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Abstract


Freshwater resources are scarce in coastal areas, and using seawater as mixing water can alleviate the scarcity of freshwater resources. However, the presence of chloride ions in seawater affects the generation of hydration products and the durability of concrete structures. In order to investigate the effect of hydrated calcium silicate (C-S-H) gel and calcium hydroxide (CH) generation in seawater-mixed cement pastes under 50 °C curing, their microscopic morphology was investigated using differential scanning calorimetry analysis, X-ray diffraction (XRD), and scanning electron microscopy (SEM). The relationship between the amount of C-S-H gel and CH production and the amount of chloride ion dosing, fly ash dosing, and the age of curing were investigated. The degree of influence between hydration products and influencing factors was analyzed using the grey correlation analysis. It was shown that 50 °C curing promoted the hydration reaction and generated more hydration products compared with ASTM standard. The content of C-S-H gel and CH increased with chloride dosage. The content of C-S-H gel increased by 13.5% under 50 °C curing compared with the control group at a chloride dosage of 1.3%. Fly ash is rich in active SiO2 and AI2O3, and other components, which can react with Ca(OH)2 generated by cement hydration and then generate C-S-H gel. With the increase of fly ash, the content of C-S-H gel also increases, but the CH content decreases. When 25% of fly ash was doped under 50 °C curing, the C-S-H gel content increased by 5.02% compared to the control group. The CH content decreased by 31.8% compared to the control group. With the growth of the maintenance age, the hydration reaction continues, the generation of C-S-H gel and CH will continue to increase, and their microstructures will become denser. C-S-H gel and CH content increased the most by raising the curing temperature at 7 days of curing, increasing by 10.11% and 22.62%, respectively. C-S-H gel and CH content had the highest gray relation with fly ash dosing. Chloride dosage and age of maintenance had the highest correlation with CH content at room temperature maintenance of 0.788 and 0.753, respectively.
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1. Introduction


With the development of China’s marine industry and the strategy of moving towards the deep blue, infrastructure construction on wharves, ports, and islands in coastal areas is developing rapidly. There is a lack of freshwater resources in coastal areas [1].



Transporting fresh water from the mainland to coastal areas requires a lot of manpower, material resources, and time, and increases costs. In addition, there are a large number of seawater resources in the coastal areas of China, and using seawater for engineering construction will produce significant economic benefits [2]. The use of seawater instead of fresh water for use as mixing water can reduce the use of fresh water, and coastal area infrastructure construction using seawater can be done with both local materials. It can also effectively reduce the cost and, at the same time, promote the sustainable development of resources. As seawater is rich in dissolved salts, it will bring in chloride ions when used to formulate concrete, which will affect the hydration process of cement and product generation, create or change the concrete structure, and affect the performance of the concrete [3]. Therefore, it is necessary to study the effect of seawater mixing on cement hydration products and the effect of different curing temperatures and additives.



In recent years, seawater-mixed concrete has become a hot research topic for some scholars, including the reasons for the accelerated hydration of seawater [4,5,6]. For example, the chemical reactions of chloride ions in concrete (for example, the formation of Friedel’s salt or chloride and its effects on C-S-H generation) [6,7]; changes in the C-S-H gel (for example, its composition, morphology, micro-mechanical properties, chemical composition, chemical properties, and chemical properties) [8,9]; and the effect of other ions in seawater (SO42−, CO32−, Na+, Ca2+, mg2+) on hydration products and chloride binding [4,7,10], etc. In the study of the effect of seawater mixing on the hydration kinetics of concrete, it was found that the incorporation of seawater increased the hydration of cement by 4.67% and increased the average chain length of the C-S-H gel, thus increasing the degree of polymerization of hydration products [1].



C-S-H gel plays a crucial role in cementitious materials by having an important influence on the durability, mechanical properties, and cohesive behavior of the materials [11] and by controlling the main chemical and physical properties of hardened cementitious materials [12,13]. Numerous researchers and scholars have concluded that C-S-H gels dominate in the hydration products of ordinary silicate cement by the physisorption of chloride ions [14,15]. Cation chemistry in chloride-containing solutions can also alter chloride binding [16,17,18]. The chloride binding capacity of gelling materials exposed to CaCl2 and MgCl2 solutions is stronger than that of NaCl solutions [16,19]. This increase in chloride binding capacity mainly originates from the increased physical adsorption of chloride ions by the C-S-H gels [20,21]. Under some special conditions, such as high initial chloride concentrations and relatively low temperatures, the electrostatic attraction of CH, calomel (AFt), and chloride-rich AFm phases (Cl−-AFm) is also small, resulting in less chloride binding [22,23]. Numerous studies have reported that adsorbed calcium ions control chloride binding associated with C-S-H and are closely related to solution pH [20,23].



Otsuki [24] concluded that the physisorption of chloride ions is highly correlated with the calcium/silica (Ca/Si) ratio of the C-S-H gel. A higher Ca/Si ratio effectively accelerates the physisorption of chloride ions. Honglei Chang [25] showed that the effect of mineral admixtures on the C-S-H chloride binding capacity is the same as that of cement paste. The effect of fly ash on chloride binding capacity depends on the concentration of the NaCl solution. CH shows a laminated shape under standard curing, a hexagonal plate shape under high temperature curing, and a lamellar structure during high pressure steam curing [26]. Alhozaimy [27] found that the CH content in the matrix after high temperature curing was significantly lower than that after standard curing. In addition, high temperature curing can accelerate the hydration process between mineral admixtures and CH to produce more C-S-H gels, improving strength and durability [28]. The curing temperature has an important effect on the hydration reaction of silicate cement, and it is not an exception for cement containing volcanic ash blends. Increasing the maintenance temperature can promote the volcanic ash reaction of fly ash, a volcanic ash blend [29], and change the microstructure of the hardened cement paste [30].



