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Abstract


Sustainability in construction is related to the use of industrial by-products, such as fly ash (FA). FA varies in chemical/mineralogical composition, depending on the raw materials burnt during its production. While FA produced from coal-fired power stations is extensively used in cementitious composites, heavy oil FA produced from the firing of heavy fuels (e.g., mazut or diesel) remains largely unused. This paper focuses on the novel use of heavy fuel fly ash (HFFA), as a replacement of Class F FA, in high-volume fly ash self-compacting composites. Two different grain size distributions of HFFA were used in quantities 5–15% w/w of cement and Class F FA for the production of the composites. The assessment of the physico-mechanical properties and microstructure of the end-products at different curing ages suggests that HFFA may be used at quantities ≤10% w/w, without any negative effects. In fact, depending on the quantity and grain size distribution of the HFFA, this may even improve some of the properties of the end-products in the long term, provided that a careful mix design is adopted. The findings show the potential of sustainable reuse of HFFA and are beneficial for its incorporation into design codes.
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1. Introduction


Besides waste production at the end of the useful life of a structure, the construction industry is also responsible for significant CO2 emissions throughout the lifecycle of a building. The production of Portland cement alone is responsible for 5% of global CO2 emissions: producing a ton of cement requires 4.7 million BTUs of energy, which is equivalent to about 180 kg of coal, and generates nearly a ton of CO2. Cement production is growing by 2.5% annually, and is expected to rise from 2.55 billion tons in 2006 to 3.7–4.4 billion tons by 2050, with an equivalent amount of CO2 emitted into the environment [1]. In addition to CO2 emissions, cement and concrete are also responsible for the consumption of large quantities of limestone, clay and energy, as well as for the use of water and crushed aggregate.



According to the 1987 UN definition, “sustainable development” is “development that meets the needs of the present without compromising the ability of future generations to meet their own needs”. With the increasing development of the built environment throughout the globe and the trend among people in the “developing” world to adopt a consumer-driven lifestyle, the question of concrete’s sustainability gains a new perspective. Recycling (e.g., of aggregates) is encouraged in order to reduce the amount of raw materials and the cost/energy required for the production of cementitious composites. In this framework, the use of industrial by-products in concrete production, as a replacement for cement, is also gaining increasing attention. One of the most promising attempts for the sustainable development of concrete is the use of fly ash (FA), a by-product of the energy industry that otherwise ends up in wastelands, adding to existing environmental problems [2,3]. Depending on its classification, FA may be used in concrete as a cement replacement at a maximum amount of 40% w/w [4]. FA in cementitious composites acts as an artificial pozzolan, reacting chemically with calcium hydroxide (C-H) to form compounds possessing hydraulic properties, such as calcium silicate hydrate (C-S-H). Previous reports confirm the beneficial effect of FA addition in concrete production [5,6,7]; however, pozzolanic concretes also demonstrate some drawbacks, such as low early strength and delayed setting time, while pozzolanic cementitious materials are subject to more extensive carbonation compared to OPC [8,9,10].



A previous study [11] proved the beneficial effect of fly ash addition on the performance of concrete; in this research, the physicomechanical properties of the hardened end-product were improved with FA addition in low proportions (5% and 10% w/w cement replacement). Another relevant study [12] has shown that the performance of hardened FA concrete depends not only on the CaO and SiO2 content of the additive, but also on its fineness, free lime and sulfate ion content. In particular, the durability properties of concrete containing fly ash with high SO3 and CaO contents improved, while concrete containing fly ash with significant amounts of clay minerals exhibited low chloride penetration resistance and strength.



This paper focuses on the use of Class F FA in high volumes, as a replacement for cement, for the production of self-compacting composites. Such composites may serve as the matrix of an ultra-high-performance concrete (UHPC) or fiber-reinforced cementitious composite, since their self-compacting properties and the absence of coarse aggregates minimize stress concentrations. Additionally, they may be used as repair material on the structural elements of existing structures that require minor patch repairs. Heavy fuel (oil) fly ash (HFFA) originating from a power thermal station operating in Cyprus has also been used in the mix designs, at various proportions replacing the lignite FA, in an effort to investigate the effect of this by-product on the laboratory-produced cementitious composites. The latter have been tested in compression and flexure at various ages to determine the effect of FA on their stiffness properties, following the delayed reactivity this industrial by-product shows due to its pozzolanic nature. The capillary absorption, porosity and bulk density of the hardened composites were also determined, and their microstructure was analyzed with scanning electron microscope (SEM). It is worth noting that the HFFA produced in the two power stations operating in Cyprus has not been used in concrete production to date, since it has not been studied at all in the past; hence, the present study is timely.




