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Abstract

:

Concrete-face slabs are the primary anti-permeability structures of the concrete-face rockfill dam (CFRD), and the resistance of face slab concrete to permeability is the key factor affecting the operation and safety of CFRDs. Herein, the influences of five fly ash dosages (namely 10%, 20%, 30%, 40% and 50%) on the permeability property of face slab concretes were investigated. Moreover, the difference in the permeability caused by the fly ash dosage variations is revealed in terms of the pore structure and fractal theory. The results illustrate that: (1) The inclusion of 10–50% fly ash lowered the compressive strength of face slab concretes before 28 days of hydration, whereas it contributed to the 180-day strength increment. (2) The incorporation of 10–50% fly ash raised the average water-seepage height (Dm) and the relative permeability coefficient (Kr) of the face slab concrete by about 14–81% and 30–226% at 28 days, respectively. At 180 days, the addition of fly ash improved the 180-day impermeability by less than 30%. (3) The permeability of face slab concretes is closely correlated with their pore structures and Ds. (4) The optimal fly ash dosage in terms of the long-term impermeability and pore refinement of face slab concretes is around 30%. Nevertheless, face slab concretes containing a high dosage of fly ash must be cured for a relatively long period before they can withstand high water pressure.
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1. Introduction


The concrete-face rockfill dam (CFRD) is a common dam type throughout the world. CFRD comprises of a rockfill as the main body of the dam, and the concrete-face slabs as the primary anti-permeability structure [1,2,3]. CFRDs are constructed all over the world due to their superior seismic performance, high adaptability to geological and climate conditions, low cost and short construction period [2,4,5]. Concrete-face slabs are thin structures with a large surface area to thickness ratio. In the last three decades, CFRDs have been rapidly developed in China, including the Gongbaxia CFRD (132 m) in Qinghai province, the Aertashi CFRD (164.8 m) and Dashixia CFRD (247 m) in Xinjiang province, etc. Generally, CFRDs are often designed to have a dam height level of 100 m to 300 m, which means the water pressure caused by the high water head is immense. Therefore, the face slab concretes used in these projects are required to have a good permeability resistance to water penetration. Considering that concrete-face slabs are the primary anti-permeability structures of CFRDs, their impermeability is one of the key factors affecting the operation and safety of CFRDs [6,7].



Fly ash is a by-product of coal combustion in thermal power plants. Its major components are quartz, mullite and some glassy phases, which can react with Ca(OH)2 [8,9,10,11]. Fly ash is widely used in CFRDs, in practice, to improve the workability and cracking resistance of face slab concrete. Generally, adding a suitable amount of fly ash to concrete has a positive effect on the impermeability of the concrete. Abu et al. [12] found that fly ash addition at a level below 15% reduced the chloride penetration in fiber concrete by about 69% at 90 days, while increasing the content of fly ash increased the chloride penetration by up to 30% at 90 days. Bog and Topçu [13] also reported that, when the fly ash dosage exceeded 15%, the chloride penetration in the concrete increased. Liu et al. [14] and Kizilkanat et al. [15] pointed out that, when the fly ash dosage was greater than 30%, the charge passed into the concrete at 28 days began to increase. In addition, many studies confirmed that, before 28 or 90 days of hydration, concrete containing 30–50% fly ash showed weaker impermeability than the plain concrete [16], whereas at a long-term age (i.e., 180 days), it exhibited a comparable chloride penetration or water permeability coefficient [12,17].



The permeability resistance of concrete depends on the pore structures of the concrete [18,19]. A numerical model proposed by Zheng et al. [20] showed that the permeability is governed by the porosity and microgeometry of the pore structures. Metha and Monterio [21] stipulated that the permeability of concrete is closely correlated with the pores, with sizes ranging between 0.05–0.1 μm. Wu et al. [22] obtained the similar results based on a series of transport property experiments and proposed that the water and chloride penetration of concrete is highly dependent on the fractions of pores with sizes ranging from 0.01 to 0.1 μm, rather than those with a size exceeding 0.1 μm. Nevertheless, there are no studies regarding the influence of the fly ash dosage on the impermeability and pore structures of face slab concrete.



To remedy the aforementioned issue, the effects of fly ash added in five dosages, including 10%, 20%, 30%, 40% and 50%, on the impermeability of face slab concrete were studied. In addition, the differences in the degree of impermeability caused by changing the fly ash dosage were interpreted in terms of the pore structures and fractals. Fractal geometry is an effective method for studying the complex and irregular features of pore structures [23,24,25,26,27,28], which provided a new point of view for understanding the influence of the fly ash dosage on the impermeability of face slab concretes in this study. The results may help engineers to select proper fly ash dosages in order to design concrete-face slab with a strong impermeability.