The above studies still lack a clear understanding of whether the curing temperature significantly affects the participation of chloride ions in the hydration reaction and the degree of volcanic ash reaction of fly ash. In order to solve the problem of freshwater scarcity in coastal areas, to clarify the effect of seawater on the hydration products of cement, and to analyze the effects of mineral admixtures and curing temperatures, this paper investigates the hydration process of cement paste mixed with chloride ions and fly ash at temperatures of 20 °C and 50 °C. Aiming to solve the problem of replacing fresh water with seawater in concrete mixing in practical projects, experts at home and abroad have conducted many experimental studies. Most of the research is on mechanical properties, and there is less research on the hydration products of seawater concrete. In this experiment, a scanning electron microscopy (SEM) scanning electron microscope was used to observe the microstructure of concrete specimens and X-ray diffraction (XRD) and differential scanning calorimetry (DSC-TG) analysis of seawater mixing on hydration products. The effects of chloride ion concentration, fly ash admixture, and curing age on the hydration products of chloride-containing cementitious materials were analyzed from the internal micro level. The degree of influence between the hydration products of chloride-containing cementitious materials and the chlorine ion dosage, fly ash dosage, and curing age at different curing temperatures was also quantified by the gray correlation analysis degree method.




2. Materials and Methods


2.1. Test Materials


Shandong Dongyue brand PO42.5 grade ordinary Portland cement (OPC) was used in this experiment, and the properties of the cement are shown in Table 1 and Figure 1a. The fly ash is F-grade fly ash; its properties are shown in Table 1 and Figure 1b. The water reducing agent was polycarboxylic acid high efficiency water reducing agent, and the mixing water was NaCl solution.




2.2. Specimen Preparation and Mixing Ratio


The experiments prepared cement net mortar specimens by adding cement and fly ash to a programmable mixer and mixing thoroughly. NaCl particles were added proportionally to the water and dissolved homogeneously using the mixer. This resulted in a simulated seawater solution. Slow mixing for 2 min and fast mixing for 2 min were used to ensure the materials were well mixed. Then, the mixed cement paste was poured into a 40 × 40 × 160 mm mold for molding. The specific process is shown in Figure 2. The specimens were demolded after 1 day and then placed into water bath curing boxes with different temperatures for curing according to ASTM standard [31], respectively. We carried out the curing for 3, 7, and 28 days, and the specimens were taken out at each time point for testing and analysis. The specimen fit ratios are shown in Table 2.




2.3. Test Methods and Procedures


2.3.1. SEM


After the specimens at different curing temperatures were cured, the specimens were broken into flat sample pieces with an area of about 5 mm × 5 mm. The middle part was soaked in anhydrous ethanol to terminate hydration. The terminated hydrated samples were put into an oven for drying, and the oven temperature was set at 50 °C. After drying, the samples were sprayed with gold and subjected to SEM tests. The samples were observed using a Hitachis-4800 scanning electron microscope manufactured by Hitachi (Hitachi, Tokyo, Japan) with an operating voltage of 10.0 KV.




2.3.2. XRD


The specimens with different curing methods were crushed and the middle portion was selected to be ground to a certain fineness. The sample powder was stacked on the sample stage according to the sample preparation requirements of the Panacor Sharp Shadow X-ray diffractometer (Malvern Panalytical, Shanghai, China). We ensured that the sample surface was flat and of uniform thickness to avoid overlapping of diffraction peaks or reduction of intensity due to too thick a sample. The scanning speed was set to 10°/min. We compared the XRD results obtained from the different curing methods to analyze how the curing conditions affected the crystal structure and properties of the material. This may involve the transformation of the crystalline phase, grain growth, and changes in the stress state.




2.3.3. DSC-TG Analysis


DSC-TG analysis was performed on seawater-mixed cement paste powder samples. A TG-DSC STA 409 thermogravimetric analyzer was used to determine the content of hydration products (C-S-H gel, CH) in seawater-mixed cement pastes. In the test, samples were first taken from the core of the specimen, pulverized, and then terminally hydrated with anhydrous ethanol for 1 day. The prepared samples were then dried in a vacuum oven at 105 °C for 4 h and ground to a fineness of less than 150 μm. An amount of 30 mg of the sample was tested and heated from 25 °C to 1000 °C using a nitrogen atmosphere at 10 °C/min.






3. Analysis of Results


3.1. Effect on C-S-H Gel under Different Influencing Factors


3.1.1. Effect of Chloride Ion on C-S-H Gel


Figure 3 and Figure 4 show the effect of chloride ion concentration on C-S-H gel content at different temperatures. As seen in Figure 4, three obvious weight loss processes in the samples were observed during the warming process from 30 to 1000 °C. The weight loss at 100~120 °C is due to the evaporation of adsorbed water in the C-S-H gel and the dehydration of gel water [32]. The C-S-H gel was then thermally decomposed into wollastonite (CaSiO3).



As can be seen from Figure 3 and Figure 4, the content of the C-S-H gel of cement paste after chloride ion doping under 50 °C curing is more than that of the control group. With the increase of chloride ion doping, the C-S-H gel content also gradually increased; the C-S-H gel content in the 50 °C curing of chloride ion doping increased by 1.3%, and the control group increased by 16.85%. At 1.3% chloride dosage under standard curing, the C-S-H gel content increased by 14.2% compared to the control group. This indicates that the presence of chloride ions affects a certain hydration reaction of cement and promotes the formation of C-S-H gel. Sun [4] found that adding a single salt increases the concentration of calcium compounds in the solution, which helps to increase the formation of C-S-H gel at an early stage. Similar findings were also reported by Cai [33].



Under standard curing conditions, the rate of cement hydration reaction was slower, and the generation of C-S-H gel was slower. The C-S-H gel’s physical adsorption of chloride ions was lower compared to the 50 °C curing.



SEM images of the effect of different chloride ion concentrations on the C-S-H gel of the hydration product are shown in Figure 5 and Figure 6. In both Figure 5a and Figure 6a, there is no doping of chloride ions, and also no generation of F salts. The admixture of chloride ions in Figure 5b,c and Figure 6b,c revealed the presence of Friedel’s salt. Friedel’s salt is the main product of the chemical combination of Cl− with hydration products and consists of Cl− with C3A, C4AF, or AFm interactions obtained as a lamellar crystal structure [34]. Cl− enters the concrete as an internal admixture. Cl− generates Friedel’s salt mainly through direct reaction with the aluminum phase [35]. Under 50 °C curing conditions, many amorphous C-S-H gels with a relatively compact overall structure and fewer pores were observed attached to the fly ash surface in these images. Compared with standard curing, more C-S-H gels were generated in the cement paste under 50 °C curing, and the distribution of these gels was more tightly arranged with better densification. This may be due to the action of chloride ions under 50 °C curing conditions. The presence of chloride ions may have promoted the formation of C-S-H gels in the cement paste.




