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Abstract

:

To promote the sustainable development of eco-efficient calcium sulfoaluminate (CSA) cements through the partial replacement of the CSA clinker with supplementary cementitious waste products, the effects of coal fly ashes on the early-age and mature-age properties of a calcium sulfoaluminate (CSA)-based cement paste were investigated. The impacts of both Class C and Class F fly ashes on the rheological properties, hydration kinetics, and compressive strength development of CSA cement paste were studied. Rheology-based workability parameters, representing the rate of loss of flowability, the rate of hardening, and the placement limit, were characterized for the pastes prepared with fixed water-to-cement (w/c) and fixed water-to-binder (w/b) ratios. The results indicate a slight improvement in the workability of the CSA paste by fly ash addition at a fixed w/b ratio. The isothermal calorimetry studies show a higher heat of hydration for the Class C fly ash-modified systems compared to the Class F-modified systems. The results show that fly ash accelerates the hydration of the calcium sulfoaluminate cement pastes, chiefly due to the filler effects, rather than the pozzolanic effects. In general, ettringite is stabilized more by the addition of Class F fly ash than Class C fly ash. Both fly ashes reduced the 1-day compressive strength, but increased the 28-day strength of the CSA cement paste; meanwhile, the Class C modified pastes show a higher strength than Class F, which is attributed to the higher degree of reaction and potentially more cohesive binding C-S-H-based gels formed in the Class C fly ash modified systems. The results provide insights that support that fly ash can be employed to improve the performance of calcium sulfoaluminate cement pastes, while also enhancing cost effectiveness and sustainability.
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1. Introduction


Calcium sulfoaluminate (CSA) cements are one of the most promising low-CO2 sustainable alternatives to Portland Cements (PC) [1,2,3]. CSA cements feature a lower carbon footprint than PC, mainly because the raw material-derived CO2 emission arising from the formation of the major CSA clinker phase, ye’elimite (C4A3S), is about a third of that arising from the formation of the major PC clinker phase, alite (C3S) [4]. In addition, the lower clinkering temperature of 1250 °C used for CSA cement production leads to a lower fuel-derived CO2 emission compared to PC, with a clinkering temperature of 1450 °C. Furthermore, the CSA clinker generally requires lower energy to grind. In addition to the reduced CO2 emission and energy consumption, CSA cement features superior properties, for example, high early-age strengths [5,6] and shrinkage minimization [7,8]. However, unanswered questions regarding durability have limited the adoption of CSA cements in mainstream construction applications in many countries [9]. Nevertheless, one of the significant limitations of the general use of CSA is, arguably, its high cost, which is about twice the cost of an equivalent bag of PC.



To make CSA cement greener and to reduce its cost, it can be blended with supplementary cementitious materials (SCMs), for example, fly ash and slag [10,11], silica fume [12], or limestone powder [13,14,15]. Expectedly, the addition of SCMs to cement will modify their properties; this is via SCMs’ participation in the hydration reaction (e.g., like a pozzolan), via a filler effect, or via a combination of the two. The effects of fly ash and other SCMs in PC systems have been extensively studied [16,17,18], wherein fly ash in PC is known to serve both as a filler and as a pozzolan [16,17,18,19,20,21]. The pozzolanic effect enhances cement hydration via the reaction of the siliceous components of the fly ash with free portlandite to produce new hydration products (e.g., C-S-H gel), while the filler effect accelerates the hydration reaction via the additional nucleation sites for reaction product precipitation on the extra surfaces provided by the SCM particles [22]. Secondly, the filler effect is also attributed to the dilution effect of replacing cement with SCM, which increases the effective water/cement (w/c) ratio and results in an increased hydration of the cement. Given the generally low reactivity of fly ash, the filler effect is known to be the most dominant effect of fly ash at the early ages of cement hydration [17,19,20].



Unlike PC, limited studies have been devoted to understanding the effects of SCMs in CSA cement systems [10,23,24]. It is known that the pore solutions of CSA cement generally have a lower pH than that of PC at early hydration ages [1,25,26], which suggests that the dissolution of fly ash will be slower in CSA systems. In addition, contrary to the PC system, pozzolanic reactions are limited in the CSA cement system due to portlandite unavailability. However, for CSA cements containing belite and alite, C-S-H gel may form upon the dissolution of these calcium silicate clinker phases. This can potentially provide accessible calcium ions that may react with fly ash, leading to C-S-H gels with a decreased calcium/silica ratio [18,21]. Previous studies have shown that the addition of fly ash to CSA cement leads to an increase in the 28-day compressive strength by up to 6 MPa for CSA cement, substituted by up to 15% fly ash. Conversely, a higher replacement, above 15% fly ash, has been reported to lead to a decrease in the compressive strength [10,11]. It is also reported that fly ash may promote the early formation of ettringite in CSA cements [10,24], whereas the product of the fly ash reaction in the system (i.e., strätlingite) was detected after about half a year of hydration, suggesting that there was a minimal degree of fly ash reaction in the CSA system [10].



