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Abstract

:

Hydraulic concrete in cold regions is necessary for good frost resistance. The utilization of finely ground PS (FGPS) in the construction of hydropower projects could solve the pollution issue and the fly ash shortage problem. In this work, the influence of FGPS and fly ash on frost resistance, pore structure and fractal features of hydraulic concretes was investigated and compared. The main results are: (1) The inclusion of 15–45% FGPS reduced the compressive strength of plain cement concretes by about 21–52%, 7–23% and 0.4–8.2% at 3, 28 and 180 days, respectively. (2) The inclusion of FGPS less than 30% contributed to the enhancement of 180-day frost resistance. At the same dosage level, the FGPS concrete presented larger compressive strengths and better frost resistance than fly ash concrete at 28 and 180 days. (3) At 3 days, both the addition of FGPS and fly ash coarsened the pore structures. FGPS has a much stronger pore refinement effect than fly ash at 28 and 180 days. The correlation between frost resistance of hydraulic concrete and pore structure is weak. (4) At 28 days, the incorporation of FGPS and fly ash weakened the air void structure of hydraulic concrete. At 180 days, the presence of FGPS and fly ash was beneficial for refining the air void structure. The optimal dosage for FGPS and fly ash in terms of 180-day air void refinement was 30% and 15%, respectively. The frost resistance of hydraulic concretes is closely correlated with the air void structure. (5) The pore surface fractal dimension (Ds) could characterize and evaluate the pore structure of hydraulic concretes, but it was poorly correlated with the frost resistance.
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1. Introduction


Hydropower is one kind of renewable, clean and cheap energy. According to the 14th five-year plan (from 2021 to 2025) for renewable energy development in China, the installed hydropower capacity will be as high as 442 million kW in China, including 86% of conventional hydropower installed capacity and 14% of pumped storage power installed capacity [1]. In recent years, a large number of huge hydropower stations is being built in northwestern and northern parts of China, including the Liangjiangkou Station (295 m) in Sichuan province, Fengning Station (120.3 m) in Hebei province, Aertashi Station (164.8 m) and Dashixia Station (247 m) in Xinjiang province, etc. In Northern and Northwestern China, the temperature is very low (usually below −20 °C) during the winter months and the temperature differences between day and night are large (usually greater than 20 °C); consequently, the frost damage to hydraulic concrete is very severe in these regions during winter seasons [2,3]. The frost damage of concrete will cause cracks and other serious durability problems, such as water and ion permeability. Some dams and hydraulic structures in service need great expense every year to repair the frost-related damages. Therefore, the hydraulic concrete in cold regions is necessary to have good frost resistance.



Fly ash is a by-product of power plants, which comprises mainly crystalline phases and some glassy phases [4,5,6,7,8]. Fly ash is extensively utilized in hydraulic concretes to reduce the hydration heat [9,10,11], erase the shrinkage development [12,13,14,15], as well as improve the durability, including the frost resistance [16,17]. It is widely accepted that a small amount of fly ash could improve the frost resistance of concretes, while the high dosage of fly ash would negatively affect the durability [18,19]. For instance, Yoon et al. [17] demonstrated that adding 10–20% fly ash to replace cement would improve the frost resistance of face slab concretes. Shen et al. [20] reported that the frost resistance of roller compacted concretes (RCCs) was significantly weakened as the fly ash content increased from 20% to 35%. However, the fly ash resources are very limited in Western and Northwestern China, where a large number of hydropower stations are being built [21,22]. Thus, it is necessary to find some other materials to partially or completely replace the fly ash in the construction of hydraulic concretes.



Phosphorous slag (PS) is a by-product from the yellow phosphorus industry. PS contains a proportion of larger than 90% glassy phases by weight and a small amount of P2O5; therefore, it has potential pozzolanic reactivity [7,23,24]. The annual production of PS is huge in Western and Northern China but it is commonly disposed of as landfill waste, which causes serious environmental pollution. In addition, the P2O5 phase in PS retards the setting time of cement and concrete and reduces the early concrete strength; hence, PS is seldomly directly used in concrete as mineral admixtures [25,26,27]. The mechanical grinding technique can produce finely ground PS (FGPS). FGPS has a strong pozzolanic reactivity since its specific surface area is large. In addition, the super-fine FGPS particles could act as nucleation sites to facilitate the generation of cement hydration products. The aforementioned effects work together to accelerate the cement hydration [7,28]. It is reported that the proper addition of FGPS could improve the mechanical property and durability of concrete, such as the frost resistance [7,22,24]. Peng et al. [23] proved that the reactive powder concrete (W/B = 0.16) added with 30–35% dosage of FGPS exhibited good frost resistance after 350 cycles of freezing and thawing. Allahverdi et al. [29] stated that the frost resistance of mortar containing 80% FGPS (303 m2/kg) was reduced, whereas its compressive strength was larger than the plain cement mortar. The usage of FGPS in the construction of hydraulic concrete is helpful for solving the pollution issue and the fly ash shortage problem. Nevertheless, the effects of FGPS with various dosages on the frost resistance of concrete, especially the hydraulic concrete, are unknown.



It is well known that the frost resistance of concretes is governed by the pore structures. The pores with a size exceeding 10 μm, which are often termed as air voids [30], are considered to significantly affect the frost resistance of concretes [31,32]. Some studies found that the increase in fly ash dosage in hardened engineered cementitious composite (ECC) mixtures led to an obvious decrease in spacing factor [18]. In addition, shon et al. [19] reported the inclusion of fly ash into concrete, which reduced the number of air voids smaller than 300 µm and, therefore, weakened the frost resistance of concrete. However, the literature is limited with regard to the influences of FGPS on the pore structures of concretes.



The objective of the present study is to deal with the two issues above. The effects of FGPS with three dosages (15%, 30% and 45%) on the frost resistance were studied. For the purpose of comparison, the influences of fly ash with the same dosages, i.e., 15%, 30% and 45%, were compared correspondingly. In addition, the difference in frost resistance caused by the FGPS and fly ash addition was investigated and compared through pore structural and fractal analysis. Moreover, fractal theory is a good method to study the complexity and irregularity of the pore structure [33,34], which provides a new standpoint to analyze the influences of FGPS on frost resistance of concretes in this study. The findings presented in this work may provide an experimental and a theoretical guide for the engineers to utilize FGPS to design hydraulic concrete with good frost resistance.




