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[bookmark: OLE_LINK3]Abstract: The quantitative relationship between electrical resistivity and corrosion rate of steel (noted as R-C relationships) is empirical but informative in indicating corrosion risk of reinforced concrete in complex environments. However, it remains unclear how the R-C relationship line is affected by the chemistry and microstructure of cementitious binders. In this work, the corrosion behaviors of steel embedded in alkali-activated slag (AAS) mortars with varying alkali dosages were investigated to uncover the role of hydroxide ion concentration (pH) of pore solution in R-C relationship lines. Additionally, the effectiveness of sodium nitrite as a corrosion inhibitor in AAS was evaluated under high pH and chloride-rich conditions, as well as its effect on the R-C relationships. The results show that the intercept of R-C relationship lines increases with the decrease of alkali dosage in activators, which is mainly attributed to the pH drop in cementitious materials. Moreover, the slope of R-C relationship lines is a parameter related to pore structure and has a linear correlation with the average pore diameter measured by mercury intrusion porosimetry. Additionally, the efficacy of sodium nitrite as a corrosion inhibitor in AAS is insignificant, likely due to its detrimental effect on pore structure and enhanced water absorption.
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1 Introduction
[bookmark: OLE_LINK2][bookmark: OLE_LINK10]Corrosion of steel reinforcement has been widely concerned for decades as one of the most serious durability challenges of concrete structures. It is well known that the corrosion behaviors of reinforcing steel embedded in concrete are highly influenced by the exposing environments (e.g., atmospheric relative humidity (RH) and wet-dry cycle), as well as concrete composition and microstructure (e.g., pore solution chemistry and porosity). In the meantime, the bulk electrical resistivity of concrete varies sensitively to its water content and pore solution conductivity, which is also dependent on the ambient RH and wet-dry history. As both the corrosion of steel and the electrical resistivity of concrete are simultaneously influenced by some common factors, an apparent linear relationship (noted as R-C relationships) can be established [1–3]. Despite the empirical nature of R-C relationships, it can reflect and inform the complex environment-dependent corrosion status and corrosion risk of steels in concrete through the easily measurable electrical resistivity of wet or dry concrete. 

[bookmark: OLE_LINK11][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Although R-C relationships are commonly described as a linear relation in the logarithmic coordinates for a certain cement type and corrosion condition [3–12], their regression parameters, i.e., intercept and slope, show considerable variation among the published results [8,9]. Specifically, it was reported that the intercept is almost independent on the water-to-cement (w/c) ratio [10], age [3,7], and chloride content [3,4] of cementitious materials; however, the intercept is unequivocally affected by binder composition and corrosion condition [1,2]. For instance, hardened alkali-activated slag (AAS) with lower pH or carbonated ordinary Portland cement (OPC) pastes tend to have a larger intercept [3,4]. As revealed in our previous work [3], the value of the intercept in R-C relationship lines is largely governed by the pH of pore solution in cementitious matrices. Nevertheless, more experimental evidence is needed to further verify this explanation. Similarly, the slope of R-C relationship lines is material-related parameter dependent on binder type and composition. It was reported that the R-C relationship of AAS (around -2) have a steeper slope than that of OPC (around -1) [3]. Moreover, the reduction of slope after the incorporation of supplementary cementitious materials (SCMs) such as slag, fly ash, and natural pozzolans, was observed in OPC-based materials, as shown in Table 1. Unfortunately, the specific influencing factors and material parameters responsible for the variation of slope value in R-C relationship line have not been unambiguously determined yet. 

[bookmark: _Ref106965406]Table 1 The intercept and slope of R-C relationship lines
	Ref.
	Mixture
	Intercept
	Slope

	C. Alonso, et al. [13]
	Ordinary Portland Cement
	-
	-0.72

	
	Slag Cement
	-
	-1.07

	
	Ordinary Portland Cement+30% Fly Ash
	-
	-1.08

	
	Pozzolanic Cement
	-
	-1.06

	
	Fly Ash Cement
	-
	-1.06

	
	Sulphate Resistance Portland cement
	-
	-1.11

	Tian, et.al. [3]
	NaOH-activated slag
	3.70
	-2.03

	
	Na2CO3- or Na2SiO3- activated slag
	5.00
	-2.20

	
	Ordinary Portland Cement
	1.42
	-0.95



[bookmark: OLE_LINK17][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK9]To uncover the reasons responsible for the discrepancy in regression parameters of R-C relationship lines, non-Portland binders, such as alkali-activated binders, are chosen in this work considering the following reasons. First, alkali-activated binders, produced through industrial byproducts activated by alkaline solution, have remarkably different chemistries and properties from OPC-based materials, which may lead to distinctive corrosion behaviors [14–16]. Therefore, it potentially provides broader datasets about the impact of chemistry and microstructure of cementitious binders on R-C relationship lines. Second, the microstructure and properties of alkali-activated binders are designable by adjusting the type and dosage of activators. For instance, the pore solution chemistry, e.g., hydroxide ion concentration (pH), which electrochemically affects the corrosion behaviors of steel, can be reasonably controlled in AAS binder by the alkali dosage and activator type [17–19]. Nevertheless, the impact of alkali dosage in activators on the corrosion behaviors of steel in alkali-activated binders is rarely studied. 