One of the most critical challenges that constrain the general applicability of CSA cement in conventional construction is its poor early-age workability. CSA cement paste is a shear-thickening material that features a rapid-changing rheological behavior [10]; as a result, chemical admixtures (e.g., retarders and dispersants) are frequently employed to control the rheology [27]. Moreover, mineral admixtures (e.g., fly ash, silica fume, and slag) have been reported to improve the rheological properties of CSA cement paste in a few studies [12,28]. The studies show different trends for different supplementary cementitious materials, for example, silica fume lowers the plastic viscosity but increases the yield stress, while fly ash and granulated blast furnace slightly reduce both the plastic viscosity and yield stress [12]. Similar effects of SCMs on cement paste rheology have been reported for PC systems [29,30,31,32], however, unlike the extensive studies available for PC systems, studies on the effects of fly ash on the early-age characteristics of CSA pastes are still limited.



To better understand the impact of fly ash on the early-age and mature-age properties of CSA cements, this study investigates the impacts of ASTM C618-compliant Class C and Class F on the rheology and hydration kinetics of belite-CSA cement pastes. ASTM C618 [33] specifies the chemical and physical characteristics of Type C and Fly ashes, suitable for use in cement and concrete. Class C fly ash is typically produced from burning lignite or subbituminous coal, and may also be produced from anthracite or bituminous coal, while Class F fly ash is typically produced from burning anthracite or bituminous coal, but may also be produced from subbituminous coal and from lignite [33]. It is important to note that depending on the locality of a coal source, the coal combustion residue or fly ash may contain contaminants of significant environmental concern, including heavy metals [34,35] and radionuclides [36,37], which may require a proper ecological risk assessment.



The early-age properties of cement-based materials are the properties of the fresh paste, from mixing to about 3 days after setting (e.g., rheology, workability, the heat of hydration and set time); meanwhile, the mature-age properties are those hardened properties usually measured after 28 days of hydration (e.g., compressive strength, flexural strength, microstructure, and porosity). Both the early-age and mature-age properties are critical in determining the performance and durability of the final cement and concrete products. In this study, a time-dependent rheological method [38,39] is used to quantify the workability of the fly ash-dosed CSA cement pastes, while isothermal calorimetry is employed to characterize hydration kinetics. Thermodynamic modeling is employed to provide long-term phase assemblage insight, and a compressive strength test is used to investigate the mechanical performance. The findings improve the understanding of the fly ash interaction with CSA cement systems, and may be used to develop guidelines on the utilization of fly ash in the design of CSA cement-based concretes.




2. Materials and Methods


2.1. Materials


The belite calcium sulfoaluminate cement (CSAC) used in this study was received from Buzzi Unicem USA, while the ASTM C618-compliant Class C fly ash (FA-C) and Class F fly ash (FA-F), originating from the USA, were received from LafargeHolcim USA. The oxide compositions of the CSA cement and fly ashes, analyzed by energy-dispersive x-ray fluorescence spectroscopy (EDXRF; Oxford X-Supreme 8000, Hitachi High-Tech Analytical Science, Abingdon, Oxfordshire, UK), are shown in Table 1. The powder X-ray diffraction (XRD) pattern of the fly ashes and CSAC, obtained by a PANalytical X’Pert Pro multipurpose diffractometer with a 2θ configuration using CuKα (λ = 1.540 Å) radiation, is presented in Figure 1a. The mineral compositions of the materials were quantified by the Rietveld refinement of the x-ray diffraction pattern [40], using corundum as an internal standard. The CSA cement is composed of 52% ye’elimite, 21% belite, and 27% anhydrite (%massbasis). The FA-C is composed of 23% crystalline phases, and 77% amorphous phases, whereas FA-F contains 8% crystalline phases and 92% amorphous phases. An analytical-grade citric acid (CA) additive (citric acid monohydrate, 99.5%) was used as a set retarder. The mean particle sizes of CSAC, FA-C, and FA-F samples were 2.85 µm (D50: 2.26 µm), 2.24 µm (D50: 1.40 µm) and 4.35 µm (D50: 2.15 µm), respectively. The particle size distribution of the CSAC and fly ash samples are shown in Figure 1b.




2.2. Mixing Protocol


Twelve CSAC paste mix designs were prepared with six different dosages of FA-C and FA-F (0%, 1%, 3%, 5%, 10%, and 15% dry mass of cement) for the rheology study at a fixed water-to-CSA cement (w/c) of 0.5 (mass basis). To regulate (retard) the hydration rate, a fixed 2% citric acid was used. The proportion of the chemical admixtures was kept constant in all the pastes, while the dosage of fly ash was varied. Grade II deionized water was used in preparing the cement pastes. A second set of pastes was prepared with a fixed water-to-binder (w/b) = 0.5 (mass basis) to help explicate the effects at fixed w/c versus w/b. The water content in the chemical admixtures was accounted for as part of the total water.