2. Materials and Analytical Methods


2.1. Raw Materials


In the present work, a Portland cement (CEM I) conforming to GB 175 [35] with a compressive strength of 48.6 MPa at 28 days was utilized for preparing concretes. The FGPS was provided by Guizhou WongFu yellow phosphorus Company, Guiyang City, China. This FGPS was produced by mechanically grinding the raw granulated electric furnace phosphorous slag into fine powders. An ASTM Type F Fly ash sourced from a power station in Yunnan province, China, was utilized. The physical features and oxide compositions of cement, FGPS and fly ash are shown in Table 1.



The morphology of cement, FGPS and fly ash particles by using scanning electron microscopy (SEM) is shown in Figure 1. Figure 1 shows that the morphology of FGPS is much different from that of fly ash. Cement and FGPS particles are composed primarily of fragmented and irregular polygonal particles. The irregular morphology of FGPS, just like that of cement, is caused by the mechanical grinding that could promote the pozzolanic activity of PS. Fly ash particles are mostly smooth spheres, which are caused by the rapid cooling process during its production.



In this work, both the coarse and fine aggregate were crushed limestone with a specific gravity of 2.67. According to the Chinese standard DL/T 5330 [36], the hydaulic concrete is featured by the utilization of coarse aggregate with a relatively large maximum size of 40 mm for two-graded (namely 5–20 mm and 20–40 mm) concrete or 80 mm for three-graded (namely 5–20, 20–40 and 40–80 mm) concrete. Herein, the two-graded concrete was prepared in this study. The particle size range of coarse aggregate is 5–40 mm and the weight ratio of 5–20 mm aggregate to 20–40 mm aggregate is 4:6. The fineness modulus and the maximum particle size of fine aggregate are 2.71 and 5 mm, respectively. The aggregates were kept at a saturated surface dry (SSD) condition and then used to mix concrete.




2.2. Mix Proportion Design


The mixture proportions of hydraulic concrete were designed complying with Chinese standard DL/T 5330 [36]. A control concrete PC0 was designed to have a 28-day compressive strength of about 45 MPa. Three concrete mixtures incorporating 15%, 30% and 45% of FGPS, by weight of binder, were named after CPS15, CPS30 and CPS45, respectively. For the purpose of comparison, the concretes containing the same fly ash dosages, i.e., 15%, 30% and 45%, were also prepared and designated as CFA15, CFA30 and CFA45, respectively. These seven concrete mixtures were added with some water reducer and air-entraining agent (AEA) to obtain a slump value around 60 mm and an air content about 5%. The water reducer is a polycarboxylate-based type containing some retarding compositions. The mixture proportions are exhibited in Table 2.




2.3. Test Methods


2.3.1. Setting Time Test


The initial and final setting time of hydraulic concrete containing setting time of plain cement concrete and concrete with PS and fly ash were determined by the penetration resistance method according to DL/T 5150 (test code for hydraulic concrete) [37]. The testing process and fundamentals of this method are identical to those described in ASTM C403/C403M-1999 [38]. During the test, the fresh concretes were sieved through a 50 mm aperture size sieve; then, the penetration resistance was measured by using a penetration resistance meter. By manually plotting the penetration resistance values versus elapsed time, the initial and final setting time of hydraulic concrete, which correspond to the penetration resistance of 3.5 MPa and 28 MPa, can be determined.




2.3.2. Compressive Strength Test


Compressive strengths of hydraulic concretes containing FGPS and fly ash were determined at 3, 28 and 180 days, following the method specified by DL/T 5150 [37]. These three hydration times represent the early hydration time, the middle hydration time and the long-term hydration time, respectively. After mixing, the fresh concrete was placed into 150 mm × 150 mm × 150 mm steel molds. The concrete samples were demolded after 24 h and then cured in a foggy room (20 ± 2 °C and relative humidity > 95%). Six cubic specimens were tested for each concrete mixture and the average value was adopted as a final compressive strength.




2.3.3. Frost Resistance Test


The frost resistance of hydraulic concretes containing FGPS and fly ash was evaluated at 28 and 180 days, by adopting the rapid freezing and thawing method according to DL/T 5150 [37]. The method is completely the same with Method A specified in ASTM C666 [39]. The weight loss and transverse frequency are two parameters characterizing the frost resistance of concrete.



For each concrete proportion, three specimens with dimensions of 100 mm × 100 mm × 400 mm were used to test the frost resistance and the average value was adopted as the test result. Before the test, the initial weight and transverse frequency of concrete samples were tested by using a platform scale with a precision of 3 g and a dynamic elastic modulus tester with a test range of 100 Hz–10,000 Hz, respectively. After that, the concrete samples were immersed into water in the instrument and underwent 300 cycles of freezing and thawing. Each cycle lasted for 4 h and contained two stages, the first one was a freezing stage that lasted for 2.5 h and kept at –17 °C, followed by a thawing stage during which the temperature was rapidly increased from –17 °C to 8 °C and maintained for 1.5 h. During this test, the weight and transverse frequency of concrete samples were tested every 50 cycles. After each 50 cycles, the concrete specimens were fetched from water, the surface water was dried by a cotton cloth. Then, the weight and transverse frequency of specimens were tested.




2.3.4. Pore Structure Test


According to Mindess et al.’s classical method [30], the size of pores in concretes can be classified into four domains, namely large capillary pores with a size range of 50 nm–10 μm, medium capillary pores with a size range of 10 nm–50 nm, small capillary (or gel) pores with a size range of 2.5 nm–10 nm, as well as air voids with a size larger than 10 μm, respectively.



In this study, the pore structure (2.5 nm < pore diameter < 10 μm) parameters such as porosity, pore size distribution and critical pore diameter of hydraulic concretes hydrated at 3, 28 and 180 days were tested by mercury intrusion porosimeter (MIP), using a Micromeritics AutoPore IV 9500 (manufactured by Micromeritics Instruments Corporation, Norcross, GA, USA) porosimeter. The mercury intrusion pressure of this porosimeter ranged between 0 and 414 MPa, which could test the pores with a size from about 2 nm to 10 μm. The samples used for MIP tests were the small pieces with a dimension around 6 mm. These pieces were directly cut from the inner part of the concrete samples with a size of 150 mm × 150 mm × 150 mm. The coarse aggregates should be moved from the MIP samples to prevent the influence of coarse aggregates on the accuracy of the test results. For each MIP test, four small pieces were placed into the sample tube with a volume of 5 cm3 to minimize the influence of sample variations on the accuracy of the test results.



