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Abstract

:

Poor workability is a common feature of calcium sulfoaluminate (CSA) cement paste. Multiple chemical admixtures, such as set retarders and dispersants, are frequently employed to improve the workability and delay the setting of CSA cement paste. A quantitative assessment of the compatibility, efficiency, and the effects of the admixtures on cement paste workability is critical for the design of an appropriate paste formulation and admixture proportioning. Very limited studies are available on the quantitative rheology-based method for evaluating the workability of calcium sulfoaluminate cement pastes. This study presents a novel and robust time-dependent rheological method for quantifying the workability of CSA cement pastes modified with the incorporation of citric acid as a set retarder and a polycarboxylate ether (PCE)-based superplasticizer as a dispersant. The yield stress is measured as a function of time, and the resulting curve is applied to quantify three specific workability parameters: (i) the rate at which the paste loses flowability, (ii) the time limit for paste placement or pumping, marking the onset of acceleration to initial setting, and (iii) the rate at which the paste accelerates to final setting. The results of the tested CSA systems show that the rate of the loss of flowability and the rate of hardening decrease monotonously, while the time limit for casting decreases linearly with the increase in citric acid concentration. The dosage rate of PCE has a relatively small effect on the quantified workability parameters, partly due to the competitive adsorption of citrate ions. The method demonstrated here can characterize the interaction or co-influence of multiple admixtures on early-age properties of the cement paste, thus providing a quantitative rheological protocol for determining the workability and a novel approach to material selection and mixture design.
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1. Introduction


Calcium sulfoaluminate (CSA) cement is one of the widely researched, low-energy, low-carbon alternatives to conventional Portland cement (PC) [1,2]. The production of CSA cement emits 60% less CO2 than that of PC—the latter contributes to about 8% of the global CO2 emissions [3,4,5]. The lower emission potential of CSA cement is primarily due to the lower calcareous raw material (i.e., limestone) content required to produce the main cementing phase in CSA clinker, ye’elimite (Ca4Al6SO16), that releases ~0.22 t CO2/t compared to the main cementing phase of PC, alite (Ca3SiO5), that generates ~0.58 t CO2/t [6]. Additionally, a lower processing kiln temperature of 1250 °C is required for CSA cement production, in contrast to 1450 °C needed for PC production, leading to additional fuel-derived CO2 emission savings and a beneficial energy economy [2,6]. CSA cement is also attractive due to its unique characteristics in specialty applications for rapid setting and expansion-shrinkage compensating paste formulations, although unanswered questions remain regarding the long-term durability of CSA cement [7].



Poor early-age workability arguably remains one of the major challenges that limit the general applicability of calcium sulfoaluminate (CSA) cements in conventional building construction, wherein the poor workability is a trade-off on the quick setting and high early strength development of CSA paste. Two approaches can be employed to control CSA workability, namely: (i) reaction rate control by regulation of the clinker chemistry or the proportions of the ye’elimite, belite, and anhydrite or gypsum in the cement powder [8,9,10,11], and (ii) use of chemical admixtures to control the reaction rate and/or improve the dispersion and fluidity. The latter is the most common approach in the field as it is easy to apply on-site [12,13]. Organic acid and sugars are often used to effectively delay the CSA rapid hydration reaction, while polymer dispersants (i.e., superplasticizers) are employed to enhance dispersion and fluidity [14,15,16]. In practice, multiple admixtures are frequently employed simultaneously to improve the workability of CSA cement. For example, a combination of superplasticizer and set retarder can be used to improve the flowability of the CSA system [17,18,19]. The superplasticizer provides electrostatic dispersion and steric hinderance, while the set retarder delays the hydration of cement particles and the formation of hydration products, thus enhancing the workability retention [19]. For such applications, where multiple chemical admixtures are incorporated in CSA cement paste, it is crucial to evaluate the compatibility and co-influence of the admixtures on the workability and its variation at an early age [20,21,22]. This is especially important for advanced paste formulations, such as those for 3D printing and oil well cementing applications [23,24,25].



The slump test is one of the common methods used to evaluate the workability and consistency of fresh concrete and mortar [13]. Although the method provides some indirect flow properties, it is limited [26] and inadequate for time-dependent characterization of the workability and flow dynamics of advanced cement-based mixture designs [27]. A wide range of other approaches have been reported for measuring the workability of cement-based materials, which are classifiable under five major categories: confined flow, free flow, vibration, moving object, and rheology-based test methods [28,29]. Amongst these methods, the rheology-based approaches feature the best technical versatility [29].