The target mixture proportions of solids (CSA cement, fly ash, and citric acid powder) were first homogenized by handshaking before mixing with water to prepare the pastes. For the rheology study, 10 g of CSA cement was used, and the mixture was mixed in a 250 mL plastic beaker with a four-blade overhead stirrer (RW 20 Digital, IKA, Wilmington, NC, USA) for one minute at 1000 rpm. The mixed slurry was immediately loaded into the rheometer for the measurements. For isothermal calorimetry tests, similarly, mixed liquids were added to the mixed solids in a glass vial, and the manual mixing of the pastes continued for one minute. Then, the sample vial containing the obtained paste was lowered into the micro reaction calorimeter for analysis.




2.3. Parallel Plate Rheometry


The development of yield stress in the fresh cementitious pastes was measured as a function of time with a hybrid rheometer (DHR-2, TA Instruments, New Castle, DE, USA). The rheometer was equipped with 40 mm in diameter crosshatched top and bottom parallel plates. The cement pastes were contained in a fixed geometry gap of 1000 µm between the top and bottom plates. The temperature during the experiment was maintained at 25 °C. During measurement, a solvent trap filled with deionized water was used to maintain a constant humidity around the pastes.



The rheology measurements were started immediately after 5 min, from the time of the mixed solid’s contact with the mixing water. The yield stress measurement by the stress growth method was used. The pastes were first pre-sheared for 30 s, followed by a 30 s rest, and then sheared at a very low fixed shear rate of 0.01 s−1 for 180 s to collect the static yield stress data. The shear stress at which the paste began to flow plastically during the fixed shear rate 0.01 s−1 was used to determine the “yield stress”, as illustrated in Figure 2. The peak shear stress is a realistic approximation of the static yield stress [41,42]. The above measurement steps were repeated at intervals of 3 min on the same sample to track the time-dependent evolution of the yield stress of the CSAC+FA pastes until setting, or when the pastes could no longer be sheared by the rheometer or stress ≥ 15,000 Pa. Figure 2a displays a representative flow curve at a shear rate of 0.01 s−1 for a paste showing the determination of yield stress; meanwhile, Figure 2b shows a typical time-dependent yield stress evolution curve for concrete systems, showing two linear regimes with slopes    m 1    and    m 2   , representing the rate of loss of flowability (or plasticity retention) and the rate of hardening, respectively [38,39]. The time,    t p   , which marks the point of transition from flowability regime to rapid hardening regime, represents the placement time; i.e., the time at which the rapid loss of flowability sets in as the paste accelerates to setting, such that at    t p   , the mixture is unsuitable to be placed but remains finishable [39]. These rheological parameters were analyzed to examine the influence of fly ash on the CSAC paste workability. It is worth noting that similar curves to the one shown in Figure 2b can be produced by measuring the time-dependent dynamic yield stress or the viscosity evolution [38]; however, the present study focuses on static yield for simplicity and its relevance on placement, and the 3D printing of cement paste [43,44,45]. The described methodology has been applied to Portland cement and CSA cement systems in previous studies [38,39], and was found self-consistent for assessing the rheological parameters with a relative standard error ≤ 5%.




2.4. Calorimetry


To investigate the hydration kinetics of the fly ash-modified CSAC pastes, isothermal calorimetry was conducted for selected CSAC+FA pastes mixtures, used for the rheology studies. The mixtures containing 0%, 3%, and 15% FA dosages were studied. The heat evolution from the hydration of the CSAC+FA systems was monitored for 24 h, at a constant temperature of 25 ± 0.001 °C, and of 1.0 bar, using a THT µRC Peltier-based temperature-controlled isothermal micro reaction calorimeter (Thermal Hazard Technology, Bletchley, Milton Keynes, UK). A 1.5 mL glass vial with a standard polypyridene cap was used to load the samples into the microcalorimeter. The THT micro reaction calorimeter was helpful in this study since it is capable of monitoring heat evolution at a high resolution (5 µW) with a dynamic range of 5 µW–600 mW. The reference cell was provisioned with an inert reference sample (equivalent water) vial, with equivalent heat capacity as the paste sample to reduce noise and decrease the undesirable transient effects [46]. All the isothermal tests were started after 4.5 min of mixing the solid components with the liquids. The calorimetry data were correlated with the rheology data to provide some insights into the mechanisms.




2.5. Phase Assemblage Study


The mineralogy of the hydrated pastes was examined as a function of time by X-ray powder diffraction (XRD), using the PANalytical X’Pert Pro MultiPurpose Diffractometer (Philips Analytical, Netherland) to understand the effect of fly ash addition on the hydration product phase evolution. The diffractometer utilized CuKα radiation (wavelength λ = 1.540 Å) with a 2θ goniometer configuration. The samples were continuously scanned from 5° to 90° 2θ at a step size of 0.026° 2θ.