[bookmark: OLE_LINK19][bookmark: OLE_LINK12][bookmark: OLE_LINK20]Moreover, the impact of additionally introduced ions derived from admixtures used to improve concrete performance, e.g., nitrite-based corrosion inhibitors, on R-C relationships has not been reported. In most cases, the incorporation of nitrite-based corrosion inhibitors could delay corrosion initiation and reduce corrosion rate of steels in OPC-based concrete [20–22] by releasing nitrite ions [23–30] to react with ferrous ions to form a film of Fe2O3 [31,32]. However, some studies reported compromised compressive strength and increased chloride diffusivity in the nitrite-admixed concrete [21,22], and in some circumstances, the increased corrosion rate of steel after depassivation [33]. More in-depth investigations are needed to explain the phenomenon and further evaluate the inhibitive effectiveness of nitrite-based admixtures on steel corrosion embedded in AAS-based materials.

[bookmark: OLE_LINK21]Except for the lack of extensive investigations on corrosion behaviors in various cementitious materials, the inhomogeneous and ambiguous conditions around steel rebar surfaces are another huge obstacle to revealing the mechanism of the R-C relationships in previous investigations. For instance, representative values of moisture content and chloride ion concentration are difficult to detect accurately due to their variability in cover concrete. The uncontrollable and non-uniform corrosion conditions and the measurement error of relevant electrochemical and material parameters may obscure valuable findings of R-C relationships, particularly in humidity disequilibrium conditions. In this work, small-size mortar specimens are specifically designed to ensure strict stability and consistency of various steel corrosion conditions, e.g., humidity equilibrium, degree of saturation, chloride content, and pH value. Although the corrosion behaviors of rebar in small specimens differ from that in full-scale members, this tightly controlled variable test is necessary and beneficial for mechanistic studies. Specifically, corrosion behaviors of steel embedded in AAS mortars prepared using activating solutions of different alkali dosages and with or without nitrite-based corrosion inhibitors were investigated, aiming at revealing the impact of pH and nitrite ions. Moreover, the relevant material parameters, i.e., pore solution chemistry, porosity, and pore size distribution, were measured and characterized to explore the potential impact of these parameters on R-C relationship lines. This work expands the knowledge, particularly the role of pore solution alkalinity and pore structure, of the electrochemical corrosion mechanism underlying R-C relationship lines.

2 Methodology

2.1 Materials and Mixtures
[bookmark: OLE_LINK5][bookmark: OLE_LINK23][bookmark: OLE_LINK24]The AAS mortars of different alkali dosages were prepared by mixing ground granulated blast-furnace slag (GGBS), sodium hydroxide (NaOH) solution, and quartz sand, as shown in Table 2. The used GGBS has a specific gravity of 2.85 and oxide composition (X-ray fluorescence) as listed in Table 3. Analytical-grade NaOH pellets and deionized water were used to prepare activating solutions, and quartz sand of 0.4~1.1 mm was used. The mass ratio of water-to-slag and the mass ratio of sand-to-slag were, respectively, controlled at 0.4 and 1.5 for all mixtures. The mass percentage of equivalent sodium oxide (Na2Oeq) in the NaOH activator with respect to slag was varied at 2.5%, 5%, and 7.5%, and the corresponding mixtures are acronymized as NH-A2.5, NH-A5, and NH-A7.5, respectively. In addition, to investigate the impact of nitrite-based inhibitors on corrosion behaviors of steel bars in AAS mortars, 5% analytical-grade sodium nitrite (NaNO2) w.r.t slag mass was incorporated (noted as NH-A5N). To depassivate steel and maintain its active corrosion state, analytical-grade sodium chloride (NaCl) equivalent to 1.8% chloride w.r.t slag mass (i.e., Cl%) was incorporated in AAS mortars. The dosage of added chloride was determined according to the medium chloride content of concrete experiencing cyclic seawater wet-dry exposure for a long term [37,38]. 

[bookmark: _Ref81652912]Table 2 Mixture ratio of AAS mortars
	Mixture ID
	GGBS (wt. %)
	Na2Oeq (wt. %)
	NaNO2 (wt.%)
	NaCl (wt. %)
	Water-to-slag mass ratio
	Sand-to-slag mass ratio

	NH-A2.5
	100
	2.5
	-
	2.97
	0.4
	1.5

	NH-A5
	100
	5.0
	-
	2.97
	0.4
	1.5

	NH-A7.5
	100
	7.5
	-
	2.97
	0.4
	1.5

	NH-A5N
	100
	5.0
	5.00
	2.97
	0.4
	1.5


[bookmark: OLE_LINK25]Note: % is the mass percentage with respect to slag mass.

[bookmark: _Ref81836693]Table 3 Oxide composition of GGBS
	Mass (%)
	CaO
	SiO2
	Al2O3
	MgO
	Fe2O3
	SO3
	SO3
	TiO2
	MnO2
	LOI

	GGBS
	40.73
	32.53
	13.82
	6.33
	0.31
	3.16
	1.13
	1.28
	0.17
	0.54


Note: LOI is measured at 900 ºC. 

2.2 Specimen preparation
The GGBS, quartz sand, and activator were homogenously mixed as per ASTM C305 procedures for 5 minutes, and the fresh mortar samples were immediately poured into molds and gently vibrated for 3 minutes for better compaction. Then, the molded specimens were covered by parafilm and cured in a moist cabinet with a temperature of 25 ± 0.5 °C and relative humidity (RH) over 95%. The specimens were demolded after curing for 24 hours. 

Various types of mortar specimens were cast for different performance and characterization tests, as summarized in Table 4. The plate specimens with a thickness of 10 mm were prepared for electrochemical tests, similar to those used in our previous work [3]. As illustrated in Fig. 1, each plate specimen included six carbon steel bars (Chinese standard Q235), a stainless-steel grid (Chinese standard Q304), and an Ag/AgCl powder sintering sensor. After demolding, the electrodes in plate specimens were welded with copper wires and the exposed parts of steel bars were sealed by epoxy resin to prevent possible crevice corrosion. Afterward, the specimens were sealed in plastic bags to avoid carbonation and minimize steel corrosion and then matured at 25 ± 0.5 °C for 56 days to mitigate the aging effect. Cylindrical specimens with a diameter of around 25 mm were prepared and matured for 56 days on the sealed condition and then segmented into slice samples or pulverized into powder samples for porosity test, pore size distribution characterization, moisture content measurement, and pore solution chemistry test, as elaborated later. All the specimens were prepared from the same batch of AAS mortar mixture to reduce the potential errors of mixing, batching, and sampling. 

[bookmark: _Ref105066138]Table 4 Summary of sample types and test methods.
	Sample type
	Conditions
	Test parameters
	Test techniques and specifications

	Plate specimens
(10 mm × 100 mm × 105 mm)
	56 days
Different RH levels
	Corrosion rate
Electrical resistivity
	Linear polarization resistance 
Electrochemical impedance spectroscopy

	Slice samples
(Thickness around 2 mm or 5 mm)
	56 days
	Moisture content
Porosity
Pore size distribution
	ASTM C1498
ASTM C642
Mercury intrusion porosimetry

	Powder samples
(Less than 150 μm)
	56 days
	Pore solution chemistry
Thermogravimetry 
	Chloride titrator, pH meter
Thermogravimetry analysis



[image: 图示

描述已自动生成]
[bookmark: _Ref81822293]Fig. 1 Specimen geometry and instrumentation with embedded carbon steel bars, stainless steel grid, and Ag/AgCl reference electrode [3].

 2.3 Electrochemical test

2.3.1 Exposure conditions
After curing for 56 days, plate specimens were exposed to various RH levels of 97%, 84%, 69%, and 58% sequentially, which were maintained, respectively, by saturated salt solutions of K2SO4, KCl, KI, and NaBr at 25 ± 0.2 °C as per ASTM E104. These saturated salt solutions could maintain the specific vapor pressure of the water, thereby controlling the RH inside the container. In practice, this method could control the environmental RH within 1% for at least six months. Thanks to the small thickness (10 mm), the hardened AAS mortar plate specimens could quickly reach hygroscopic equilibrium with the ambient RH, identified as the daily mass change of specimens being less than 0.1% as per ASTM C1498. According to our experience [23], reaching equilibrium took less than one week for two adjacent relative humidity levels with a small RH change (e.g., 97% RH to 84% RH). Therefore, electrochemical tests were performed by using Gamry Reference 600+ potentiostat after specimens were exposed for 7 days at a specific RH level and then specimens were transferred to the next RH level.  