Thus, advanced assessment of the workability of fresh cement-based materials often involves the measurement of basic physical quantities of the fluid property, for example, yield stress and viscosity [30]. These rheological parameters can be used to estimate the flowability and provide insight on the workability. However, most of the available rheology-based studies of CSA cement materials do not provide quantitative estimation of the workability [31,32]. Various analytical models have been applied to describe the rheological behavior of cement paste, including the Bingham, Casson, Herschel–Bulkley, and De Kee models, etc., which are mainly used to extract yield stress and viscosity [33,34]. However, these models have not been used to extract quantitative workability parameters that examine the various regimes of the hydration reaction progress to quantifying the flowability retention, placement time, and hardening rate, as presented in the present study.



There are other relevant studies, such as those by Roussel [35] describing the transient and steady flow behavior of cement paste, the bi-linear model by Kruger et al. [36,37], and the non-linear model by Lecompte et al. [38]. However, these models mainly focused on estimating the buildability and shape retention of 3D-printed cement pastes, rather than the quantification of the comprehensive workability of the pastes. In the present study, a unique quantitative approach is presented for determining the workability of CSA cement using a time-dependent rheological method. The approach quantifies the influence of multiple admixtures on the critical early-age hydration regimes to determine specific workability metrics vis-à-vis flowability retention, placement limit, yield stress growth rate constant, and hardening rate, as a function of admixture dosage, thereby providing a novel approach to evaluating the workability of advanced CSA cement paste formulations.




2. Materials and Experimental Methods


2.1. Materials


A commercial calcium sulfoaluminate cement received from Buzzi Unicem USA was used. The oxide composition of the cement, analyzed by energy-dispersive X-ray fluorescence (EDXRF; Oxford X-Supreme 8000, Abingdon, UK) and verified by X-ray photoemission spectroscopy (XPS; Thermoscientific Nexsa Surface Analysis, Waltham, MA, USA), is shown in Table 1. The X-ray diffraction (XRD) pattern of the CSA cement, obtained by a PANalytical X’Pert Pro multipurpose diffractometer with a 2θ configuration using CuKα (λ = 1.540 Å) radiation, is shown in Figure 1. The mineral compositions of the materials were quantified by Rietveld refinement of the X-ray diffraction pattern [31], with the aid of the FullProf Suite integrated into the Match!—phase analysis by powder diffraction software. The quantitative phase analysis shows that the CSA cement is a belite-ye’elimite cement composed of 41.0% ye’elimite (C4A3S), 29.2% belite (C2S), 27.0% anhydrite (C   S ¯   ), and minor 2.8% aluminate (C3A) constituents (Figure 1). A reagent grade, powder citric acid (CA) additive (citric acid monohydrate, 99.5%) was used as a set retarder, and a commercially available ASTM C494 Type A and F and ASTM C1017 Type I compliant polycarboxylate ether (PCE)-based superplasticizer was used to improve dispersion. The authors acknowledge the expectation that potential competitive adsorption may limit the effectiveness of PCE in the system, but it is anticipated that the presented rheological method may provide some insight on the complex interactions.




2.2. Mixing Protocol


Nine CSA cement paste specimens were prepared with three different dosage rates of the PCE (0%, 0.1%, and 0.5% dry mass of PCE by mass of cement) and three different contents of citric acid (1%, 2%, and 4% dry mass of CA by mass of cement). These dosage rates were chosen in the range commonly reported in the literature [16,17,43]. It was difficult to continue the rheology experiments without any CA past 5 min given the quick setting of the mixture. Deionized water (DI) was used in preparing the cement paste, maintaining the water/cement mass ratio (w/c) as 0.5. The water content of the PCE and hydration water of the powder citric acid (CA) were accounted for as part of the total water.



The target mixture proportions of solids (CA and CSA cement) were first homogenized before mixing with liquids (a mixture of an appropriate quantity of water and PCE) to prepare the paste. In every paste, 10 g of cement was used in a 250 mL plastic beaker and mixed with a four-blade, impeller-type overhead stirrer (RW 20 Digital, IKA) for one minute at 1000 rpm. The mixed slurry was immediately loaded onto the rheometer for characterization. The same mixing protocol was used for the specimen used for the Vicat set time test, with a relatively larger quantity of materials required.