2. Materials and Analytical Methods


2.1. Raw Materials


Portland cement (CEM I with a 28-day compressive strength of 48.6 MPa), conforming to GB 175 [29], was used to prepare the concretes. An ASTM Type F Fly ash was utilized to partially replace the Portland cement in the concretes. The physical features and chemical compositions of cement and fly ash are exhibited in Table 1. Crushed limestone with a maximal size of 40 mm was utilized as the coarse aggregate, the specific gravity of which was 2.67. The fine aggregate was also crushed limestone with a fineness modulus of 2.80 and a specific gravity of 2.66. The saturated surface dry (SSD) condition was achieved before the aggregates were used to produce the concrete.




2.2. Mix Proportions


The mix proportions of the face slab concretes were experimentally determined according to Chinese specification DL/T 5016 (design code for concrete-faced rockfill dams) [30]. In practice, face slab concrete is commonly designed to have a moderate 28-day compressive strength, ranging between 35 and 45 MPa. In this study, six concrete mixtures containing 0%, 10%, 20%, 30%, 40% and 50% fly ash (by the weight of the cement) were designed. These mixtures were designated as C0, CFA10, CFA20, CFA30, CFA40 and CFA50, respectively. A water reducer and an air-entraining agent (AEA) were added to these mixtures to obtain a slump value of around 60 mm and an air content of around 5%. The mix proportions are presented in Table 2.




2.3. Test Method


2.3.1. Compressive Strengths of the Face Slab Concretes


Compressive strengths of the face slab concretes were determined, complying with DL/T 5150 [31]. Three hydration ages were selected as 3, 28 and 180 days, which referred to the early hydration time, middle hydration time and long-term hydration time, respectively. The fresh concrete was molded into 150 mm × 150 mm × 150 mm steel molds. After being demolded, they were cured in a high-moisture room (20 ± 2 °C and RH larger than 95%). Six samples were tested, and the average value was adopted as the final compressive strength.




2.3.2. Impermeability


Face slab concretes are required to possess a good degree of impermeability to prevent water penetration caused by high water pressures. The impermeability test was conducted through the water-seepage height determination, complying with the standard DL/T 5150, adopting a permeability instrument with the Hp-4.0 model. The permeability of the concrete at 28 and 180 days was tested in this study, while the permeability test at 3 days was not conducted, since the face slab concrete could not bear the water pressure load used in practice at this early age.



For each permeability test, six cylindrical samples with a top diameter of 185 mm, a bottom diameter of 150 mm and a height of 175 mm were tested for each mixture proportion. Prior to the tests, the circular surface of the sample was covered with a layer of hot wax. After that, the samples were placed in the machine and tested. During the test, the water pressure was kept constant at 1.2 MPa for 24 h. Then, the experiment was ceased, and each cylindrical sample was split into two parts. The average value of the water-seepage height (Dm) for each sample was measured based on the determination at 10 points. The relative permeability coefficient (Kr) of the concrete can be determined by Equation (1) [31], which is shown below:


  Kr =   aD  m 2  / 2 TH  



(1)




where Kr is the relative permeability coefficient, cm/h; T is the duration of the permeability test, which was 24 h in this study; H is the water head (cm) corresponding to a constant water pressure of 1.2 MPa, which, herein, was 12,244 cm; and a is the absorption ratio of the concrete, which was at a constant value of 0.03.




2.3.3. Pore Structure Analysis Using a Mercury Intrusion Porosimeter (MIP)


In this work, the porosity and pore size distribution of the face slab concretes cured for 3, 28 and 180 days were measured by MIP, using a mercury intrusion porosimeter (AutoPore IV 9500 type, manufactured by Micromeritics Instruments Corporation, Norcross, GA, USA). The mercury intrusion pressure range is 0–414 Mpa, which is suitable for probing pores sized from approximately 2 nm to 10 μm. The small samples with a size about 5 mm used for the MIP tests were cut from the inner part of the concrete specimens. Prior to the MIP tests, the coarse aggregates were extracted from the small samples to avoid the large aggregate effects. Four small samples were added to the sample tubes for each MIP test, minimizing the influence of sample size variations on the test results.