2.3.2 Corrosion rate
Linear polarization resistance method was performed in a three-electrode configuration to measure corrosion rate of steel in plate specimens, that is the corrosion current density. The polarization resistance, , of the carbon steel bar was measured by scanning from -10 mV to +10 mV with a rate of 10 mV/min at the open circuit potential. The ohmic resistance, , for IR-drop correction was experimentally obtained by impedance spectroscopy measurements from 105 to 1 Hz at ± 10 mV around the open circuit potential in the same configuration. IR-drop-free polarization resistance, , was corrected by subtracting the ohmic resistance  from the measured polarization resistance, . Eventually, the corrosion rate of steel, , was calculated as follows:
	
	
	(1)


where B is an electrochemistry parameter with the value of 26 mV for iron in an active state. It should be noted that the corrosion rate in this work represents the average corrosion rate of the total surface area of steel exposed to cementitious materials. The plate specimens allowed six independent measurements of corrosion rate for carbon steel bars for calculation of the mean and error bar to ensure the data reliability.

2.3.3 Electrical resistivity
Electrochemical impedance spectroscopy method was applied to measure the electrical resistance, , of AAS mortars between two adjacent carbon steel bars in a two-electrode configuration using the same measurement parameters as in the ohmic resistance measurement for IR-drop correction. The electrical resistivity,  , of mortars could be calculated as follows:
	
	
	(2)


where  is the cross-sectional area, which is 100 mm × 10 mm in this case;  is the distance between two adjacent steel bars, which is 15 mm. The plate specimens allowed five independent measurements for the data reliability and mean and error bar calculation.

Additionally, formation factor, F, as an indicator of the ion diffusion property of cementitious materials, can be calculated by the electrical resistivity in a saturated state [34,35]:
	
	
	(3)


where  is the electrical resistivity of cementitious materials in a saturated state;  is the electrical resistivity of pore solution. In this work, the mortar samples conditioned to 97% RH were considered as the saturated state.

2.4 Moisture content
Moisture contents of hardened AAS mortars were developed using slice samples with a thickness of around 5 mm as per ASTM C1498. For each mixture, three duplicates were exposed to a specific RH level for two weeks to reach the hygroscopic equilibrium state (daily mass change less than 0.1%), weighted by an analytical scale with a measuring precision of 0.0001g, and then transferred to the next RH level. The same four RH levels as in the electrochemical test, i.e., 97%, 84%, 69%, and 58%, were applied. After determining the hygroscopic-equilibrated mass at a specific RH, m, and the oven-dried mass at 105 °C for 48 hours, , the moisture content  at a specific RH could be calculated as: 
	
	
	(4)



2.5 Pore solution chemistry
Chloride and hydroxide ion concentrations in pore solution were measured using the cold water extraction method [36,37]. Specifically, 10 g powder mortar samples with a particle size of less than 150 μm and 10 ml deionized water were mixed together and stirred for 5 minutes. After leaching for another 5 minutes, the suspension was filtrated through a 0.45 μm nylon syringe filter to remove solid particles. The pH value of water extraction solution was measured immediately by a Metrohm SevenCompact pH meter. Similarly, another suspension was prepared, filtrated after leaching for 24 hours, and then titrated by 0.1 M AgNO3 solution using a Metrohm Titrando 905 titrator to determine the chloride ion concentration.

The dilution in the process of water extraction was considered in the calculation of pore solution composition. Specifically, the ionic concentration of pore solution, , was calculated from the measured ionic concentration of water extraction solution, , as following[36]:
	
	
	(5)


where  is the mass of water extraction solution, which is 10 g in this work;  is the free-water mass in samples determined by weighting the mass loss before and after oven drying at 105 °C for 48 hours. Additionally, the electrical conductivity of pore solution was calculated following the method developed by Snyder et al [38]. 

2.6 Porosity and Pore size distribution
The porosity (water-permeable pore volume fraction) of hardened AAS mortars at 56 days was determined as per ASTM C642 and noted as . Specifically, the oven-dried mass at 105 °C for 48 hours, , saturated surface-dry mass, , and apparent mass immersed in water, , were weighted by an analytical scale with a precision of 0.0001g. As such, the ASTM C642 porosity,  , of hardened mortars was obtained as the following equation:
	
	
	(6)



Additionally, MIP porosity, denoted as , and pore size distribution of hardened AAS mortars was detected by mercury intrusion porosimetry (MIP). Specifically, the hardened mortar samples at 56 days were segmented into slices with a thickness of about 2 mm. To preserve the integrity of pore structure as much as possible, samples were first immersed in isopropanol for 7 days for solvent exchange and then dried in a vacuum at 40 °C for 3 days [39]. Micromeritics AutoPore IV 9510 was applied to measure pore structure by injecting mercury into samples with a pressure from 0 to 414 MPa, corresponding to the smallest detectable pore diameter of around 3 nm (contact angle was assumed as 130º) [40].