2.3. Parallel Plate Rheometry


The yield stress development of the fresh cementitious pastes was measured as a function of time, with a stress-controlled shear rheometer (DHR-2, TA Instruments) utilized in a parallel plate alignment using 40 mm-diameter top and bottom plates. The surfaces of the plates were crosshatched (serrated) to reduce slippage and ensure a uniform cement particle concentration near the plates [44]. The instrument and the geometry were calibrated each time before starting any run. The cement pastes were contained in a fixed geometry gap of 700 µm between the top and bottom plates. The temperature during the measurements was maintained at 25 °C by a Peltier plate connected to the bottom geometry. A solvent trap on the top plate was filled with deionized (DI) water to maintain constant humidity around the pastes during measurement.



The rheology measurements were started at ~5 min, from the time of cement’s contact with the mixing water (liquid containing water and PCE), i.e., the total time for mixing and setting up the paste sample on the rheometer. The pastes were first pre-sheared at 0.1 s−1 or 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. The shear stress at which the paste began to flow (i.e., the transition from elastic deformation to plastic flow) during the fixed shear strain rate of 0.01 s−1 was used to determine the “yield stress”, as exemplified in Figure 2. The peak shear stress is a realistic approximation of static yield stress [45,46]. This method is commonly referred to as the stress growth method, and the basis for its adoption in the present study is discussed in detail in Section 3.5. The above measurement steps were repeated at intervals of 3 min on the same sample to track the time-dependent evolution of yield stress of the CSA pastes until setting or when the pastes could no longer be sheared by the rheometer. 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, and Figure 2b shows the time-dependent yield stress evolution curve, showing two linear regimes with slopes    m 1    and    m 2   , representing the rate of loss of the paste’s flowability and the rate of hardening, respectively. The time,    t p   , which marks the point of transition from the flowability regime to the rapid hardening regime represents the placement time, i.e., the time at which 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 [47]. These parameters were analyzed to examine the co-influence of the admixtures on the CSA cement paste workability, as presented in the Results and Discussion Section. It is worth noting that similar curves to the one shown in Figure 2b can be produced by measuring time-dependent dynamic yield stress or viscosity evolution, but the present study focuses on static yield for simplicity and its relevance to placement and 3D printing of cement paste [48,49,50].




2.4. Vicat Set Time


The time of initial set of the CSA cement pastes was also measured using a manual Vicat apparatus according to ASTM C191 [51]. The Vicat needle penetration test was carried out every 3 min. The time was counted from the mixing of CSA cement with water and admixtures. The Vicat initial set time is compared with the placement limit,    t p   , from the rheological experiments.





3. Results and Discussion


3.1. Time-Dependent Yield Stress Evolution


The time-dependent evolution of yield stress for the nine investigated mixtures is presented in Figure 3a–c as a function of hydration time, showing the broad effect of the dosage rates of PCE and CA. As expected, the duration of the flowability regime increases with the increasing content of the CA, while the dosage of the PCE does not have any observable influence on that duration. This dominant influence of CA is due to its retarding effect on hydration of the CSA compared to the PCE, which often shows a negligible retarding effect on the CSA cement reaction [14]. Interestingly, the cement paste containing 4% CA showed a significantly higher initial yield stress value than those with a lower CA content. Figure 3d displays a graph of the average yield stress (σyi) determined in the flowability regime as a function of CA content. A sharp increase of σyi is noted for mixtures made with more than 2% of CA, reaching a 4-fold increase at 4% CA. Previous studies indicate that citrate anions can adsorb to positively charged cement particles, creating a particle bridging bond between interacting particles at certain pH levels [52]. Thus, an increase in CA content leads to a stronger attractive force between the cement particles, thereby increasing the yield stress. In the investigated CSA mixtures, this effect appears to increase rapidly after a CA content of 2% (Figure 3d). Therefore, while 4%CA may be beneficial for increased retardation or a prolonged flowability time of about 120 min, the trade-off is a higher initial yield stress, which implies high energy to initiate cement paste flow. Hence, in defining workability, all aspects of the yield stress curve need to be critically investigated to determine the appropriate mixture design for a given application.



