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Abstract

:

Abundant tuff mineral resources offer a promising solution to the shortage of fly ash (FA) and silica fume (SF) resources as emerging supplementary cementitious materials. However, a lack of clarity on its hydration mechanism has hindered its practical engineering application. In this study, high SiO2-content tuff powder (TP) was examined to assess the mechanical and workability performance of mortar specimens with varying particle sizes of the TP as complete replacements for FA or SF. Microscopic analysis techniques, including X-ray diffraction (XRD), differential thermal analysis (DTG), and energy-dispersive X-ray spectroscopy (EDS), were employed to elucidate the hydration mechanism of the TP and its feasibility as a substitute for SF or FA. Results indicated that TP primarily functions as nuclei and filler, promoting cement hydration, with smaller particle sizes amplifying the hydration ability and increasing Ca(OH)2 and C-S-H gel content. The specimens with TP (median particle size 7.58 μm) demonstrated 9.2% and 29.9% higher flexural and compressive strengths at 28 days, respectively, compared to the FA specimens of equal mass. However, fluidity decreased by 23.1% accordingly. Due to TP’s smaller specific surface area compared to SF, the TP specimens exhibited higher fluidity but with decreased strength relative to the SF specimens. Overall, TP shows potential as a replacement for FA with additional measures to ensure workability.
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1. Introduction


Cement, as one of the raw materials for concrete production, emits a significant amount of greenhouse gases such as carbon dioxide during its transportation and manufacturing processes [1], thereby causing severe pollution to the atmospheric environment. To reduce carbon emissions in construction projects, it is imperative to minimize transportation distances and, more importantly, reduce the use of cement by incorporating common mineral admixtures such as fly ash and silica fume into concrete to achieve the goal of reducing cement consumption. However, with the widespread use of fly ash, the global community is facing a shortage of this resource [2,3]. Additionally, in high-altitude regions such as La Concordance in Peru, Karaoke in India, and Tibet in China, the transportation costs of common mineral admixtures like fly ash or silica fume are considerably high. Therefore, the search for widely distributed new mineral admixtures has become a pressing priority [4].



In plateau regions, common natural volcanic ash materials include tuff, pumice, zeolite, and diatomaceous earth [5], among which tuff has the most widespread distribution worldwide. Tuff is a suitable mineral admixture for substituting fly ash and silica fume in plateau regions. Tuff is formed from volcanic eruption debris through compaction and chemical bonding from hydration reactions. It possesses a highly porous structure, high surface area, and low density, with main minerals including quartz, feldspar, clay, and zeolite [6]. Tuff rock powder displays a fragmental structure, distinct edges, and irregular shapes. Consequently, concrete with tuff powder requires a higher unit water content, necessitating prolonged mixing times during the blending process and enhanced vibration and compaction during pouring to ensure concrete quality [7,8,9]. The inclusion of tuff powder enhances concrete crack resistance and deformability [10]. In recent years, tuff powder has been successfully employed in hydraulic engineering. For instance, the Manwan Hydropower Station and the Dachaoshan Hydropower Station in the middle reaches of the Lancang River utilized tuff powder as an auxiliary cementitious material in dam concrete. This not only reduces transportation costs but also effectively enhances the crack resistance of concrete, simplifies temperature control measures, and accelerates construction progress [11].



Due to the different geological environments, the composition and structure of tuff in various regions can vary significantly, leading to variations in the impact of tuff powder on the mechanical properties of cement-based composite materials as reported in existing studies. Çavdar [12] found that the activity of tuff powder is directly proportional to compressive strength and SiO2 content. Kunal et al. [13,14] discovered that a higher SiO2 content in tuff powder results in a more pronounced pozzolanic effect, which favors the early development of compressive strength in tuff powder–silicate cement-based materials. However, other studies [9,15] have indicated that the inclusion of tuff powder may lead to varying degrees of reduction in the mechanical properties of concrete, possibly due to the lower SiO2 content in the tuff powder used in these experiments.