The air void structure (10 μm < pore diameter < 2000 μm) parameters of concretes are believed to affect the frost resistance significantly [19,32,40,41]. In this study, the air void parameters of hydraulic concretes hydrated at 28 and 180 days, including the total number of air voids (N), the average air void diameter (D) and the spacing factor (   L ¯   ), were evaluated according to the linear traverse method complying with ASTM C 457 [42], by using a Rapidair 457 automatic air void analyzer. This air void analyzer could be used to probe the air voids with a size range of 10–2000 μm. The concrete specimens with dimensions of 150 mm × 150 mm × 150 mm were adopted in this test. Before the test, the cubic concrete samples were cut into some thin slices with a thickness of about 10 mm. Then, the slices were polished to generate a very smooth surface and thereafter the polished surfaces were painted with a layer of fluorescer. The air voids filled up with fluorescer in the sample surfaces can be clearly distinguished and tested under the exposure of ultraviolet radiated by the air void analyzer. For each concrete proportion, three cubic concrete samples were prepared and three slices cut from different concrete samples were measured and the average air void values were adopted as the final air void results. For each concrete mixture, seven linear traverses were tested for each slice and each traverse is 150 mm in length. Thus, the total length of linear traverses is 3150 mm for each mixture.




2.3.5. Fractal Dimension Calculation Method


The pores in concrete that are complex and inhomogeneous usually play an important role in influencing the frost resistance of concrete. The fractal dimension can characterize and illustrate the roughness and irregularities of pores in concrete very well. The fractal dimensions of materials are also considered to be closely related with the concrete macro-properties [41,43,44,45]. Many fractal models have been developed to calculate the fractal dimensions based on different physical fundamentals, among which the Zhang’s fractal model [46,47] on the basis of the MIP results can be used to calculate the fractal dimension of pore surfaces (Ds).



Herein, the Zhang’s fractal model was used to determine Ds values of hydraulic concretes. Based on Zhang’s theory, during the MIP test, there is a logarithmical correlation between the accumulated injection work on mercury (   W n   ) and the total injected mercury volume (   V n   ). This correlation is shown in Equation (1):


  ln    W n     r n 2    =  D s  ln    V n  1 / 3      r n    + C  



(1)




where    r n    refers to the pore radius, m; n means the n-th mercury injection; C represents a regression constant.



   W n    can be determined by Equation (2):


   W n  =   ∑  i n   p i  △  V i   



(2)




where the index i refers to the i–th mercury injection, which is between 1 and n;    p i    denotes the mercury pressure, Pa;    V i    represents the injected volume of mercury at the i-th injection, m3.



The values of    W n   ,    V n   ,   ln    W n     r n 2      and   ln    V n  1 / 3      r n      can be determined by using the MIP results and Equation (2). Then, the Ds, which is the slope of the straight line in Equation (1), can be calculated by Equation (1).






3. Results and Discussion


3.1. Setting Time of Fresh Hydraulic Concrete


Table 3 shows the setting time of hydraulic concrete added with FGPS and fly ash.



Table 3 shows that both the FGPS and fly ash inclusion could retard the setting time, including the initial setting time and the final setting time, whereas a stronger retarding effect of FGPS than fly ash can be observed. For example, the initial and final setting times of CPS30 concrete were 13 h 10 min and 18 h 30 min, respectively, which were retarded by about 1 h 50 min and 1 h 35 min compared with those of CFA30 concrete and about 2 h 50 min and 3 h 40 min retarded compared with those of PC0 concrete, respectively. This is because the P2O5 phase in FGPS would retard the cement hydration and prolong the setting time of cement [25,26,27]. In addition, from Table 3, 3 h longer initial setting time and 4 h 36 min longer final setting time can be observed due to the increase in FGPS dosage from 15% to 45%, indicating the retarding effect became stronger with increasing FGPS content. A similar result was reported by other studies [22,25,26], which pointed out that the negative retarding effect would enhance with the PS dosage for concrete.




3.2. Compressive Strength of Hydraulic Concrete


Figure 2 shows the compressive strength of PC0 concrete and concretes containing FGPS and fly ash with different dosages at 3, 28 and 180 days. Form Figure 2, the compressive strengths of all the concretes enhanced with the progress of hydration. Figure 2 also shows that the FGPS and fly ash have different influences on the compressive strength development of hydraulic concrete.



In addition, Figure 2 shows that both the FGPS and fly ash addition reduced the compressive strength of hydraulic concrete at 3 days and the higher content of FGPS and fly ash led to a larger reduction in compressive strength. For instance, the compressive strengths of CPS15 and CFA15 concretes were declined by about 21% and 13% compared with that of PC0 concrete at 3 days, respectively. As for 45% dosage level, the reductions in strengths for CPS45 and CFA45 concretes were 52% and 41% at 3 days, respectively. The reductions in early strength of both FGPS concrete and fly ash concrete were mainly owing to the dilution effect of FGPS and fly ash on cement amount; that is, the cement amount was reduced and, consequently, the compressive strength development was slowed down [22,48]. Nevertheless, Figure 2 indicates that the 3-day strength of FGPS concrete was weaker than that of fly ash concrete under the same dosage level. The weaker strength of FGPS concrete than fly ash concrete can be attributed to the retarding effect of FGPS, which inhibited the cement hydration and, hence, weakened the early mechanical strength of concrete. These results correspond well with the setting time results above and the data in other studies [22,48,49,50].



