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Producing concrete with large content of fly ash attracts increasing attention in low carbon building materials. In this paper, the fly-ash concrete (FAC) with a content of fly ash no less than 50% total weight of binders was developed. The adaptability of fly ash used for concrete was firstly examined by testing the water requirement of normal consistency and the setting time for cement fly-ash paste, and the strengths of cement fly-ash mortar at the curing age of 7 and 28 days. The factors of water-to-binder ratio from 0.3 to 0.5, the content of fly-ash from 40% to 80%, and the excitation measures with additional Ca(OH)2 and steam curing at initial were considered. After that, the FAC was designed by adding an excessive content of fly ash to reduce the water-to-binder ratio from 0.50 to 0.26, and the content of fly-ash varied from 52% to 60%. Results show that the cement fly-ash paste presented a reduction of water requirement and an elongation of setting time with the increased content of fly ash. This provides a foundation of maintaining the workability of fresh FAC with a decreased water-to-binder ratio by adding the excessive content of fly ash. The cement fly-ash mortar had a lower early strength due to the slow reaction of fly-ash with Ca(OH)2, which could be improved by steam curing at the initial 24 h due to the excitation of fly-ash activity. At curing age of 28 days, the FAC had the expected axial compressive strength and modulus of elasticity, but the tensile strength was lower than predicted. At the curing age of 56 days, all the basic mechanical properties of FAC reached the prediction. The resistances of FAC to chloride ion penetration and carbonization were realized at a very high level as specified in codes.
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INTRODUCTION
Fly ash is a by-product of coal combustion in power stations, which presents as tiny grains with a certain pozzolanic activity. As one of the industrial solid wastes, fly ash has attracted much more attention on its comprehensive utilization to protect the environment (Wu and Lian, 1999; Choi et al., 2015; Amran et al., 2021). Based on its chemical composition, grain fineness, and pozzolanic activity, fly ash is classified into different types and is most widely used as a mineral admixture of cement and concrete (Wu and Lian, 1999; Li et al., 2013; GB/T1596-2017, 2017). Normally, fly ash admixed in concrete is no more than 40% of the total binder to improve the workability of fresh mix and get a better reliability of concrete, ensuring its strength (Liu et al., 2013a; Zhao et al., 2013; GB/T1596-2017, 2017; Zhao et al., 2018; Ding et al., 2020; Liu et al., 2021). Based on technique specifications (JGJ55-2011, 2011; JGJ/T281-2012, 2012; GB/T50164-2014, 2014), the limit content of fly ash is 35%-40% for the concrete with common Portland cement used for reinforced concrete structures when the water-to-binder ratio is no larger than 0.40 and should be reduced by 5% when the water-to-binder ratio is larger than 0.40. In order to control the early strength and reduce the loss of prestress caused by shrinkage and creep of concrete, the limit content of fly ash for the concrete used for prestressed concrete structures should be reduced by 10%-15% on the same condition to reinforce concrete structures. Because no mineral admixtures are admixed for the Portland cement, the limit content of fly ash can be increased by 5%–10% at the same above condition if the concrete is made with Portland cement.
The decreased strength of fly-ash concrete (FAC) especially at an early age is a drawback which confined the content of admixed fly ash. Normally, the FAC with content of fly ash larger than 30%–40% has an elongated setting time of fresh mix and presents a lower strength before the standard curing age of 28 days, although the strength continuously increased later (Malhotra and Paintert, 1989; Sun G. W. et al, 2019; Olivia et al., 2019). To solve this problem, excitation measures for the activity of fly ash have been studied. One is addition of other alkaline admixtures such as calcium hydrate, sodium silicate, and calcium carbonate, which makes the crystalline silicon and aluminum compounds of fly ash converse into active soluble compounds (Gunasekara et al., 2016; Hefni et al., 2018; Singh and Subramaniam, 2019; Promsawat et al., 2020). The second is the admixture of other high-activity admixtures such as silica fume, nano silica, and metakaolin. This accelerates the hydrations of both fly ash and cement, decreases the porosity and total pore volume, and improves the microstructure of the interface transition zone (Mei et al., 2018; Nežerka et al., 2019; Anjos et al., 2020). The third is the grounding of the fly ash into much more fineness. With the changes in particle morphology and distribution of irregular grains from broken spherical particles, fly ash behaves with higher pozzolanic activity and tiny-aggregate filling effect on the improvement of composite strength (Ma et al., 2021). The fourth is making of the fly-ash composites at a high-temperature environment; this accelerates the hydration of both cement and fly ash (Hefni et al., 2018; Mei et al., 2018; Singh and Subramaniam, 2019; Yang et al., 2021). However, some of the measures are debatable due to the lack of convenience of engineering application, high energy consumption, and/or low economic benefit.