3.1.2. Effect of Fly Ash on C-S-H Gels


As can be seen in Figure 7 and Figure 8, the same phenomenon was observed under 50 °C curing and standard curing conditions: the content of C-S-H gel increased with the increase of fly ash dosing. When the fly ash admixture was 25%, the content of C-S-H gel increased by 13.55% under 50 °C curing conditions and 11.4% under standard curing conditions compared to the control group. This is because fly ash is rich in active SiO2 and Al2O3, which can react with Ca(OH)2 generated by cement hydration to produce C-S-H gel. As a common mineral admixture, fly ash contains many fine particles and active ingredients, which can effectively participate in the cement hydration reaction. The reaction formulae are shown in (1)–(3).


  S i  O 2  + C a   ( O H )  2  +  H 2  O → C a O · S i  O 2  · x  H 2  O  



(1)






  A  l 2   O 3  + C a   ( O H )  2  +  H 2  O → C a O · A  l 2   O 3  · x  H 2  O  



(2)






  A  l 2   O 3  + C a   ( O H )  2  + 2 S i  O 2  + 3  H 2  O → C a O · A  l 2   O 3  · 2 S i  O 2  · 4  H 2  O  



(3)







Under the 50 °C curing state, the hydration reaction in cement is rapid, releasing many hydrates. At this time, the active ingredients in the fly ash can react quickly with these hydrates to produce more C-S-H gels, thus increasing their content. In the standard maintenance state, the hydration reaction rate is slower but still occurs. The active ingredients in fly ash can still react slowly with Ca(OH)2 in cement to produce more C-S-H gels.



In summary, the content of C-S-H gel increased with the increase of fly ash dosage under 50 °C curing and standard curing conditions. This is because the active components in fly ash can react with Ca(OH)2 in the hydration reaction of cement to generate more C-S-H gels.



As seen in Figure 9 and Figure 10, the fly ash particles have begun to react with the cement during standard curing. The surface of the particles appeared as an etching phenomenon. However, there are still fly ash particles, the surface is still smooth, and nothing has yet appeared in the reaction phenomenon. At 50 °C curing, more C-S-H gel appeared on the surface of fly ash, and many hydration products appeared. Some larger pores are gradually filled, and the microstructure is much denser. Moreover, with the increase in the dosage of fly ash, there are also signs of volcanic ash reaction, forming a more dense and stable structure than the standard curing.



The activity of fly ash gradually increased with the increase of fly ash dosage in both standard and 50 °C curing. Chemical components in fly ash, such as silicates and aluminates, can react with water and calcium compounds in the cement to form C-S-H gels, which promotes the hydration reaction and produces more hydration products. These hydration products fill the larger pore structure within the cementitious materials and form smaller pores, enhancing the densification and impermeability of the cementitious materials [29].




3.1.3. Effect of Maintenance Age on the Relative Content of C-S-H Gel


As can be seen from Figure 11 and Figure 12, under 50 °C curing, the increasing C-S-H gel generation was observed with the increase of the conditioning age. Under the same curing time, the 50 °C curing increased by 6.24%, 9.35%, and 6.92% at 3, 7, and 28 days, respectively, compared to the standard curing. This is because high temperature environment can promote the hydration reaction of cement and accelerate the formation process of C-S-H gel. With time, the hydration reaction continued, leading to a gradual increase in the generation of C-S-H gel. Similarly, the same trend was observed under standard curing conditions. Although the reaction rate was slower, increasing C-S-H gel generation could still be observed.



The effect of curing age on the amount of C-S-H gel generation is a gradual and cumulative process. With the increase of the curing time, the reaction products in the cement were gradually formed and accumulated, which led to a gradual increase in the amount of C-S-H gel generated. Therefore, prolonged 50 °C curing or standard curing can further increase the content of C-S-H gel and enhance the mechanical properties and durability of cementitious materials.



In summary, the trend of increasing C-S-H gel generation was observed with the increase in the age of curing, both under 50 °C curing and standard curing conditions. This is due to the continuation of the hydration reaction, which generates C-S-H gel.



Figure 13 and Figure 14 show the microscopic morphology of hardened slurries of cementitious materials at different curing ages. The same trend was observed for 50 °C curing and standard curing at different curing ages. Fly ash at the age of 3 days appeared to have fewer hydration products; fly ash particles in the aluminum-silica vitreous have begun to react with the hydration products of the cement particles on the surface of the etching phenomenon. However, there are still fly ash spherical particles whose surface is still smooth, and nothing has yet appeared in the reaction phenomenon; the volcanic ash reaction of fly ash has not been fully carried out. At 7 days, more C-S-H gel appeared on the surface of fly ash. Its microstructure had been much denser, and many hydration products had appeared in the system, and the pores were gradually filled. At 28 days, the surface of fly ash was wrapped entirely by the hydration products of cement and also showed signs of volcanic ash reaction, forming a more dense and stable structure than at 3 days and 7 days.





3.2. Analysis of Different Influencing Factors on CH Content


3.2.1. Effect of Chloride Ion on CH Content


Figure 15a shows the XRD images under 50 °C curing conditioning. Figure 16 and Figure 17 show the changes in CH content at different curing temperatures. The study results show that after adding chloride ions, the diffraction peaks of CH were all increased compared to the control group. In particular, the most significant increase in the diffraction peak of CH was observed when chloride ions were doped at 0.5%. Traetteberg [36] investigated different types of cementitious net mortar specimens immersed in NaCl solution for 21 days using DTA-TG and XRD and found that CH immersed in NaCl solution binds some chloride ions. This indicates that as the concentration of chloride increases, CH consumes more chloride ions. Chloride ions in seawater mixes are involved in the early hydration reaction of cement as internal chloride ions. It first generates calcium chloride with CH (produced by the hydration reaction of tricalcium silicate). Then, calcium chloride reacts with tricalcium silicate to produce Friedel’s salt, which can be confirmed in Figure 18b,c and Figure 19b,c after chlorine ions are doped to produce Friedel’s salt. When the content of tricalcium silicate decreases at the later stage of the reaction, monochloride calcium chloroaluminate is formed. On the other hand, chloride ions can increase the solubility of cement clinker in the silicate phase, thus accelerating cement hydration [36]; the main reaction equations are shown in (4)–(7):


  2 (  C 2  S ) + 6  H 2  O →  C 3   S 2  H + 3 C a   ( O H )  2   



(4)






  C a   ( O H )  2  + 2 C  l −  → C a C  l 2  + 2 O  H −   



(5)






   C 3  A + C a C  l 2  + 10  H 2  O → 3 C a O · A  l 2   O 3  · 3 C a C  l 2  + 32  H 2  O  



(6)






   C 3  A + C a C  l 2  + 10  H 2  O → 3 C a O · A  l 2   O 3  · C a C  l 2  · 32  H 2  O  



(7)







The diffraction peaks of CH under 50 °C curing conditioning were all reduced to different degrees with the same doping of chloride ions. This indicates that the increase in temperature promotes the reaction of CH and consumes part of the CH, leading to a decrease in content.