2.3.4. Calculation Method of the Fractal Dimension


The pores in concrete, which are complex and inhomogeneous, are regarded as the key factor influencing the permeability of concrete [32,33,34,35]. Recent studies confirmed that the fractal geometry can characterize and explain the roughness and irregularities of the pores in concrete to a considerable extent. The fractal dimensions of concrete have been proven to be closely correlated with the concrete’s macro-performance [24,36]. There are many kinds of fractal models that can be used to calculate the fractal dimensions, among which Zhang’s fractal model [37,38], based on MIP results, is the most frequently used. In this work, Zhang’s fractal model was adopted to determine the fractal dimensions of the pore surfaces (Ds) of the face slab concrete. According to Zhang’s theory, the accumulated injection work on mercury (Wn) is logarithmically correlated with the total injected mercury volume (Vn) during the MIP test, and the relationship between them can be revealed by Equation (2):


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



(2)




where    r n    refers to the pore radius, m (meter); n refers to the n-th mercury injection; and C represents the regression constant.



Wn can be calculated by Equation (3):


   W n  =   ∑  i n   p i  △  V i   



(3)




where the index I denotes the i-th mercury injection, which is between 1 and n;    p i    refers to the mercury pressure, Pa; and    V i    is the injected volume of the mercury at the i-th injection, m (meter)3.



The Wn, Vn,   l n    W n     r n 2      and   l n    V n  1 / 3      r n      values can be determined using the MIP results and Equation (3). Subsequently, the Ds can be calculated by Equation (2), since Ds is the slope of the straight line in Equation (2). In addition, the determination coefficient (R2) of the fitting line was also calculated in order to evaluate the accuracy and reliability of the Ds.






3. Results and Discussion


3.1. Compressive Strength of the Face Slab Concrete


The compressive strengths of the face slab concretes containing different dosages of fly ash at 3, 28 and 180 days are shown in Figure 1. Figure 1 also shows the errors in the compressive strength results.



Figure 1 shows the compressive strength of the face slab concretes with an enhanced hydration age. Figure 1 also indicates that the fly ash addition had a strong influence on the development of the compressive strength of the face slab concretes.



After 3 days, the compressive strengths of the face slab concretes had declined by 8.5%, 16.4%, 25.6%, 36.2% and 47.2% due to the inclusion of 10%, 20%, 30%, 40% and 50% fly ash, respectively, compared with that of the C0 concrete. These reductions can be explained by the inert features of the fly ash at 3 days, when fly ash cannot participate in the pozzolanic reaction [39]. As a quantitative study revealed, the degree of the fly ash’s reaction in concrete is about 3% at 3 days [40]. As expected, the replacement of the cement with fly ash decreased the amount of cement and, therefore, the concrete’s strength.



After 28 days, the reductions in the compressive strength were about 6.2%, 12.6%, 16.8%, 24.9% and 33.2%, respectively, compared with the C0 concrete, due to the inclusion of 10%, 20%, 30%, 40% and 50% fly ash. It was observed that the discrepancy between the strengths of the fly ash concrete and C0 concrete became smaller compared to that at 3 days, indicating that the fly ash addition may contribute to the development of the strength at 28 days. As many studies indicated [40,41,42,43,44], the 28-day reaction degree of fly ash is 9–23%, which means that the fly ash begins to participate in the pozzolanic reaction at 28 days.



However, as the hydration process extended to 180 days, the discrepancy in compressive strength between the fly ash concretes and C0 concrete became much smaller. For instance, the CFA10 concrete and CFA20 concrete exhibited almost the same compressive strength as the C0 one at 180 days, and the 180-day compressive strengths of the CFA30, CFA40 and CFA 50 concretes were about 8.9%, 15.4% and 23.2% lower than that of the C0 one, respectively. These findings demonstrate that the fly ash became highly involved into the pozzolanic reaction at 180 days, which aided the increment in the strength of the concrete at this long hydration age. A similar long-term compressive strength increase in fly ash concrete was reported by other studies [41,42]. In general, the long-term increase in the compressive strength can be attributed to the pozzolanic reaction of the fly ash with Ca(OH)2 [43]. The quantitative study proved that the reaction degree of the fly ash in concrete is about 26%–33% at 180 days [40,44]. This pozzolanic reaction can produce a large number of C–S–H, improving the micro-structure and the long-term strength of the concrete [45,46,47,48].




3.2. Water Permeability of the Face Slab Concrete


The permeability test results at 28 and 180 days, including the average water-seepage height (Dm) and the relative permeability coefficient (Kr), are presented in Table 3. From Table 3, it can be seen that the fly ash dosage had a significant influence on the impermeability of the face slab concretes.