2. State of the Art on the Use of Fly Ash in Concrete


FA consists of glass spheres 0.01–100 μm in size, with a typical particle size diameter in the order of 50 μm [13]. Due to its particle fineness and spherical shape, good-quality, low-carbon content FA reduces friction among all concrete particles in the fresh state, thus increasing the workability of the mixture and subsequently reducing its need for water. In fact, Thomas et al. [14] reported a reduction of 3% w/w in water for every 10% w/w cement replacement by FA. This water reduction eventually leads to an increase in the hardened composite’s strength. The spherical shape of FA particles also increases concrete consolidation and reduces mix segregation. Another reason for using (good quality) FA in concrete is its low setting rate [15] and the reduction in the internal heat produced thereof [16]; the latter initiates autogenous shrinkage and internal micro-cracking in mass concrete structures. The low setting rate of FA may nevertheless also count as a disadvantage in cold weather concreting or if there is a need for higher concrete strengths at early ages. It is worth noting that the higher the calcium oxide content (CaO) in FA, the longer it takes for the fresh concrete mixture to set. Despite the negative effect of FA in early-age concrete mechanical properties, at later stages, FA continues to react, with the hydration products generally resulting in higher ultimate strengths and a denser concrete microstructure, provided that curing is sufficient. This denser microstructure positively affects the water/air permeability of FA concrete and therefore enhances its durability. Low-calcium content FA can also control alkali–silica reactions, due to the reduction in alkali hydroxides in the FA [14].



The first study concerning the use of FA as a supplementary material for concrete was published at the beginning of the 20th century [17]. Fly ash from coal-fired electric power plants became available in large quantities in the 1930s. In 1937, the research performed by Davis et al. [18] was used as the foundation for early specifications and methods of testing relevant to the use of FA as partial mass or volume replacement of Portland cement. In the 1940s and 1950s, further research [19] established the advantages and disadvantages of Class F FA in concrete. In the early 1950s, the Bureau of Public Roads (BPR) concluded that a substantial amount of the Portland cement in concrete could be replaced by FA, without adversely affecting the long-term strength of the end-product [20]. One of the BPR studies in the 1960s evaluated various test methods for FA and showed the relationship of the characteristics of the latter to the characteristics of mortar and concrete [21]. A new generation of coal-fired power plants was built in the U.S. during the late 1960s and 1970s, with improved processing technology that led to the production of finer FA with lower carbon content than the FA previously available [4].



In 1986, the Canadian Center for Mineral and Energy Technology (CANMET) developed the first high-volume fly ash concrete (HVFA) for structural applications [22], defined as concrete with at least 50% w/w of Portland cement replaced with FA. Research over the past few years has expanded the design of HVFA composites to include mixtures with >70% w/w of FA as cement replacement [23]. FA in high volumes was found to reduce the water demand of concrete, improve its workability, minimize cracking due to thermal and drying shrinkage, and enhance durability against reinforcement corrosion, sulfate attack and alkali–silica expansion [24]. The technology of HVFA composites can therefore be used in the development of sustainable high-performance concrete (HPC) mixtures with enhanced workability, ultimate strength and durability. The typical mix proportions of this type of composites, given by Malhotra and Mehta [25], contain coarse aggregate (maximum particle size 19 mm) and produce slumps in the range of 150–200 mm. The improved rheological properties of HVFA concrete, however, have also been exploited in the development of self-compacting mixtures, which typically exclude the use of coarse aggregates [8]. Due to the decreased need for water of these mixtures, the risk of bleeding also decreases.



FA is generally a by-product of electricity-generating power stations. Though its mineralogical and chemical composition is affected by the raw materials (anthracite, lignite, bituminous and sub-bituminous coal) used during its production and the firing conditions in the kiln, FA consists mainly of substantial amounts of amorphous and crystalline silicon dioxide (SiO2), aluminum oxide (Al2O3) and calcium oxide (CaO), i.e., the main mineral compounds in coal-bearing rock strata [26,27]. In some countries, heavy fuel oil, diesel or natural gas are used in electricity power stations. HFFA has high carbon (C) and low Si/Al contents [28]. To date, few studies have been conducted on the characterization and utilization of HFFA in cementitious composites [29,30,31], despite the fact that there are enormous quantities of this material produced every year (ca. 340,000 m3 in Saudi Arabia, 420,000 m3 in Jordan, etc.). Cyprus is one of the countries in the EU still using heavy fuel for the generation of electricity in its power stations; other EU member countries with more than 3% of their energy produced from petroleum and its by-products are Greece, Italy, Lithuania, Malta, Portugal and Spain [32].