The effect of the multiple admixtures on the hardening regime is not as distinguishable by visual observation of Figure 3a–c, as all the pastes feature a steep rise in yield stress immediately following the loss of flowability. To better understand the co-influence of the PCE and CA admixtures on the rheological behavior of the CSA cement pastes, the three workability metrics (i.e., rate of loss of flowability, placement limit, and hardening rate, illustrated in Figure 2b) were determined from the time-dependent yield stress evolution curves of Figure 3a–c, and discussed in the following sub-sections.




3.2. Flowability Retention Metrics


The slope of the flowability regime of the time-dependent yield stress evolution curve (Figure 2b) was used to examine the effect of CA and PCE contents on workability retention. As shown in Figure 4, the slope    m 1   , which represents the rate of the loss of flowability, decreases monotonously with increasing CA content. The PCE dosage, on the other hand, shows a lesser influence, impacting a slight increase in flowability retention (i.e., decrease in the rate of the loss of flowability) at 0.1% PCE. This effect shrunk with the increasing CA content, which is attributed to competitive adsorption of the citrate over PCE [53,54,55,56]. The result suggests that PCE and CA show little or no synergy in improving retention of flowability of the CSA cement pastes, due to the PCE–CA competitive adsorption phenomenon. This is in agreement with literature data wherein PCE is reported to display higher synergy with sodium borate set retarder in improving the flowability of CSA cement pastes compared to CA [18,57].



It is widely reported that the performance of PCE-based superplasticizers can be perturbed by various anionic species, leading to a loss of the dispersive effect of PCE due to competitive adsorption [58]. For example, hydroxides [59,60], sulfate ions [61], citrates and tartrates [56], and other polymeric admixtures [62] are among the chemical species reported to compete for the solid surface with superplasticizers.



Plank and Winter [56] showed that in the presence of citrate, PCE adsorption dropped to less than 10% of dosage added, leading to a complete loss of flowability of the paste, whereas in the presence of tartrate, PCE adsorption was reduced but remained high enough to still provide good flowability. The study revealed a direct correlation between the admixtures’ adsorption behavior and their anionic charge density. Thus, admixtures with a higher anionic charge density show higher affinity to the binder surface and hence adsorb preferentially.



In general, when several admixtures are present, molecules with a lower anionic charge density will adsorb only if there are any remaining adsorption surfaces after the adsorption of the molecules with a higher anionic charge density has completed. Thus, given that the anionic charge density of citrate is higher than PCE due to the comparatively smaller molecular size of the citrate ion compared to the polycarboxylate anion, the CA dosage in the present study adsorbed preferentially, thereby leaving limited surfaces available for the PCE adsorption, and hence the observed limited dispersive effect of the PCE.




3.3. Placement Limit Metrics


The time at which the yield stress evolution curve transitions from the flowability regime to the hardening regime, defined as the placement limit,    t p   , was determined, as shown in Figure 2b. The results from all the pastes were plotted as a function of CA content, as shown in Figure 5. As seen in Figure 5a,    t p    increases linearly with increasing CA, whereas the increase in the PCE dosage has a negligible effect on    t p   . The result is expected, given that the CA can inhibit ettringite formation in CSA systems leading to a significant retardation of the hydration reaction [63]. On the other hand, PCE can adsorb onto cement particles, causing mainly a dispersion effect via the provision of steric hindrance and electrostatic repulsion with minimal retardation effect [64,65]. Figure 5b shows that    t p    correlates somewhat linearly with the initial time of set measured with the Vicat apparatus. While both parameters (   t p    and Vicat set time) are different, the linear relationship, although not as strong compared to similar data for Portland cement systems [47], indicates that the study of the early-age rheological behavior of CSA can inform some aspects of setting, in addition to providing a means to assess the co-influence of chemical admixtures in CSA cement pastes for optimizing the workability.




3.4. Hardening Rate Metrics


The hardening rate (   m 2   ), which is the slope of the regime with a steep increase in yield stress as the paste rapidly accelerates to setting, was extracted from the time-dependent yield stress evolution curve, as shown in Figure 2b. The    m 2    indicates a monotonous decrease with increasing CA content (Figure 6a), similar to the trend observed for the rate of loss of flowability (Figure 4). However, there is slightly more influence of PCE dosage on    m 2    than    m 1   , where the hardening rate decreases with the increasing PCE dosage. An alternative outlook on the hardening regime is through the acceleration angle,    θ p  =   tan   − 1    m 2    (Figure 2b and Figure 6b). As seen in Figure 6a,b, the    m 2    and    θ p    show similar trends; however, the    m 2    curve features a steeper decline, especially between 1% and 2% CA content. This result suggests that paste mixtures with a lower CA content featuring high    m 2    and high    θ p    would be more suitable for 3D printing, while the opposite is the case for pumping applications.