Table 3 shows that the addition of 10–50% fly ash was detrimental to the impermeability of the face slab concrete at 28 days, and a higher dosage of fly ash was accompanied by a weaker impermeability. Specifically, the addition of 10% fly ash increased the Dm and Kr values of the C0 concrete by about 14% and 30%, respectively. When the fly ash dosage was raised to 50%, the CFA50 exhibited 28-day Dm and Kr values of 6.5 cm and 21.6 × 10−7 cm/h, respectively, which were approximately 81% and 226% greater than those of the C0 concrete. This weakened impermeability resulting from the addition of fly ash before 28 days was also reported by Liu et al. [14] and Kizilkanat et al. [15]. This experimental phenomenon is caused by the weak reactivity of the fly ash at the early and middle age, as well as its dilution effects. As demonstrated by other studies [40,44,46,49], the fly ash begins to react at 28 days and cannot contribute greatly to the improvement of the microstructure of the concrete. At the same time, the inclusion of fly ash reduces the amount of cement in the concrete mixture and, as a consequence, decreases the amount of hydration products which could can the pore structure and improve the impermeability of the concrete.



In addition, at 180 days, it can be observed from Table 3 that the fly ash addition, at a dosage of less than 30%, clearly improved the 180-day impermeability of the face slab concrete compared with that of the C0 concrete. Specifically, the inclusion of 10% fly ash lowered the Dm and Kr of the C0 concrete by approximately 11% and 20% at 180 days, respectively. When the substitution rate of the fly ash reached 30%, the CFA30 concrete exhibited Dm and Kr values about 32% and 54% lower, respectively, as compared to those of the C0 one at 180 days.



Nevertheless, Table 3 shows that, beyond the fly ash dosage of 30%, the fly ash addition negatively affected the 180-day impermeability of the face slab concrete. For instance, with the fly ash dosage was raised from 30% to 40%, the Dm and Kr values slightly increased from about 1.9 cm and 1.84 × 10−7 cm/h to about 2.1 cm and 2.25 × 10−7 cm/h, respectively. The further increase in the fly ash dosage to 50% significantly raised the Dm and Kr values to about 3.7 cm and 6.99 × 10−7 cm/h, which were about 32% and 75% greater than those of the C0 concrete, respectively. These results correspond well with findings reported by another study [16], which revealed that concretes containing 30–50% fly ash have a weaker impermeability than plain concrete. As stated by Moghaddam et al. [50], a proper dosage of fly ash can cause the cementitious matrix of the concrete to become dense through the filler effect and the ball-bearing effect resulting from the spherical shape of the fly ash particles, leading to an improved impermeability. Moreover, the pozzolanic reaction of the fly ash with Ca(OH)2 at the late hydration age can produce C–S–H gels, which are able to fill the pore structures and densify the microstructures, cutting off the water and ion penetration channels in the concretes [22]. However, beyond a dosage of 30%, the fly ash addition may be detrimental to the concrete’s impermeability.



The above results indicate that the optimal fly ash dosage, in terms of the long-term impermeability of face slab concrete, is considered to be around 30%. Additionally, face slab concrete containing a high dosage of fly ash must be cured for a relatively long period before it can withstand a high level of water pressure. It is widely reported that the permeability property is closely related with the pore structures of concretes. Zheng et al. [20] proved that the permeability is governed by the porosity and micro-geometry of the porous structures of concretes. In this work, the improved impermeability may be also due to the modification of the pore structures of the face slab concrete. This point of view is discussed and verified in terms of the pore structures in the following section.




3.3. Pore Structures of the Face Slab Concrete


The porosity, the pore size distribution and the most probable pore size of the face slab concretes containing 0–50% dosages of fly ash and cured for 3, 28 and 180 days are exhibited in Table 4. According to the classical method developed by Mindess et al. [51] for classifying pores, the pores of a size between 2.5 nm to 10 nm can be categorized as small capillary (or gel) pores, pores between 10 nm to 50 nm are medium capillary pores, and pores between 50 nm and 10 μm are large capillary pores. From Table 4, we can see that the pore structures of all the concrete specimens in this study became more refined and denser as the hydration process continued.



Additionally, from Table 4, we can see that the fly ash dosage had a significant effect on the pore structures of the concretes. At 3 and 28 days, as the fly ash dosage was raised from 0% to 50%, the pores in the concrete became larger and coarser. For instance, the CFA10 concrete exhibited a 3-day porosity of 29.2%, a 3-day most probable pore size of 181 nm and proportion of large capillary pores (50 nm–10 μm) of 63.7%, which were about 1.6%, 12 nm and 3.4% greater than those of the C0 concrete, respectively, demonstrating that the inclusion of fly ash coarsened the pores in the concretes at 3 days. When the fly ash dosage reached 50%, a 3-day porosity, most probable pore size and proportion of large capillary pores of 39.6%, 221 nm and 78.3% were observed for the CFA50 concrete, which were 12%, 52 nm and 18% greater than those of the C0 one, respectively. The same trend can be observed for the face slab concretes containing fly ash cured at 28 days. These trends are also due to the dilution effects and the weak reactivity of the fly ash at an early and middle hydration age [23,24,25].