Moreover, since the hydration mechanism of tuff powder remains unclear, there are contrasting views regarding its impact on the setting time of concrete. Turanli [16,17] found that both the initial and final setting times of the composite cementitious systems with tuff powder were longer than those with pure cement, and the setting time increased with the amount of tuff powder added. In contrast, Li [18] revealed that the initial and final setting times of the composite cementitious systems with 30% tuff powder were shortened, attributing this to the nucleation effect and pozzolanic reaction of tuff powder, thus accelerating the C3S hydration rate and shortening the setting time. Understanding the hydration mechanism of tuff powder is crucial to validate its feasibility as a reliable mineral admixture. Recently the Gaozheng Building Materials Company found tuff with high SiO2 content in Tibet. If this tuff powder can be used as admixture instead of fly ash or silica fume, then the cost of concrete construction in plateau area can be greatly reduced.



Currently, research on the hydration mechanism of tuff powder with high SiO2 content is limited, and whether this kind of tuff powder can replace or partially substitute fly ash or silica fume remains unknown. Therefore, this study focuses on high SiO2-content tuff powder, comparing it with fly ash and silica fume. Through testing flexural and compressive strength and workability, combined with microscopic techniques such as X-ray diffraction (XRD), differential thermal analysis (DTG), and energy-dispersive spectroscopy (EDS), we investigate the strength effects and hydration mechanisms of tuff powder at different fineness levels in cementitious materials. Our research aims to establish a theoretical foundation for the promotion and application of tuff powder and provide guidance for its future application in concrete engineering.




2. Materials


The cement used was the reference cement produced by the Aoser Company in Fushun city, Liaoning Province, China, and met the quality requirements of the government standard GB 8076-2008 [19] for reference cement. Its technical indicators are shown in Table 1. The fly ash (FA) used was the first-class fly ash produced by the Borun Company in Henan Province, China. The tuff powder (TP) used was the tuff powder mined and processed by the Gaozheng Building Materials Company in Xizang Province, China. The coarse particle-sized tuff powder (CT) used was obtained by passing the broken tuff through a 300-mesh sieve; the medium particle-sized tuff powder (MT) used was obtained by grinding by the Gaozheng Building Materials Company in Xizang Province, China.; the fine particle-sized tuff (FT) used was obtained by grinding the MT with a ball mill for 3 h. The appearance of the tuff powders with the three different particle sizes is shown in Figure 1, and the technical indicators are shown in Table 2. The microscopic morphology of the CT is shown in Figure 2. The silica fume (SF) used was produced by the IMERYS Company in British. The fine aggregate used was standard sand produced by the ISO Standard Sand Company in Xiamen city, Fujian Province, China. The chemical composition of the cement, fly ash, silica fume, and tuff powder used was obtained through X-ray fluorescence (XRF) analysis, as shown in Table 3. The particle size distribution was obtained through a laser particle size analyzer, as shown in Table 4 and Figure 3. The phase analysis results obtained through X-ray diffraction are shown in Figure 4.



2.1. Experimental Designs


In order to study the influence of the different fineness of the tuff powder on the strength of the cement mortar, the hydration mechanism of the tuff powder in cementitious materials, and the feasibility of replacing fly ash or silica fume with the tuff powder, the experiment mix proportion was designed according to the industrial standard JB/T 315-2011 [20] and government standard GB/T 27690-2023 [21]. The experimental mix proportions are shown in Table 5 and Table 6. FA30, FT30, MT30, and CT30 are mortar specimens that replaced 30% cement with FA, FT, MT, and CT, respectively; SF10, FT10, MT10, and CT10 are mortar specimens that replaced 10% cement with SF, FT, MT, and CT, respectively.




2.2. Experimental Methods


2.2.1. Specimen Preparation and Curing Methods


The mixing, forming, vibrating, and demolding of the cement mortar were carried out according to GB/T 17671-2021 [22]. JZ-1, FA30, FT30, MT30, and CT30 were put into the standard curing room for 3 days, 7 days, and 28 days. JZ-2, SF10, FT10, MT10, and CT10 were put into the 60 °C steam-curing box for 3 days, 7 days, and 28 days.




2.2.2. Strength and Fluidity Tests


After curing the specimen to the specified age (3d, 7d, and 28d), the strength tests were carried out. The flexural and compressive strength tests were carried out according to the government standard GB/T 17671-2021 [22]. The water–binder ratio of all the specimens was 0.5 without a water-reducing agent. The specific operation method of the fluidity test referred to the government standard GB/T 2419-2005 [23].