The weight loss from 400 °C to 500 °C is caused by the dehydration of the CH, and the amount lost is the amount of water dissipated [37]. As can be seen from Figure 16 and Figure 17, the trend of the CH content was observed to decrease first and then slightly increase under 50 °C curing and standard curing conditions. The CH content reached the minimum value when the chloride ion concentration was 0.5%. The CH content was lower than standard conditioning at 50 °C curing. Increasing the temperature accelerated the above reaction and consumed the CH.



More plate-like CH appeared under 50 °C curing and standard curing. From Figure 18 and Figure 19, it can be seen that there is no significant change in the microscopic morphology of the CH after the incorporation of chloride ions. Moreover, the generation of Friedel’s salt was found in the figure after the addition of chloride ions.




3.2.2. Effect of Fly Ash on CH Content


CH in cement paste is generally mainly generated by the hydration of calcium silicate. A secondary reaction with active fly ash will consume it. Therefore, the change in CH content is the combined effect of the generation of CH by the hydration of cement and its consumption by reaction with active fly ash. When the consumption of CH is greater than the production, the CH content in the slurry will decrease. Therefore, the change in CH content can be used to observe the cement hydration process and the degree of mixed material activity.



Figure 20 shows the XRD image of the effect of different fly ash dosages on CH content. The image shows that the diffraction peaks corresponding to the CH crystal structure under 50 °C curing and standard curing gradually decrease with the increase of the fly ash dosage. This indicates that the CH content is gradually decreasing, per the conclusion mentioned above.



In concrete, CH is an important product during the hydration reaction of cement. Under 50 °C curing and standard curing, the effect of an increase in fly ash admixture on CH content is the same. As the fly ash dosage increased, the silica reacted more fully with the CH in the cement, thus reducing the CH content.



As can be seen from Figure 21 and Figure 22, the CH content in the hardened cement paste decreases gradually with the increase of fly ash admixture. When the dosage of fly ash reaches 25%, the CH content decreases by 34.18% under 50 °C curing compared to the control group. The CH content decreased by 20.1% under standard curing compared to the control group. This is because the most abundant chemical in fly ash is silica, which has good volcanic ash activity. In concrete, silica reacts with CH and releases heat, promoting the cement’s hydration. This process effectively refines the grains of CH. It generates a C-S-H gel with strong cementation and a large specific surface area. Generating the C-S-H gel increases the strength of the cement and reduces the CH content. In addition, the generation of the C-S-H gel resulted in an improved structure of the transition zone in the concrete, which improved the bond between the cement paste and the aggregate. This further improved the strength performance of the concrete.



In summary, increased fly ash in concrete decreases the CH content in concrete. This is due to the high silica content in fly ash, which reacts with CH and promotes the hydration of the cement. This produces a C-S-H gel that enhances the cement’s strength and improves the concrete’s structure, which further improves the strength of the concrete.



SEM images of the effect of different fly ash dosages on CH are shown in Figure 23 and Figure 24. Etching was observed on the surface of fly ash particles at different conditioning temperatures. There is still some CH on the surface, and most of the CH is encapsulated by major hydration products such as C-S-H gel and cannot be observed. With the increase of fly ash admixture, its pore structure was filled by hydration products. The hydration products, such as CH and C-S-H gel, lap each other and are tightly bound. The internal microstructure becomes stable, enhancing the densification of cementitious materials [31].




3.2.3. Effect of Age of Maintenance on CH Content


Figure 25 XRD shows plots of different ages under 50 °C curing and standard curing. It can be seen from the figure that the diffraction peak of CH increases with the increase in maintenance time. This indicates that the hydration reaction continues, and the generated CH content gradually increases.



The generation of CH has a similar trend, whether it is 50 °C curing or standard curing. In the 50 °C curing environment, the hydration reaction of cement is faster, so the production of CH is relatively higher. In the standard pile maintenance environment, the hydration reaction speed of cement is higher.



Although the generation of CH increases with increasing curing time, excessive CH content may reduce the strength and durability of concrete. Therefore, curing time and temperature must also be considered in concrete design and construction. Thus, the generation of CH can be controlled to obtain a concrete structure with good properties.



Figure 26 and Figure 27 show the effect of age of curing on CH production. As the curing time increases, the hydration reaction of cement will continue, which also means that the production of CH will increase. For the same curing time, the CH content at 3, 7, and 28 days of curing decreased by 15.89%, 19.58%, and 6.51% at 50 °C curing compared to standard curing, respectively. The two main hydration reaction processes to generate CH are shown in Equations (8) and (9):


  2 ( 3 C a O · S i  O 2  ) + 6  H 2  O = 3 C a O · 2 S i  O 2  ·  H 2  O + 3 C a   ( O H )  2   



(8)






  2 ( 2 C a O · S i  O 2  ) + 4  H 2  O = 3 C a O · 2 S i  O 2  ·  H 2  O + C a   ( O H )  2   



(9)







Tricalcium silicate and dicalcium silicate react with water to form a C-S-H gel and CH. As the maintenance time increases, these reactions continue, and CH accumulates, increasing CH content.



Figure 28 and Figure 29 show the microscopic morphology of hydration products at different curing ages under 50 °C curing and standard curing. It shows that the cement matrix of 50 °C curing is denser than standard curing, it is difficult to observe large pores, and the cement matrix contains a large amount of amorphous C-S-H gel. Under standard curing, CH crystals grew in the form of flakes. Under 50 °C curing, CH plate-like crystals are formed. With the prolongation of the maintenance time, the C-S-H gel and CH content increases.





3.3. Gray Correlation Analysis


Gray correlation analysis, as a rigorous method based on mathematical statistics, is dedicated to exploring and quantifying the relative correlation between different time series [38]. The core of this analytical framework lies in the use of the gray correlation coefficient to measure the closeness of two data series. Higher values of the correlation coefficient indicate more significant synergies between the series, while lower values of the correlation coefficient imply the presence of weaker interactions or correlations between the series.