The exponential growth model    σ   y t      =    σ   y 0     e  k t     was applied to the yield stress data, where    σ   y t      is the yield stress at time t,    σ   y 0      is the initial yield stress first measured after mixing, and  k  is the yield stress growth rate constant. The result is presented in Figure 6c, showing that the yield stress decreases exponentially with the increasing CA content without a noticeable effect of the PCE dosage. Overall, it can be deduced that the CSA mixture with 2% CA and 0.1% PCE featuring low average yield stress in the flowability regime (   σ   y i     ), low rate of flowability loss (   m 1   ), moderate placement limit (   t p   ), and hardening rate (   m 2   ) presents the best workability performance. However, as the workability score is application-dependent, the above selection may be unfavorable for certain applications. For instance, in 3D printing of cement-based materials, where a layered deposition approach is followed, a paste with a high yield stress growth rate ( k ), characterized by a high rate of flowability loss (   m 1   ), and a high hardening rate (   m 2   ) would be desirable; in contrast, for oil well cementing or extended pumping operations, a lower yield stress growth and a low rate of flowability loss would be more suitable. Thus, this technique can be used as a novelty approach to the selection of materials and mixture design for specific applications.




3.5. Reproducibility, Effect of Geometries, and Test Parameter Selection


This section illustrates the extent of variability of the measured rheology-based workability metrics with respect to different procedures and geometries that were screened prior to the selection of the stress growth static yield stress procedure presented in the preceding sections. To assess the methods, triplicate measurements were performed for time-dependent (1) static yield stress (i.e., using the stress growth method, with a fixed shear rate), and (2) dynamic yield stress (i.e., using Bingham model fitting of the shear stress vs. shear rate curve). These methods were tested with two geometries: (i) parallel plate geometry with crosshatched surface, and (ii) vane rotor and cylinder cup geometry. One of the nine cement paste specimens prepared in Section 2 (mix proportion: CSA + 0.1% PCE + 2% CA (w/c = 0.5)) was selected to demonstrate the reproducibility and applicability of each method. Similar to the procedure described in Section 2.3, Section 2.4, Section 3, Section 3.1, Section 3.2, Section 3.3 and Section 3.4, a temperature of 25 °C was maintained for all tests in this section.



3.5.1. Static Yield Stress Tests


(i) Parallel plate geometry (crosshatched surface to reduce slippage), and (ii) vane rotor and cylinder cup geometry.



First, triplicate measurements were performed using the stress growth method described in Section 2.3, with a 700 and a 1000 µm gap between the parallel plates, to demonstrate the effect of the geometry gap. Then, the experiment was repeated with a vane rotor and cylinder cup geometry, to understand the effect of geometry. The diameter and length of the vane rotor bob was 28 and 42 mm, while the inner diameter of the cylindrical cup was 30.33 mm. The operating gap was maintained at 4000 μm. Note that the gap is not comparable to the geometry gap of 700 or 1000 μm used for the parallel plate geometry, because the shearing effect in the cup-vane system is radially distributed. About 90 g of CSA cement was needed to prepare sufficient material for this geometry (9 times the amount required for parallel geometry). Third, the test with the parallel plate geometry gap of 700 µm was repeated, but this time a larger amount of the cement paste was prepared and stored in a sealed beaker under a 95% relative humidity, such that the paste was re-mixed ex situ with the IKA four-blade overhead mixer at 250 rpm for 30 s to break any false structure formation prior to loading fresh sample for the second step measurement, and the subsequent step intervals until setting. This was to understand the effects of mixing ex situ compared to the in situ pre-shear technique described in Section 2.3, and to help verify suspension integrity or potential sedimentation of the paste during the in situ measurement.