2.6. Thermodynamic Simulation


To investigate the potential long-term effects of the fly ashes on the hydrated phase assemblage in the CSAC pastes, a geochemical modeling package, GEM-Selektor v.3 (GEMS3) [47], based on the principle of Gibbs Energy Minimization, was used to simulate the hydration as a function of the amount of fly ash reacted, similar to related studies [48,49]. The thermodynamic properties of the relevant cement phases were taken from the built-in GEMS3 default database [50,51,52], and the published cement databases (CEMDATA18) [53]. The effects of solution non-ideality resulting from the presence of dissolved compounds were accounted for with the Truesdell–Jones form of the extended Debye–Hückel model [54].




2.7. Compressive Strength Tests


To evaluate the evolution of the mechanical properties, the compressive strength of the selected CSA cement pastes with and without fly ash modification was studied. The same mix proportions (Section 2.2, w/c = 0.5) were maintained in the preparation of 1-inch cubes. The ASTM C 305, ASTM C 109, and ASTM C 511-19 standards were followed for preparing and storing the cubes. The cubes were cured in a Perfa-Cure concrete curing box maintaining ≥ 95% humidity and a curing temperature of 23 ± 2 °C. A 200,000 lb servo-controlled Tinius Olsen universal compression machine with a data acquisition PC workstation was used for the compressive strength measurement. A load rate of 200 lb/s was maintained for every test. The compressive strength was obtained as the mean of three independent measurements.





3. Results and Discussion


This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



3.1. Effects of Fly Ash on the Rheological Properties


The time-dependent evolution of yield stress for the twelve investigated mixtures is presented in Figure 3a–d as a function of hydration time, showing the effect of the dosage rates of the different fly ashes. As expected, the curves feature two linear regimes, wherein the slopes of both regimes increased with the increasing dosage of fly ash. At fixed w/c (Figure 3a,b), the time of transition from the slow rising to the steep rising regime decreased with the increasing dosage of fly ash. These trends are a typical indication of a gradual loss of flowability, followed by a rapid acceleration to setting or hardening [39,55], which agrees with the rheology trends in previous studies of fly ash-blended CSAC systems with a fixed water-to-cement (w/c) ratio [10]. Conversely, at a fixed w/b (Figure 3c,d), the time of transition from the slow rising to the steep rising regime increases (shifts to the right) with the addition of fly ash, wherein a small difference is observed for the two fly ash types. In general, there are two potential causes of the observed rheology trend for the fly ash-modified cement pastes, namely, an increase in the hydration reaction due to pozzolanic effects, or due to the filler effect of the added fly ash at a fixed w/c ratio. Both processes lead to an increase in the hydration reaction and the precipitation of hydration products, resulting in an increased solid content and local structuring in the paste. Hence, high shear stress is required to sufficiently deform the material and cause it to flow due to the local structuring. On the other hand, when the w/b is fixed, the effective water increases with the addition of fly ash due to the lower water demand of fly ash compared to CSA cement powder, causing a slightly better rheology behavior (lesser slope of the two linear regimes).



In a conventional PC paste, the pore solution features a higher pH (>12.5) and Ca2+ saturation than the dissolving clinker phases. This leads to the precipitation of free portlandite that readily reacts with the glass contents of SCMs (e.g., fly ash) pozzolanically, and yields additional C-S-H and other cement hydrate phases [56]. Contrary to the PC system, there is little or no pozzolanic effect of fly ash in the CSA cement, mainly because of the lower pH and non-availability of free Ca2+ in the CSA cement pore system. However, the CSAC used in this study contains calcium silicates (belite), which enhance the precipitation of the C-S-H gel that can potentially provide accessible Ca for a reaction with the fly ash particles. However, given the low reactivity of fly ash, coupled with the short rheology data acquisition time of under 2 h, it is unlikely that any reactive influence of fly ash has set in. Hence, the observed acceleration and yield stress growth, (i.e., hardening) in current CSAC systems would be mainly attributed to the solid content increase and the filler effect of the fly ashes [10,22,57,58,59].



To help elucidate the specific effects of the fly ash types and dosage, as described in the previous section (Figure 2b), the slopes of the two regimes,    m 1    and    m 2   , representing the rate of loss of flowability and rate of hardening, respectively, and the placement time,    t p   , representing the point of transition from flowability regime to rapid hardening regime, were determined for the curves shown in Figure 3. The values are presented in Figure 4a–f, showing the evolution of    m 1   ,    m 2   , and    t p    as a function of the fly ash types and dosages at fixed w/c and fixed w/b. The overall trends are essentially similar for both the Class C and F fly ashes.



As is visible in Figure 4a, the slope    m 1   , which represents the rate of loss of flowability at a constant w/c, increases with the increasing content of both fly ash types, albeit with a small slope value and poor linearity. This suggests that the replacement of the CSAC with fly ash does not ‘drastically’ reduce the flowability of the paste at a constant w/c. The corresponding data at constant w/b (Figure 4d) clearly shows a drop in the    m 1    followed by a rise back to an average value at 15% fly ash, similar to the value obtained for the control paste (with 0% fly ash). This indicates that fly ash improves the early-age flowability of the paste in agreement with previous studies [12,28], especially at dosages below 15% fly ash.