It can be seen from Table 4 that, at 180 days, with a fly ash dosage of 30%, the fly ash markedly refined the pore structures of the face slab concretes, and a higher dosage of fly ash seemed to have a better refinement effect. Specifically, the 180-day porosity, the most probable pore size and the proportion of large capillary pores of the CFA10 concrete were reduced by 1.3%, 5 nm and 2.3% compared with those of the C0 one. This refinement effect became more obvious as the fly ash dosage increased to 30%. The CFA30 concrete exhibited a 180-day porosity, most probable pore size, and a proportion of large capillary pores of 14.8%, 25 nm and 20.3%, which were about 3.6%, 17 nm and 10.6% less than those of the C0 concrete, respectively. This pore refinement effect is due to the pozzolanic reaction between the fly ash and Ca(OH)2 at a long-term age, producing a large quantity of C–S–H to fill up the pores in the concrete and leading to the refined pore structures [45,46].



Nevertheless, this refinement effect weakened or disappeared when the fly ash dosage exceeded a critical dosage of 30%. From Table 4, it is clear that the inclusion of 40% fly ash slightly coarsened the pore structures of the concrete compared with the inclusion of 30% fly ash at 180 days. At a fly ash dosage of 50%, remarkably coarsened pore structures, i.e., a greatly increased 180-day porosity, most probable pore size, and proportion of large capillary pores were observed for the CFA50 concrete compared with the CFA30 one and C0 one. The coarsened pore structures caused by the high fly ash beyond the dosage of 30% is likely due to the fact that the amount of Ca(OH)2 was nearly completely consumed by the fly ash when the fly ash dosage exceeded 30%. According to the quantitative studies on the Ca(OH)2 content in cement pastes cured for 180 days [49], the Ca(OH)2 amount was about 17% in neat cement pastes, whereas it was about 6% in pastes containing 30% fly ash, and it was nearly negligible for cement pastes containing 40–60% fly ash. Therefore, an optimal fly ash dosage of 30%, in terms of the pore refinement effect, can be obtained.




3.4. Pore Surface Fractal Dimensions (Ds) of the Face Slab Concretes


Table 5 exhibits the Ds values of the face slab concretes containing fly ash at different dosages. On the basis of fractal theories, the Ds values of a porous object are within the range of 2.0–3.0. A Ds value close to 3.0 implies that the porous object has an extremely rough and complex pore structure. On the contrary, as the Ds approaches 2.0, the pore structure becomes smoother and turns into a smooth plane [23,52].



Table 5 indicates that the Ds values of all of the face slab concretes in this study ranged between 2.743 and 2.947, with very high determination coefficients (R2) ranging between 0.945 and 0.989. The high R2 values demonstrate the accuracy and reliability of the Ds. Based on the fractal theories, it can be concluded that the pore structure of the face slab concretes with a 0–50% dosage of fly ash in this study exhibited obvious fractal features.



The relationship between the pore structure parameters and Ds is shown in Figure 2. The volume proportions of the fine pores (with a pore size below 50 nm), which are abbreviated as V2.5–50 nm thereafter and presented in Table 6, are determined by adding the proportions of the medium capillary pores and gel pores. From Figure 2, we can see that the parameters such as the porosity, the most probable pore size and V2.5–50 nm are strongly correlated with the Ds, exhibiting determination coefficients (R2) of 0.986, 0.903 and 0.951, respectively. This close relationship illustrates that the Ds could be used to precisely evaluate and characterize these pore structure parameters. Similar findings were obtained by other researchers [23,36,52]. As Jin et al. [36] pointed out, in contrast to the existing pore structural parameters, such as porosity and pore size, the index Ds can be used to evaluate the pore structures of concretes more precisely and comprehensively.



Moreover, to better understand the influences of the fly ash dosage on the Ds, the relationship between the Ds and the fly ash dosages is revealed and illustrated in Figure 3.



Figure 3 clearly shows that, at 3 and 28 days, the Ds values were reduced due to the fly ash inclusion. As the fly ash dosage was raised from 0 to 50%, the Ds values declined from 2.836 to 2.743 at 3 days, and from 2.887 to 2.819 at 28 days. This is because the inclusion of fly ash at an early and middle age coarsened the pore structure and produced a large number of large capillary pores, as revealed by the MIP results above.



