositional plots of the phases in intact NH- and NSi- activated slag after curing for 28 days (a) molar ratios of Al/Si and Mg/Si; (b) molar ratios of Al/Ca and Si/Ca.
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[bookmark: _Ref52552391]Fig. 5 Comparison of porosity of hardened OPC and AAS pastes measured by using different methods. 
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(a) OPC
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(b) AAS
[bookmark: _Ref51252872]Fig. 6 The MIP pore size distributions of hardened (a) OPC pastes and (b) AAS pastes. 
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(b)
[bookmark: _Ref62309915]Fig. 7 The BJH pore size distributions of hardened (a) OPC pastes and (b) AAS pastes calculated from the WVSIs. 
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[bookmark: _Ref51255644]Fig. 8 Moisture content versus RH relationships for OPC and AAS pastes. 
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[bookmark: _Ref52747569]Fig. 9 The correlation between the moisture content of pastes equilibrated at 43% RH and the mass loss of pastes between 30 to 400 °C in TG-DTG diagram (the slope of line is about 0.78).
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[bookmark: _Ref52754823]Fig. 10 The resistivity at different RH for hardened OPC and AAS pastes. 
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(b)
[bookmark: _Ref50976859]Fig. 11 Degree of saturation versus RH relationships for (a) OPC and (b) AAS pastes. 
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[bookmark: _Ref52758276]Fig. 12 Relationship between the saturation factors and the degree of saturation for OPC and AAS pastes. The regressive saturation functions curves are also shown. 
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