One of the major strengths of the gray correlation model is its tolerance to the distributional characteristics of the data, i.e., it does not force the data to follow any particular pattern of probability distribution [38]. This feature enables gray correlation analysis to effectively reveal potential inter-sequence relationships in the face of limited sample size of data sets or ambiguous data distribution characteristics. In addition, the model is directly based on the intrinsic structure of sequence data for correlation measures. Therefore, it can significantly reduce the intervention of subjective judgment in the analysis process, thus enhancing the objectivity and reliability of the analysis results.



3.3.1. Model Analysis


Suppose a set of data is divided into a number of sequences and a standard sequence is chosen as the reference sequence (denoted by     X   0     k   =     X   0     1   ,   X   0     2   ,   X   0     3   ⋯   X   0     n      ), other sequences as comparison sequences (denoted by     X   i     k   =     X   i     1   ,   X   i     2   ,   X   i     3   ⋯   X   i     n      ).



In view of the fact that the sequences are different in terms of magnitude and the magnitude of the values shows a significant disparity, the homogenization method is chosen for this experiment to make the original matrix dimensionless.



For each node k, the absolute difference between the comparison sequence Xi and the reference sequence X0 is calculated:


    ∆   i     k   =     X   0     k   −   X   i     k      



(10)







Find the maximum value M and the minimum value m of all absolute differences.



Calculate the correlation coefficient     ε   i     k    , Equation:


    ε   i     k   =    m + ρ M     ∆   i     k   + ρ M     



(11)




where, ρ is the discrimination coefficient and is taken as 0.5.



Calculate the gray correlation:


    γ   i   =    1   n      ∑  k = 1   n      ε   i     k      



(12)








3.3.2. Discussion of Test Results


In this study, gray correlation analysis was used to quantitatively assess the relationship between the production of key hydration products during the hydration of cementitious materials and their influencing factors. By calculating the correlation coefficients under different conditions, the relevant data in Table 3, Table 4, Table 5 and Table 6 were obtained.



The range of gray correlation values is defined between 0 and 1. The increase of this value intuitively reflects the closeness of the link between the examined variable and the reference sequence (hydration product generation), which in turn indicates the importance of the variable [39]. Figure 30 represents the gray correlation values of hydration products with different influencing factors. The results of the study showed that the correlation between the content of C-S-H gel and CH and the fly ash admixture exhibited the most significant correlation under different curing temperature conditions. In particular, the gray correlation between the amount of C-S-H gel generation and the amount of fly ash admixture reached 0.801 under the 50 °C curing environment, while this value slightly increased to 0.806 under the standard curing condition. For CH generation, the correlation between 50 °C curing and fly ash admixture was 0.76, while the correlation under standard curing conditions was 0.799. This indicates that the effect of fly ash dosage on C-S-H gel and CH generation showed a strong correlation at both curing temperatures.



In addition, it was found that the correlation between the chloride dosage and the age of curing on CH generation under standard curing conditions reached 0.788 and 0.753, respectively, which were the highest among all the factors examined. This finding emphasizes the significant influence of chloride dosage and age on the CH generation process under specific curing conditions, further revealing its importance in the hydration mechanism of cement.






4. Conclusions


In this study, the mechanisms of the effects of chloride ions, fly ash, and curing conditions on the C-S-H gel and CH content of key components in cement hydration products were thoroughly investigated. The understanding of cement hydration products under different curing conditions was enriched. Meanwhile, the gray correlation of C-S-H gel and CH content with chloride ion, fly ash, and age of curing was clarified. However, there are other factors affecting the actual engineering which we will examine comprehensively in future research [40,41]. The specific conclusions are as follows:




	(1)

	
Chloride ions incorporated into the cement paste increased the concentration of calcium compounds with the increase in the dosage of chloride ions, thus increasing the amount of C-S-H gel production. At 1.3% chloride ion dosage, the content of C-S-H gel increased by 16.85% under 50 °C curing compared with the control group. It increased by 14.2% under standard curing compared with the control group.




	(2)

	
Fly ash is rich in active SiO2 and AI2O3, which can react with CH generated by cement hydration to produce C-S-H gel. Compared with standard curing, 50 °C curing can stimulate the activity of fly ash and generate a large amount of C-S-H gel. The content of C-S-H gel increased by 13.55% under 50 °C curing compared with the control group when 25% of fly ash was added. The CH content decreased by 34.18% under 50 °C curing conditioning compared to control.




	(3)

	
The microstructure of cement paste under 50 °C curing accumulates the hydration products with the increase of curing age, and the microstructure formed is more compact compared with that of standard curing. The contents of C-S-H gel and CH increased most at the elevated curing temperature at 7 days of curing, increasing by 9.35% and 19.58%, respectively.




	(4)

	
The content of C-S-H gel and CH had the greatest gray correlation with fly ash dosage. The correlation between the content of C-S-H gel and the fly ash dosage was 0.801 and 0.806 at 50 °C curing and standard curing, respectively. The correlation between CH content and fly ash dosage was 0.76 and 0.799 at 50 °C curing and standard curing, respectively. The highest correlation between the chloride dosage and age of maintenance and the CH content under standard curing were 0.788 and 0.753, respectively.













Author Contributions


Data curation, Investigation, Writing—original draft, Writing—review & editing, W.Q.; Data curation, Investigation, Z.F.; Conceptualization, Funding acquisition, Formal analysis, Methodology, S.Z.; Validation Visualization, Y.F.; Conceptualization, S.P.S.; Data curation, Methodology, J.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the National Natural Science Foundation of China (Grant No. 51908342), and by the Natural Science Foundation of Shandong Province (Grant No. ZR2018PEE021), to which the authors are very grateful.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Acknowledgments


The authors gratefully acknowledge the support received from the National Natural Science Foundation of China, and the Natural Science Foundation of Shandong Province, and the technical support of Shandong University of Technology.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Meijuan, S.; Rui, Y.; Chunyuan, J. Quantitative effect of seawater on the hydration kinetics and microstructure development of Ultra High Performance Concrete (UHPC). Constr. Build. Mater. 2022, 340, 127733. [Google Scholar]

	



Lu, Z.; Li, W.; Zeng, X. Durability of BFRP bars and BFRP reinforced seawater sea-sand concrete beams immersed in water and simulated seawater. Constr. Build. Mater. 2023, 363, 129845. [Google Scholar] [CrossRef] [Scilit]