Figure 3 also indicates that, at 180 days, the inclusion fly ash under the dosage of 30% increased the Ds values of the face slab concretes. For instance, when the fly ash dosage increased from 0 to 30%, the Ds values at 180 days were raised from 2.911 to 2.947. This is because the increase of the fly ash dosage to 30% made the pore structure finer and more complex. In fact, refined pores and enlarged Ds values were observed for concretes added with mineral admixtures, such as silica fume [25,53] and granulated blast furnace slag [23]. Generally, the pozzolanic reaction between such mineral admixtures and Ca(OH)2 effectively densifies the pore structures and enhances the complexity and irregularity of the pores, leading to an increase in the Ds values of concretes, mortars or cement pastes.



Nevertheless, when the fly ash content was increased from 30% to 50%, the Ds values ceased increasing and reduced slightly from 2.947 to 2.885 at 180 days. As for the case of the 50% dosage, the Ds value of the CFA50 concrete was even lower than that of the C0 concrete. This experimental finding can be explained as follows: a fly ash dosage as high as 50% coarsened the pore structure; i.e., it reduced the V2.5–50 nm values and increased the proportion of large capillary pores, thus reducing the complexity and irregularity of the pores and resulting in relatively low Ds values.




3.5. Pore Structural and Fractal Analysis of the Fly Ash’s Influence on the Permeability


3.5.1. Pore Structural Analysis of the Permeability


The water permeability of the face slab concrete was investigated in terms of the pore structures and the correlations between pore structure parameters, such as the porosity and proportion of large capillary pores, and the relative permeability coefficients (Kr) at 28 and 180 days were plotted. They are exhibited in Figure 4.



Figure 4 illustrates that there were strong correlations between the Kr and pore structure parameters. Specifically, the Kr increased with the porosity as well as the proportion of large capillary pores. The same result was reported by Zheng et al. [20], who proved that the total porosity significantly affects the permeability of concrete. Similarly, Metha and Monterio [21] revealed that large pores (0.05–0.1 μm) have a strong influence on the permeability. This is because a large porosity and a large proportion of large capillary pores are helpful for the formation of permeable channels and facilitate water penetration and ion transportation. Hence, the differences in the degree of permeability caused by the fly ash dosages can be interpreted in terms of the pore structures.



As revealed by the MIP results, at 28 days, when the fly ash content was raised from 0 to 50%, the pores in the concretes became larger and coarser, leading to a continuous increase in the Kr values. At 180 days, at a fly ash dosage of 30%, the fly ash participated in the pozzolanic reaction, refined the pores and cut off the permeable channels, thus enhancing the permeability resistance of the concrete to water penetration. However, the increase of the fly ash dosage from 30% to 50 % considerably coarsened the pore structures of the concrete at 180 days, which in turn clearly enlarged the Kr values. Taking into account the fact that face slab concretes are subjected to high water pressures solely at an advanced hydration age, the fly ash dosage utilized for face slab concrete is suggested to be no larger than 30% in practice.




3.5.2. Fractal Analysis of the Permeability


The water permeability of the face slab concrete was analyzed from the viewpoint of fractal theory, and the relationship between the Kr and Ds is shown in Figure 5.



Figure 5 indicates that there was a negative relationship between the Kr and Ds, exhibiting an R2 value of 0.917. That is to say, the high permeability (corresponding to the high Kr values) of the concrete was accompanied by low Ds values. Another study reported a similar negative relationship between the chloride permeability of concrete and the Ds. Since the Ds reflects the complexity and irregularity of the pores, and the pore parameters strongly affect the permeability of concrete, it can be reasonably concluded that the Ds can be used to characterize the impermeability property of face slab concrete.



In addition, the differences in the degree of permeability caused by the fly ash dosage could be interpreted in terms of the Ds. For instance, before 28 days, the addition of up to 50% fly ash coarsened the pores and reduced the Ds; thus, the Kr values were increased. In contrast, at 180 days, the addition of no more than 30% fly ash effectively increased the proportion of fine pores (V2.5–50 nm) and inevitably increased the complexity and irregularity of pore structures, as well as the Ds values. Consequently, the Kr values were lowered.






4. Conclusions


The main results can be summarized as follows:



(1) The inclusion of 10–50% fly ash lowered the compressive strength of the face slab concrete by 6.2–8.5%, 12.6–16.4%, 16.8–25.6%, 24.9–36.2% and 33.2–47.2% before 28 days of hydration, respectively, whereas it contributed to the development of strength at 180 days.



(2) The incorporation of 10–50% fly ash raised the average water-seepage height (Dm) and the relative permeability coefficient (Kr) of the face slab concrete by about 14–81% and 30–226% at 28 days, respectively. At 180 days, the addition of less than 30% fly ash improved the 180-day impermeability of the face slab concrete. Beyond a dosage of 30%, the fly ash addition was detrimental to the concrete’s impermeability.



(3) Before 28 days, with the fly ash dosage increased from 0% up to 50%, the pores in the concrete became larger and coarser, and the Ds values declined from 2.836–2.887 to 2.743–2.819. At 180 days, at the fly ash dosage of 30%, the fly ash clearly refined the pore structures of the face slab concretes and raised the Ds values from 2.911 to 2.947. As the fly ash dosage increased from 30% to 50%, the pore refinement effect weakened, and the 180-day Ds values were lowered from 2.947 to 2.885. The Ds values of the face slab concretes exhibited an obvious correlation with the porous structure.



(4) The permeability of the face slab concretes is closely correlated with the pore structures and Ds. The fly ash addition of no more than 30% effectively increased the fine pore proportions and raised the complexity and irregularity of pores, as well as increasing the Ds values at 180 days. Consequently, this lowered the Kr values.



(5) The optimal fly ash dosage, in terms of the long-term impermeability and pore refinement of face slab concretes, is around 30%, as such an optimal fly ash dosage does not appear to weaken the compressive strength. Nevertheless, face slab concrete containing a high dosage of fly ash must be cured for a relatively long period before it can withstand high water pressure.



Future perspective: The influences of fly ash on the microstructures, frost resistance and deformation properties of face slab concrete will be investigated using more varied techniques, including XRD, SEM/energy dispersive X–ray (EDX) and Fourier infrared spectrometry (FTIR). Additionally, other kinds of fractal dimensions with different physical values, such as the pore volume fractal dimension and the pore tortuosity fractal dimension, will be considered in order to evaluate the structures and properties of concrete in our future work.
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Figure 1. Compressive strength results of the face slab concretes cured at 3, 28 and 180 days. 
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Figure 2. Relationship between Ds and (a) porosity, (b) the most probable pore size and (c) V2.5–50 nm. 
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Figure 3. The relationship between the fly ash dosages and (a) 3-day Ds, (b) 28-day Ds and (c) 180-day Ds. 
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Figure 4. The relationship between the relative permeability coefficient Kr and (a) porosity and (b) proportion of large capillary pores. 
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Figure 5. The relationship between Kr and Ds. 
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Table 1. Physical features and oxides of the cement and fly ash.
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Oxides

	
Oxides (wt. %)

	




	
CEM I PC

	
Fly Ash






	
CaO

	
62.72

	
3.02




	
SiO2

	
20.32

	
53.69




	
Fe2O3

	
4.46

	
10.87




	
Al2O3

	
4.42

	
24.96




	
MgO

	
3.92

	
2.85




	
SO3

	
2.37

	
0.35




	
R2O *

	
0.41

	
1.07




	
Ignition loss (%)

	
1.04

	
2.32




	
Physical features

	

	




	
Specific gravity

	
3.22

	
2.33




	
Specific surface area by Blaine (m2/kg)

	
332

	
395




	
Fineness (residue on a 45 µm sieve %)

	
8.4

	
6.5




	
Strength activity index

	
-

	
81








* Alkali content (R2O) = Na2O + 0.658K2O.
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Table 2. Mix proportion of the face slab concretes.
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Notations

	
W/B Ratio

	
Fly Ash Dosage

(%)

	
Mix Proportion (kg/m3)

	

	
Air Content (mm)

	
Slump

(mm)




	
Water

	
Cement

	
Fly Ash

	
Sand

	
Coarse

Aggregate

	
Water

Reducer

	
AEA






	
C0

	
0.38

	
0

	
124

	
326

	
0

	
617

	
1316

	
2.28

	
0.07

	
4.8

	
52




	
CFA10

	
0.38

	
10

	
124

	
294

	
33

	
613

	
1309

	
2.28

	
0.07

	
4.8

	
54




	
CFA20

	
0.38

	
20

	
124

	
261

	
65

	
610

	
1301

	
1.96

	
0.07

	
4.9

	
57




	
CFA30

	
0.38

	
30

	
124

	
228

	
98

	
607

	
1294

	
1.96

	
0.08

	
4.8

	
58




	
CFA40

	
0.38

	
40

	
124

	
196

	
131

	
603

	
1287

	
1.96

	
0.08

	
4.7

	
60




	
CFA50

	
0.38

	
50

	
124

	
163

	
163

	
600

	
1280

	
1.96

	
0.10

	
4.8

	
64











[image: Table] 