To achieve economic benefits from effective utilization of fly ash, studies have been done to improve the applicability of FAC with large content of fly ash. With the replacement of 50% cement by fly ash containing 6.49% calcium oxide, the high-fluidity FAC was made by admixing the superplasticizer and air-entraining agent; the early strength was ensured by decreasing the water dosage and increasing the content of binders, and then the strength at the curing age of 28 days reached the target (Choi et al., 2015). In case of the replacement of 20%–80% cement by fly ash, the flowability of fly ash cement composites is improved at paste and concrete level (Thiyagarajan et al., 2018). The self-compacting FAC with strength around 30 MPa at the curing age of 28 days was made with the replacement of 50% cement by class-C fly ash of 14.1% calcium (Wardhono, 2021). The FAC was produced with the replacement of 50% cement by fly ash containing 14.6% calcium oxide; the compressive strength was 45 MPa at the curing age of 56 days (Solikin and Setiawan, 2017). The FACs were prepared with the replacement of 40%–70% cement by fly ash containing 8.75% calcium oxide. Due to critical controls of the dilution and the pozzolanic effects of fly ash on cement hydration, the compressive strength of FAC was lower at the early age with decreased heat release of hydration, while it developed faster beyond the curing age of 28 days; the FAC with 40% replacement of cement by fly ash showed comparable compressive strength to the control concrete at the curing age of 28 days, while those with 55% and 70% fly ash reduced by 30.9% and 52.7%, respectively (Sun J. et al, 2019). By lowering the water-to-binder ratio at 0.2 and properly combining raw materials, the FAC with adequate strength and workability was developed even when 80% of the cement was replaced by fly ash. In this case, the content of fly ash had no obvious effect on the cementing efficiency of fly ash. When the content of fly ash further increased, the cementing efficiency of fly ash decreased significantly. Meanwhile, adding a small amount of silica fume could improve the mechanical properties and the penetration performance of FAC (Yu et al., 2017). The concrete with 56% fly ash of binders was examined to have good long-term strength development accompanied with high resistance of chloride ion penetration (Sivasundaram et al., 1990). Due to the positive effects of fly ash on refinement of pores, filling macro pores and improving the microstructure of the interface transition zone, the concrete with large content of fly ash behaves with ideal resistances to chloride ion penetration and carbonation (Aruhan and Yan, 2011; Li et al., 2014; Amran et al., 2021).
Generally, the above studies provide a sound foundation for the understanding of the effect of fly ash on performance of FAC. In practice, considering the effective utilization of long-term strength of concrete and the control of early tensile stress due to the heat release of cement hydration, the large content of fly ash no less than 40% can be used for the large volume concrete structures, and the limit content of fly ash can be taken as 65% for the roller compacted concrete dam (JGJ55-2011, 2011; JGJ/T281-2012, 2012; GB/T50164-2014, 2014). However, lack of FAC with large content of fly ash over 50% is applied in reinforced concrete structures, and few studies have been done on the relationships of different basic mechanical properties which are needed in the structural design (Li et al., 2012; Liu et al., 2013b).
Aiming to provide sufficient proof for the application of FAC with large content of fly ash in reinforced concrete structures, an experimental study was carried out in this paper. To provide a foundation of FAC with the content of fly ash over 50%, tests for the activity of fly ash were firstly examined to verify the effects of fly-ash content on the workability and strength of cement fly-ash mortar and determine the efficiency of activity excitation by calcium hydroxide and steam curing. After that, the mixed proportion of FAC was designed by using the method of replacing cement with excessive fly ash to decrease the water-to-binder ratio (Li et al., 2012; Li et al., 2014). The workability of fresh mix, the mechanical properties at the curing age of 7–56 days, and the resistances to chloride ion penetration and carbonization of hardened FAC with content of fly ash from 52% to 60% were experimentally studied. Test results are discussed and evaluated with the comparisons to specifications of current codes.