In addition, Figure 4b shows that the placement limit,    t p   , decreases monotonically with increasing fly ash content at constant w/c. The trend observed for the    t p    is expected because the filler effect of the fly ash accelerates the hydration reaction at an early age, leading to more solid hydration product formation, and local structuring of the paste, hence the shortening of the flowability regime and a reduction in the placement time (or the rheology set time) of the CSA+FA pastes. The    t p      values initially decreases exponentially with an increasing dosage of fly ash and then decays into a plateau after about a 5% fly ash dosage of both fly ash types. These indicate that there is a threshold where the additional fly ash content does not significantly change the    t p    parameters. The opposite, but less intense trend, is seen at constant w/b (Figure 4e), where the addition of fly ash led to an increase in    t p   , indicating a slightly prolonged initial set [39], attributed to the dilution effect [12,30].



The hardening rate (   m 2   ), shows a linear increase with the increasing fly ash content (Figure 4c) at a constant w/c, similar to, but stronger than the trends observed for    m 1   . Among the three rheology-based workability parameters,    m 2    shows the strongest correlation with the fly ash dosages, with the trendline R2 value of 0.95 for the pastes with a constant w/c. A high    m 2    value suggests a paste that would be more suitable for 3D printing [60,61], while the opposite is the case for self-consolidating concrete or pastes for pumping applications. Corresponding data at a fixed w/b ratio show a downward trend, indicating a deceleration of the hardening rate with fly ash addition. However, the trend plateaus after about 3–5% fly ash, suggesting that a threshold exists where additional fly ash content may not significantly change the    m 2    parameter at constant w/b. Previous studies have also found that the effects of fly ash on some properties of CSAC pastes are more significant at low dosages, and in some cases, a higher dosage may lead to a trend turnaround; these include the reported effects on compressive strength [10,11]. These findings could provide important guidelines on blended CSAC mix proportioning for specific purposes. Overall, it can be deduced that, due to the low water demand of fly ash compared to CSAC, the effects of fly ash at a fixed water-to-binder (w/b) ratio tend toward the retention of paste workability, while the opposite is the case at fixed w/c ratio.



Although the described early-age rheological behavior of the pastes can inform some aspects of reaction kinetics for optimizing the workability of the CSAC+FA pastes, no clear contrast is revealed regarding the action of Class C vs. Class F fly ash, despite the obvious difference in their chemistry (e.g., the high Ca content of Class C). Some differences are envisaged to exist in the interaction of the two types of fly ashes with the CSAC system. Hence, to provide more insight into the underlying mechanisms, this area is pursued to understand the impacts of both fly ash variations on the hydration kinetics and the hydrate phase assemblage in the following sections.




3.2. Effects on Hydration Kinetics


The hydration kinetics of selected pastes with fly ash dosages of 0%, 3%, and 15% were studied by isothermal calorimetry. The purpose of the isothermal calorimetry was to investigate the heat release profiles at the early age, elucidate the characteristics relatable to the rheological behavior of the pastes, understand the effects of the fly ash types, and help provide insights on the underlying mechanisms. Figure 5a,b shows the time-dependent heat flow curve and the cumulative heat generation for a 24 h hydration time of FA-C-dosed CSAC pastes at fixed w/c = 0.5, and Figure 5c,d shows similar data for FA-F-dosed pastes. Additionally, the data for CSA paste with no added admixture, i.e., no retarder, no superplasticizer, and no fly ash (labeled as “Neat CSA”) are shown included in Figure 5’s graphs. As seen, the acceleration peak is almost uncaptured in the neat CSAC used in this study, due to the rapid reaction (Figure 5a,c); however, the added retarder and dispersant helped to regulate the hydration and allow for the investigation of the chemical process. In addition, the cumulative heat of the “Neat CSA” cement after 24 h of hydration is clearly above all the other samples (0% to 15% FA-C and FA-F) containing retarder and superplasticizer, as described in the materials and methods.



As shown in Figure 5a,b, the heat flow slightly increased with the increasing FA-C content (at constant w/c), featuring a small rise in the amplitude of the induction shoulder, and an increase in the height of the acceleration peak and the slope of the acceleration regime. The shape and position of the heat flow are essentially similar but slightly shifted to the right for the 3% FA-C and to the left for the 15% FA-C. The 24 h cumulative heat release also increased with an increase in the fly ash content (Figure 5b). The heat flow profile of the FA-F-dosed pastes (Figure 5c) also shows an increase in the induction shoulder, and the acceleration peak and slope, but the peak position is slightly drifted to the left for the 3% and to the right for the 15% FA-F; meanwhile, the 24 h cumulative heat release shows very little difference between the 0%, 3% and 15% FA-F dosages (Figure 5d). Considering the uncertainties, the overall heat of the hydration profile agrees with the rheology data, suggesting an increase in the hydration rate with the increasing fly ash content at the early hours of hydration, due to a higher effective water with increasing fly ash content. In the case of FA-F-dosed pastes, the effects on the heat of hydration are smaller and are not noticeable at 24 h of hydration; however, the heat release is apparently higher for FA-C-dosed pastes, and the effect of 15% FA-C is still noticeable at 24 h of cumulative heat release. Figure 6a presents the 24 h cumulative heat release as a function of fly ash type and dosage at constant w/c, showing no significant change for FA-F dosages; however, a noticeable rise is observed with the increasing dosage of FA-C. These results suggest that the effect of FA-F is mostly a minimal filler effect, while additional reactive effects may be involved in the case of FA-C. This observation is not surprising, since the high Ca content of FA-C will facilitate a reactive interaction that will yield new phases, such as x-ray amorphous C-S-H gel and monosulfate.