2.7 Thermogravimetry analysis
Hardened mortar samples were first dried with the same method as MIP tests and then ground to powder samples with a particle diameter of less than 150 μm. Afterward, about 50 mg powders were heated from room temperature to 800 °C at a heating rate of 20 °C/min in a gaseous nitrogen-purged atmosphere. Thermogravimetric and derivative thermogravimetric (TG-DTG) curves were measured through a PerkinElmer 400 thermogravimetry analyzer.

3 Results and Discussion

3.1 Properties of cementitious materials

3.1.1 Thermogravimetry analysis
Fig. 2 shows the TG-DTG curves of AAS mortars incorporated with different alkali dosages and nitrite inhibitors. The formation of C-A-S-H and Mg-Al LDHs is confirmed as the main products of NaOH-activated AAS, respectively assigned to the mass loss humps at ~100-200 °C and ~250-350 °C in the TG-DTG curves. Comparing NH-A2.5, NH-A5, and NH-A7.5, AAS with a higher alkali dosage has a substantially larger mass loss hump of C-A-S-H than that with a lower alkali dosage, indicating its higher degree of alkali activation reaction. The difference in degree of alkali activation reaction is mainly attributed to the various alkali content and pH value of activator solution. The main product of Mg-Al LDHs is in the form of Cl-LDHs corresponding to the mass loss humps at ~350 °C because interlayer ions are replaced by the incorporated chloride ions [24,41]. Besides, a newly appeared mass loss hump at ~270 °C is observed after the incorporation of NaNO2 inhibitor (comparing NH-A5 and NH-A5N), confirming the formation of NO2-LDHs [42–44]. In addition, the mass loss hump associated with C-A-S-H is slightly magnified after NaNO2 incorporation, which is probably attributed to the altered surface properties and water binding capacity of C-A-S-H phases. 

[image: ]
[bookmark: _Ref132381722]Fig. 2 TG-DTG curves for hardened AAS mortars

3.1.2 Porosity and Pore size distribution
ASTM porosity (water-permeable porosity) and MIP porosity of hardened AAS mortars are compared in Table 5. It should be mentioned that the ASTM porosity is significantly larger than MIP porosity for the same mixture because the pore smaller than 3 nm in diameter is hardly detectable by MIP. Moreover, the drying process of tested samples are quite different for these two methods, i.e., oven drying at 105 °C for ASTM porosity and isopropyl alcohol exchange followed by vacuum drying at 40 °C for MIP porosity. Although there is a discrepancy between the value of porosities obtained by these two methods due to their quite different measuring principles, the general trend is consistent. More specifically, the AAS mortar with high alkali dosage in activators has small total porosity because of a higher degree of reaction caused by higher alkali dosage (i.e., more Na2Oeq available for chemical reaction and precipitation in final solid products) [45,46]. Besides, a slight enlargement of both ASTM porosity and MIP porosity is observed in AAS mortars incorporated with sodium nitrite, implying the potential detrimental role of sodium nitrite in pore formation and refinement. 

Fig. 3 shows the relative proportion distribution of pores in different diameters, i.e., gel pore (2~10 nm), capillary pore (10 nm~10 μm), and air void (>10 μm), of AAS mortars, which is calculated based on the MIP pore size distribution curves. Despite the underestimation of pores with a diameter smaller than 2 nm (3 nm in this case) or larger than 10 μm, MIP could provide valuable pore size information at least for comparative purposes. In this case, the remarkable discrepancy among mixtures is observed and confirmed in pore structure by comparing their volume percentage of pores with different diameters. Specifically, with the increase of alkali dosage, AAS mortars have a small proportion of pores with size concentrated in the gel pore range (2~10 nm) but more pores in the capillary pore range (10 nm~10 μm). It suggests that higher alkali dosage in AAS mortars could coarsen the pore size distribution, despite reducing total porosity. This observation is consistent with the decreasing formation factor (see Table 6) (i.e., enlarged pore network connectivity) in AAS mortars with higher alkali dosage, since the capillary pores usually dominate the ion diffusion performance in cementitious porous media. Additionally, the incorporation of sodium nitrite has an insignificant impact on both pore size distribution and volume percentage of different pores.

[bookmark: _Ref99570914]Table 5 Porosity of hardened AAS mortars
	Mix ID
	ASTM porosity, 
	MIP porosity, 

	
	
	

	NH-A2.5
	0.207
	0.171

	NH-A5
	0.185
	0.120

	NH-A5N
	0.195
	0.132

	NH-A7.5
	0.183
	0.109



[image: ]
[bookmark: _Ref106697946]Fig. 3 Volume percentage of pores with different diameters for hardened AAS mortars. (Gel pore 2~10 nm, Capillary pore 10 nm~10 μm, Air void >10 μm)

3.1.3 Pore solution chemistry
Table 6 lists the pore solution composition of hardened AAS mortars, including the hydroxide ion concentration and chloride ion concentration, together with the calculated parameters of pore solution (i.e., pH, the ratio of chloride ion concentration to hydroxide ion concentration noted as [Cl-]/[OH-], electrical conductivity, and water activity). It is reasonable to observe that the pH of pore solution in AAS mortar increases with the increase of alkali dosage in activators, but is barely affected by the incorporation of sodium nitrite. Moreover, the chloride ion concentration is well controlled at around 1.1 mol/L for different AAS mixtures, suggesting a comparable chloride binding capacity among all AAS mortars. As such, with the rising hydroxide ion concentration in pore solution, the [Cl-]/[OH-] decreases as designed, however, the electrical conductivity of pore solution inevitably increases and water activity decreases. Moreover, the hardened AAS mortar with the incorporation of sodium nitrite has higher electrical conductivity and lower water activity of pore solution because of the extra introduced sodium ions and nitrite ions.

[bookmark: _Ref83482506][bookmark: _Ref106702136]Table 6 Pore solution composition, electrical resistivity at 97% RH (saturated state), and formation factor of hardened AAS mortars
	Mixture ID
	Calculated pH of pore solution
	OH-
concentration (mol/L)
	Cl-
concentration (mol/L)
	NO2-
concentration (mol/L)
	[Cl-]/[OH-]
	Conductivity of pore solution*
(S/cm)
	Water activity%
	Resistivity of mortar
(Ohm·m)
	Formation factor

	NH-A2.5
	13.502
	0.317
	1.030
	-
	3.24
	0.129
	0.9596
	466.7
	6029

	NH-A5
	13.774
	0.595
	1.114
	-
	1.87
	0.174
	0.9504
	70.4
	1225

	NH-A5N
	13.743
	0.554
	1.118
	0.31#
	2.02
	0.186
	0.9406
	69.5
	1292

	NH-A7.5
	13.923
	0.838
	1.182
	-
	1.41
	0.211
	0.9418
	41.8
	881


*Electrical conductivity of pore solution was calculated by assuming that pore solution consists of NaOH, NaCl, and NaNO2. 
#Nitrite ion concentration is evaluated based on the reported experiment [47] tested by titration method, i.e., nitrite ion concentration in pore solution of 0.141 mol/L according to the incorporation of 1.5% mass ratio of nitrite to cement. In this study, the mass ratio of nitrite to cement is 3.33%, thus the evaluated nitrite ion concentration in pore solution is 0.31 mol/L.
%Water activity of aqueous with multi-solutes is calculated based on Ross’s equation [48]. The water activity of NaOH [49], NaCl [50,51], and NaNO2 [52] refer to the relevant literature.

3.2 Corrosion behaviors of steel in mortars

3.2.1 Electrical resistivity versus relative humidity
The curves of electrical resistivity of hardened AAS mortars versus ambient RHs are shown in Fig. 4. It is observed that the electrical resistivity of mortars significantly increases with the drop of RH for all mixtures due to the reduction of moisture content inside specimens, as shown in Fig. 5. Moreover, the electrical resistivity significantly reduces with the increase of alkali dosage in activators at each RH, despite the lower moisture content. It implies that the coarser pore size distribution with more capillary pores and air voids and fewer gel pores (see Fig. 3), together with higher electrical conductivity of pore solution (see Table 6), dominates the electrical resistivity reduction. Besides, the electrical resistivity of AAS mortars marginally reduces after the incorporation of sodium nitrite despite the difference in moisture content and introduction of sodium and nitrite ions, likely due to the relatively coarser pore structure of hardened AAS mortar incorporated sodium nitrite offsets their impact on electrical resistivity (see Table 5 and Fig. 3).
[image: ]
[bookmark: _Ref106701357]Fig. 4 Electrical resistivity of hardened AAS mortars versus relative humidity.
[image: ]
[bookmark: _Ref106701613]Fig. 5 Moisture content of hardened AAS mortars versus relative humidity.

3.2.2 Corrosion rate versus relative humidity
Fig. 6 shows the corrosion behaviors of steels in hardened AAS mortars exposed at different RHs. The corrosion rate decreases with the drop of RH accompanied by the increase of electrical resistivity for each mixture, as commonly reported. On the contrary, the corrosion rate at 97% RH (in the saturated state) decreases with the increase of alkali dosage in activators accompanied by the drop of electrical resistivity in Fig. 7, which is the opposite of the commonly reported R-C relationship. According to the former analysis, the reduction of corrosion rate in AAS mortars with increasing alkali dosage in the saturated state (equilibrated at 97% RH) is attributed to the drop of [Cl-]/[OH-], and the simultaneous decrease of electrical resistivity is mainly due to the increasing electrical conductivity of pore solution and decreasing formation factor (see Table 6). It implies that the role of hydroxide ion concentration (pH) in R-C relationship line is quite different with other factors, e.g., RH, chloride content, and w/c ratio, which will be elaborated later.

Moreover, at low and moderate and relative humidity (lower than 84% RH), harden AAS mortar with 5% alkali dosage has lower corrosion rate than AAS with 2.5% alkali dosage, likely due to the higher hydroxide ion concentration in pore solution. However, when the alkali dosage increases to 7.5%, corrosion rate of steels conversely increases despite the high pH in pore solution. It is probably attributed to the coarser pore size distribution and higher water content because of lower water activity in pore solution. Overall, the 5% alkali dosage is a suitable alkali content in activators for durability against steel corrosion, which can properly increase the alkalinity in pore solution, as well as lead to limited deterioration of the pore structure and increase of water absorption capability.

Additionally, with the incorporation of sodium nitrite, no significant reduction in corrosion rate at 97% RH is observed (saturated state), considering the measuring error. Moreover, there is an increase in corrosion rate at 84% RH for AAS mortars with the incorporation of sodium nitrite responding to the drop of electrical resistivity (see Fig. 4) by comparing NH-A5 and NH-A5N. It is attributed to the higher water absorption capability due to the lower water activity (see Table 6) of hardened AAS mortar incorporated sodium nitrite, in which extra ions from the inhibitor are introduced into pore solution. Based on Kelvin-Laplace equation [53], the smaller water activity of pore solution liquid leads to the lower vapor pressure of the water (relative humidity) inside specimens thereby increasing the water absorption capability, which has been reported in the published literatures [54,55]. In general, there is no benefit found for steel corrosion control of the nitrite-admixed AAS mixture in chloride-contaminated conditions in this case.

[image: ]
[bookmark: _Ref106703665]Fig. 6 Corrosion rate of steels in AAS mortars versus relative humidity.

3.3 Mechanism underlying R-C relationships

3.3.1 Fitting of R-C relationship lines
The R-C relationship lines are fitted by the data of electrical resistivity of AAS mortars versus corrosion rate of steels in a logarithmic coordinate system, as shown in Fig. 7. There is a strong linear correlation between the electrical resistivity and corrosion rate for each mixture with a high goodness-of-fit R2 as listed in Table 7. However, the large discrepancy among the R-C relationship lines of different mixtures is observed with different values of intercepts and slopes. Specifically, the R-C relationship line of NH-A2.5 is located at the top right position with the steepest slope of -2.27 and the largest intercept of 6.38. However, the R-C relationship line drifts towards bottom left (decreasing intercepts) and has more gradual slopes with the increase of alkali dosage in activators by comparing NH-A2.5, NH-A5, and NH-A7.5. Besides, harden AAS mortars with and without the incorporation of sodium nitrite share approximately the same R-C relationship line within the margin of error. Such discrepancy of R-C relationship lines can be explained by the differences in pore solution chemistry and pore structure among mixtures in the next sections. 
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[bookmark: _Ref106639347]Fig. 7 Mechanism underlying R-C relationships for AAS mortars with different alkali dosages. The effect of pH in pore solution and degree of saturation on electrical resistivity and corrosion rate are opposed. (The dotted line represents the critical corrosion rate of icorr = 0.1~0.2 μA/cm2.)
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	Mix ID
	R-C relationship line

	
	Slope
	Intercept
	Critical resistivity % (Ohm·m)
	R2

	NH-A2.5
	-2.27
	6.38
	1783
	0.9873

	NH-A5
	-2.03
	3.75
	219
	0.9838

	NH-A5N
	
	
	
	

	NH-A7.5
	-1.68
	2.62
	143
	0.9714


% The critical resistivity corresponds to the critical corrosion rate of icorr = 0.1 μA/cm2.

3.3.2 Intercept of R-C relationship lines
By comparing the corrosion behaviors of designed AAS mortars with various alkali dosages, the impact and mechanism of hydroxide ion concentrations (pH) in pore solution on R-C relationships is presented in Fig. 7. With the increase of hydroxide ion concentration, the electrical resistivity decreases owing to the increase of electrical conductivity in pore solution (see Table 6 and Fig. 7). While the corrosion rate also decreases with the rising hydroxide ion concentration because of the simultaneously reduced [Cl-]/[OH-] ratio (see Fig. 7). Eventually, the R-C relationship lines drift towards left and down as indicated by the red arrow. It is opposed to the nature of the R-C relationship lines, in which the corrosion rate increases but electrical resistivity decreases due to the increase of degree of saturation, as indicated by the blue arrow. Therefore, hydroxide ion concentration in pore solution is confirmed as the main reason responsible for the drift of R-C relationship lines (change in intercept) through the above mechanism. Moreover, the mechanism can explain the reported fact that the intercept of the R-C relationship line of OPC-based materials becomes larger after carbonation and incorporation of SCMs [4,13], which is likely attributed to the potential drop of pH in pore solution.

It should be noticed that the formation factor has a limited impact on the intercept of R-C relationship lines. Although the formation factor of AAS mortars (related to the pore structure) is also inevitably changed when the alkali dosage varies (see Table 6). However, it is reported that cementitious materials with different water-to-binder ratios or curing ages, which is associated with the change of formation factor, commonly share the same R-C relationship line [3,4,56]. Additionally, the corrosion rate of steel in a saturated state tends to decrease with the increase of alkali dosage in Fig. 7, which cannot be explained by the reduction of formation factor. Because the decreased formation factor usually leads to a larger corrosion rate and smaller electrical resistivity.

3.3.3 Slope of R-C relationship lines versus average pore diameter.
The slope of R-C relationship lines is a material-related parameter dependent on binder types, which is commonly around -1 for hardened OPC materials and -2 for hardened AAS materials [3,4,13,56]. It is found that the slope of R-C relationship lines increases with the average pore diameter detected by the MIP method in this case, as shown in Fig. 8 (solid points). Combining with the data in our previous work (hollow points) [3], an empirical linear correlation between slope and average pore diameter is established, which proves that the slope is a parameter related to pore structure. Furthermore, the finding is also supported by the reported fact that the slope of around 1.08 for hardened OPC blended with SCMs, e.g., slag, natural pozzolan, and fly ash, is higher than that of 0.71 for hardened pure OPC materials [13], which is likely attributed to potential denser pore size distribution.
[image: ]
[bookmark: _Ref106705943]Fig. 8 Slope of R-C relationship lines versus average pore diameter detected by MIP method
  
4 Conclusions
This work aims to investigate the effect of hydroxide ion concentration (pH) on R-C relationship lines of AAS mortars with varying alkali dosages. Besides, the effectiveness of sodium nitrite as a corrosion inhibitor in AAS mortars was evaluated. The following conclusions can be drawn:

(1) The durability of AAS materials against steel corrosion is remarkably affected by the alkali dosage. Properly increasing the alkali content (from 2.5% to 5%) can slow down the corrosion of steel by reducing the ratio of chloride ion concentration to hydroxide ion concentration ([Cl-]/[OH-]) in pore solution. However, excessive alkalinity (7.5% in this case) leads to coarse pore structure, which is harmful to the durability against steel corrosion.

(2) No significant corrosion rate reduction in AAS materials is observed after the incorporation of sodium nitrite at the same RH levels. It implies that the corrosion inhibitor effectiveness of sodium nitrite is insignificant in chloride-contaminated AAS materials after steel depassivation, which is likely attributed to the increased water absorption capability (higher water content) due to additionally introduced sodium and nitrite ions that lower water activity of pore solution.

(3) Hydroxide ion concentration in pore solution is the main reason responsible for the drift of R-C relationship lines. With the decrease of hydroxide ion concentration, the corrosion rate of steel increases because of the rising ratio of chloride ion concentration to hydroxide ion concentration ([Cl-]/[OH-]) and the electrical resistivity increases due to the drop of electrical conductivity in pore solution, which jointly lead to the increase of intercept of R-C relationship lines.

(4) The slope of R-C relationship lines is a material parameter related to the pore structure of cementitious materials. A positive linear correlation between the slope and average pore diameter is found and determined for hardened OPC and AAS materials.
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