RAW MATERIALS
Grade 42.5 common Portland cement and second-class fly ash produced by Henan Mengdian Cement Co. Ltd. (Zhengzhou, China) were used as binders. The physical and mechanical properties are presented in Tables 1, 2, which met the specifications of China codes (GB175-2007, 2007; GB/T1596-2017, 2017). The amounts of oxides in cement and fly ash were detected by the methods specified in the China code (GB/T176-2017, 2017); test results are presented in Table 3.
TABLE 1 | Physical and mechanical properties of cement.
[image: Table 1]TABLE 2 | Physical properties of fly ash.
[image: Table 2]TABLE 3 | Test results of the amount of oxides in cement and fly ash (%).
[image: Table 3]According to the specifications of China codes (GB/T14684-2011, 2011; GB/T14685-2011, 2011), the properties of fine and coarse aggregates were measured. The fine aggregate was manufactured sand with fineness modulus of 2.6, apparent density of 2,690 kg/m3, and mud content of 1.2%. The coarse aggregate was crushed limestone with apparent density of 2,800 kg/m3, closed-packing density of 1,745 kg/m3, crushed index in cylindrical tube of 4.8%, and mud content of 3.2%.
The water reducer was of high-performance polycarboxylic acid type with water reduction of 35%. The alkali activator for fly ash was Ca(OH)2. The mix water was tap water.
TESTS FOR ACTIVITY OF FLY ASH
Properties of fresh cement fly-ash paste
Tests of the water requirement of normal consistency and the setting time for cement fly-ash paste were carried out according to the specification of the China code (GB/T1346-2011, 2011), the binder was 500 g in total, and the percent of fly ash changed from 40% to 80%. Concretely, the content of fly ash was 200, 250, 300, 350, and 400 g, respectively. Test results are presented in Figure 1. With the increasing content of fly ash, the water requirement of normal consistency reduced linearly, while the setting time was directly elongated. When the content of fly ash was 40%, the water requirement of normal consistency decreased by 7.7%, the initial setting time increased by 10.1%, and the final setting time increased by 4.1%. After that, with the content of fly ash increased by 10%, the water requirement of normal consistency decreased by about 1.5%, and the initial and final setting time increased by about 9.4% and 13.4%. This indicates that the flow friction of cement grains was decreased by the fly ash with a smooth surface of spherical particles, and the hydration process of cement was reduced by the dilution of fly ash with lesser cement. In fact, the hydration process of cement controls the setting time of binder paste; the reaction of fly ash with cement hydration product Ca(OH)2 is a little bit in the early age (Li et al., 2013; Li et al., 2021). This indicates that the replacement of cement by excessive content of fly ash is applicable to maintain the workability of fresh cement fly-ash mortar with content over 40% of fly ash.
[image: Figure 1]FIGURE 1 | Test results of cement fly-ash paste: (A) water requirement of normal consistency; (B) setting time.
Strength of cement fly-ash mortar
The cement fly-ash mortar was designed referencing to the specifications for the determination of cement strength and the strength activity index of fly ash in China codes (GB/T1596-2017, 2017; GB/T17671-2020, 2020); the dosage of the binder was 450 kg/m3; the water-to-binder ratio was 0.3, 0.4, and 0.5, respectively, and the content of fly ash in weight of total binders changed from zero to 80%. Based on the test method of China codes (JGJ/T70-2009, 2009), the flowability of the test mortars was within 170–220, 180–220, and 210–280 mm with the change of the water-to-binder ratio. The compressive and flexural strengths were measured on a cement mortar testing machine with specimens of 40 mm × 40 mm × 160 mm at the curing age of 7 and 28 days. For each test, three specimens were made as a group. Test results are presented in Figure 2.
[image: Figure 2]FIGURE 2 | Changes in strength with content of fly ash: (A) compressive strength; (B) flexural strength.