As hydration proceeded, the compressive strengths of both FGPS concrete and fly ash concrete increased. It can be observed that the strength gap between FGPS concrete and PC concrete was reduced from 21–52% at 3 days to 7–23% at 28 days. At 180 days, CPS15 and CPS30 concretes exhibited only 0.4% and 4.0% smaller compressive strength than PC0 concrete, respectively, while CPS45 concrete showed about 8.2% reduction in compressive strength over PC0. These findings are in line with the strength development trend of FGPS-cement pastes/mortars/concretes reported by other studies [7,22,24,48]. For instance, Zhang et al. [48] confirmed that the compressive strength of PS-cement mortars added with 15–30% FGPS at 90 days was similar to that of plain cement mortars. Hu et al. [7] obtained the same trend for concretes with W/B ratios of 0.35 and 0.45 at 90 and 360 days. The results above verified that the retardation effect of FGPS no longer took effect after the initial several days and the presence of FGPS subsequently promoted the cement hydration. It was reported that the fine FGPS particles provided nucleation sites for the precipitation of hydration products and accelerated the cement hydration [24,28]. In addition, previous investigations have shown that the fine mechanical grinding produced lots of lattice distortion and chemical bond breakages on FGPS particle surfaces, which largely enhanced the pozzolanic reactivity of FGPS [23,27]. As expected, the pozzolanic reaction between FGPS and Ca(OH)2 would produce more hydration products at 28 and 180 days of hydration, which could densify the microstructure and, consequently, enhance the mechanical strength of concrete [22,25,27,51,52,53,54,55,56].



Similar improvements in strength of fly ash concrete can be found at 28 and 180 days. The gap between fly ash concrete and PC0 concrete was reduced from 13–41% at 3 days to 9–29% at 28 days and this gap was further reduced to 3.6–21.9% at 180 days, indicating that the presence of fly ash increased the strength at 28 and 180 days. A similar long-term compressive strength increase in fly ash concrete was reported by Hu et al. [57] and Matos et al. [58]. As other quantitative studies [13,28,59,60] demonstrated, the reaction degrees of fly ash in concrete were 9–23% at 28 days and were 26–33% at 180 days [13,59]. Obviously, the largely occurring pozzolanic reaction is helpful for the strength increment of concrete at 28 and 180 days. An interesting comparison of the strength data indicates that the compressive strengths of FGPS concrete are 2.6–7.4% larger at 28 days and 3.2–15.0% larger at 180 days than those of fly ash concrete, indicating that FGPS exhibited much higher pozzolanic reactivity than fly ash after the initial several days.




3.3. Frost Resistance of Hydraulic Concrete


The frost resistance results of concrete containing FGPS and fly ash hydrated at 28 and 180 days are exhibited in Figure 3 and Figure 4, respectively. It can be seen from Figure 3 and Figure 4 that FGPS and fly ash have different effects on the frost resistance of concrete.



Figure 3 shows that, at 28 days, the frost resistance of hydraulic concretes was gradually weakened with the FGPS content increasing from 0 to 45%. Specifically, the mass loss increased from 3.75% to 5.62% and the relative dynamic elastic modulus decreased from 72% to 41.3% at the same time, indicating the FGPS addition in concrete at 28 days was detrimental to the frost resistance of hydraulic concretes. This result is consistent with the study conducted by Allahverdi et al. [29], who observed that the cement mortar added with 80% FGPS showed weaker frost resistance than the plain cement mortar at 28 and 56 days. They ascribed the weakened frost resistance of FGPS mortar hydrated at middle age to the coarse internal pore structure, in which the freezable water caused great expansive pressure on the pore wall when exposed to freeze–thaw cycles.



Similarly, the fly ash concrete hydrated at 28 days exhibited the same weakened frost resistance when the fly ash content increased from 0 to 45%. The same trend for concrete hydrated at 28 days due to fly addition was reported by Shon et al. [19], Shen et al. [20] and Şahmaran et al. [31]. This is because the reactivity of fly ash at middle hydration age is still weak; the fly ash addition at this time deteriorated the micro-structure development and raised the fraction of large pores in the concrete mixture [20]. In addition, as the fly ash dosage increased, the fly ash inclusion was detrimental to the strength development and increasingly weakened the resistance of concrete to surface scaling [19]. The superposition of the two negative effects above inevitably weakened the frost resistance of fly ash concrete at middle hydration age.



At 180 days, it can be observed from Figure 3 and Figure 4 that, under the dosage of 30%, the frost resistance of hydraulic concretes enhanced with the FGPS dosage, indicating that the inclusion of FGPS less than 30% contributed to the enhancement of frost resistance. A similar finding was observed by Peng et al. [23], who stated that the good resistance of concrete added with less than 30% FGPS was due to the small capillary pore size and the low porosity after the FGPS addition. However, beyond a 30% dosage, CPS45 concrete exhibited slightly weaker frost resistance (i.e., about 9% larger weight loss and 8% smaller relative dynamic elastic modulus) than the PC0 one, suggesting that the optimal FGPS dosage in terms of frost resistance enhancement for hydraulic concrete may be around 30%.



As for fly ash, it can be observed from Figure 3 and Figure 4 that the optimal fly ash dosage may be 15%, since CFA15 presented better frost resistance than PC0 at 180 days. This optimal value is in accordance with the finding by Yoon et al. [19]. They reported that the incorporation of fly ash less than 20% improved the frost resistance of face slab concrete. When the fly ash content exceeds this optimal value (15%) in this study, the frost resistance of hydraulic concrete is largely weakened. For instance, the weight loss and relative dynamic elastic modulus of CFA45 concrete were about 31% larger and 25% smaller than those of PC0 concrete, respectively. Similar largely weakened frost resistance has been reported for roller compacted concrete (RCC) when the fly ash dosage increased from 20% to 35% [20] and for ordinary concrete as the fly ash dosage raised from 33% to 50% [18].



Nevertheless, a comparison between the frost resistance of FGPS concretes and fly ash concretes at 28 and 180 days revealed that, at the same dosage level, the FGPS concrete presented better frost resistance than fly ash concrete. For example, as shown in Figure 4, CFA45 concrete has about 21% larger weight loss and 18% smaller relative dynamic elastic modulus than the CPS45 one. This difference in frost resistance can be explained by the stronger reactivity of FGPS than fly ash after the initial several days. As evidenced in Section 3.2, FGPS concrete exhibited larger compressive strength than fly ash concrete at 28 and 180 days. The difference in reactivity may produce different pore structures in concrete, which may have different influences on frost resistance of concrete. This opinion will be further verified in the next section.