	



Chen, L.; Su, R. On the corrosion rate measurement of reinforcing steel in chloride induced macrocell corrosion. Cem. Concr. Compos. 2022, 134, 104775. [Google Scholar] [CrossRef] [Scilit]

	



Sun, Y.; Zhang, Y.; Cai, Y.; Lam, W.L.; Lu, J.-X.; Shen, P.; Poon, C.S. Mechanisms on Accelerating Hydration of Alite Mixed with Inorganic Salts in Seawater and Characteristics of Hydration Products. Acs Sustain. Chem. Eng. 2021, 9, 10479–10490. [Google Scholar] [CrossRef] [Scilit]

	



Yaseen, S.A.; Yiseen, G.A.; Poon, C.S.; Li, Z. Influence of seawater on the morphological evolution and the microchemistry of hydration products of tricalcium silicates (C3S). Acs Sustain. Chem. Eng. 2020, 8, 15875–15887. [Google Scholar] [CrossRef] [Scilit]

	



Cai, Y.; Xuan, D.; Hou, P.; Shi, J.; Poon, C.S. Effect of seawater as mixing water on the hydration behaviour of tricalcium aluminate. Cem. Concr. Res. 2021, 149, 106565. [Google Scholar] [CrossRef] [Scilit]

	



Li, P.; Li, W.; Sun, Z.; Shen, L.; Sheng, D. Development of sustainable concrete incorporating seawater: A critical review on cement hydration, microstructure and mechanical strength. Cem. Concr. Compos. 2021, 121, 104100. [Google Scholar] [CrossRef] [Scilit]

	



Yan, Y.; Tang, J.; Geng, G. Exploring microstructure development of C-S-H gel in cement blends with starch-based polysaccharide additives. Case Stud. Constr. Mater. 2023, 19, e02589. [Google Scholar] [CrossRef] [Scilit]

	



Tulio, H. Permeability of C-S-H. Cem. Concr. Res. 2024, 176, 107408. [Google Scholar]

	



Sun, Y.; Lu, J.; Poon, C.S. Strength degradation of seawater-mixed alite pastes: An explanation from statistical nanoindentation perspective. Cem. Concr. Res. 2022, 152, 106669. [Google Scholar] [CrossRef] [Scilit]

	



Bullard, J.W.; Jennings, H.M.; Livingston, R.A.; Nonat, A.; Scherer, G.W.; Schweitzer, J.S.; Scrivener, K.L.; Thomas, J.J. Mechanisms of cement hydration. Cem. Concr. Res. 2011, 41, 1208–1223. [Google Scholar] [CrossRef] [Scilit]

	



Marty, N.C.M.; Grangeon, S.; Warmont, F.; Lerouge, C. Alteration of nanocrystalline calcium silicate hydrate (C-S-H) at pH 9.2 and room temperature: A combined mineralogical and chemical study. Mineral. Mag. 2018, 79, 437–458. [Google Scholar] [CrossRef] [Scilit]

	



Hu, C.; Ruan, Y.; Yao, S.; Wang, F.; He, Y.; Gao, Y. Insight into the evolution of the elastic properties of calcium-silicate-hydrate (C-S-H) gel. Cem. Concr. Compos. 2019, 104, 103342. [Google Scholar] [CrossRef] [Scilit]

	



Chang, H.; Feng, P.; Lyu, K.; Liu, J. A novel method for assessing C-S-H chloride adsorption in cement pastes. Constr. Build. Mater. 2019, 225, 324–331. [Google Scholar] [CrossRef] [Scilit]

	



Yoshida, S.; Elakneswaran, Y.; Nawa, T. Electrostatic properties of C–S–H and C-A-S-H for predicting calcium and chloride adsorption. Cem. Concr. Compos. 2021, 121, 104109. [Google Scholar] [CrossRef] [Scilit]

	



De Weerdt, K.; Colombo, A.; Coppola, L.; Justnes, H.; Geiker, M.R. Impact of the associated cation on chloride binding of Portland cement paste. Cem. Concr. Res. 2015, 68, 196–202. [Google Scholar] [CrossRef] [Scilit]

	



De Weerdt, K.; Orsáková, D.; Geiker, M.R. The impact of sulphate and magnesium on chloride binding in Portland cement paste. Cem. Concr. Res. 2014, 65, 30–40. [Google Scholar] [CrossRef] [Scilit]

	



Bu, Y.; Luo, D.; Weiss, J. Using Fick’s second law and Nernst–Planck approach in prediction of chloride ingress in concrete materials. Adv. Civil. Eng. Mater. 2014, 3, 566–585. [Google Scholar] [CrossRef] [Scilit]

	



Qiao, C.; Ni, W.; Wang, Q.; Weiss, J. Chloride diffusion and wicking in concrete exposed to NaCl and MgCl2 solutions. J. Mater. Civ. Eng. 2018, 30, 04018015. [Google Scholar] [CrossRef] [Scilit]

	



Shi, Z.; Geiker, M.R.; De Weerdt, K.; Østnor, T.A.; Lothenbach, B.; Winnefeld, F.; Skibsted, J. Role of calcium on chloride binding in hydrated Portland cement–metakaolin–limestone blends. Cem. Concr. Res. 2017, 95, 205–216. [Google Scholar] [CrossRef] [Scilit]

	



Chang, H. Chloride binding capacity of pastes influenced by carbonation under three conditions. Cem. Concr. Compos. 2017, 84 (Suppl. C), 1–9. [Google Scholar] [CrossRef] [Scilit]

	



Qiao, C.; Suraneni, P.; Ying, T.N.W.; Choudhary, A.; Weiss, J. Chloride binding of cement pastes with fly ash exposed to CaCl2 solutions at 5 and 23 °C. Cem. Concr. Compos. 2019, 97, 43–53. [Google Scholar] [CrossRef] [Scilit]

	



Jain, A.; Gencturk, B.; Pirbazari, M.; Dawood, M.; Belarbi, A.; Sohail, M.G.; Kahraman, R. Influence of pH on chloride binding isotherms for cement paste and its components. Cem. Concr. Res. 2021, 143, 106378. [Google Scholar] [CrossRef] [Scilit]

	



Otsuki, N.; Saito, T.; Tadokoro, Y. Possibility of seawater as mixing water in concrete. J. Civ. Eng. Archit. 2012, 6, 1273–1279. [Google Scholar]