As with FA, the fuel type and firing conditions also influence the characteristics of HFFA [31]. Even though the latter is generally rich in heavy metals, such as vanadium, nickel, iron and magnesium, that may leach and contaminate the environment [33,34], cement has been shown to be effective in immobilizing those metals [35]. Nevertheless, it was found that only ≤4% w/w of HFFA replacement of cement can produce composites with satisfactory mechanical strength, while the end-composite’s need for water and the initial setting time both increase drastically with an increasing amount of HFFA [36]. Other studies have suggested that HFFA is a non-pozzolanic material, comprising a high proportion of unburnt carbon and having a high specific surface area, together with a much lower relative density, compared to that of cement; this results in increased water demand and a reduction in the strength of flowable fill concrete. The same studies recommended a maximum 30% w/w cement replacement with HFFA for flowable fill concrete [31].



Al-Osta et al. [30] studied the possibilities of using HFFA in concrete blocks and asphalt concrete (AC) mixes, concluding that the dosage of HFFA should not exceed 15% w/w of the cement content, since higher dosages resulted in non-coherent concrete mixtures with poor binding capacity, decreased strength and lower durability. On the other hand, higher HFFA concentrations resulted in lower concentrations of barium leaching out of the block mix; this was attributed to the HFFA adsorbing the leaching elements. Hence, provided that other engineering properties are met, the authors concluded that HFFA might be used in the production of concrete blocks.



More recent studies revealed that for the optimal use of this type of anthropogenic raw material, detailed compositional, structural, textual and functional analyses are necessary. These studies, therefore, proposed an algorithm that defines the best use of HFFA (i.e., in concrete, sorbents, fertilizers, catalysts, etc.) in relation to its aforementioned characteristics [37]. Additionally, HFFA has been used to improve the mechanical properties and durability characteristics of concrete [38], as well as for the production of lightweight [39] and geopolymer concrete [40,41].




3. Materials and Methods


3.1. Raw Materials


CEM IΙ/A-M (L-S) 42.5R Portland Composite Cement, in accordance with EΝ 197-1, was used in the present study. This type of blended cement is produced locally using pure limestone, and it is typically used for the production of concrete, which is more impermeable and denser compared to OPC concrete, with a higher degree of workability and reduced plastic shrinkage, while its compressive strength at 28 days is equivalent to that of 42.5R OPC; however, at 2 and 7 days, it is superior [42].



Silica sand with a maximum grain size of 300 μm was also used. This material, which shows a narrow grain size distribution (see Table 1), comprises characteristic spherical crystal quartz particles (SiO2 content 98.6%) and a low content of accessory minerals (Al2O3, Fe2O3 and TiO2). Its Mohs hardness is 7, while its raw and bulk densities are 2.65 gr/cm3 and 1.35 gr/cm3, respectively. The use of this silica sand, besides maintaining adequate stiffness and volume stability, also helps control the toughness of mixtures without coarse aggregates by filling up their pores.



Class F FA, imported from Israel (Eurocrete), was used as a replacement for cement. This FA, which complies fully with ASTM C618 and EN 206, consists mainly of silicates, feldspars, carbon and oxides, and it contains no chlorides or other potentially harmful components (Figure 1). Its dry bulk density is 1000 kg/m3. The company providing this product suggests that it may be used as a replacement for cement in proportions ranging from 20% to 40% w/w. However, in the present study, the amount of Eurocrete FA used was >120% w/w of the amount of cement (i.e., one part of hydraulic binder material in the final mixture comprised 45% w/w cement and 55% w/w FA).



HFFA from a local power station was further used as a replacement for the imported Class F FA. This material contains large amounts of anthracene and carbon, as well as minor quantities of sulfates, calcite, goethite and other accessory minerals (Figure 1). Sieve analysis was performed on the HFFA and the results are shown in Figure 2, together with the grain size distributions of the rest of the dry raw materials used in this study. Table 2 summarizes the results of the chemical analysis for the two types of fly ash.




3.2. Mix Designs


For the benefit of understanding the performance of HVFA cementitious composites with self-compacting properties, following the partial replacement of pozzolanic (Class F) FA with HFFA, the experimental program was designed to examine a multitude of different cases, whereby varying percentages of Class F FA were replaced with local HFFA of different grain size distributions. The initial mix design adopted was based on a previous study [42], where the same mix design was used as a reference for the matrix of a fiber-reinforced cementitious composite intended for large-scale casting.



The reference mixture (PM) of the present study comprised 55% w/w replacement of cement with Class F FA, as shown in Table 3. According to a number of fresh state property tests (Table 4), this mixture may be classified as self-compacting or superfluous.



In mixtures M-5-15-F and M-5-15-C, Class F FA was replaced with different grain size distributions (d < 300 μm and 300 μm < d < 1 mm respectively) of HFFA in different percentages (i.e., 5%, 10% and 15% of the combined cement and FA weight); the quantities of water and superplasticizer (SP) were properly adjusted to maintain the self-compacting properties of the original mixture (Table 3). It is worth noting that the temperature during mixing increased with the addition of HFFA (Table 3). Other studies [43,44] have also shown that the partial replacement of cement with FA results in a temperature increase during mixing due to the heat evolving during the first few minutes of hydration. This is attributed to the delayed ettringite (C6AS3H32) formation (DEF) within the composite (see Equation (1)) [41]. The heating rate actually influences the formation of ettringite at an early age, when an additive rich in SO3 is added to the mixture; this also leads to risk of expansion due to DEF [45]. It is worth noting that the aluminum phase (C3A) is the most reactive of the four main clinker minerals (C3A, C3S, C2S and C4AF), despite the presence of gypsum, which is added to control the reaction. The hydration process, therefore, starts with the reaction of the aluminum phase with water to generate an aluminate-rich gel forming small rod-like ettringite crystals (Equation (1)); this gel then reacts with the sulfate mineral to form monosulfate aluminate hydrate (C4ASH12) (Equation (2)).


C3A + 3CSH2 + 26H → C6AS3H32, ΔH = 207 cal/g



(1)






2C3A + C6AS3H32 + 4H → 3C4ASH12, ΔH = 120 cal/g



(2)







Figure 3 shows the needle-like ettringite crystals (DEF) growing in the capillary pores; the morphology of ettringite demonstrates radial growth and nucleation, resulting in intense cracking of the composites (Figure 4).



The two aforementioned chemical reactions are strongly exothermic [45,46] (ettringite and monosulfate generate 207 cal/g and 120 cal/g, respectively), but, generally, they do not last long and are followed by a period of a few hours of relatively low heat evolution. However, the HFFA used in this study consists of high amounts of SO3; sulfate ions in the form of gypsum demonstrate high reactivity with the compounds of the clinker, leading to (a) high early temperature during mixing (up to 50 °C), (b) long setting time and low strength at early ages due to the absence of C3A (the specimens were demolded after 2 days; Table 3) and (c) delayed ettringite formation (DEF) resulting in low compressive strength for the composite concretes at late ages.



According to Fischer et al. [43], the particle size of all matrix components should be properly graded to achieve self-consolidating fresh properties. Furthermore, a dense microstructure may be achieved through optimization of the particle size distribution of the composite raw materials (cement, mineral admixture (FA) and sand) [43]. The ideal gradation of the ingredient particles to produce dense packing and good workability in the present study was determined using the equation suggested by Fuller and Thomson [44] (Equation (3)), where fd is the fraction of particles smaller than d, d is the particle size smaller than D (mm) and dmax is the maximum particle size (mm).


   f d  = 100 (  d   d  m a x     )  



(3)







The grain size distributions of the ingredient particles of each of the seven mixtures tested in this study are compared to the optimum one in Figure 5. From this, it is observed that the mixtures (M-5-15-F) with the finer grain size (<300 μm) HFFA are closer to the ideal gradation suggested by Fuller and Thomson [44].




3.3. Specimen Preparation


The dry raw materials (cement, FA and sand) were first added to the mixer drum and mixed thoroughly for at least 30 min. Then, the water was mixed with the superplasticizer before being slowly added to the dry raw materials in the mixer. Upon reaching self-consolidating fluidity, the mixture was poured into molds without any vibration. The cast specimens were kept in the molds and covered with glass for 24 or 48 h, as recorded in Table 3. They were then cured under water until the day of testing. It is worth noting that the use of HFFA generally resulted in longer setting times and subsequently lower rates of strength development; for this reason, all tests were performed at the ages of 28, 56 and 100 days after specimen casting.




3.4. Testing


Various tests were undertaken to examine both the physical and mechanical properties of the hardened specimens. These included both compression and indirect tension (three-point bending), as well as porosity, bulk density and capillary absorption measurements. All the tests were carried out at various ages (28, 56 and 100 days) in order to study the influence of the addition of FA against time of curing in water.