3.4. Pore Structures at Different Scales


3.4.1. Pore Structure (3 nm < Pore Diameter < 10 μm) Parameters


Table 4 presents the pore structure (3 nm < pore diameter < 10 μm) parameters of hydraulic concrete incorporated with FGPS and fly ash hydrated at 3, 28 and 180 days, including the critical pore diameter, porosity and the pore size distribution. Table 4 indicates that the pore structure of all the concretes in this study refined with the curing time.



Table 4 also shows that FGPS concrete has a different development in pore structure with the fly ash concrete at various hydration times. At 3 days, both the addition of FGPS and fly ash coarsened the pore structures. As Table 4 indicates, with increasing the dosage of FGPS and fly ash from 15% to 45%, the critical pore diameter and porosity kept increasing and the pore structure kept shifting towards the large pore diameter fraction, indicating the addition of FGPS and fly ash has negative effects on early pore structures of concrete at 3 days. A similar finding of coarsened pore structure by FGPS and fly ash was reported elsewhere, which could be attributed to the inert nature of FGPS [24,25,48] and fly ash [10,61,62] at early age as well as their dilution effects on cement amount. Nevertheless, it can be found that the coarsening effect of FGPS was more prominent than fly ash. Specifically, CPS45 concrete exhibited the critical pore diameter, porosity and fraction of large capillary pores (shortened as V50 nm–10 μm thereafter) of 320 nm, 42.5 nm and 81.7% at 3 days, which were 84 nm, 5.2 nm and 5.4% larger than those of the CPA45 one, respectively. This is because, despite the dilution effect, FGPS has a retarding effect on the early cement hydration; as a consequence, more large capillary pores cannot be filled sufficiently by the hydration products at early age [24,48]. Since the mechanical strength of concrete is negatively correlated with the porosity [63], the largely coarsened pore structure could inevitably lead to a decrease in mechanical strength.



At 28 days, Table 4 shows the difference in pore structure parameters between CPS15 concrete and PC0 concrete was minor. Additionally, Table 4 presents that, at the same dosage level, FGPS concrete exhibited smaller critical pore diameter, porosity and V50 nm–10 μm values. These results, which are in accordance with the strength result before, suggest that the addition of FGPS began to refine the pores at 28 days and FGPS had a strong pozzolanic reactivity than fly ash. As discussed before, FGPS has no retardation effect on cement hydration after the initial several days of hydration [26,48]. Peng et al. [23] reported that the pozzolanic reaction between FGPS and Ca(OH)2 produced a large quantity of C-S-H that can fill up the pores of concrete, resulting in a refined pore structure. However, beyond a dosage of 15%, Table 4 displays that the FGPS concrete presented much coarser pore structure than the PC0 concrete, suggesting the pozzolanic effect of FGPS was not strong at 28 days.



At 180 days, the pore refinement effect of FGPS became more notable than that at 28 days. Table 4 shows that all of the FGPS concretes presented smaller critical pore diameter, porosity and V50 nm–10 μm values than the C0 one at 180 days. Moreover, Table 4 illustrates that this pore refinement effect enhanced with the FGPS dosage. For instance, as the FGPS dosage increased from 15% to 40%, the critical pore diameter, porosity and V50 nm–10 μm values of FGPS concrete declined significantly from 20 nm, 42.5 nm and 81.7% to 84 nm, 5.2 nm and 5.4%. As revealed by Gao et al. [64], the large pores in concrete can be converted and divided into small ones, owing to the inclusion of FGPS at long-term age.



Regarding fly ash, the results in Table 4 show that the porous structure of CFA15 and CFA30 concretes was more refined than that of PC0 concrete, because the pozzolanic reaction of fly ash at long-term age could also produce lots of secondary C-S-H to fill up the pores [5,60]. Nevertheless, a careful comparison of the results in Table 4 shows that CFA15 and CFA30 exhibited coarser pore structures than CPS15 and CPS 30 concretes, respectively. Moreover, much different from FGPS, when the fly ash dosage increased to 45%, the refinement effect of fly ash disappeared and the pore structures of CFA45 concrete were largely coarsened compared with the C0 and CFA30 concretes. These experimental phenomena demonstrate that FGPS has a much stronger pore refinement effect than fly ash, suggesting the maximal dosage of FGPS in practical hydraulic concrete could be increased to 45% in terms of pore refinement.




3.4.2. Air Void (10 μm < Pore Diameter < 2000 μm) Parameters


The air void parameters of hydraulic concrete cured at 28 and 180 days, including N, D and    L ¯   , are shown in Table 5. Table 5 shows that all of the hardened concrete mixtures have almost the same air content, around 5%, by adjusting the AEA dosage. Nevertheless, Table 5 clearly exhibits that these concretes have obviously different air void parameters. As Hasholt et al. [18] pointed out, concretes with the same air content may have quite different air void structures, such as D and    L ¯   .



Table 5 indicates that both FGPS and fly ash have a significant impact on the development of air void in concrete. At 28 days, increasing FGPS dosage from 0 to 45% reduced the N value from 721 to 573 and increased D and    L ¯    values from 164 μm to 198 μm and from 239 μm to 297 μm, respectively. Generally, at the same air content level, a smaller D and a larger N value would lead to a smaller    L ¯    and, therefore, better frost resistance [32]. Hence, the reduced N values and enlarged D and    L ¯    values due to FGPS addition at 28 days were detrimental to the frost resistance of hydraulic concrete.



A similar weakened air void structure can be found when adding fly ash into concrete. Table 5 shows that adding fly ash from 0 to 45% reduced the N values and raised the D and    L ¯    values continuously, indicating the fly ash addition was harmful to the 28-day frost resistance of hydraulic concrete. The decrease in N due to fly ash addition was also reported by Shon et al. [19], who stated that adding fly ash to concrete reduced the number of air voids, especially the air void smaller than 300 µm at middle hydration age. They attributed this finding to the fact that the carbon residue in fly ash would adsorb the AEA and inhibit the generation of micro-air bubbles. As supported by the data in Table 2, regarding the higher dosage of fly ash in concrete, a higher AEA amount is needed to achieve the same air content.



At 180 days, it can be found that the addition of FGPS under a dosage of 30% was beneficial for the refinement on air void structure, viz. the increase in N values and decrease in D and    L ¯    values. However, this refinement on air void structure disappeared when the FGPS dosage increased to 45%. Table 5 indicates that, when the FGPS dosage increased from 0 to 30%, the N value increased from 748 to 851 and the further increase in FGPS dosage to 45% decreased the N to 654, suggesting that there seems to be an optimal dosage of 30% for FGPS in terms of air void refinement.



As for fly ash, Table 5 indicates that the addition of fly ash below a 15% dosage refined the air void structure of concretes. Specifically, N and    L ¯    value of CFA15 concrete was 49 larger and 11 μm smaller than those of the PC0 one, respectively. The refinement of fly ash on air void structure could be attributed to the pozzolanic reaction of fly ash. As Şahmaran et al. [31] stated, the reaction products of fly ash could fill the large pores and transform the system containing large pores into smaller ones. Beyond a fly ash dosage of 15%, the air void structures of concretes were weakened when the fly ash dosage increased up to 45%. Thus, an optimal dosage of fly ash in terms of air void refinement seems to be about 15%. The difference in optimal dosage between FGPS and fly ash above could be explained by their pozzolanic reactivity difference and FGPS with a stronger pozzolanic reactivity can refine the air void more effectively than fly ash.





3.5. Pore Surface Fractal Dimension (Ds) of Concrete


Ds values of hydraulic concretes added with FGPS and fly ash at 3, 28 and 180 days are shown in Table 6. The high R2 values approaching 1.0 in Table 6 verify that the calculated Ds values through Equation (1) possess adequate accuracy and reliability.



According to the fractal theory [33,65,66], Ds is meaningful only in a range between 2.0 and 3.0; if the object has a smooth surface, it has a Ds of 2.0, whereas a Ds value approaching 3.0 implies that the pore surface of the object becomes rougher and more complex. Table 6 shows that the Ds values in this work are between 2.732 and 2.933, demonstrating that the hydraulic concretes added with FGPS and fly ash exhibited typical fractal characteristics.



In addition, the relationship between Ds and the pore structure parameters of hydraulic concretes, including the critical pore diameter, porosity and V50 nm–10 μm, are displayed in Figure 5. Figure 5 indicates that the critical pore diameter, porosity and V50 nm–10 μm are negatively linearly correlated with Ds, with high R2 values of 0.903, 0.991 and 0.959, respectively, revealing the Ds could characterize and evaluate the pore structure of hydraulic concretes. This finding is consistent with other fractal studies [33,34,66], which proposed that the Ds can reflect and evaluate, comprehensively and accurately, the pore structure of concrete.




3.6. Pore Structural and Fractal Analysis of Frost Resistance


3.6.1. Pore Structural Analysis


In order to better understand the influences of FGPS and fly ash with different dosages on the frost resistance of hydraulic concretes, the frost resistance was analyzed from the viewpoints of pore structure, air void and fractal dimension, respectively.



The relationship between pore structures (the porosity and V50 nm–10 μm) and the frost resistance is displayed in Figure 6. Taking into account the fact that the pore structures of concretes at 28 days developed not so maturely since the pozzolanic reactions of FGPS and fly ash were not so sufficient, the pore structure parameters at 180 days were solely considered in the relationship analysis in this work.



Figure 6 indicates that all of the points in this figure are so scattered that there is no clear correlation between the frost resistance and pore structural parameters of hydraulic concrete. For instance, CPS45 concrete that presented the smallest porosity and V50 nm–10 μm at 180 days did not exhibit the best frost resistance. Similarly, CPS35 concrete showed the best frost resistance but its porosity and V50 nm–10 μm at 180 days were not the smallest. This is because the small capillary pores (3 nm < pore diameter < 10 μm) evaluated by the MIP technique are not so closely related with the frost resistance of concrete [31]. Many researchers demonstrated that the pores with diameters greater than 50 μm [40] or around 300 μm [19] determined the frost resistance of concrete, all of which can be classified as air voids.




3.6.2. Air void Analysis of Frost Resistance


The relationship between frost resistance (i.e., mass loss and relative dynamic modulus of elasticity) and air void structures of hydraulic concrete (i.e., N and    L ¯   ) is shown in Figure 7. Figure 7 clearly shows that the frost resistance of hydraulic concrete is closely correlated with the air void parameters.



The difference in the effects between FGPS and fly ash on the frost resistance of concrete can be, therefore, explained from the point of air void parameters. Based on the relationship in Figure 7, it can be concluded that under the same dosage level, the addition of FGPS refined the air voids of hydraulic concrete more effectively than fly ash, leading to larger N and smaller    L ¯    values and, thus, better frost resistance. As another study [67] reported, more closed, small and evenly distributed entrained air voids can provide more internal space for ice expansion to achieve better frost resistance in concrete. As a consequence, CPS35 concrete that exhibited the largest N and the smallest    L ¯    at 180 days presented the best frost resistance. By contrast, CFA45 concrete, which has the smallest N and the largest    L ¯   , exhibited the weakest frost resistance in this study.



As for the influence of FGPS dosage, Figure 7 clearly validates the optimal FGPS dosage of 35% in regard to air void refinement and frost resistance enhancement. Under this optimal dosage, the pozzolanic reaction of FGPS can divide the large air voids into small ones, inducing large N values and small    L ¯    values and, consequently, better frost resistance. Beyond this optimal dosage, N began to decrease and    L ¯    started to increase, which was accompanied by a great loss in frost resistance.




3.6.3. Fractal Analysis of Frost Resistance


Figure 8 displays the relationship between the frost resistance of hydraulic concrete and Ds values in this study.



It can be observed from Figure 8 that all of the points are so scattered that they do not obey any clear functional formula. Thus, it can be summarized that there are no definite and clear correlations between the frost resistance and Ds. This can be explained as follows. The addition of FGPS and fly ash strongly affected the pore structure of concrete and the corresponding Ds, while pore structure cannot affect the frost resistance as obviously and significantly as the air void structure did. Thus, Ds characterizing and reflecting the complexity and roughness of pore surfaces was poorly correlated with the frost resistance. Consequently, it can be concluded that the frost resistance cannot be analyzed from the point of Ds.






4. Conclusions


The following conclusions can be obtained:




	(1)

	
The increase in FGPS dosage from 15% to 45% prolonged the initial setting time and the final setting time by about 3 h and 4 h 36 min compared with the plain cement concrete, respectively. The retarding effect of FGPS is stronger than fly ash.




	(2)

	
The inclusion of 15–45% FGPS reduced the compressive strength of plain cement concrete by about 21–52%, 7–23% and 0.4–8.2% at 3, 28 and 180 days, respectively. The compressive strengths of FGPS concrete are 2.6–7.4% larger at 28 days and 3.2–15.0% larger at 180 days than those of fly ash concrete, since the pozzolanic reactivity of FGPS is much stronger than fly ash after the initial several days.




	(3)

	
The frost resistance of hydraulic concrete at 28 days was gradually weakened with the FGPS or fly ash dosage increasing from 15% to 45%. At 180 days, the inclusion of FGPS less than 30% contributed to the enhancement in frost resistance. At the same dosage level, the FGPS concrete presented better frost resistance than fly ash concrete at 28 and 180 days.




	(4)

	
At 3 days, both the inclusion of FGPS and fly ash coarsened the pore structures and the coarsening effect of FGPS was more prominent than fly ash. The incorporation of 15–45% FGPS began to refine the concrete pores at 28 days. At 180 days, the pore refinement effect of FGPS became notable and enhanced with the FGPS dosage. FGPS has a much stronger pore refinement effect than fly ash at 28 and 180 days. The correlation between frost resistance of hydraulic concrete and pore structure is weak.




	(5)

	
At 28 days, the increase in FGPS dosage from 0 to 45% reduced the total number of air voids from 721 to 573 and increased the spacing factor from 239 μm to 297 μm. At 180 days, the presence of FGPS and fly ash was beneficial for refining the air void structure. The optimal dosage of FGPS and fly ash in terms of 180-day air void refinement was 30% and 15%, respectively. The frost resistance of hydraulic concrete is closely correlated with the air void parameters.




	(6)

	
Hydraulic concretes containing FGPS and fly ash present obvious fractal features. The fractal dimension of the pore surface (Ds) could characterize and evaluate the pore structure of hydraulic concretes, but it was poorly correlated with the frost resistance. It is suggested that the frost resistance of hydraulic concrete cannot be analyzed from the point of Ds.
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Figure 1. SEM micrographs of (a) cement, (b) FGPS and (c) fly ash. 
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Figure 2. Compressive strengths of hydraulic concretes at 3, 28 and 180 days. (a) concretes containing FGPS; (b) concretes containing fly ash. 






Figure 2. Compressive strengths of hydraulic concretes at 3, 28 and 180 days. (a) concretes containing FGPS; (b) concretes containing fly ash.



[image: Fractalfract 06 00598 g002]







[image: Fractalfract 06 00598 g003 550] 





Figure 3. Frost resistance results of concretes hydrated at 28 days; (a,b) mass loss of FGPS concrete and fly ash concrete, (c,d) relative dynamic elastic modulus of FGPS concrete and fly ash concrete. 
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Figure 4. Frost resistance results of concrete hydrated at 180 days; (a,b) mass loss of FGPS concrete and fly ash concrete, (c,d) relative dynamic elastic modulus of FGPS concrete and fly ash concrete. 
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Figure 5. The correlation between Ds and (a) the critical pore diameter, (b) porosity and (c) V50 nm–10 μm of concrete. 
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Figure 6. The correlations between frost resistance and pore structure (a) mass loss and porosity, (b) mass loss and V50 nm–10 μm, (c) relative dynamic elastic modulus and porosity and (d) relative dynamic elastic modulus and V50 nm–10 μm. 
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Figure 7. The correlation between frost resistance and air void structure: (a) mass loss and N, (b) mass loss and    L ¯   , (c) relative dynamic elastic modulus and N and (d) relative dynamic elastic modulus and    L ¯   . 
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Figure 8. The correlation between frost resistance and Ds (a) mass loss and Ds and (b) relative dynamic elastic modulus and Ds. 






Figure 8. The correlation between frost resistance and Ds (a) mass loss and Ds and (b) relative dynamic elastic modulus and Ds.
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Table 1. Physical characteristics and oxide compositions of cement and fly ash.






Table 1. Physical characteristics and oxide compositions of cement and fly ash.





	
Oxides

	
Oxides (% by Weight)




	
CEM I PC

	
Fly Ash

	
FGPS






	
CaO

	
62.72

	
3.02

	
48.21




	
SiO2

	
20.32

	
53.69

	
39.15




	
Fe2O3

	
4.46

	
10.87

	
0.85




	
Al2O3

	
4.42

	
24.96

	
1.96




	
MgO

	
3.92

	
2.85

	
1.89




	
SO3

	
2.37

	
0.35

	
1.46




	
P2O5

	
0

	
0

	
3.31




	
R2O *

	
0.41

	
1.07

	
1.32




	
Ignition loss (%)

	
1.04

	
2.32

	
1.58




	
Physical features

	

	

	




	
Density (g/cm3)

	
3.22

	
2.33

	
2.93




	
Blaine Specific surface area (m2/kg)

	
332

	
395

	
505




	
Median particle size (D50, μm)

	
18.4

	
13.2

	
10.1




	
Fineness (residue on 80 µm sieve%)

	
1.2

	
0.4

	
0.4




	
Strength activity index

	
-

	
81

	
92








* Alkali content (R2O) = Na2O + 0.658K2O.
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Table 2. Mix proportion and notation of hydraulic concrete.






Table 2. Mix proportion and notation of hydraulic concrete.





	
Notation

	
W/B Ratio

	
Mix Proportion (kg/m3)

	
Air Content (%)

	
Slump

(mm)




	
Water

	
Cement

	
Fly Ash

	
FGPS

	
Sand

	
Coarse

Aggregate

	
Water-Reducer

	
AEA






	
PC0

	
0.39

	
123

	
315

	
0

	
0

	
621

	
1324

	
2.21

	
0.06

	
5.0

	
55




	
CPS15

	
0.39

	
123

	
268

	
0

	
47

	
619

	
1321

	
1.89

	
0.06

	
4.9

	
56




	
CPS30

	
0.39

	
123

	
221

	
0

	
95

	
618

	
1318

	
2.21

	
0.06

	
4.9

	
55




	
CPS45

	
0.39

	
123

	
173

	
0

	
142

	
617

	
1316

	
2.21

	
0.06

	
4.8

	
51




	
CFA15

	
0.39

	
123

	
268

	
47

	
0

	
616

	
1313

	
2.21

	
0.09

	
5.0

	
56




	
CFA30

	
0.39

	
123

	
221

	
95

	
0

	
611

	
1303

	
1.89

	
0.11

	
4.9

	
58




	
CFA45

	
0.39

	
123

	
173

	
142

	
0

	
606

	
1293

	
1.89

	
0.13

	
4.8

	
59
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Table 3. Setting time of hydraulic concretes added with FGPS and fly ash.