The influence of fly ash on the strength of mortar was related to the water-to-binder ratio and the curing age in a complex relationship. At a lower water-to-binder ratio, the compressive strength and flexural strength decreased rapidly with the increasing content of fly ash, while the decrease at the early age of 7 days was larger than that at the age of 28 days. In the case of the cement fly-ash mortar with the content of fly ash at 40% and the water-to-binder ratio of 0.40, the compressive and flexural strengths decreased by 6.9% and 4.4% at the curing age of 28 days, although a relatively large decrease took place at the curing age of 7 days. Comparatively, the compressive strength decreased by 11.9% and 17.2%, and the flexural strength decreased by 14.7% and 15.9% at the curing age of 28 days when the water-to-binder ratio was 0.30 and 0.50, respectively. When the content of fly ash was over 40%, the compressive and flexural strengths tended to be decreased fast. With the content of fly ash changing from 50% to 60%, the compressive strength of mortar at the curing age of 28 days decreased by 25.8%–39.6%, 17.1%–31.9%, and 29.7%–45.4%, while the flexural strength decreased by 25.6%–40.7%, 18.9%–27.8%, and 17.6–25.0%, corresponding to the water-to-cement ratios of 0.3, 0.4, and 0.5. Therefore, in this test, the water-to-binder ratio of 0.40 was optimal, and the content of fly ash at 40% was almost the boundary to produce the mortar with less decrease in strength. To further improve the strength of cement fly-ash mortar with large content of fly ash over 40%, other measures should be adopted to excite the activity of fly ash in mortar.
Activity excitation of fly ash by calcium hydroxide and steam curing
A test for the pozzolanic activity of fly ash excited by calcium hydroxide Ca(OH)2 and steam curing was designed referencing to the specifications of China codes (GB/T1596-2017, 2017; GB/T17671-2020, 2020). The water-to-binder ratio was selected as 0.4 based on the above experiment, and the content of fly ash changed from zero to 80%. The content of Ca(OH)2 was 25.8% by weight of the binder based on the study reported (Gunasekara et al., 2016; Gunasekera et al., 2017); the compressive strength of the test mortar was measured on a testing machine with the specimens of 40 mm × 40 mm × 160 mm at the curing age of 7 and 28 days. Each test had three specimens as a group. For specimens by steam curing, they were steam cured at a temperature of 80°C and relative humidity of 95% for 24 h and then cured at standard curing room before testing (Mei et al., 2018; Yang et al., 2021). The comparisons of compressive strength of the test mortar with or without Ca(OH)2 excitation and those with Ca(OH) excitation at different curing conditions are presented in Figure 3.
[image: Figure 3]FIGURE 3 | Comparisons for the changes of compressive strength of test mortars: (A) with and without Ca(OH)2 excitation; (B) cured in different conditions.
No obvious excitation of Ca(OH)2 appeared on the strength of the cement fly-ash mortar. This indicates that the reaction of fly ash with Ca(OH)2 was a slow process although the concentration of Ca(OH)2 was increased by the addition (Wu and Lian, 1999; Li et al., 2014). When the content of fly ash was over 60%, less content of Ca(OH)2 was produced by the hydration of cement. The excitation effect of additional Ca(OH)2 began to present to make the cement fly-ash mortar reach about 16% higher compressive strength.
Because the solubility of Ca(OH)2 increases obviously with the rise in temperature (Hefni et al., 2018; Singh and Subramaniam, 2019), and the solubility of silica increased by about one-third when exposed to water vapor (Iler, 1979), the reaction of fly ash with Ca(OH)2 can be excited by steam curing at the start. This leads to a rapid reaction between silica and calcium hydroxide or calcium silicates and promotes the subsequent formation of hydrated calcium silicate. Finally, the reactions benefit the mechanical properties of the mortar after steam curing. When the content of fly ash was no larger than 60%, the compressive strength of the mortar increased by about 33% at the early age of 7 days and by about 12% at the age of 28 days. When the content of fly ash was larger than 60%, the compressive strength of the mortar increased by about 123% at the early age of 7 days and by about 39% at the age of 28 days. This indicates that the excitation effect of steam curing at the start contributed much more on the early strength of the mortar and tended obviously with the increasing content of fly ash especially higher than 60%.