3.4.1. Uniaxial Compression


Tests for each mix design were carried out on three small prism specimens with an aspect ratio of 2 (Figure 6a), with a displacement loading rate of 1.50 µm/s, using a closed-loop, servo hydraulic-controlled testing machine (Controls—Advantest 9). The prism dimensions were 40 mm × 40 mm × 80 mm. Axial deformations were measured using two linear variable differential transducers (LVDTs) mounted on opposite sides of the specimens, recording the differential displacement of the loading plates. An additional LVDT measured the deformation of the specimen on a third side; based on this, the displacement of the plates was controlled. Due to the small size of the aggregates in the self-compacting HVFA mixtures, this class of material is generally more compliant than normal concrete, attaining its strength at a higher axial compression strain. Strain gauges were also placed on three sides of the specimens for the tests that were performed at the age of 100 days (see Figure 6a). Strain gauges on the two opposite sides (SG1 and SG2) measured vertical strain parallel to the load, while on the third orthogonal side, the strain gauge used (SG3) measured lateral strain. The modulus of elasticity and Poisson’s ratio were calculated using the recordings of these strain gauges.




3.4.2. Three-Point Bending


Three small-sized beams from each mix design, having a 40 mm square cross-section and 160 mm length, were tested in three-point bending. The tests were carried out at a low force rate using a manual testing machine. Geometric details of the test setup and of the specimens are given in Figure 6b. Flexural tests of the type considered here are routinely used to indirectly obtain tensile strength from flexural strength [47,48,49]. Nevertheless, three-point bending generally overestimates the tensile strength, compared to four-point bending and uniaxial tensile tests.




3.4.3. Porosity and Bulk Density


The open porosity and bulk density of cubic specimens with dimensions 50 mm × 50 mm × 50 mm were determined by vacuum saturation [50]. The samples were first dried in an air oven at 105 °C to constant mass. They were then allowed to cool before being placed in a vacuum chamber, which was connected to a vacuum pump. The chamber was evacuated by pumping for at least 2 h, and was then filled with water until the samples were fully covered. Following the immersion of the samples in water, the chamber was returned to atmospheric pressure and the samples were left to soak for at least 24 h. The dry weight (md), the saturated weight (ms) and the weight of the samples immersed in water (mh) were used to calculate the open volume fraction porosity P0 (%) and the bulk density ρb (kg/m3) in accordance with Equations (4) and (5):


   P 0  =    m s  −  m d     m s  −  m h     



(4)






   ρ b  =    m d     m s  −  m h     



(5)








3.4.4. Capillary Absorption (Sorptivity)


The capillary absorption (sorptivity) of the samples was determined following the direct gravimetric method described in [50]. Cubic specimens with dimensions 50 mm × 50 mm × 50 mm were used in all measurements. The test liquid was ethanol instead of water in order to avoid any water/cement interactions during the measurement. The temperature of the test liquid was continuously monitored during the measurements. The sorptivity S (mm/min½) of the samples was estimated from the slope of an i vs. t½ graph, where i (mm) is the volume of liquid absorbed per unit surface area of the sample and t is the time (min). It is worth noting that the measurements for each group and age were normalized at the temperature of 20 °C.






4. Results


4.1. Porosity and Bulk Density


Figure 7 summarizes the open porosity and bulk density results. The values reported comprise the average of measurements on three different specimens. From the results, it is evident that the bulk density of all mix designs generally shows a tendency to increase with time from 28 to 100 days of age, whereas the open porosity follows the opposite trend, as expected. With an increasing amount of HFFA, the bulk density of the hardened composites decreases, whereas their open porosity increases. This is attributed to the fact that mixtures with a higher percentage of HFFA required higher dosages of water in order to obtain the same workability (Table 3), mainly because of the porous nature of the carbon particles included in the HFFA (Figure 8a). In contrast, Class F FA includes significant amounts of cenospheres (Figure 8b), which improve the workability of the fresh mixture. The presence of silicates in Class F FA (see also Figure 1) also enhances the water retentivity, and consequently the pumping properties, of the fresh mixture. As a result, when used with a recommended superplasticizer, Class F FA leads to a cementitious composite (e.g., PM) with reduced water demand and excellent workability (see Table 4 for the characteristics of PM in the fresh state). On the other hand, the mixture prepared without the HFFA additive has a similar porosity (ca. 30%) to the rest of the mixtures, except for M-15-F. The results are generally in line with those of other studies [51,52].



Although the percentage of HFFA replacing Class F FA clearly affects the bulk density and open porosity of the hardened composites, its grain size distribution does not seem to have any significant effect on the aforementioned properties, except for the mixtures with 15% w/w replacement of cement and Class F FA with HFFA (Figure 7). In the latter, higher open porosities and lower bulk densities have been observed, at all three testing ages, when fine (d < 300 μm) HFFA was used. This suggests that the grain size distribution of HFFA may affect the durability of the cementitious composites investigated at quantities >10% of the combined cement and FA weight. Having said this, the reduced bulk density and increased (>35%) open porosity of mixture M-15-F may also be attributed to the much higher water content of this sample and the heat generated during its production (see Table 3), which negatively affected its microstructure (Figure 9a). At the same time, the sample without the HFFA additive exhibits a dense structure, without crack formation at late ages (see Figure 4).



Figure 10 confirms the inverse linear relationship between the bulk density and the open porosity of the investigated composites. Using an estimate of the solid density (ρs), based on the composition of the materials under study, and the experimental bulk densities, one may also calculate the total porosities (f):


  f =    ρ s  −  ρ b     ρ s    ,  



(6)







From Figure 10, it is clear that the measured open porosity (dotted line) is close to the total porosity (solid line) estimated from experimental bulk densities, with the highest variation (8%) in the case of sample M-5-C, which has the lowest open porosity. This suggests that the closed porosity of the composites under study decreases with increasing total porosity, as expected.




4.2. Capillary Absorption (Sorptivity)


Figure 11 shows the normalized capillary absorption (sorptivity) results over time for all samples studied. The values reported again comprise the average of measurements on three different specimens. From these results, it appears that the sorptivity does not vary significantly with time, despite the fact that a general increase in value is observed from 28 to 100 days of testing. This suggests that the early development of the microstructure of cementitious composites is crucial in their overall durability behavior. However, the sorptivity seems to be affected negatively by the percentage of HFFA replacing Class F FA; this is more obvious in the samples with the fine-grained HFFA (M-5-15-F). Furthermore, the use of fine-grained (d < 300 μm) HFFA also leads to generally higher sorptivity. Sample PM has lower sorptivity at late ages, compared to the other mixtures, except for M-5-C; this is associated with the late pozzolanic activity of the additives (F-class FA and HFFA) when these are used in low amounts. In general, 5% w/w HFFA (M-5-C and M-5-F) addition resulted in relatively low capillary absorption at all ages. This is attributed to the formation of ettringite in the pores (see also Figure 3) of the composite, which likely prevented the ingress of ethanol. The increase in capillary absorption with age may, in turn, be attributed to internal sulfate attack, which leads to expansion and cracking of the composite mortars [53,54,55].



Sicakova et al. [56] investigated the water absorption of composite building materials containing fine-grained additives. These authors suggested that the fine particle size has an adverse effect on the sorptivity of both mortars and concretes, while the higher content of fine-grained material further increases the sorptivity coefficient. Fetter [57] estimated the capillary rise in sedimentary rocks with various grain fineness, showing that fine-grained rocks demonstrate higher capillary absorption than coarse-grained rocks. These findings are in line with the results reported in our study, whereby the sorptivity appears to increase with the use and percentage content of fine-grained HFFA. The higher sorptivity of the samples with the fine-grained HFFA is attributed to their microstructure (Figure 12). Samples with fine-grained HFFA have a rough and sugary texture due to the weak bonding of their grains. In contrast, samples with coarse-grained HFFA are more consistent. Furthermore, the higher the percentage content of HFFA, the more porous the microstructure of the samples studied (Figure 12).




4.3. Three-Point Bending and Uniaxial Compression


The mean flexural strength, fct,fl, obtained from the various tests carried out at different curing ages is plotted in Figure 13 (bottom). The values used in this figure were obtained following the modulus of rupture expression defined in ASTM C293 [58]:


   f  c t , f l   =   3 P L   2 b  d 2     



(7)







In Equation (7), P is the maximum measured applied load (in N), L is the span length (distance between the supports, in mm), b is the width and d is the depth of the cross-section of the specimen (in mm).



From the results reported in Figure 13 (bottom), it appears that the average ultimate flexural strength after 100 days of curing varied from 8.25 to 12.5 MPa. This is in all cases significantly higher than the respective value reported for the reference mixture (PM). The improvement in flexural strength with FA addition is in line with results reported elsewhere [59,60] and is attributed to the fact that FA changes the matrix chemical composition. The compressive strength (fc) for all samples investigated is also plotted in Figure 13 (top). The values reported at each curing age were calculated as the average of the maximum load sustained by the three specimens tested divided by their cross-sectional area.



The highest compressive strength was obtained for the specimens with the lowest percentage replacement of Class F FA with HFFA (M-5-F/C). This is in line with the porosity/density results reported earlier and it is attributed to the fact that Class F FA contains significant amounts of silicates (Figure 1 and Figure 8), which induce improved internal cohesion to the composites, thus increasing their ultimate strength. In contrast, the porous nature of HFFA (Figure 8) leads to increased demands for water and hence lower compressive strengths. The reference mix design (PM) reached a uniaxial compressive strength of 50 MPa after 100 days of curing. This is generally lower than the strengths recorded for the rest of the mix designs, with the exception of M-15-F. In fact, the latter seems to be the only studied mix design affected negatively in terms of compressive strength by the grain size distribution of the HFFA. It is worth noting that, despite the differences in compressive strength noted, the Poisson’s ratio showed no significant alteration with the variation in the HFFA content and/or grain size distribution; the average value calculated by the recordings of the laterally and axially placed strain gauges on all composites was 0.2.