Figure 7a–d show the static yield stress evolution for each triplicate test, and Table 2 presents the workability metrics,    m 1   ,    m 2   ,    t p   , and    θ p   , obtained from the tests and their respective standard deviations. The static yield stress results indicate that the measured quantities were reasonably reproducible, wherein the relative standard errors    [ ( s t d .   d e v i a t i o n   o f   m e a n / m e a n ) × 100 ]    for each of the parameters were mostly ≤5%. The value of the    θ p    was the most consistent across all the static yield stress methods. It was observed that increasing the parallel plate geometry gap from 700 to 1000 µm led to a slight increase in    m 1   , a slight decrease in    m 2   , and a notable increase in    t p   . A higher propensity for error due to the slippage phenomenon near the    t p    point was observed for the 1000 µm compared to the 700 µm geometry gap. Thus, the overall reproducibility was better for the 700 µm than for the 1000 µm geometry gap, as seen in Figure 7a,b. Note that both gaps were within the commonly recommended range, >10× the particle size [66] (average D50 of the CSA cement used is 1 µm).



As seen in Figure 7d, the ex situ mixing method exhibited two    t p    points. The first    t p    value corresponds to the value obtained with both the in situ parallel plate geometry gap of 700 µm and the in situ vane rotor and cylinder geometry. The flowability regime of the yield stress curve displays a negative slope, which suggests that the ex situ mixing had improved the action of the dispersant with time, by breaking any initial flocs. Additionally, the ex situ mixing at 250 rpm is believed to have disrupted the initial onset of structuration, leading to a quick drop in yield stress and eventual re-establishment of the structuration at the second    t p    prior to acceleration to the final setting. However, in general, the first hardening regime,    m 2   , following the first    t p    point clearly agrees with the test results from the in situ parallel plate geometry with the 700 µm gap. It can therefore be concluded that there was no sedimentation issue in the in situ parallel tests.



Consistent with recommendations in the literature [67,68], a low shear rate of 0.01 s−1 as described in Section 2.3 was adopted for the parallel plate-based static yield stress tests. Figure 7e shows a representative behavior of the paste in response to a shear rate or 0–200 s−1, showing a minimal hysteresis loop between 0 and 160 s−1. The hysteresis loop appeared to decrease slightly with the increasing shear rate and disappeared at about 160 s−1. However, a low shear rate is favored for the parallel plate geometry in the present study because a high shear rate can break the cement structure even close to setting [68], and the cement paste tends to bleed out of the parallel plate confinement at high shear, creating voids and erroneous data. However, it is noteworthy that the measured rheological values are generally dependent on the applied shear stress and strain [45]. To better understand the effect of a variable shear rate, dynamic tests are investigated in the following sub-section.




3.5.2. Dynamic Yield Stress and Plastic Viscosity Tests


(i) Parallel plate geometry and (ii) vane rotor and cylinder cup geometry:



It is known that both static yield stress and dynamic yield stress are important for different field applications [69]. For example, the dynamic yield stress of cement pastes will provide useful information regarding cement flow behavior in pumping applications, whereas the static yield stress can provide helpful data to inform paste stability [70] and 3D printability of cement pastes [23,24,25], etc. To understand the differences and illustrate the applicability of the dynamic yield stress and plastic viscosity evolution to estimating workability metrics described in the preceding sections, we investigated the traditional fitting of the Bingham model to the shear stress vs. shear rate curve [66]. The selected paste sample (CSA + 0.1% PCE + 2% CA (w/c = 0.5)) was characterized by the Bingham model-fitting method using both the parallel plate geometry and the vane rotor and cylinder geometry. A variable shear rate was imposed on the paste with a ramp-up of 0–200 s−1 that was immediately followed by a ramp-down after a short rest of 5 s. The ramp-up served as pre-shear, while the dynamic yield stresses and the plastic viscosities were determined from the ramp-down utilizing the Bingham model,     σ *    =    σ y    +    γ ˙  ·     µ  p l    , where    σ *    is the shear stress in a step (variable),    σ y    is the yield stress,   γ ˙   is the shear rate (0–200 s−1), and    µ  p l     is the plastic viscosity (i.e., slope of the straight-line path).