TESTS FOR FAC
Mix proportion
With reference to the specification of the China code (JGJ 55-2011, 2011), the mix proportion of FAC was designed by the method of absolute volume of concrete. The reference mix was designed with the basic content of fly ash corresponding to the water-to-binder ratio w/b of 0.30, 0.34, 0.42, and 0.50, respectively. The excessive weight of fly ash was selected as 10%, 20%, and 30% of the basic content, and all the binders were counted in the w/b (Li et al., 2012; Liu et al., 2013a). The results of the mix proportion of FAC are presented in Table 4. Four groups of FAC were produced for tests. The content of fly ash changed from 51.9% to 60.2%, and the w/b varied from 0.26 to 0.50.
TABLE 4 | Mix proportion of FAC.
[image: Table 4]Workability of fresh FAC
Tests for fresh FAC were carried out according to the specification of the China code (GB/T 50080-2002, 2002). Good workability presented with the slump of concrete in 50–95 mm and the water retention without separation of aggregates from paste. This coincides with the test results of the properties of fresh cement fly-ash paste and ensures the workability of FAC, with a lower water-to-binder ratio.
Mechanical properties of FAC
Tests for the basic mechanical properties of FAC were carried out in accordance with the China code (GB/T 50081-2002, 2002). The cubic specimens with a dimension of 100 mm were cast for the cubic compressive strength and splitting tensile strength; the prism specimens of 100 mm × 100 mm × 300 mm were cast for the axial compressive strength and the modulus of elasticity. For each test, three specimens were made as a group. The test results of compressive strength for specimens cured at standard curing room for 7, 28, and 56 days are presented in Table 5. On the test data, the strength ratio in each group of the FAC with excessive fly ash to the FAC with basic content of fly ash is computed and presented in Figure 4.
TABLE 5 | Cubic compressive strength of FAC at different curing ages.
[image: Table 5][image: Figure 4]FIGURE 4 | Changes of the strength ratio with the water-to-binder ratio at the curing age of (A) 7 days; (B) 28 days; and (C) 56 days.
The effect of excessive fly ash on the strength of FAC was obvious with the increasing water-to-binder ratio at the early curing age of 7 days. The compressive strength of the four groups of FAC reduced in maximum by 4.2%, 3.8%, 9.7%, and 14.6%, respectively. With the time going on, the negative effect of fly ash became weaker and weaker with the increased excessive fly ash. At the curing age of 28 days, the negative effect basically disappeared with the strength ratio in the same group changing from 0.953 to 1.046. At the curing age of 56 days, the positive effect was remarkable especially for the FAC with the w/b = 0.42 and 0.50 with the strength ratio ranging from 0.82 to 1.105. This reflects the long-term hydration process of fly ash which reacted with the hydration product Ca(OH)2 to form the calcium silicate hydrate gel (Wu and Lian, 1999; Li et al., 2014). With a higher water-to-binder ratio and less cement content of 125–140 kg/m3, the hydration of cement is slowed down by the lower temperature rise with the increasing content of fly ash. This needs a long-term development of strength with the hydration of cement (Li et al., 2014; Hefni et al., 2018; Anjos et al., 2020). Finally, a higher increment of strength is gained with sufficient hydration of fly ash (Ding et al., 2016; Zhao et al., 2017). Meanwhile, the compactness of FAC can be further increased by the filling of tiny grains of excessive fly ash (Li et al., 2014). Therefore, by using the excessive fly ash to reduce the water-to-binder ratio, the compressive strength of FAC can reach the target at the standard curing age of 28 days.
According to the China code (JGJ 55-2011, 2011), the cubic compressive strength of FAC at the curing age of 28 days reached 24.3–41.2 MPa, which corresponds to the strength grades of C15 to C30. The cubic compressive strength of FAC at the curing age of 56 days reached 33.4–56.8 MPa, which corresponds to the strength grades of C20 to C45. Therefore, if the structure is not subject to early loads except weight itself, the strength of FAC can be controlled at a longer curing age such as 56 days to obtain the economic benefit of fly-ash utilization.