5. Discussion


In Figure 14, the mean compressive strength from each mixture is plotted against the open porosity. The symbols refer to the experimental data, while the solid line is the extended Zheng model proposed by Chen et al. [61]. The theoretical relation between strength and porosity is given by a simple formula with only two parameters that define the strength characteristics of cement mortar, i.e., the compressive strength of the pore-free material (σo) and the percolation porosity at failure (pc).


  σ =  σ ο             p c  − p    p c        1.85   ·   1 −  p  2 / 3         1 / 2    



(8)







The results compare well with the model proposed by Chen et al. [61] if the constants σo and pc take values of 130 MPa and 0.6, respectively.



Values of the uniaxial tensile strength derived based on Equation (7) were used to estimate the compressive to tensile strength ratio fc/ft,cr used in Figure 15a,b.


   f  t , c r   =  A  f l    f  c t , f l   ,   where    A  f l   =    a  f l    h b  0.7     1 +  a  f l    h b  0.7     = 0.6 ,    a  f l   = 0.06  



(9)







In Equation (9), hb is the cross-sectional depth of the flexural specimen in mm, fct,fl is the mean flexural tensile strength in MPa and Afl is a coefficient that takes into consideration the size of the specimen and its brittleness.



Comparing the compressive to tensile strength ratio to the open porosity and bulk density of the mixtures under investigation (Figure 15a,b, respectively) gives a linear relationship, with the ratio decreasing with increasing porosity and increasing with increasing density, as expected. This linear relation is in agreement with previous experimental research [62]. The ratio of compressive to tensile strength estimated here seems to take values greater than those for normal concrete (fc/ft,cr ≈ 10), mainly due to the self-compacting properties of the mixtures tested that generally lead to a denser microstructure and increased compressive strength.



Finally, in Figure 16, the modulus of elasticity of all composites after 100 days of curing is plotted against their bulk densities. The results indicate that the modulus of elasticity increases with the bulk density of the hardened composite, irrespective of the grain size distribution of HFFA. Nevertheless, this increase is more profound in the case of the finer HFFA (d < 300 μm); this is in line with the compressive/flexural strength results (Figure 13). The lowest modulus of elasticity has been recorded for sample M-15-F; this is the sample with the lowest bulk density and highest porosity (Figure 7), which has shown intense cracking under SEM (Figure 9 and Figure 12).




6. Conclusions


Characterization of the performance of a new type of high-volume fly ash (HVFA) self-compacting cementitious composite, produced with the use of heavy fuel fly ash (HFFA), as a replacement of Class F Fly Ash, is presented in this paper. In an effort to investigate the effect of this by-product on laboratory-produced cementitious composites, we adopted a series of tests, including sieve and XRD analyses of the raw materials, physico-mechanical testing at various ages, and microscopic observation under SEM of the hardened composites comprising varying percentages (5–15% w/w of cement and Class F FA) and grain size distributions of locally obtained previously unused HFFA.



The results have shown that both the mechanical and physical properties of the studied composites generally deteriorate with increasing use of HFFA. Nevertheless, HFFA may still be used as a cement and Class F FA replacement at quantities ≤10% w/w. In fact, depending on the quantity and grain size distribution of the HFFA, this may even improve the mechanical properties of the hardened composite in the long term, provided that a careful mix design is adopted.



Further experimental work on HFFA (including an investigation of its effect on the durability characteristics of the end-product composites and confirmation of the non-leaching of heavy metals) may lead to the introduction of this industrial by-product in design codes, and therefore in engineered construction. Code provisions currently refer to cracking tensile properties and are calibrated for normal-weight concrete with coarse aggregates and no FA. Therefore, this paper may lay the foundation for future work on the effect of HFFA on cementitious composites in an effort to introduce its use in design codes.
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Figure 1. XRD patterns for Class F FA (top) and HFFA (bottom):(1) Anthracene, (2) Carbon, (3) Quartz, (4) Anglesite, (5) Calcite, (6) Goethite, (7) Mullite, (8) Ettringite, (9) Sulfur, (10) Barite, (11) Magnetite, (12) Hematite, (13) Maghemite, (14) Periclase, (15) Alumina. 
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Figure 2. Sieve analysis results for all dry raw materials used in the study. 
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Figure 3. Delayed ettringite formation into the pores of mortars. 
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Figure 4. SEM images for sample M-15-F (b) and PM (a). Intense cracking in the composite mortar is observed, while the sample without the HFFA additive exhibits a dense structure with no cracks or voids. 
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Figure 5. Grain size distributions for the various mixtures and optimal grain size distribution curves: (a) mixtures with HFFA with d < 300 μm; (b) mixtures with HFFA with 300 μm < d < 1 mm. 
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Figure 6. Mechanical tests: (a) dimensions and setup of uniaxial compression test coupon; (b) test setup for three-point bending. 
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Figure 7. (a) Open porosity; (b) bulk density. 






Figure 7. (a) Open porosity; (b) bulk density.



[image: Constrmater 02 00018 g007]







[image: Constrmater 02 00018 g008a][image: Constrmater 02 00018 g008b] 





Figure 8. SEM images showing: (a) porous carbon particles in HFFA and (b) cenospheres in Class F FA; corresponding EDX analyses confirming the composition of the carbon particles (c) and of the cenospheres (d). 
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Figure 9. SEM images for sample M-15-F showing (a) intense cracking; (b) increased porosity. The image on the right also shows evidence of a reaction between the porous carbon particles and the cement paste. 
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Figure 10. Bulk density vs. porosity. The symbols with the dotted line refer to the experimental open porosity data; the solid line has been predicted using an estimate of the solid density. 
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Figure 11. Capillary absorption results. 
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Figure 12. SEM images of composites with different quantities of coarse-grained (left) and fine-grained (right) HFFA: (a + b) 5% w/w; (c + d) 10% w/w and (e + f) 15% w/w HFFA addition. 
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Figure 13. Compressive (top) and flexural (bottom) strength for all mixes. 
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Figure 14. Compressive strength vs. open porosity. The experimental results are compared with the extended Zheng model proposed in [61]. 
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Figure 15. Compressive/tensile strength ratio versus: (a) open porosity and (b) bulk density. 
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Figure 16. Modulus of elasticity vs. bulk density. 
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Table 1. Grain size distribution of silica sand.
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	Sieve (mm)
	<0.063
	0.063–0.1
	0.1–0.2
	0.2–0.315





	Material retained (%)
	1
	7.5
	86
	5.5










 





Table 2. Chemical analysis of fly ash.
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	Elements (%)
	Class F
	HFFA





	LOI
	2.31
	67.35



	SiO2
	55.1
	11.8



	Al2O3
	24.7
	5.53



	Fe2O3
	6.65
	22



	CaO
	4.35
	1.66



	MgO
	1.49
	0.39



	Na2O
	2.57
	1.91



	K2O
	2.02
	0.39



	SO3
	1.23
	46.5



	Sb2O3
	-
	0.26



	TiO2
	0.96
	0.2



	BaO
	0.37
	0.21



	P2O5
	0.27
	0.35



	SrO
	0.13
	340 ppm



	Co3O4
	-
	0.21



	V2O5
	290 ppm
	4.39



	MnO
	280 ppm
	0.19



	ZnO
	210 ppm
	0.14



	NiO
	120 ppm
	3.63










 





Table 3. Mixture proportions per weight (kg), temperature during mixing and demolding time.






Table 3. Mixture proportions per weight (kg), temperature during mixing and demolding time.

















	Name
	Cement
	Class F FA
	HFFA (d < 300 μm)
	HFFA (300 μm < d < 1 mm)
	Sand
	Water
	SP
	T (°C)
	Demolding Time (Days)





	PM
	3.16
	3.80
	
	
	2.53
	1.74
	0.038
	---
	1



	M-5-F
	3.16
	3.45
	0.350
	
	2.53
	1.84
	0.042
	40
	1



	M-10-F
	3.16
	3.10
	0.696
	
	2.53
	2.24
	0.068
	48
	2



	M-15-F
	3.16
	2.75
	1.040
	
	2.53
	2.70
	0.080
	60
	2



	M-5-C
	3.16
	3.45
	
	0.350
	2.53
	1.94
	0.038
	38
	1



	M-10-C
	3.16
	3.10
	
	0.696
	2.53
	2.24
	0.058
	49
	2



	M-15-C
	3.16
	2.75
	
	1
	2.53
	2.25
	0.065
	51
	2










 





Table 4. Characteristics of the reference mix design (PM) in the fresh state and minimum/maximum limits for classification of a mixture as self-compacting.
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	Method
	Property
	PM
	Minimum
	Maximum





	Slump flow (mm)
	Filling ability
	705
	650
	800



	T50 cm slump flow (sec)
	Filling ability
	2
	2
	5



	L-box
	Passing ability
	0.8
	0.8
	1.0



	U-box (mm)
	Passing ability
	3
	0
	30
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