Table 3. The permeability results of the face slab concretes with fly ash at 28 and 180 days.
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Designations

	
Hydration Time (Days)

	
Average Water-Seepage

Height Dm (cm)

	
Relative Permeability Coefficient Kr

(×10−7 cm/h)






	
C0

	
28

	
3.6 ± 0.19

	
6.62 ± 0.70




	
180

	
2.8± 0.12

	
4.00 ± 0.34




	
CFA10

	
28

	
4.1 ± 0.15

	
8.58 ± 0.63




	
180

	
2.5 ± 0.14

	
3.19 ± 0.36




	
CFA20

	
28

	
4.6 ± 0.14

	
10.8± 0.66




	
180

	
2.3 ± 0.11

	
2.70 ± 0.26




	
CFA30

	
28

	
5.2 ± 0.15

	
13.8 ± 0.79




	
180

	
1.9 ± 0.13

	
1.84 ± 0.25




	
CFA40

	
28

	
5.6 ± 0.16

	
16.0 ± 0.92




	
180

	
2.1 ± 0.12

	
2.25 ± 0.26




	
CFA50

	
28

	
6.5 ± 0.17

	
21.6 ± 1.13




	
180

	
3.7 ± 0.13

	
6.99 ± 0.49
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Table 4. Pore structure parameters of the face slab concretes containing different dosages of fly ash.
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Notation

	
Hydration Age (Day)

	
The Most Probable Pore Size (nm)

	
Porosity

(%)

	
Pore Size Proportions




	
<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




	
CFA10

	
3

	
181

	
29.2

	
7.5

	
28.3

	
63.7




	
28

	
72

	
22.4

	
13.6

	
44.8

	
41.5




	
180

	
37

	
17.1

	
20.6

	
50.7

	
28.6




	
CFA20

	
3

	
191

	
31.4

	
6.9

	
26.1

	
66.3




	
28

	
78

	
23.5

	
13.2

	
42.9

	
43.8




	
180

	
32

	
16.2

	
23.1

	
53.1

	
23.5




	
CFA30

	
3

	
206

	
33.1

	
5.8

	
24.2

	
69.3




	
28

	
91

	
25.9

	
12.5

	
40.3

	
45.6




	
180

	
25

	
14.8

	
24.8

	
54.6

	
20.3




	
CFA40

	
3

	
214

	
35.3

	
4.9

	
22.3

	
72.7




	
28

	
100

	
27.2

	
10.9

	
39.1

	
49.6




	
180

	
26

	
15.9

	
22.7

	
51.3

	
25.6




	
CFA50

	
3

	
221

	
39.6

	
3.1

	
18.4

	
78.3




	
28

	
145

	
31.5

	
8.7

	
36.2

	
54.9




	
180

	
60

	
21.3

	
19.3

	
48.9

	
31.3
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Table 5. Ds of the face slab concretes containing fly ash at different dosages.
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Notations

	
Hydration Age (Day)

	
Ds

	
R2






	
C0

	
3

	
2.836

	
0.963




	
28

	
2.887

	
0.945




	
180

	
2.911

	
0.989




	
CFA10

	
3

	
2.823

	
0.963




	
28

	
2.872

	
0.986




	
180

	
2.925

	
0.975




	
CFA20

	
3

	
2.816

	
0.963




	
28

	
2.861

	
0.979




	
180

	
2.934

	
0.967




	
CFA30

	
3

	
2.788

	
0.958




	
28

	
2.852

	
0.963




	
180

	
2.947

	
0.979




	
CFA40

	
3

	
2.763

	
0.963




	
28

	
2.839

	
0.959




	
180

	
2.941

	
0.977




	
CFA50

	
3

	
2.743

	
0.969




	
28

	
2.819

	
0.958




	
180

	
2.885

	
0.981
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Table 6. V2.5–50 nm of the face slab concretes containing fly ash at different dosages.
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Notations

	
Hydration Age (Days)

	
V2.5–50 nm (%)






	
C0

	
3

	
39.3




	
28

	
61.4




	
180

	
68.7




	
CFA10

	
3

	
35.8




	
28

	
58.4




	
180

	
71.3




	
CFA20

	
3

	
33.0




	
28

	
56.1




	
180

	
76.2




	
CFA30

	
3

	
30.0




	
28

	
52.8




	
180

	
79.4




	
CFA40

	
3

	
27.2




	
28

	
50.0




	
180

	
74.0




	
CFA50

	
3

	
21.5




	
28

	
44.9




	
180

	
68.2
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