To explore the effect of curing relative humidity (RH) on the strength of FAC, three FACs FAC1, FAC22, and FAC4 were cured at curing RH of 40%, 60%, and 95%. The test results of cubic compressive strength at 7 and 28 days are presented in Table 6. Due to sufficient supply of water for the hydration at the early age of 7 days, the FACs cured at lower RH got higher strength than those cured at RH of 95%; however, the increment was below 10.9% and tended to decrease with the decreasing water-to-binder ratio. With the curing time going on, the curing RH needed to be increased not less than 60% due to the needs of humidity condition for hydration to get the higher strength of FAC. Therefore, it is better to adjust the curing RH in stages, combined with the water-to-binder ratio of FAC.
TABLE 6 | Cubic compressive strength of FAC affected by relative humidity of the curing room.
[image: Table 6]As specified in the China code (GB 50010-2010, 2010), the cubic compressive strength is used for the express of strength grade, axial compressive strength, splitting tensile strength, and modulus of elasticity used for structural design which should be converted from the cubic compressive strength. Therefore, the above three FACs were also tested for the basic mechanical properties. The curing age of specimens was 7, 28, and 56 days, respectively, before testing. The results are presented in Table 7. This indicates a fast development of the basic mechanical properties of FAC before the curing age of 28 days, after which the increases become slow (Sivasundaram et al., 1990; Ding et al., 2016; Zhao et al., 2017). For the conversion, test data presented in Tables 5, 7 should successively multiply the coefficients of 0.95, 0.95, and 0.85 corresponding to standard specimens with sectional dimensions of 150 mm (GB/T 50081-2002, 2002).
TABLE 7 | Basic mechanical properties of FAC at different curing ages.
[image: Table 7]Based on the relationship of the conventional concrete, a direct proportion exists between axial compressive strength and cubic compressive strength; the tensile strength (ft) and the modulus of elasticity (Ec) of FACs at the curing age of 28 days in this study can be calculated with following formulas. The ratio of the test to calculated results is presented in Figure 5A).
[image: image]
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where fcu is the cubic compressive strength of concrete (MPa).
[image: Figure 5]FIGURE 5 | Ratios of test to computed results for the mechanical properties at the curing age of (A) 28 days and (B) 56 days.
The ratio of axial compressive strength to cubic compressive strength varies from 0.788 to 0.992, which is higher than the coefficient of 0.76 for conventional concrete at the curing age of 28 days. Meanwhile, the ratio of tensile strength varies from 0.783 to 0.861, and the ratio of the modulus of elasticity varies from 0.951 to 1.158. Therefore, FAC has a higher axial compressive strength, a lower tensile strength, and an almost equal modulus of elasticity compared to conventional concrete with the same strength grade. This is different from the fact that the FAC with content of fly ash no larger than 40% has equal tensile strength to conventional concrete (Liu et al., 2013b).
Making the above analyses on the FACs at the curing age of 56 days, the ratios are presented in Figure 5B. The ratio of axial compressive strength to cubic compressive strength varies from 0.729 to 0.901, the ratio of tensile strength varies from 0.991 to 1.093, and the ratio of modulus of elasticity varies from 0.926 to 1.121. This shows a higher adaptability of the above relationships for the FAC at the curing age of 56 days. The changes in ratios reflect the changes in FAC microstructure with the increasing curing age. The FAC behaves better in compression due to the tiny aggregate effect of fly ash on the microstructure of FAC with refined pores and dense texture, while the splitting tensile strength of FAC mainly relies on the calcium silicate hydrate gel that came from the hydration of cement and the continuous hydration of fly ash. This depends much more on the hydration process with the increasing curing age (Sivasundaram et al., 1990; Ding et al., 2016).
Resistance to chloride-ion penetration of FAC
The electric flux test was carried out for the chloride ion penetration of FAC in accordance with the China code (GB 50082-2009, 2009), which is similar to the test method specified in ASTM C1202-19 (2019). The samples of ϕ100 mm × 50 mm were cut from the specimen of ϕ100 mm × 200 mm. The specimens were cured at standard curing room for 56 days before testing. Each test had three specimens as a group. The measured total electric flux (Q100) was converted to be the value (Qs) of a standard sample with diameter of 95 mm. Three FACs identified in Table 4 as FAC1, FAC22, and FAC4 were tested, and the test results of Qs are 821 C, 516 C, and 413 C, successively. This indicates that the resistance of the test FAC to chloride penetration was basically positive to the water-to-binder ratio and the strength of FAC.