Table 3. Setting time of hydraulic concretes added with FGPS and fly ash.





	
Notation

	
W/B Ratio

	
Setting Time (h:min)




	
Initial

	
Final






	
C0

	
0.38

	
10:20

	
14:50




	
CPS15

	
0.38

	
11:50

	
16:10




	
CPS30

	
0.38

	
13:10

	
18:30




	
CPS45

	
0.38

	
14:50

	
20:46




	
CFA15

	
0.38

	
10:55

	
16:20




	
CFA30

	
0.38

	
11:20

	
16:55




	
CFA45

	
0.38

	
11:48

	
17:25
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Table 4. Pore structures of hydraulic concretes added with FGPS and fly ash.






Table 4. Pore structures of hydraulic concretes added with FGPS and fly ash.





	
Notation

	
Curing Time (Days)

	
Critical Pore Diameter (nm)

	
Porosity (%)

	
Pore Size Distribution




	
<10 nm (%)

	
10–50 nm (%)

	
50 nm–10 μm (%)






	
C0

	
3

	
169

	
27.6

	
8.1

	
31.2

	
60.3




	
28

	
65

	
20.5

	
14.5

	
46.9

	
37.8




	
180

	
42

	
18.4

	
18.5

	
50.2

	
30.9




	
CPS15

	
3

	
218

	
31.2

	
6.8

	
28.6

	
64.3




	
28

	
61

	
19.5

	
15.5

	
48.3

	
35.6




	
180

	
36

	
16.8

	
21.6

	
52.3

	
25.6




	
CPS30

	
3

	
262

	
36.1

	
5.3

	
24.5

	
69.6




	
28

	
84

	
22.6

	
13.2

	
44.1

	
42.2




	
180

	
29

	
15.2

	
23.8

	
54.7

	
21.1




	
CPS45

	
3

	
320

	
42.5

	
3.5

	
14.5

	
81.7




	
28

	
115

	
28.4

	
11.5

	
40.2

	
47.6




	
180

	
22

	
13.8

	
25.4

	
56.5

	
17.5




	
CFA15

	
3

	
185

	
30.3

	
7.3

	
27.1

	
65.4




	
28

	
74

	
22.8

	
13.3

	
43.5

	
42.8




	
180

	
38

	
18.7

	
20.5

	
51.1

	
27.9




	
CFA30

	
3

	
206

	
33.1

	
5.8

	
24.2

	
69.3




	
28

	
91

	
25.9

	
12.5

	
40.3

	
46.6




	
180

	
33

	
16.6

	
22.2

	
53.1

	
24.3




	
CFA45

	
3

	
236

	
37.3

	
4.5

	
18.6

	
76.3




	
28

	
128

	
29.6

	
9.6

	
32.5

	
57.8




	
180

	
63

	
25.3

	
16.4

	
42.6

	
40.9
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Table 5. Air void structures of hydraulic concretes added with FGPS and fly ash.






Table 5. Air void structures of hydraulic concretes added with FGPS and fly ash.





	
Notation

	
Curing Time (Days)

	
Total Number of Air Voids N

	
Traverse Length through Air Ta (mm)

	
Hardened Air Content A (%)

	
Average Chord Length (μm)

	
Average Air Void Diameter D (μm)

	
Spacing Factor     L ¯     (μm)






	
PC0

	
28

	
721

	
158

	
5.0

	
218

	
164

	
239




	
180

	
748

	
158

	
5.0

	
211

	
158

	
230




	
CPS15

	
28

	
672

	
154

	
4.9

	
230

	
172

	
254




	
180

	
796

	
154

	
4.9

	
194

	
145

	
215




	
CPS30

	
28

	
626

	
154

	
4.9

	
247

	
185

	
274




	
180

	
851

	
154

	
4.9

	
181

	
136

	
202




	
CPS45

	
28

	
573

	
151

	
4.8

	
264

	
198

	
297




	
180

	
654

	
151

	
4.8

	
231

	
173

	
260




	
CFA15

	
28

	
629

	
158

	
5.0

	
250

	
188

	
277




	
180

	
797

	
158

	
5.0

	
198

	
148

	
219




	
CFA30

	
28

	
565

	
154

	
4.9

	
273

	
205

	
309




	
180

	
614

	
154

	
4.9

	
251

	
189

	
284




	
CFA45

	
28

	
545

	
151

	
4.8

	
277

	
208

	
320




	
180

	
568

	
151

	
4.8

	
266

	
200

	
307
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Table 6. Ds of hydraulic concretes added with FGPS and fly ash.






Table 6. Ds of hydraulic concretes added with FGPS and fly ash.





	
Notation

	
Curing Time (Days)

	
Ds

	
R2






	
C0

	
3

	
2.832

	
0.989




	
28

	
2.879

	
0.969




	
180

	
2.906

	
0.978




	
CPS15

	
3

	
2.805

	
0.986




	
28

	
2.886

	
0.979




	
180

	
2.915

	
0.986




	
CPS30

	
3

	
2.772

	
0.978




	
28

	
2.855

	
0.984




	
180

	
2.923

	
0.969




	
CPS45

	
3

	
2.732

	
0.986




	
28

	
2.831

	
0.992




	
180

	
2.932

	
0.978




	
CFA15

	
3

	
2.820

	
0.963




	
28

	
2.867

	
0.983




	
180

	
2.895

	
0.971




	
CFA30

	
3

	
2.791

	
0.968




	
28

	
2.843

	
0.976




	
180

	
2.921

	
0.985




	
CFA45

	
3

	
2.753

	
0.966




	
28

	
2.818

	
0.959




	
180

	
2.849

	
0.979
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