Figure 6b,c show the correlation of the rheology-based loss of flowability (   m 1   ) and hardening rate (   m 2   ), with the heat flow at the acceleration peak for both fly ash types at constant w/c, respectively. The figures clearly show the dominance of the workability parameters over the rate of heat release from the hydration. Given that the rheology behavior and flow dynamics of materials are particle-interaction driven, it is indicative that the effects of the fly ashes are dominated by particle-driven filler effects and less reactive pozzolanic effects. However, a difference is noted between the FA-C and FA-F curves, as the curve is shifted to a higher rate of heat release for FA-C. Thus, while both fly ashes provide filler effects, it appears that FA-C releases more heat; this can be due to (i) the finer particle size of the FA-C (2.24 µm) compared to FA-F (4.35 µm), or (ii) due to the additional heat from exothermic dissolution and the reaction of the Ca-rich FA-C with cement particles to form new phases, such as x-ray amorphous C-S-H gel and monosulfate. To better understand the contribution of the latter, the mineral phase assemblage of the paste is examined in Section 3.3.



Figure 7 shows a comparison of the data at fixed w/c with corresponding data at fixed w/b. As seen in Figure 7a, there is a decrease in the cumulative heat release at 3% fly ash, followed by an increase at the 15% fly ash dose. This trend agrees with the rheology data,    m 2    (Figure 4d) at constant w/b, suggesting a slight suppression of the hydration rate at the early age with fly ash addition, due to an initial soak-up of the water by fly ash; however, as the dosage of fly ash increases, the effective water content becomes significantly improved, leading to a higher overall hydration rate due to more water availability [56]. However, contrary to the observation by Martin et al. [56], the heat flow at the acceleration peak in the present study is generally reduced with fly ash addition at constant w/b compared to the paste with 0% fly ash (Figure 7b,c), suggesting potentially more reaction occurring in the system without fly ash. The difference in the current study compared to the observation by Martin et al. [56] can be attributed to the compositional differences in the CSA cement systems. In general, the higher the heat flow at the acceleration peak, the higher the flowability loss (   m 1   ) and the hardening rate (   m 2   ) for both fly ash types. As seen in Figure 7b,c, the fly ash-dosed pastes with fixed w/c = 0.5 are clearly clustered at higher acceleration heat flow peak and higher (   m 1   ) and (   m 2   ), while the pastes with fixed w/b = 0.5 are clustered at lower values of those parameters, relative to the control with zero fly ash. These observations expectedly support more reaction leading to a higher yield stress build-up.




3.3. Effects on Phase Assemblages


The pastes containing 0% and 15% fly ashes were characterized by X-ray powder diffraction after 16 h, 28 days, and 52 days of hydration, in order to understand the effect of fly ash on the early-age and mature-age evolution of hydrate phase assemblage. This is to understand the effect of fly ash on both the early- and later-age evolution of the hydrate-phase assemblage. This is to investigate whether the fly ashes have significant reactive effects on the CSA cement system, given that the studies presented in the preceding sections suggest that the effects of the fly ash addition were mostly filler effects, rather than reactive effects (such as pozzolanic). Hence, the highest fly ash dosage of 15%, where there is a higher probability of observing a reactive effect, was investigated in comparison with the control (0% fly ash). Figure 8 displays the XRD patterns, showing essentially a similar phase assemblage, dominated by crystalline ettringite in all the pastes. The quantitative estimate of the amount of ettringite by Rietveld refinement is presented in Figure 9a, showing a slightly higher amount of crystalline ettringite in the control paste at 28–52 days, compared to the system containing fly ash. Slightly more ettringite is formed in the FA-F-dosed pastes than in the FA-C-dosed pastes. It is believed that the crystallization of ettringite is favored most in the FA-F-dosed pastes, due to the higher destabilization of monosulfate with increasing siliceous contents and the concomitant stabilization of ettringite (and potentially x-ray amorphous strätlingite and katoite may form [62,63,64] after sufficient time has passed), in agreement with previous studies [56,62,65]. Conversely, due to the high calcium supply from FA-C, monosulfates, being stable in a Ca-rich environment [66], tend to compete with ettringite in the system [64]. Consequently, ettringite is slightly suppressed within the early age hydration of the FA-C-dosed pastes. However, it is expected that, long term, the ettringite–monosulfate balance will tilt to favor the thermodynamically more stable ettringite at a normal temperature (~25 °C) [67].



The reaction of fly ash (if it does react) with CSA cement is expected to modify the phase assemblage and thus generate new phases, although some of the products may be X-ray amorphous. To investigate the effect of the potential reaction of the added fly ash, the 15% fly ash pastes were simulated with the GEMS as a function of the percentage of the fly ash reacted, from 0 to 50% of the total added fly ash, while assuming a full reaction of the CSA cement component. Figure 9b shows the evolution of ettringite with the increasing reaction of fly ash. As seen in Figure 9b, the amount of ettringite formed increases linearly, wherein the ettringite formed in the FA-F-dosed paste is consistently higher than the amount formed in the FA-C-dosed paste. Thus, ettringite formation is enhanced more in class F fly ash-modified paste, in agreement with the experimental data. How this observation affects the strength development is presented in the following section.




3.4. Effects on Compressive Strength


The 1-day and 28-day compressive strength data of CSA cement paste containing 0% and 15% class C and F fly ash types are shown in Figure 10a. The results indicate that the addition of fly ash lowered the 1-day compressive strength but increased the 28-day strength. High early-age buildability and strength are the most important properties of CSA cements. This result indicates that fly ash addition to CSA cement may provide a minimal improvement to early-age past buildability (i.e., increase in yield stress as described in Section 3.1), but it does not benefit the early-age mechanical strength development, as seen in Figure 10a. However, fly ash may improve the mature-age compressive strength, as seen in Figure 10a, in agreement with previous studies [68,69]. Thus, due to the slow interaction of fly ash with the CSA system, there is a lower cohesion of the particles with the hydration products of CSA cement at the early-age; hence, the strength development is less rapid at day 1 for the fly ash-dosed paste compared to the control. However, as curing is prolonged, and the fly ash particles gradually react, interact and bond with the CSA hydration phases, the compressive strength of the fly ash-dosed pastes eventually increases, exceeding that of the control paste. Given that fly ash C reactivity was slightly higher, as seen from the calorimetry studies, the compressive strength is also higher than that of the class F fly ash at 28 days. However, the differences are minimal, which indicates that there are similarities in the physical and chemical properties of both classes of fly ash. Ettringite is known as the major contributor to the strength of CSA cements, but the amount formed in FA-C-dosed pastes was slightly lower than the amount formed in the FA-F pastes, leading to the consideration that other factors play an influential role, e.g., porosity evolution and the degree of fly ash reaction in both fly ash systems. To understand the effects of the fly ash reaction on the porosity evolution, the systems containing 15% fly ash were simulated with the GEMS as a function of the percentage of the fly ash reacted, from 0 to 50% of the total added fly ash; this assumes a full reaction of the CSA cement component. Figure 10b displays the calculated porosity as a function of the % of fly ash reacted. As seen in Figure 10b, as the percentage of fly ash reacted increases, the porosity of the fly ash-dosed pastes decreased gradually, which may, among other factors, contribute to the observed strength increase at the later curing age of 28 days. The porosity of the FA-F-dosed pastes is consistently lower with an increasing reaction rate, but the strength is lower; this suggests that the degree of the reaction of the FA-C may have been higher (in agreement with calorimetry data) to produce the higher strength recorded for FA-C, compared to the FA-F-dosed pastes at similar ages.



In summary, the results of the 15% fly ash-dosed pastes display an average 28-day increase in strength of 11% for both fly ash types, in comparison with the control CSA cement with 0% fly ash (Figure 10a). Assuming the average cost of CSA cement is ~ USD 225/ton and fly ash is ~ USD 20/ton, a 15% fly ash substitution represents a ~13% reduction in the cost of the cement material. Thus, the fly ash addition not only enables the improvement of the mature-age properties, but may also enhance the cost-effectiveness, eco-efficiency, and sustainability of calcium sulfoaluminate cement.