The evolution of the result of the triplicate measurement of the time-dependent dynamic yield stress and the plastic viscosity are presented in Figure 8, and workability parameters in Table 3. As expected, the dynamic yield stress was significantly lower than the static yield stress discussed previously. Interestingly, the data from the parallel plate geometry of 700 µm and the vane rotor and cylinder cup geometry were very similar, suggesting comparable suitability of both methods. However, the values of all the workability parameters obtained with time-dependent plastic viscosity were generally lower than the corresponding values obtained with dynamic yield stress evolution, except for the    θ p    parameter. In general, the dynamic yield stress from vane rotor and cylinder geometry showed slightly better reproducibility, while the plastic viscosity from the parallel plate geometry showed better reproducibility. Additionally, it is noted that deviations in the trends were much more pronounced as the hydrating paste transitioned from the initial dormant state to the rapid acceleration stage of the hydration. This is reflected in the magnitude of the standard deviation on    m 2    compared to    m 1   . There was also less reproducibility for plastic viscosity compared to the dynamic yield stress measurement.



In summary, the in situ static yield stress procedure with a parallel plate geometry gap of 700 µm was adopted for the main demonstrations discussed in Section 2.3, Section 2.4, Section 3, Section 3.1, Section 3.2, Section 3.3 and Section 3.4, for the simplicity, requirement of small material, reasonable reproducibility, and relevance of static yield stress to 3D printing of cement slurry. However, any of the above-discussed rheological methods and geometry can be used to produce “self-consistent” workability metrics for assessing cement mixtures. It is also possible to use oscillatory rheology (not covered in the present study), wherein the time-dependent evolution of the storage modulus and loss modulus can be used to develop the workability metrics. However, it is well-known in the literature that a small change in rheology procedures and test parameters, including mixing protocols and shear history of the pastes, can affect the absolute value of the measured rheological quantities [71,72,73,74]. Hence, a selection of a favorable protocol must be performed after screening for any specific materials being studied and the selected parameters must be carefully maintained for all mix proportions under comparison to reduce errors. Additionally, caution must be applied when using the measured workability metrics as absolute number values, instead they should be used as a relative measure to assess mix proportions.






4. Conclusions


A rheology-based method was employed to develop quantitative metrics for assessing the workability of CSA cement pastes prepared with citric acid set retarder (CA) and polycarboxylate ether-based superplasticizer (PCE). The method utilizes a time-dependent yield stress evolution curve to quantify specific workability parameters that describe the various regimes of the early-age hydration of the cement paste. Specifically, the rate of loss of flowability (or flowability retention in reverse), placement limit, hardening rate, acceleration angle, and yield stress growth rate constant were quantified. The results show that:




	
The flowability retention and placement time were significantly enhanced by increasing the content of CA. On the other hand, the hardening rate, acceleration angle, and yield stress growth rate decreased with the increasing CA content. In contrast, an increase in PCE dosage showed a limited effect on the flowability retention and placement time due to the competitive adsorption of the citric acid in lieu of PCE.



	
The effect of the PCE dosage was more noticeable on the hardening rate metrics, wherein the hardening rate decreased with the increasing PCE dosage.



	
The paste made with 2% CA and 0.1% PCE provided an overall best workability performance in terms of low average yield stress in the flowability regime (   σ   y i     ), low rate of flowability loss (   m 1   ), moderate placement time (   t p   ), and moderate hardening rate metrics (   m 2  ,    θ p   ). However, different applications, such as 3D printing, extended pumping, or oil-well cementing, will feature different combinations of the metrics:    σ   y i     ,    m 1   ,    t p   ,    m 2  ,    θ p   ,   and   k  , for favorable mix design.








Thus, the described rheology-based method can be useful to assess different workability metrics to guide material selection and mixture proportioning for various construction applications, from precast to pumping and additive manufacturing of concrete. Consistent with the existing literature, it is noted that, while a variety of rheology geometry and protocols can be applied to generate the workability metrics that show similar trends as demonstrated in this study, different rheology procedures as well the shear history of the cement paste clearly affect the actual values of the measured quantities. Therefore, the measured rheological quantities are best used in a relative sense to assess mix proportions rather than interpreted as absolute values.







Author Contributions


Conceptualization, M.U.O.; Data curation, S.K.M.; Formal analysis, S.K.M., A.W., C.C. and M.U.O.; Funding acquisition, M.U.O.; Investigation, S.K.M., A.W. and C.C.; Methodology, S.K.M. and M.U.O.; Project administration, M.U.O.; Resources, M.U.O.; Supervision, M.U.O.; