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The purpose of this paper is to investigate the hydration behavior of hardened Portland cement paste cured in different environmental pH values by compressive strength, XRD, TG-DTG and EIS. Meanwhile, a newly proposed equivalent circuit model is built to establish the correlation between the electrochemical parameters and compressive strength of cement paste. The results show that the matrix strength, hydration products and pore structure of hardened cement paste are significantly affected by different pH values. According to the in-situ nondestructive monitoring of EIS, the evaluating for the matrix strength of cement-based materials can be achieved by calculating the resistivity of discontinuous connected pores (Rcp) in the recommended equivalent circuit model.
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1 INTRODUCTION
With the rapid development, industrial waste pollution and urban pollution are gradually expanding, which changes the environmental pH value, especially the pH of groundwater (Hernandez-Vargas et al., 2018). As the most widely building materials used in civil engineering, the cement-based materials are subjected to attack from groundwater. A variety of physical and chemical interactions occur between cement-based materials and the service environments, which may lead to decomposition of hydration products and defects in matrix structure, and further weaken the mechanical properties and durability of the building structures (Li et al., 2018).
There are lots of investigation about the macroscopic characteristics and pore structure of cement-based materials exposed to various aggressive environments (Bertron et al., 2005; Kazemian et al., 2011; Li et al., 2017a). The resistance to seawater corrosion of the cementitious systems has been studied and it is found that the decline in compressive strength is mainly due to the attacks of chloride, sulfate, and magnesium ions in seawater (Li et al., 2017b). In addition, Yimmy Fernando Silva et al. had investigated the replacement of Portland cement by the residue of masonry in self-compacting concrete to improve the resistance to sulfates (Na2SO4 and MgSO4), a decrease of more than 50% in expansion and less degradation of the compressive strength, caused by lower content of C3A (Silva and Delvasto, 2021).
The commonly used methods for measuring the pore structure of cementitious materials are mercury intrusion porosimetry (MIP) and nitrogen adsorption (BET). However, the above methods should require the specimen destruction and only reflect the pore structure characteristics of the small part in specimen, not the whole pore structure. Therefore, in this paper, in order to effectively reflect the changes of the whole sample structure, the electrochemical impedance spectroscopy (EIS) method are introduced to the study of pore structure changes in cementitious materials.
As a nondestructive monitoring method, EIS method can be used to characterize the internal microstructure of cementitious materials and effectively evaluate the mechanical properties, permeability and durability of concrete (Jain and Neithalath, 2011; Ortega et al., 2015; He et al., 2018). Meanwhile, the method can effectively avoid the effects of local sampling and pretreatment on the microstructure of specimens (Diamond, 2000a; Lloyd et al., 2009; Thomas et al., 2011; Ismail et al., 2013; He et al., 2018). There are lots of investigation about the effect of water-cement ratio and mineral admixtures on the internal conductivity and capacitance parameters in the cement system by EIS (Dong et al., 2016; Dong et al., 2019; Hassi et al., 2020). Additionally, the effect of mineral admixtures on the durability of cement mortars was conducted by EIS (Hassi et al., 2020). The experimental results showed that the addition of 10% fly ash and 10% silica fume could increase the corrosion resistance under the chloride ions (Hassi et al., 2020). The characterization of carbonation behavior of fly ash blended cement materials also was studied by the electrochemical impedance spectroscopy method (Dong et al., 2016). The functional relationship has been built among the fitted parameters of the model and the carbonation time and predicted the carbonation depth of fly ash bended cement materials (Song, 2000; Cruz et al., 2013; Hu et al., 2019).
Based on EIS analysis, the relationship has been established between the compressive strength and the electrochemical parameters (Rs and Rct) of hardened cement pastes, Biqin Dong (Dong et al., 2017) found that the electrochemical impedance spectrum parameter Rct1 had a similar growth trend with compressive strength, and established a relationship between compressive strength and Rct1. Additionally, Chi (Chi et al., 2019) established a clear linear relationship between the impedance logarithm measured by EIS and the compressive strength of cement slurry. The numerical equation of resistivity and strength was established by Gusheng Wei (Wei et al., 2012). By measuring the resistivity of cement within 24 h, the standard strength of unknown cement within 28 days was determined. Tiantian Guo (Guo et al., 2021) found that the compressive strength showed a similar trend to the impedance parameter Rs, the correlation between Rs and compressive strength can be fitted by a linear equation. but few investigations have referred the relationship between the resistivity of discontinuous connected pores (Rcp) and the compressive strength. Therefore, in this paper, the mathematical relation between the discontinuous pore and strength will be analyzed.