	



Honglei, C.; Shuyuan, F.; Zhengkun, G.; Yan, M.; Zhaofeng, L.; Zhiwu, Z.; Jian, L.; Lin, Y. Chloride binding behavior of calcium silicate hydrates and Friedel’s salt of pastes. J. Build. Eng. 2023, 76, 107318. [Google Scholar]

	



Bresson, B.; Meducin, F.; Zanni, H.; Noik, C. Hydration of tricalcium silicate (C3S) at high temperature and high pressure. J. Mater. Sci. 2002, 37, 5355–5365. [Google Scholar] [CrossRef] [Scilit]

	



Alhozaimy, A.; Jaafar, M.; Al-Negheimish, A.; Abdullah, A.; Taufiq-Yap, Y.; Noorzaei, J.; Alawad, O. Properties of high strength concrete using white and dune sands under normal and autoclaved curing. Constr. Build. Mater. 2012, 27, 218–222. [Google Scholar] [CrossRef] [Scilit]

	



Wongkeo, W.; Thongsanitgarn, P.; Pimraksa, K.; Chaipanich, A. Compressive strength, flexural strength and thermal conductivity of autoclaved concrete block made using bottom ash as cement replacement materials. Mater. Des. 2012, 35, 434–439. [Google Scholar] [CrossRef] [Scilit]

	



Huang, Z.; Wang, Q. The effect of temperature on dissolution activity of fly ash and metakaolin in alkaline conditions. Cem. Concr. Compos. 2024, 146, 105363. [Google Scholar] [CrossRef] [Scilit]

	



Sandeep, S.; Satyajit, P. Development of angular-shaped lightweight coarse aggregate with low calcium fly ash using autoclave curing—Experimental and microstructural study. J. Build. Eng. 2023, 79, 107860. [Google Scholar]

	



ASTM C31/C31M-24b; Standard Practice for Making and Curing Concrete Test Specimens in the Field. American Society for Testing and Materials: West Conshohocken, PA, USA, 2024.

	



Qu, F.; Li, W.; Guo, Y.; Zhang, S.; Zhou, J.; Wang, K. Chloride-binding capacity of cement-GGBFS-nanosilica composites under seawater chloride-rich environment. Constr. Build. Mater. 2022, 342, 127890. [Google Scholar] [CrossRef] [Scilit]

	



Cai, Y.; Xuan, D.; Poon, C.S. Influence of availability of calcium on the hydration of tricalcium aluminate (C3A) in seawater mixed C3A-gypsum system. J. Am. Ceram. Soc. 2022, 105, 5895–5910. [Google Scholar] [CrossRef] [Scilit]

	



Long, W.-J.; Zhang, X.; Feng, G.L.; Xie, J.; Xing, F.; Dong, B.; Zhang, J.; Khayat, K.H. Investigation on chloride binding capacity and stability of Friedel’s salt in graphene oxide reinforced cement paste. Cem. Concr. Compos. 2022, 132, 104603. [Google Scholar] [CrossRef] [Scilit]

	



Zhou, J.; He, X. Experimental Study on Internal and External Salt Attack from Seawater and Sea-Sand to Mortars. KSCE J. Civ. Eng. 2021, 25, 2951–2961. [Google Scholar] [CrossRef] [Scilit]

	



Tretteberg, A. The Mechanism of Chloride Penetration in Con Crete; SINTEF Report STF65 A77070, 1977-12-30; SINTEF: Trondheim, Norway, 1977. [Google Scholar]

	



Qu, F.; Li, W.; Wang, K.; Tam Vivian, W.Y.; Zhang, S. Effects of seawater and undesalted sea sand on the hydration products, mechanical properties and microstructures of cement mortar. Constr. Build. Mater. 2021, 310, 125229. [Google Scholar] [CrossRef] [Scilit]

	



Hossain, F.M.Z.; Shahjalal, M.; Islam, K.; Tiznobaik, M.; Alam, M.S. Mechanical properties of recycled aggregate concrete containing crumb rubber and polypropylene fiber. Constr. Build. Mater. 2019, 225, 983–996. [Google Scholar] [CrossRef] [Scilit]

	



Singh, G.; Singh, N. Destructive and non-destructive strength performance of iron slag recycled aggregate concrete using regression and grey correlation analysis. Measurement 2025, 239, 115422. [Google Scholar] [CrossRef] [Scilit]

	



Rahman, R.O.A.; Rakhimov, R.Z.; Rakhimova, N.R.; Ojovan, M.I. Cementitious Materials for Nuclear Waste Immobilization; Wiley: Hoboken, NJ, USA, 2014; p. 248. [Google Scholar]

	



Rahman, R.O.A.; Ojovan, M.I. Sustainability of Life Cycle Management for Nuclear Cementation-Based Technologies; Woodhead Publishing: Sawston, UK, 2021. [Google Scholar]








[image: Materials 17 04460 g001] 





Figure 1. Microscopic properties of experimental materials. (a) Cement (b) Fly ash. 
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Figure 2. Fabrication flow chart. 
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Figure 3. Effect of chloride ion concentration on the relative content of C-S-H gel. 
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Figure 4. Effect of chloride ion concentration on the heat-absorption decomposition peak of C-S-H gels. 
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Figure 5. SEM images of a hardened slurry of cementitious materials with different chloride dosages for 50 °C curing. (a) 0% (b) 0.5% (c) 1.3%. 
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Figure 6. SEM images of a hardened slurry of cementitious materials with different chloride dosages in standard curing. (a) 0% (b) 0.5% (c) 1.3%. 
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Figure 7. Effect of fly ash on the relative content of C-S-H gel. 
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Figure 8. Effect of fly ash dosage on the heat-absorption decomposition peak of C-S-H gels. 
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Figure 9. SEM images of a hardened slurry of cementitious materials with different fly ash dosages in 50 °C curing. (a) 0% (b) 15% (c) 25%. 
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Figure 10. SEM images of a hardened slurry of cementitious materials with different fly ash dosages in standard curing. (a) 0% (b) 15% (c) 25%. 
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Figure 11. Effect of age of maintenance on the relative content of C-S-H gels. 






Figure 11. Effect of age of maintenance on the relative content of C-S-H gels.