4. Conclusions


The effects of Class C and F fly ashes on the early-age and mature-age properties of a belite calcium sulfoaluminate (CSA) cement paste were studied. A rheology-based method was employed to investigate the effects on workability parameters, specifically, the rate of loss of flowability (   m 1   ), the evolution of placement limit (   t p   ), and the hardening rate (   m 2   ). Both fly ash types show a similar influence on these workability parameters, wherein the    m 1    and    m 2    increase with the increasing dosage of both fly ashes, while    t p    decays monotonically with increases in the content of both Class C and F fly ashes at a fixed w/c ratio; conversely, an opposite but less intense trend is obtained at a fixed w/b ratio. Overall, fly ash addition slightly improves the early-age workability of the CSA cement paste at constant w/b. The hydration kinetics were also investigated by isothermal calorimetry, which revealed a slightly higher hydration heat release for the Class C fly ash-dosed pastes compared to the Class F fly ash, suggesting a slightly higher reaction in class C fly ash pastes. An experimental and simulated equilibrium mineral phase assemblage indicates that the low-Ca Class F fly ash enhanced the volume of the ettringite formed, compared to high-Ca Class C fly ash-dosed pastes. Compressive strength studies show that both fly ashes decreased the 1-day compressive strength, but slightly improved the 28-day compressive strength of the CSA cement paste; meanwhile, the fly ash C-dosed pastes outperformed the class F-dosed pastes in strength development. The findings provide valuable insights into the effects of the different fly ash types that can help advance mix design selection and fly ash utilization in CSA cement systems for improved cost-effectiveness and performance.
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Figure 1. (a) XRD pattern of commercial calcium sulfoaluminate cement (CSAC), Class C and Class F fly ashes (FA-C, and FA-F), and (b) Particle size distribution of CSA cement and fly ash samples used in this study. The XRD patterns have been shifted vertically; the intensity axis is marked as arbitrary units. 
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Figure 2. (a) Representative flow curve for a paste showing how yield stress (σy) was determined, (b) representative time-dependent yield stress evolution of CSAC+FA paste, showing the flowability retention regime with slope    m 1   , the placement limit    t p   , and the hardening regime with slope    m 2   . 
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Figure 3. Time-dependent yield stress evolution: (a) Class C fly ash-dosed CSA pastes at fixed w/c = 0.5, (b) Class F fly ash-dosed CSA pastes at fixed w/c = 0.5, (c) Comparison of data for fixed w/c = 0.5 vs. fixed w/b = 0.5 for Class C fly ash-dosed pastes, and (d) Comparison of data from fixed w/c = 0.5 vs. fixed w/b = 0.5 for Class F fly ash-dosed pastes. 
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Figure 4. The evolution of the Rate of loss of flowability    m 1   , Placement time    t p   , and Hardening rate    m 2   , at (a–c) at fixed w/c of 0.5; and (d–f) at fixed w/b of 0.5 for cement pastes with varying fly ash dosage. Fitting lines are for visual guides. 
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Figure 5. Isothermal calorimetry-based time-dependent (a) heat flow of [CSAC+FA-C] pastes, (b) cumulative heat released of [CSAC+FA-C] pastes, (c) heat flow of [CSAC+FA-F] pastes, (d) cumulative heat released of [CSAC+FA-F] pastes. “Neat CSA” represents paste with no added admixture. All pastes are for constant w/c = 0.5. Due to overlap of data points, some curves are shielded. 
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Figure 6. Relationship between rheological parameter and calorimetry data for two different fly ash-dosed CSA cement pastes; (a) 24 h cumulative heat released as a function of fly ash dosages, (b) flowability loss rates vs. heat flow at acceleration peaks, (c) rate of hardening vs. heat flow at acceleration peaks. Fitting lines are for visual guides. 
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Figure 7. Comparing the effect of fixed w/c versus fixed w/b: (a) 24 h cumulative heat released as a function of fly ash dosages, (b) flowability loss rates vs. heat flow at acceleration peaks, (c) rate of hardening vs. heat flow at acceleration peaks. 
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Figure 8. The XRD pattern of the CSAC+FA pastes after (a) 16 h, (b) 28 days, and (c) 52 days of hydration. Detected corundum in the 16 h and 52-day samples is an internal standard to aid the quantitative XRD analysis of amorphous phases; this was was found negligible compared to ettringite. 
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Figure 9. (a) Quantitative XRD estimation of amounts of ettringite formed in pastes containing 0% and 15% fly ash type C and F, and cured for 16 h, 28 days, and 52 days; (b) Evolution of ettringite with increasing degree of fly ash reaction, calculated using the GEMS software. 
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Figure 10. (a) Compressive strength of control CSA and 15% fly ash-dosed CSA cement pastes. All the pastes were prepared with similar chemical admixtures; (b) Simulated porosity of CSAC + 15% fly ash as a function of the degree of fly ash reaction up to 50% of added fly ash, assuming a full reaction of the CSA cement component of the blended paste. 
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Table 1. Oxide composition of CSA cement and fly ashes (%mass).
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	Species
	MgO
	CaO
	Al2O3
	SiO2
	P2O5
	SO3
	Na2O + K2O
	TiO2
	Mn2O3
	Fe2O3
	LOI





	CSAC a
	0.94
	48.85
	20.94
	11.61
	0.48
	11.49
	0.34
	0.53
	0.09
	2.96
	1.65



	FA-C b
	5.22
	32.13
	16.64
	32.31
	1.46
	1.74
	1.47
	1.40
	0.03
	6.07
	1.16



	FA-F c
	1.51
	6.04
	18.88
	56.50
	0.73
	1.21
	3.08
	0.75
	0.05
	10.11
	1.06







a CSAC = Calcium sulfoaluminate cement; b FA-C = Class C Fly ash; c FA-F = Class F Fly ash.
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