2.2.3. The 28 d Activity Index Test and Water Demand Ratio Test


The 28 d activity index is an important index to evaluate the strength of pozzolanic materials, which is obtained by dividing the compressive strength of the experimental group by that of the base group. The experimental groups were made of the tuff powder with different particle sizes instead of the 30% cement, and the 28 d compressive strength of the tuff powder with different particle sizes was measured, respectively, after 28 d standard curing, and then the 28 d activity indexes of the tuff powder with different particle sizes were obtained by dividing the 28 d compressive strength of the base group, respectively. Water demand ratio is an important index to evaluate the quality of volcanic ash material and their engineering application. With 250 g reference cement, 750 g intermediate sand, and 125 g water, the standard sand glue was configured and its fluidity was measured. With 175 g reference cement, 75 g tuff powder, 750 g intermediate sand, and some water the experimental sand glue was configured and its fluidity was measured. The water consumption of the experimental sand glue was adjusted to change its fluidity. When the fluidity of the experimental sand glue was consistent with the benchmark sand glue, the water consumption of the experimental sand glue at this time was recorded. The water demand ratio of the tuff powder was calculated by dividing the water consumption of the experimental sand glue by 125 g.




2.2.4. XRD Test and DTG Test


After 28 days of curing, the specimen was crushed and small pieces were taken out, and then they were put into a small bottle filled with anhydrous ethanol to stop hydration. The duration was about 2 days, and then they were put into a drying box. After drying the moisture in the drying box, they were ground into a powder with a grinding rod and screened with a 200-mesh sieve [24]. The sifted powder was tested by XRD and DTG. Bruker D8 advance equipment was selected for the XRD test, a copper target was used, the diffraction angle was 5-90 degrees, and the scanning speed was 10°/min. After obtaining the diffraction peak data, Jade6.5 software was used for phase analysis. During the DTG test, Mettler TGA2 type equipment was selected, the heating range was 20 to 1000 °C, the heating rate was 10 °C/min, and nitrogen was used as the protective gas.




2.2.5. EDS Spectrum Test


The EDS spectrometer can be used for the elemental material analysis of the specimen, which can generally be combined with scanning electron microscopy or transmission electron microscopy. The principle is to maintain a vacuum environment, where the specimen is bombarded with characteristic rays with an electron beam, and the elements can be analyzed according to their wavelengths. A small piece with a diameter of no more than 10mm was taken from the middle of the specimen and placed in anhydrous ethanol for 2 days to achieve the purpose of stopping hydration. The moisture in the small piece was dried by the drying box, and then the small piece was sent to the testing unit for EDS testing. The content of O, Mg, Al, Si, K, and Ca elements in the fixed area was tested by point scanning, and the hydration of the specimen was analyzed by element content.






3. Test Results


3.1. Flexural Strength and Compressive Strength


The flexural strength and compressive strength of the cement mortar in the fly ash comparison group and the silica fume comparison group at different curing times are shown in Figure 5 and Figure 6, respectively. As can be seen from Figure 5a, for the flexural strength, the FA30, FT30, MT30, and CT30 groups were lower than the JZ-1 group at 3 days, and there was little difference between the FT30 group and the JZ-1 group at 28 days while the FT30 group was higher than the FA30 group at 3 days. On the contrary, the MT30 group was higher than the FA30 group only at 3 days and 7 days, and lower than the FA30 group at 28 days. The CT30 group was lower than the FA30 group. As can be seen from Figure 5b, for the compressive strength, the early strength of the FA30, FT30, MT30, and CT30 groups were lower than that of the JZ-1 group, but the strength of the FT30 and MT30 groups increased significantly in the middle curing period, making the strength of the FT30 group higher than that of the JZ-1 group and the strength of the MT30 group slightly lower than that of the JZ-1 group at 28 days. The FA30 group was much lower than the FT30 and MT30 group in the middle and late curing periods. By comparison, it can be seen that the effect of the tuff powder on the flexural strength of the cement mortar is lower than that of the fly ash, but the effect on the compressive strength of the cement mortar is much greater than that of the fly ash. It can be seen from Figure 6 that the FT10, MT10 and CT10 groups showed basically the same rule as Figure 5, while the SF10 group showed much higher strength than the other four groups in the three curing periods. In addition, because steam-curing can promote the hydration process, the strength of the JZ-2 group is significantly higher than that of the JZ-1. There was no significant difference in the strength of the JZ-2 group between 7 d and 28 d steam-curing. The results indicated that the hydration of the cement was almost complete after 7 days of steam-curing. The strength of the FT10 group, MT10 group, and CT10 group only increased slightly from 7 days to 28 days of steam-curing, indicating that tuff powder has low pozzolana effect. From the point of view of the strength analysis, compared with the FA, the MT and FT could contribute a higher cement mortar strength in the early, middle, and late periods, but they were still far lower than that of the SF.