[image: Materials 17 04460 g011]







[image: Materials 17 04460 g012] 





Figure 12. Effect of curing age on endothermic decomposition peak of C-S-H gel. 
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Figure 13. SEM images of C-S-H gels at different curing ages at 50 °C curing. (a) 3 days (b) 7 days (c) 28 days. 
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Figure 14. SEM images of C-S-H gels at different curing ages in standard curing. (a) 3 days (b) 7 days (c) 28 days. 
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Figure 15. XRD analysis of the effect of chloride doping on CH generation: (a) 50 °C curing (b) Standard curing. 
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Figure 16. Effect of chloride ions on CH content. 
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Figure 17. Effect of chloride ion concentration on the heat-absorption decomposition peak of CH. 
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Figure 18. SEM images of a hardened slurry of cementitious materials with different chloride dosages in 50 °C curing. (a) 0% (b) 0.5% (c) 1.3%. 
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Figure 19. SEM images of hardened slurry of cementitious materials with different chloride dosages in standard curing. (a) 0% (b) 0.5% (c) 1.3%. 
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Figure 20. XRD plot of the effect of fly ash dosage on CH content. (a) 50 °C curing (b) Standard curing. 
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Figure 21. Effect of fly ash admixture on CH content. 
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Figure 22. Effect of fly ash content on endothermic decomposition peak of CH. 
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Figure 23. SEM images of a hardened slurry of cementitious materials with different fly ash dosages at 50 °C curing. (a) 0% (b) 15% (c) 25%. 
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Figure 24. SEM images of CH with different fly ash admixtures in standard curing. (a) 0% (b) 15% (c) 25%. 
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Figure 25. XRD plots of the effect of different age of curing on CH content. (a) 50 °C curing (b) Standard curing. 
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Figure 26. Effect of age of maintenance on CH content. 
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Figure 27. Effect of curing age on endothermic decomposition peak of CH. 
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Figure 28. SEM images of cementitious materials hardened slurry at different curing ages in 50 °C curing. (a) 3 days (b) 7 days (c) 28 days. 
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Figure 29. SEM images of cementitious materials hardened slurry at different curing ages in standard curing. (a) 3 days (b) 7 days (c) 28 days. 
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Figure 30. Gray correlation values of hydration products and influencing factors. 
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Table 1. Chemical composition.
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	Chemical Composition
	SiO2
	CaO
	Al2O3
	Fe2O3
	MgO
	K2O
	Na2O
	SO3





	Content in fly ash /%
	53.80
	3.16
	24.60
	9.32
	1.52
	0.82
	0.28
	0



	Content in cement /%
	21.90
	59.31
	6.26
	3.79
	1.63
	0
	0
	2.41










 





Table 2. Cement net mortar mixing ratio.
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Specimen Number

	
Water/g

	
Cement/g

	
Fly Ash/g

	
Water Reducing Agent/g

	
Cl− Content/%

	
Maintenance Environment






	
F0C0

	
200

	
500

	
0

	
1

	
0

	
20 °C curing (Standard curing)

50 °C curing (High temperature curing)




	
F15C0

	
200

	
425

	
75

	
1

	
0




	
F25C0

	
200

	
375

	
125

	
1

	
0




	
F0C0

	
200

	
500

	
0

	
1

	
0.5




	
F15C0.5

	
200

	
425

	
75

	
1

	
0.5




	
F25C0.5

	
200

	
375

	
125

	
1

	
0.5




	
F0C0.5

	
200

	
500

	
0

	
1

	
1.3




	
F15C1.3

	
200

	
425

	
75

	
1

	
1.3




	
F25C1.3

	
200

	
375

	
125

	
1

	
1.3








Note: in the specimen number “H” for 50 °C curing, “S” for standard curing, and “F” for fly ash, the value behind the letter represents the admixture of fly ash accounted for the mass percentage of cementitious materials. “F” means fly ash, and the value after the letter represents the mass percentage of fly ash in the cementitious material. “d” denotes the maintenance time. “C” denotes chloride ions, and the value after the letter represents the mass percentage of chloride ions in water.













 





Table 3. Correlation coefficients between CH production and each factor under 50 °C curing.






Table 3. Correlation coefficients between CH production and each factor under 50 °C curing.





	CH Content
	Chloride Ion
	Fly Ash
	Curing Age





	2.412
	0.488
	0.831
	0.699



	2.308
	0.889
	0.800
	0.677



	2.361
	0.339
	0.816
	0.688



	3.462
	0.739
	0.398
	1.000



	2.506
	0.964
	0.861
	0.719



	2.361
	0.908
	0.481
	0.688



	2.945
	0.889
	1.000
	0.472



	3.293
	0.782
	0.867
	0.486



	3.562
	0.716
	0.786
	0.958










 





Table 4. Correlation coefficients between CH production and various factors under standard curing.
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	CH Content
	Chloride Ion
	Fly Ash
	Curing Age





	2.822
	0.438
	0.937
	0.761



	2.747
	1.000
	0.908
	0.742



	2.775
	0.339
	0.918
	0.749



	3.330
	0.788
	0.397
	0.926



	3.127
	0.851
	0.961
	0.853



	2.775
	0.987
	0.497
	0.749



	2.477
	0.916
	0.816
	0.513



	2.648
	0.987
	0.872
	0.557



	3.330
	0.788
	0.882
	0.926










 





Table 5. Correlation coefficients between C-S-H production and various factors under 50 °C curing.
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	C-S-H Content
	Chloride Ion
	Fly Ash
	Curing Age





	1.220
	0.406
	0.860
	0.689



	1.327
	0.890
	0.967
	0.756



	1.513
	0.333
	0.842
	0.908



	1.22
	0.995
	0.406
	0.689



	1.356
	0.864
	1.000
	0.776



	1.377
	0.845
	0.486
	0.791



	1.064
	0.839
	0.741
	0.483



	1.297
	0.920
	0.934
	0.482



	1.377
	0.845
	0.975
	0.791










 





Table 6. Correlation coefficients between C-S-H production and various factors under standard curing.
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	C-S-H Content
	Chloride Ion
	Fly Ash
	Curing Age





	1.358
	0.410
	0.931
	0.743



	1.403
	0.903
	0.975
	0.771



	1.502
	0.336
	0.940
	0.839



	1.403
	0.903
	0.402
	0.771



	1.517
	0.814
	0.926
	0.850



	1.542
	0.797
	0.528
	0.870



	0.961
	0.742
	0.669
	0.549



	1.305
	0.997
	0.885
	0.518



	1.442
	0.871
	1.000
	0.796
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