The purpose of this paper is to investigate the effect of different environmental pH values on the hydration behaviors of hardened Portland cement paste by in-situ nondestructive monitoring method (EIS), so as to realize the prediction of the matrix strength of cementitious materials. In this paper, the hardened cement paste is firstly prepared and cured in different environmental pH values. Then, the compressive strength, X-ray diffraction (XRD), thermal analysis (TG-DTG) and EIS are conducted to study the performance, phase analysis and pore structure of Portland cement paste. Finally, a new equivalent circuit is proposed to build the quantitative relation between matrix strength and the calculated discontinuous pores.
2 EXPERIMENTAL PROGRAMS
2.1 Materials
In this paper, Portland cement (P.I 42.5R) was obtained from Shandong Lucheng cement Co., Ltd. The phase compositions were presented in Table 1, respectively. The sodium hydroxide (NaOH) purchased has a purity of 96%, with white granular. The hydrochloric acid (HCl) was manufactured with a content of 36%–38%, and density of 1.18 g/ml.
TABLE 1 | The chemical compositions of the Portland cement/wt%.
[image: Table 1]2.2 Paste preparation
All cement pastes were prepared at a constant water-cement ratio of 0.4. The fresh cement pastes were cast into the mold with the size of 20 × 20 × 20 mm and cured at 20 ± 2°C and RH of 95 ± 5% for 24 h. After demolding, the prepared specimens were immersed in three different curing environments (pH = 3, 7 and 12) until the required age for testing.
2.3 Test methods for cement paste
2.3.1 Compressive strength test
The compressive strength was measured at 1, 3, 7 and 28 days by the microcomputer-controlled electronic universal testing machine (WDW-300) with a uniform loading rate of 0.2 mm/min. The average of six samples with the size of 20 × 20 × 20 mm was the measured compressive strength at the tested age.
2.3.2 X-ray diffraction
The hardened cement pastes were broken into small pieces and then immersed in anhydrous ethanol for 24 h to terminate the hydration process. The crushed cement paste pieces were further ground into powder with a particle size smaller than 80 µm and dried in a vacuum oven at temperature of 60°C. The cement powders were characterized by XRD (RigakuD/max2550) with a scan rate of 10°/min and 5–85° (2θ) scanning range.
2.3.3 Electrochemical impedance spectroscopy
After the cement paste was poured into the plastic mold, two electrode sheets were fixed in the paste and connected to the test apparatus. The EIS measurements were conducted via a PARSTAT 2273 Electrochemical Workstation with an AC voltage of 30 mv, using the frequency range from 1 Hz to 1 MHz.
2.3.4 Thermal analysis (TG-DTG)
The dried cement pastes were ground into powder with a particle size of less than 75 µm. A comprehensive thermal analyzer (BJ-HCT-3) was used to carry out thermal analysis on approximately 15 mg of powder samples, which was heated from 20 to 1,000°C at a rate of 10°C/min under a nitrogen atmosphere.
2.3.5 Ultra depth of field microscope
The samples cured at 28 days were soaked in ethanol for 24 h to terminate hydration. The samples were dried in a vacuum dryer for 24 h until their mass was constant. Ultra-depth of field microscope (Leica DVM6) was used to observe the pore structure of samples at 100 times magnification.
2.3.6 Scanning electrical microscopy
The sampling method is the same as the super-depth of field test. After the dried samples are sprayed with gold, the microstructure of the bulk samples is observed by a Merlin Compact field emission scanning electron microscope manufactured by Carl Zeiss NTS GmbH, Germany.
3 RESULTS AND DISCUSSION
3.1 Compressive strength
Figure 1 shows the influence of different pH values on the compressive strength of hardened Portland cement. The test results show that the compressive strength of all samples increases significantly with the curing age due to the further hydration of the cementing material in the hardened slurry. When the hydration age is 3 days, the compressive strength of (23 MPa) at pH = 7 is significantly higher than that at pH = 3 (18 MPa) and pH = 12 (19 MPa), and the influence of acidic erosion solution on the strength is more obvious. This is due to the fact that CH and C-S-H gels in the hydration products of silicate cement are the most vulnerable substances in the cement paste to be damaged by erosive media (De Windt and Devillers, 2010; Gutberlet et al., 2015; Yang et al., 2018; Muthu et al., 2021).
[image: Figure 1]FIGURE 1 | Compressive strength of cement pastes in different pH values.
On the one hand, CH is sensitive to acid, easy to have acid-base neutralization reaction with acid, quickly dissolve in acidic environment; The stable existence of C-S-H depends on alkaline environment with pH higher than 12.4 (Renaudin et al., 2009; De Weerdt and Justnes, 2015; Liu et al., 2021). On the other hand, the degradation of C-S-H structure was aggravated by the continuous decrease of basicity of pore solution caused by the consumption of CH. The loss of CH and decomposition of C-S-H lead to the continuous increase of the porosity of cement slurry, resulting in the formation of relatively loose microstructure, and the decline of mechanical properties of cement slurry. However, in the alkaline erosion environment, after cement hydration (3 days), the alkali in the solution rapidly dissolves into the liquid phase. Since the nucleation of CH is controlled by its solubility product KCH (KCH = [Ca2+] [OH−]), the additional OH− can nucleate CH rapidly and precipitate, resulting in the decrease of Ca2+ in the solution and promoting the reaction (1). (2) To the right to accelerate the hydration of cement clinker minerals C3A and C3S (Shayan, 1989; Dove, 1999; Xue et al., 2022). The crystallization growth of hydration products such as C-S-H, Ca(OH)2 and AFt was promoted. A large number of generated hydration products make the pores of the slurry filled (Grutzeck, 1999). However, due to the excessive and rapid generation of hydration products in the early stage, the distribution of the products is uneven, resulting in the reduction of the compressive strength of the cement in the early stage of hydration.
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At the later stage of hydration (7–28 days), compared with the specimens with pH value of 7, the matrix strength of pH 3 and 12 hardened cement paste decreased more slowly compared to the early stage by 6.4% and 9.67%, respectively. The effect of alkaline conditions on the later compressive strength of the cement is even more. This may be due to the fact that OPC contains a large amount of CH inside, thus promoting the formation of calcium alumina from C3A and CaSO4·2H2O (Wang et al., 2016), Causes a continuous increase in the volume of the solid phase, generating a continuous increase in the crystallization pressure in the internal micropores of the cement paste, which results in significant cracks inside the specimen and eventually leads to a decrease in the strength of the cement paste under alkaline conditions of erosion. The pH value of pore solution has an effect on the stability of AFt, and the addition of alkali promotes the transformation of AFt into AFm (Tteardon, 1994; De Windt and Devillers, 2010).
3.2 XRD
Figure 2 shows the XRD patterns of Portland cement samples exposed to solutions of different pH values. There are significant differences in phase content of erosion products under different curing environments and erosion ages. In the early stage of cement hydration, C3S and C2S are gradually consumed to produce a small amount of AFt and Ca(OH)2 (Shimada and Young, 2004).
[image: Figure 2]FIGURE 2 | XRD of cement pastes at different ages.
As shown in Figure 2, the diffraction peaks of dicalcium silicate and tricalcium silicate are weaker than those of cement slurry in alkaline environment, which indicates that alkaline environment can promote the hydration process of cement. The content of CH reached the maximum at 7 days, while at 28 days of hydration, the diffraction peak of CH decreased significantly in alkaline environment, The CH content reached the maximum at 7 days, while the diffraction peak of CH in alkaline environment decreased significantly when the hydration age reached 28 days. The diffraction peak of AFm gradually appeared, indicating that CH was gradually consumed in the late stage of hydration, resulting in the gradual conversion of AFt to AFm.
In order to better analyze the effect of pH on the hydration products of the hardened cement paste, the diffraction peaks of the cement hydration products CH and AFt are plotted in this paper. Figure 3 shows the diffraction peaks of CH on (001), (100), (101) and (102) crystal planes at different angles (18.12°, 28.77°, 34.17°, 50.88°). As can be seen from the figure, the characteristic peak of CH shifted to the left with the increase of pH value, which indicates that the nucleation of CH crystal can be promoted in the hardened cement slurry cured at pH = 7 and 12, resulting in the increase of the size of CH crystal. At the same time, it is found that the diffraction peak of CH increases gradually with the increase of pH value, which further indicates that CH is easily consumed by H+ under acidic conditions (Mohit et al., 2021).
[image: Figure 3]FIGURE 3 | CH and AFt diffraction peak in Silicate cement paste (28 days).
It can be found that several major diffraction peaks of AFt are shifted to the left at pH = 12. This indicates that the alkaline environment can induce a larger spacing between the crystalline surfaces of AFt, an increase in the aspect ratio of AFt, and a morphological shift from columnar to fine needle-like (Ramachandran et al., 1993). The stability of chalcocite also decreases in strong alkaline environments (Juenger and Jennings, 2001a; Wang et al., 2016), which is responsible for the decrease in the intensity of its diffraction peaks. Since the shifts of CH and AFt are different, the case that all diffraction peaks are shifted due to experimental errors can be excluded, thus it can be inferred that the shifts are caused by the morphological changes of hydration products.
3.3 TG-DTG
Figure 4 shows the TG-DTG curves of hardened silicate cement slurry at different pH values. TG-DTG curve showed that AFt and CH were generated in the hydration process of OPC, and mass loss of CaCO3 appeared on the curve due to partial carbonization of calcium hydroxide. It should be noted that a large number of C-S-H decomposition of gel products can be carried out in the whole test temperature range, so there is no obvious horizontal segment in the TG curve of hydrated samples. As shown in Figure 4, it can be clearly observed that when the hydration time is 28 days, the TG curve obviously shows a weightlessness peak of AFm, indicating that AFt is partially converted into AFm in the late hydration period.
[image: Figure 4]FIGURE 4 | TG-DTG curves of hardened cement pastes.
To further investigate the effect of different pH values on the hardened cement paste, the main products of the hardened cement paste were quantified based on the TG-DTG curve as shown in Table 2.
TABLE 2 | Content of cement hydration products in different curing environments/%.
[image: Table 2]It is noted that Ca(OH)#2 is a chemical substance of the matrix itself. Ca(OH)*₂ is converted from CaCO3. The total amount of Ca(OH)2 is the sum of Ca(OH)#2 and Ca(OH)*₂
As can be seen from Table 2, AFt content in cement paste increased rapidly on 1d, which was due to the rapid reaction between C3A in cement and gypsum, resulting in a large amount of AFt. As the curing age prolongs, AFt content changes from 12.506% at 1d to about 8.50% at 3 days, which is because after a period of cement hydration, the gypsum content in the cement system gradually decreases, and the generated AFt is gradually consumed by calcium aluminate (Zivica and Bajza, 2002). Moreover, the amount of AFt with pH = 12 decrease 10% compared to that with pH = 3, which is because NaOH can cause the instability of AFt at early age, which tends to produce monosulfide calcium sulphoaluminate (AFm).
When the hydration age is 3 days, the content of hydration products in hardened cement slurry with too high pH value (pH = 12) and too low pH value (pH = 3) is slightly more than that of neutral curing. When hydration age reaches 28 days, AFt content in acidic condition decreases compared with other curing environments, because Ca(OH)2 not only improves the hardness and compactness of hardened cement slurry, but also provides an alkaline environment for stable AFt (Zivica and Bajza, 2002). When the pH value is 3, Ca(OH)2 is prone to acid-base neutralization reaction with acid, resulting in a rapid decrease in Ca(OH)2 content, so that AFt cannot be stabilized (Wang et al., 2016). In alkaline environment, the content of Ca(OH)2 increased significantly, but the content of AFt decreased compared with that in neutral environment. This was because when the content of alkali increased, CH nucleation was promoted, but OH− promoted the transformation of AFt into AFm, which reduced the content of AFt (Guo et al., 2022).
3.4 EIS
3.4.1 Nyquist plots
Figure 5 shows Nyquist diagram of Portland cement net slurry under curing at different pH values. As can be seen from Figure 5, Nyquist curves of hardened cement slurries all show obvious similar semi-arcs, and the radius of the arcs increases significantly with the increase of age. In addition, the intersection of the semicircle and the abscissa of the complex plane (the volume resistance of hardened paste) increases with the age. This is due to the increase of hydration time, cement hydration products gradually dense, hydration overall porosity gradually reduced.
[image: Figure 5]FIGURE 5 | Nyquist curves of hardened cement pastes.
Due to the extraction of relevant parameters from Nyquist diagram to obtain more pore network structure information, it is necessary to establish an appropriate electrochemical model. Therefore, the influence of pH value on Nyquist curve will be discussed in the next part combined with equivalent circuit and related electrochemical parameters.
3.4.2 Simulated equivalent circuit
The equivalent circuit method is widely used in the analysis and application of EIS in cement system (Ribeiro and Abrantes, 2016; Dong et al., 2017). The equivalent circuit consists of electrochemical elements such as capacitance, inductance and resistance in series and/or in parallel. Generally, the obtained electrochemical elements are used to analyze the characteristics of EIS of cement, so as to study the electrical properties and microstructure of cementitious materials (Song, 2000; Taylor et al., 2001).
The solid-liquid interface in cement system is considered as the interface between the hydration products and pore solution. It is referred that the heterogeneity of hydration products and the uneven charge space distribution in the matrix can lead to the change of electric double layer capacitance at the solid-liquid interface with frequency, resulting in the change of relaxation time in the impedance spectrum of cement paste and further “dispersion effect” (He et al., 2017). Therefore, as for EIS of cements system, its arc will shift. In this paper, based on the equivalent circuit built by Song (Song, 2000) and Cabeza (Cabeza et al., 2002), a novel equivalent circuit model is established by considering both the dispersion effect and the diffusion at the cement/electrode interface.
As illustrated in Figure 6, the equivalent circuit proposed in this paper adds Warburg diffusion element (W1). Meanwhile, the double-layer capacitor (Q) is used to replace the parallel plate capacitor (C) in classical Randle model. Whereas, the double-layer capacitor can be used to characterize the dispersion effect between the electrode and the electrolyte, thus giving a true reflection of the polarization process of the cement system. Additionally, in the early stages of hydration of Portland cements, although the hydration degree is low, the concentration of ions in the pore solution of the cement paste is high. Meanwhile, there is a significant diffusion of pore solution ions as well as “free water”. Therefore, it is necessary to employ the Warburg diffusion element (W1) to reflect the characteristics of cement hydration at early ages.
[image: Figure 6]FIGURE 6 | Nyquist curve and fitted curves of the cement paste.
As shown in Figure 6, the equivalent circuit includes: solution resistance (Rs), charge transfer resistance (Rct), double layer capacitance (Q) and Warburgresistance (W1). Whereas, Rs represents the resistance generated by the electrolyte solution within the pores of the hardened cement paste; Rct refers to the resistance generated by the charge transfer process; Q1 is the double layer capacitance present between the solid/liquid phase, Q2 is the double layer between the cement and the electrode capacitance; W1 is the Warburg resistance caused by the ion diffusion process within the cement.
In order to verify the validity of the equivalent circuit model proposed in this paper, the Nyquist curve is fitted by ZSimpWin software. It can be seen that the newly built model of Rs(Q1Rct1) (Q2Rct2) W1 is consistent with the high- and low-frequency regions of the measured EIS curve, which indicates that the equivalent circuit can be used to describe the changes of microstructure in cement system.
3.4.3 Calculated electrochemical parameters
The variation trend of different parameters in EIS can reflect the density and pore network structure of hardened cement slurry (Cabeza et al., 2002; Wilińska and Pacewska, 2018). Rs and Rct are sensitive to the change of cement-based microstructure, so the above two parameters are selected to discuss the change of microstructure during cement hydration. Based on the equivalent circuit proposed in this paper, the curve of electrochemical parameters was fitted by Zsimpwin software.
It is known that Rs describes the resistance of the electrolyte in the pore solution of the hardened cement pastes. Rs is inversely proportional to the total concentration of ions in the pore solution (OH−, K+, Ca2+, SO42- and so on)and the total porosity of the paste (Zhu et al., 2017). In other words, the larger the Rs value, the less ions in the pore solution and the lower the total porosity of the matrix. Therefore, the lower value of Rs at early ages is attributed to the total amount of ions in the pore solution reaching the maximum. Additionally, the solid-liquid interface in cement system has just been formed to the extent that it is not yet thick enough, there are many pores and the total porosity is high in matrix, which also result in the lower Rs value at 1 and 3 days. As the curing age prolongs, a large number of ions participate in the reaction to produce hydration products, and further the macro pores are less and less, and the matrix structure is more and more dense. Therefore, the value of Rs increase obviously with the increase of curing age.
It can be seen from the Rct change curve in Figure 7 that the change of cement microstructure has a significant impact on Rct. Rct reflects the resistance of charge transfer reaction of hydrated electrons, which is inversely proportional to the number of hydrated electrons in the gel and the ion concentration in the pore solution.
[image: Figure 7]FIGURE 7 | The parameter Rs in Nyquist curves.
When the hydration age is between 1 and 14 days, as conductive ions are constantly consumed in the hydration process of OPC, the hydration products rapidly occupy the internal pores of cement materials, resulting in a denser microstructure, which makes ion transfer more difficult and Rct increases rapidly. By comparing the growth trend of Rct in different curing environments, it was found that Rct showed a decreasing trend with the increase of pH value. The Rct values of samples cured in acidic environment (119.28 Ω m) were significantly higher than those of the other two groups (126.84 Ω m and 126.84 Ω m). However, according to the quantitative analysis of hydration products mentioned above, H+ infiltration into the cement sample is easy to react with CH, leading to the decalcification of C-S-H, the final cement structure is relatively loose and porosity increases, and the Rct value should theoretically be lower than the other two groups. However, in an acidic environment, H+ will react with OH− ions in the solution to reduce the concentration of OH− ions, so that the concentration of ions in the solution decreases. This indicates that Rct value is influenced by ion concentration and pore structure of material. However, the Rct value of the test block curing in alkaline environment at 28d decreased from 115.86 to 115.18 Ω, with a small decrease, but the Rct value of the other two groups increased by about 20% compared with that at 14 days. This is because the fact that in an alkaline environment, AFt is formed in a solid phase reaction with agglomerated and outwardly radiating needle-like crystals. The crystals have a large specific surface area and cross-extrude each other, resulting in greater swelling stresses and internal microcracking of the cement specimens, which is consistent with the reduction of compressive strength.
3.4.4 Relation between EIS parameters and compressive strength
Rs and Rct can be used to characterize the total porosity of the microstructure of cement system and the ion concentration of pore solution. However, the transmission characteristics of cement matrix are network structure formed by a variety of conductive paths formed by pores. In order to build the relation between the compressive strength between the pore network, the possible pore network in cement system should be considered. As shown in Figure 8, the pore network can be classified into three categories: (1) Continuously connected conductive path (consists of a series of capillaries connected continuously through an aperture, referred to as CCP, whose resistivity is denoted as Rccp), (2) Discontinuous connected conductive path (consisting of discontinuous micropores continuously blocked by a cement matrix, referred to as DCP, whose resistivity is expressed as Rcp), (3) Insulation path (the path of formation of dense continuous matrix formed by hydration products and unhydrated cement, referred to as ICP) (Song, 2000; Kong et al., 2015; Hu et al., 2019).
[image: Figure 8]FIGURE 8 | Schematic illustration of pore network in cement system.
It is known that the conductivity of ions in pore solution depends on the resistance both the continuous connected pores (Rccp = Rs + Rct) and discontinuous pores (Rcp = Rccp×R1/(Rct-Rs)). Whereas, Rs and Rct are calculated from real impedance values for the left and right intersections of the semicircle and x axis, respectively, in accordance with equation R = Z×(A/L), where A and L are the sample area and length, perpendicular and parallel to the direction of the applied current, respectively (Spragg et al., 2014; Kong et al., 2016; Ramu et al., 2021).
Figure 9 displays the effect of environmental pH value on calculated parameter of Rccp and Rcp as a function of curing age. As expected, the value of Rccp increases with the age. However, the resistance value Rccp decreases with the increasing pH, especially at the later ages. For examples, when the age curing age is 1d, the values of Rccp with pH = 3, 7 and 12 is 280 Ω m, 276 Ω m and 260 Ω m. Rccp at 28 days is 645 Ω m, 620 Ω m and 540 Ω m.
[image: Figure 9]FIGURE 9 | The effect of pH value on calculated parameter of Rccp and Rcp.
The reason why pH has a significant effect on Rccp can be explained from two aspects. On the one hand, with the increase of pH value, the total amount of OH− ions gradually increased. Snyder et al. believed that OH- was the main conductive ion in the pore solution of cementable materials. The reduction of hydroxyl group would lead to the increase of electromigration, making the ion transport through the pore easier and the value of Rccp lower (Kong et al., 2015). On the other hand, in alkaline solution (pH = 12), excessive OH− promotes the hydration process of cement, and the hydration products are generated too much and too fast, so that the products are not evenly distributed among each other, and more early hydration products wrap the unhydrated particles, which hinders the migration and diffusion of ions necessary for later hydration, thus reducing the connectivity of discontinuous conductive paths (the number of continuous holes increases), resulting in lower Rccp values.
As shown in Figure 9, the trends of Rcp is similar to that of Rccp. It should be noted that both Rccp and Rcp with pH = 12 at 28 days decrease compared with the same specimens at 14 days. The reasons can be explained as follows: On the one hand, NaOH in the curing environment gradually penetrates into the matrix and reacts with CO2 and H2O to form Na2CO3·10H2O. The volume of Na2CO3·10H2O is 2.5 times higher than that of NaOH. The internal expansion and internal stress are generated, resulting in microcracks, more continuous points, and gradually increasing connecting holes in the hardened cement. Finally, the matrix strength is weakening. On the other hand, at the later stage of hydration, with the increase of pH value in pore solution until the same as the environmental pH (pH = 12), NaOH can promote the transformation of AFt to single sulfur hydrated calcium sulphoaluminate (C4ASH12, AFm), following the reaction equations of (3) and (4) (Hu et al., 2019). The transformation from AFt to AFm leads to the increase of conductive ions and free water in newly generated hydration products, which can reduce the resistance (Snyder et al., 2003) Rcp and Rccp (Tang et al., 2015).
[image: image]
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As known, the compressive strength is influenced by the pore structure in cement matrix (Paul et al., 2015; Tang et al., 2015; Yan et al., 2020). The magnitude of Rccp and Rcp reflects to the evolution of the pore structure of the hardened cement paste, which may have a functional relationship with compressive strength. Therefore, in this paper, the parameter of Rcp and compressive strength are fitted, as shown in Figure 10. There is a logarithmic relationship between the compressive strength and Rcp of the cement paste. The fitted curves with pH = 3 and pH = 7 have similar trends.
[image: Figure 10]FIGURE 10 | Relation between Rcp and compressive strength.
The coefficient (R2) of fit for Rcp and compressive strength is greater than 0.9066 for curves with different pH values. Therefore, the compressive strength of the cement at different ages can be well predicted by the value of Rcp with different environmental pH values.
3.5 Ultra depth of field microscope
Pore structure can reflect the phase composition and spatial morphology of cement hydration products to a certain extent. Figure 11 shows the pore structure characteristics of the slurry with different pH values.
[image: Figure 11]FIGURE 11 | Superdepth of field of OPC hardened cement slurry.
The pore size increased significantly under the erosion of hydrochloric acid at pH 3, indicating that H+ gradually consumed CH after entering the liquid phase, which reduced the basicity of pore solution, the stability of C-(A)-S-H gel and other aluminosilicates, and more calcium and aluminum ions dissolved in the acidic solution, resulting in the increase of harmful pores in the large pores (Gong and White, 2018). At the same time, combined with AFt peak shift in XRD, ettringite is more likely to crystallize into thick columns with the decrease of pH value of erosion solution, resulting in larger pores.
It can be obviously found that the proportion of small pores increases significantly in the erosion of NaOH solution. This is due to the higher degree of supersaturation and faster nucleation of calcium hydroxide under alkaline conditions, which leads to larger CH crystal size and promotes higher CH crystallization in the cement slurry. The relatively dense structure of the cement slurry results in a decrease in total porosity and the number of macropores (Zhang et al., 2021), At the same time, Mori et al. ‘s study also showed that at the same hydration level, the addition of NaOH greatly reduced the BET specific surface area of the gel and the volume of gel pores (Okohira et al., 1974; Juenger and Jennings, 2001b). Moreover, OH− can promote the gradual transformation of rod AFt into fine needle-like AFt, the growth of needle-like AFt can fill the pores and refine the pore size. However, at a later stage, the slurry structure is completely hardened and the pore structure is mature, the growth of AFt may lead to the expansion and cracking of the slurry structure, which has a negative impact on the strength.
3.6 SEM
To further illustrate the microstructural changes of OPC hydration pores and the reaction mechanism, the microstructure of cement hydration products Ca(OH)2, C-S-H gel and ettringite were obtained from the image.
Figure 12 shows SEM images of cement slurry corroded in different pH solutions for 28 days. Cloudy C-S-H gels and well-crystallized ettringite columnar crystals were clearly observed in acid - eroded solution. This is because the decrease of the basicity of pore solution leads to the decalcification of C-S-H, and the decrease of Ca/Si ratio promotes the formation of cloudy C-S-H gel (Diamond, 2000b).
[image: Figure 12]FIGURE 12 | SEM image of OPC hardened cement paste (28 days).
In alkaline solution, fibrous C-S-H gel and Ca(OH)2 hexagonal plate-like crystal structure with significantly increased crystal size can be observed. This is due to the increase of crystallinity and change of morphology of C-S-H gels induced by alkali, which makes the microstructure of C-S-H gels coarse, forming flaky or fibrous gel hydration products and non-homogeneous state (Bentz, 2006). At the same time, due to the presence of a large amount of OH− in the solution, OH− can participate in the formation of ettringite crystal nuclei during the formation of ettringite, promoting the formation speed of crystal nuclei, so that the morphology of ettringite gradually changes from columnar to fine needle rod and grows radially outward with the increase of pH value (Zhang et al., 2017). Hexagonal lamellar AFm can be found under alkali erosion. This is due to the fact that alkali seems to reduce the stability of ettringite, and from Eqs 3, 4 it can be inferred that NaOH promotes the conversion of AFt to the monosulfur type hydrated sulfuric aluminate (Paglia et al., 2003).
Based on the microscopic test results of cement, the hydration model of Portland cement in different erosion solutions was established. It is worth noting that in Figure 13, the blue reticular gel substance is fibrous C-S-H, the gray gel substance represents cloudy C-S-H, the gray circular rod-shaped columnar substance represents columnar AFt, and the gray needle-like substance represents AFt, the green irregular crystal is Ca(OH)2, and the red irregular crystal represents AFm.
[image: Figure 13]FIGURE 13 | Hydration model of OPC hardened cement slurry.
4 CONCLUSION
In this paper, the influence of environmental pH value on hydration behavior of hardened cement paste are investigated by compressive strength, quantitative analysis of hydration products and the pore structure characteristics reflected by EIS parameters. The following conclusions can be obtained:
1) Both acidic and alkaline environments are detrimental to the strength development of hardened cement paste. The difference is that the acidic environment has a greater influence on the early strength of cement (1–3 days), while the alkaline environment has a greater influence on the late strength of cement (7–28 days).
2) The species of hydration products of OPC did not change under different pH maintenance conditions, and they were still AFt, AFm, CH. However, the pH value had an effect on the content of different hydration products. With the increase of pH, the content of CH increased significantly, but the content of AFt was the most abundant in neutral environment.
3) The morphologies of hydration products of solutions with different pH values are obviously different. In acidic solution, C-S-H gel is cloudy with well-crystallized ettringite columnar crystals nearby. In alkaline solution, C-S-H is fibrous and ettringite is small needle rod and grows radially outward.
4) By considering the solid/liquid interface in the cement paste, the heterogeneity of hydration products and the uneven charge space distribution in the matrix, the newly proposed equivalent circuit Rs(Q1Rct1(Q2Rct2)W1 is established. The calculated parameters of Rct with pH = 12 shows a trend of rising and then declining as the curing age prolongs, different from the increasing trends of Rct with pH = 3 and 7.
5) There is an obvious logarithmic relation between the electrochemical parameter of Rcp and compressive strength of hardened cement paste. The fitting coefficients (R2) of mathematical relation is more than 90%. According to in-site monitoring EIS of cement system, the matrix compressive strength can be quantitatively predicted.
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