3.2. Fluidity


Fluidity is an important index to characterize the working performance of concrete. In this paper, the fluidity was characterized by testing the flow degree of the mortar. The fluidity of the mortar with different mix proportions are shown in Figure 7 and Figure 8. It can be seen from the figures that the addition of the tuff powder and silica fume could reduce the fluidity of the mortar, and the smaller the particle size, the more obvious the reduction. The FT30 group decreased by 11.4% compared with the JZ-1 group, and the SF10 group decreased by 9% compared with the JZ-2 group. The addition of the fly ash could greatly improve the fluidity of the mortar, and the FA30 group was 15.2% higher than the JZ-1 group.




3.3. Composition Analysis of Hydration Products


Through XRD patterns, it can be seen how much of each component is in the sample after 28 days of curing. The comparison of the XRD patterns with different cementation material systems at 28 days curing time are shown in Figure 9 and Figure 10, respectively. Unreacted cement clinker (Alite and Ferrite), calcium hydroxide (Portlandite) generated by hydration reaction, and quartz (Quartz) in the cementing material were detected in all the specimens. In addition, since the amount of AFt and AFm generated by the hydration reaction was small, and C-S-H was mainly a gel material without a diffraction peak, and no effective diffraction peaks of them were found. After 28 days of curing, no diffraction peaks of the other hydration products were found in the mineral composition analysis, indicating that no new hydration products were formed after the tuff powder was incorporated into the cementitious system.



The XRD patterns of JZ-1, FA30, FT30, MT30, and CT30 at 28 days of curing are shown in Figure 9. It could be observed that the JZ-1 group had the highest amount of Ca(OH)2, which was generated by the hydration reaction between the cement clinker and water. This is due to the dilution effect caused by the addition of 30% different cementitious materials, resulting in a decrease in the total amount of the cement in the other four groups, causing the JZ-1 group to contain the highest amount of Ca(OH)2. The fly ash in the FA30 group had a certain amount of Al2O3 and SiO2 which had certain pozzolanic activity and could react with the Ca(OH)2 produced by the primary hydration reaction, resulting in a decrease in the content of Ca(OH)2 in the FA30 group. The Ca(OH)2 content of the FT30, MT30, and CT30 groups was higher than that of the FA30 group, and there was a high SiO2 diffraction peak. It could be seen that there was still a large amount of SiO2 in the tuff powder, indicating that the degree of the secondary hydration reaction was low. With the addition of the tuff powder, the content of C3S in the FT30, MT30, and CT30 groups decreased, indicating that the tuff powder had the effect of nucleation, and the addition of the tuff powder could promote the hydration of the cement. In addition, with the decrease in particle size, the diffraction peak of SiO2 also gradually decreased, and more SiO2 participated in the secondary hydration reaction. Figure 10 shows the XRD pattern of the JZ-2, SF10, FT10, MT10, and CT10 groups at 28 days of curing. It can be found from the figure that the FT10, MT10, and CT10 groups showed the same rule as Figure 9, while the SF10 group had an extremely low content of Ca(OH)2, indicating that the silica fume had higher activity and could have a stronger secondary hydration reaction with Ca(OH)2. In addition, since steam-curing can accelerate the hydration progress of the cement, the JZ-2 group has more Ca(OH)2 and less C3S compared with the JZ-1 group.