According to the China code for durability assessment of concrete (JGJ/T 193-2009, 2009), the grade of resistance to chloride penetration of test FACs belongs to Q-IV with the Qs of 1,000–500 C. Therefore, the test FACs are good at resisting the penetration of chloride ion. In view that the cubic compressive strength of test FACs was only 15.2–30.8 MPa, the high-level resistance to chloride ion penetration came mainly from the admixing of large content of fly ash. The pores of concrete are filled with tiny particles of fly ash and refined by the reaction of fly ash with the hydration product Ca(OH)2; a denser microstructure forms to block the osmotic path of chloride ion (Wu and Lian, 1999; Li et al., 2014). This lets chloride ion penetration in FAC to be at a very low level.
Carbonization of FAC
The fast carbonization test was carried out for the carbonization of FAC in accordance with the China code (GB 50082-2009, 2009). The cubic specimens with the dimension of 150 mm were cured at standard curing room for 56 days before testing in the carbonization chamber. The chamber was operated with the concentration of CO2 at (20 [image: image] 3)%, the temperature at (20 [image: image] 5)°C, and the relative humidity at (70 [image: image] 5)%. Each test had three specimens as a group. After being carbonized for 7 days, the specimens were splitting in two pieces on test machine, and the carbonized depth was measured.
The FACs used for the carbonization test were the same as those used for the chloride ion penetration test. The carbonized depth was 7.3, 3.2, and 0.4 mm for the three FACs identified as FAC1, FAC22, and FAC4, successively. This indicates that the carbonized depth decreased obviously with the decreasing water-to-binder ratio, due to the dense microstructure of FAC which blocks the diffusion of CO2 (Wu and Lian, 1999; Zhao et al., 2013). According to the specification of the China code for the durability assessment of concrete (JGJ/T 193-2009, 2009), the resistance of test FACs to carbonization belonged to T-IV with 10–0.1 mm of the carbonized depth. This is a very high level of the resistance of concrete to carbonization.
CONCLUSION

1) The water requirement of normal consistency decreased, and the setting time elongated with the increase in fly-ash content in cement fly-ash paste. This provides a good flowability of building mortar and FAC with large content of fly ash.
2) The optimal content of fly ash for mortar was related to the water-to-binder ratio. In the case of the mortar with a water-to-binder ratio of 0.40 and the content of fly ash at 40%, the compressive and flexural strengths decreased by 6.9% and 4.4% at the curing age of 28 days. When the content of fly ash was over 40%, the decrease in the compressive and flexural strengths tended to be fast. The decrease in the water-to-binder ratio benefited to the contribution of pozzolanic activity of fly ash to the strength of mortar.
3) There was no excitation of Ca(OH)2 on the early strength of the mortar with large content of fly ash, except for the less increase in the strength of the ones with fly ash over 60% at the curing age of 28 days. Steam curing for 24 h at the start presented the strengthening effect on the compressive strength of the mortar at the curing age of 7 and 28 days.
4) The mix proportion of FAC with large content of fly ash over 50% can be reasonably designed by the absolute volume method with excessive fly ash. With the increase in the water-to-binder ratio, it seems reasonable to adjust the curing RH from low to high with the increased curing age to ensure the hydration of cement and fly ash at a proper wet environment.
5) A higher decrease in cubic compressive strength of FAC took place at the curing age of 7 days. The cubic compressive strength of FAC maintained closely with the increase in fly ash content at the curing age of 28 days and tended to increase with the increase in fly-ash content at the curing age of 56 days. The strength grade of FAC at the curing age of 56 days can be raised to one to three grades over that at the curing age of 28 days. The relationships of axial compressive strength, tensile strength, and modulus of elasticity with cubic compressive strength of FAC at the curing age of 56 days are similar to those of conventional concrete at the curing age of 28 days. Therefore, it is more reasonable to evaluate the strength of FAC at the curing age of 56 days.
6) FAC with large content of fly ash from 51.9% to 57.6% presented super resistances to chloride ion penetration and carbonization. The resistances increased with the decrease in the water-to-binder ratio and reached a very high level of current specifications.
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