3.4. DTG Analysis


The amount of Ca(OH)2 and other substances in each specimen can be obtained through the DTG weight loss curve. The DTG curves with different cementation material systems at 28 days curing time are shown in Figure 11 and Figure 12, respectively. It can be seen that each curve has roughly the same trend, with the three obvious weight loss stages corresponding to the three obvious heat absorption peaks. The temperature range of the first stage is from room temperature to 300 °C. In the first stage C-S-H, the AFt and AFm products decomposed successively. The temperature range of the second stage is from 350 °C to 550 °C. In the second stage the Ca(OH)2 underwent dehydration and decomposition. The temperature range of the third stage is above 600 °C. In the third stage carbonates undergo dehydration and decomposition. As can be seen from Figure 11, in the first stage, the JZ-1, MT30, and FT30 groups had more weight loss, indicating that these three groups had more C-S-H gel content, while the FA30 and CT30 groups had less loss, indicating that the C-S-H gel content was less in these two groups, which was corresponding to the 28 d compressive strength results. In the second stage, the content of the Ca(OH)2 in the JZ-1, FT30, MT30, CT30, and FA30 groups decreased successively, corresponding to the XRD pattern analysis. This is because fly ash has good pozzolanic activity and can react with Ca(OH)2, making the content of the Ca(OH)2 in group FA30 the lowest. The tuff powder of the FT30 and MT30 groups is finer and has a stronger nucleation, which promotes the hydration of the cement to produce more Ca(OH)2, while the CT has lower nucleation, which promotes the hydration of the cement weakly, causing the CT30 group to have less Ca(OH)2 and C-S-H gel content. As can be seen from Figure 12, in the first stage, the SF10 group had a larger weight loss compared with the other four groups, indicating that the SF10 group had a higher C-S-H gel content. In the second stage, the Ca(OH)2 content in the JZ-2, FT10, MT10, CT10, and SF10 groups decreased successively, corresponding to the XRD phase pattern. This is because silica fume has a large amount of amorphous SiO2, which can react with Ca(OH)2, so its Ca(OH)2 content is the lowest. The variation rules of the FT10, MT10, and CT10 were similar to those of the FT30, MT30, and CT30.




3.5. EDS Energy Spectrum Analysis


By EDS analysis of the specimens of each group, the content of each element can be detected, and the secondary hydration degree can be analyzed. At present, it has been found that the Ca/Si of the C-S-H gel has a great influence on the mechanical properties of the concrete. When the degree of the secondary hydration increases, the Ca element in the concrete will be consumed more, resulting in a decrease in the Ca/Si, an increase in the chain length in the C-S-H gel, and an enhancement of the micromechanical properties [25]. Figure 13 shows the EDS energy spectrum of the JZ-1, FA30, FT30, MT30, and CT30, and Table 7 shows the element content of each group specimens. It can be seen from Figure 13 and Table 7 that the Ca/Si of the JZ-1, CT30, MT30, FT30, and FA30 groups decreased successively, indicating the FA, FT, MT, and CT could all perform the secondary hydration reaction with the Ca(OH)2. The Ca/Si of FA30 was 1.20, and the Ca/Si of the FT30, MT30, and CT30 groups were 1.82, 1.72, and 1.63, respectively, indicating the secondary hydration degree of the tuff powder was low compared with FA. With the decrease in the tuff powder particle size, the Ca/Si increased, and the secondary hydration degree also kept increasing.





4. Discussion


4.1. The Hydration Mechanism of Tuff Powder


Based on the results of this experiment, the hydration mechanism of replacing fly ash or silica fume with tuff powder was discussed. As shown in Figure 14, the primary functions of the tuff powder in the concrete are evidenced through the following three aspects: pozzolanic effect, nucleation effect, and filling effect. The nucleation effect and filling effect play a crucial role.



The analysis of the experimental results revealed that the tuff powder utilized in this study, despite its high SiO2 content, exhibited high crystallinity, thereby not undergoing secondary hydration reactions. Furthermore, the EDS spectroscopy at 28 days indicated a higher Ca/Si ratio in the concrete, implying a weaker volcanic ash activity. The XRD and DTG tests showed that the C3S decreased and the C-S-H gel increased in the MT and FT groups compared with the FA group. This is due to the high specific surface area of tuff powder, which makes it have a relatively significant nucleation effect. The Ca+ released during C3S hydration can be adsorbed on the surface, weakening the oriented growth of the Ca(OH)2 in the weak interface transition zone, providing nucleation points for hydration products, promoting the precipitation of the cement hydration products, and accelerating the formation of the C-S-H gel [26,27]. The FT can fill the interstice in the composite cementitious system, reduce the porosity in the system, improve the density, and thus increase the strength of the cement mortar [28,29]. In addition, the finer the tuff powder particles, the lower the SiO2 content in the 28d hydration products; this is because the finer the tuff powder particles, the faster the ion precipitation, the faster the secondary hydration reaction rate, so that more SiO2 can be consumed [4].



The finer the tuff powder particles, the less C3S and the more Ca(OH)2 were present in the 28 days hydration products of the cement mortar. This is because the ground tuff powder has a higher specific surface area, stronger adsorption capacity for Ca+, and stronger nucleation effect. Therefore, grinding can improve the strength of the specimens with tuff powder. In summary, the high activity of the tuff powder in the cement-based materials is due to the joint action of the nucleation effect, filling effect, and pozzolanic effect, but the nucleation effect and filling effect are the dominant factors.



The feasibility of replacing fly ash or silica fume with tuff powder was studied by measuring the mechanical properties and working properties of different cementitious systems mortar, respectively. It was found by XRD that the Ca(OH)2 content in the FA30 and SF10 groups was lower, which was due to the fact that the fly ash and silica fume contained more active substances. The amorphous glass structure composed of silica tetrahedron and aluminum tetrahedron in fly ash can conduct a secondary hydration reaction with Ca(OH)2 [30], thus improving the strength of the concrete, making the strength of the FA group higher than that of the CT group. Although the secondary hydration degree of group FA30 was higher, it did not show higher mechanical properties. This is because the mechanical properties of cement mortar are not only related to the secondary hydration degree of the cementitious material, but also determined by the filling and nucleation effect of the cementitious material. Therefore, although the secondary hydration degree of the MT30 and FT30 groups were low, they could show high mechanical properties. Silica fume contains a large amount of amorphous SiO2, which can continue to conduct secondary hydration reaction with Ca(OH)2 produced by primary hydration to generate a large amount of low-calcium C-S-H gel, which greatly improves the density of cement mortar [31,32], and makes important contributions to the compressive strength and flexural strength, making the strength of the SF10 group much higher than that of the other groups.




4.2. Analysis of the Influence of Tuff powder on Workability


For work performance, due to the high specific surface area of tuff powder and silica fume, which can adsorb free water in mortar, the fluidity of mortar is reduced. Compared to tuff powder, silica fume has a more significant reduction in the fluidity of mortar. Fly ash contains a large number of smooth spherical particles, which can act as a “ball bearing” in concrete, reducing the friction force of concrete and improving its fluidity [33]. In summary, through the comprehensive consideration of the mechanical properties and working performance and other indicators, as auxiliary cementitious materials, MT and FT can completely replace fly ash in remote areas where materials are short, but cannot replace silica fume. When replacing fly ash, additional measures need to be taken to ensure the working performance of the concrete.




4.3. Feasibility Analysis of Replacing Cement with Tuff Powder Partially


As a kind of pozzolanic material, tuff is widely distributed in various parts of China, especially in western regions such as Luo village, Waka area, the Sangri County of Xizang Province, the Yining area of Xinjiang Province, and the Tianshui area of Gansu Province. The Xizang Gaozheng Building Materials Company has found a large number of tuff mines in Tibet, and the mineral reserves are extremely rich. In addition, the mining and processing procedures of tuff powder are simple. The raw tuff can be obtained by explosive means, and then the tuff powder can be obtained by crushing and grinding. If tuff powder is used as auxiliary cementitious material in concrete, it can effectively alleviate the shortage of concrete materials and the difficulty of transportation, so as to greatly reduce the cost of concrete construction in western China. According to the strength analysis, it can be seen that when the cement is replaced by tuff powder partially, the mortar has a considerable strength index. Although there is a big difference between the mortar of the tuff powder group and the benchmark group in the early and middle stages, the flexural strength and compressive strength of the tuff powder group in the late stage are slightly lower than the benchmark group, while the flexural strength of the FT group is close to the benchmark group, and the compressive strength is even higher than the benchmark group. However, because the surface of tuff is rough and porous and tuff has a high specific surface area, the fluidity of the cement mortar of the tuff powder group is significantly reduced compared with that of the benchmark group, and the finer the particle size of the tuff powder, the more obvious the decrease in fluidity. Therefore, when replacing cement with tuff powder, necessary measures should be taken to ensure the working performance under the premise of ensuring the strength.





5. Conclusions


In order to study whether it is feasible for tuff powder to replace fly ash or silica fume, the following conclusions are obtained through the strength testing, hydration product phase analysis, DTG analysis, and EDS analysis of cement mortar mixed with different types of cementitious materials:




	(1)

	
The specimens mixed with the MT and FT had high flexural and compressive strength in the early, middle, and later curing stages. Even in the later stage, the compressive strength of the specimens mixed with the FT was slightly higher than that of the benchmark group, while the specimens mixed with the CT had lower strength in the early, middle, and later curing stages. Further grinding could be used to reduce the particle size of tuff powder, improve its activity, and enhance its contribution to the strength of cement mortar. In addition, the strength of the specimens doped with the MT and FT were higher than that of the specimens doped with the fly ash, but much lower than that of the specimens doped with the silica fume.




	(2)

	
Due to the fact that tuff powder has a high specific surface area, the addition of the tuff powder reduced the fluidity of the cement mortar, and the smaller the particle size, the more obvious the fluidity reduction. The fluidity of the cement mortar was greatly reduced by silica fume. The addition of the fly ash improved the fluidity of the cement mortar.




	(3)

	
Through the phase analysis of hydration products, it was found that no new hydration products were generated after the addition of the tuff powder. Due to the nucleation effect, the addition of the tuff powder would promote the primary hydration of the cement, and the smaller the particle size, the stronger the promotion degree, resulting in the decrease in C3S and the increase in Ca(OH)2 and C-S-H gel content.




	(4)

	
Compared with fly ash, the ability of the tuff powder to participate in the secondary hydration reaction was weak, and the ability of the coarse-particle-size tuff powder was weaker. The high activity of tuff powder in cement-based materials is due to the joint action of nucleation effect, filling effect, and pozzolanic effect, but the nucleation and filling effect are the dominant factors.




	(5)

	
In remote areas where materials are short, medium-particle-size tuff powder and fine-particle-size tuff powder can completely replace fly ash, but cannot replace silica fume as auxiliary cementing materials. When replacing fly ash, additional measures should be required to ensure the performance of the concrete.
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Figure 1. Three different particle sizes of tuff powder (a) CT, (b) MT, and (c) FT. 
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Figure 2. SEM images of CT. 
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Figure 3. Particle size distributions of cement, fly ash, silica fume, FT, MT, and CT. (a) Particle size distribution; (b) accumulated particle size pass rate. 
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Figure 4. Phase composition of cement, fly ash, silica fume, and tuff powder. 
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Figure 5. Strength of cement mortar for feasibility study of replacing fly ash. (a) Flexural strength; (b) compressive strength. 
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Figure 6. Strength of cement mortar for feasibility study of replacing silica fume. (a) Flexural strength; (b) compressive strength. 
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Figure 7. Fluidity of cement mortar for feasibility study of replacing fly ash. 
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Figure 8. Fluidity of cement mortar for feasibility study of replacing silica fume. 
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Figure 9. XRD patterns of the feasibility study group specimens for replacing fly ash at 28 days. 
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Figure 10. XRD patterns of the feasibility study group specimens for replacing silica fume at 28 days. 
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Figure 11. DTG patterns of the feasibility study group specimens for replacing fly ash at 28 days. 
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Figure 12. DTG patterns of the feasibility study group specimens for replacing silica fume at 28 days. 
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Figure 13. EDS energy spectrum of each group specimens at 28 days. (a) JZ-1; (b) FA30; (c) FT30; (d) MT30; (e) CT30. 
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Figure 14. Action mechanism of tuff powder. 






Figure 14. Action mechanism of tuff powder.



[image: Buildings 14 01232 g014]







 





Table 1. Reference cement technical indicators.






Table 1. Reference cement technical indicators.





	Density

(g/cm3)
	Normal Consistency (%)
	Specific Surface Area (m2/kg)
	Initial Setting Time (min)
	Final Setting Time (min)
	Stability
	Flexural Strength (MPa)
	Compressive Strength (MPa)





	3.16
	26.6
	358
	128
	196
	Qualified
	5.3
	26










 





Table 2. Physical properties of three groups of tuff powder.
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	Materials
	Density (g/cm3)
	Specific Surface Area (m2/g)
	Water Demand Ratio (%)
	28d Activity Index (%)
	Moisture Content (%)
	Stability





	FT
	2.48
	23.42
	113
	104.7
	0.41
	Qualified



	MT
	2.48
	11.13
	108
	91.2
	0.22
	Qualified



	CT
	2.48
	5.02
	105
	73.4
	0.16
	Qualified










 





Table 3. Chemical composition of cement, fly ash, silica fume, and tuff powder (wt%).
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	Materials
	SiO2
	Na2O
	K2O
	Al2O3
	CaO
	Fe2O3
	MgO
	SO3
	LOI





	Cement
	22.81
	0.53
	0
	4.11
	63.22
	3.16
	3.19
	2.08
	0.9



	Fly ash
	56.41
	0.12
	1.79
	24.2
	7.1
	7.98
	0.35
	1.2
	0.85



	Silica fume
	96.5
	0.37
	0.76
	0.34
	0.4
	0.07
	0.8
	0.28
	0.48



	Tuff powder
	94.0
	0.05
	0.08
	0.67
	0.579
	1.50
	0
	2.76
	0.36










 





Table 4. Particle size distribution of cement, fly ash, silica fume, and tuff powder (μm).
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	Particle Size
	Cement
	Fly Ash
	Silica Fume
	FT
	MT
	CT





	D10
	3.17
	2.52
	0.03
	1.66
	1.88
	2.07



	D50
	17.79
	14.31
	0.48
	7.58
	12.86
	24.97



	D90
	48.89
	89.38
	2.22
	32.33
	56.64
	79.3










 





Table 5. The mix proportion design of the feasibility study of replacing fly ash with tuff powder (g).
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	Group Number
	Cement
	Fly Ash
	Tuff Powder
	Standard Sand
	Water





	JZ-1
	450
	0
	0
	1350
	225



	FA30
	315
	135
	0
	1350
	225



	FT30
	315
	0
	135 (fine)
	1350
	225



	MT30
	315
	0
	135 (middle)
	1350
	225



	CT30
	315
	0
	135 (coarse)
	1350
	225










 





Table 6. The mix proportion design of the feasibility study of replacing silica fume with tuff powder (g).






Table 6. The mix proportion design of the feasibility study of replacing silica fume with tuff powder (g).





	Group Number
	Cement
	Silica Fume
	Tuff Powder
	Standard Sand
	Water





	JZ-2
	450
	0
	0
	1350
	225



	SF10
	405
	45
	0
	1350
	225



	FT10
	405
	0
	45 (fine)
	1350
	225



	MT10
	405
	0
	45 (middle)
	1350
	225



	CT10
	405
	0
	45 (coarse)
	1350
	225










 





Table 7. EDS elemental analysis table of each group specimens at 28 days (At%).






Table 7. EDS elemental analysis table of each group specimens at 28 days (At%).

















	
	O
	Na
	Mg
	Al
	Si
	K
	Ca
	Fe
	Ca/Si





	JZ-1
	57.21
	0.27
	1.02
	1.69
	12.86
	0.92
	25.28
	0.75
	1.96



	FA30
	64.36
	0.23
	0.29
	2.12
	14.55
	0.62
	17.46
	0.35
	1.20



	FT30
	61.85
	0.22
	0.38
	1.62
	13.18
	0.54
	21.56
	0.64
	1.63



	MT30
	60.31
	0.33
	0.85
	1.33
	13.07
	0.74
	22.48
	0.90
	1.72



	CT30
	60.52
	0.24
	0.99
	1.10
	12.82
	0.61
	23.34
	0.38
	1.82
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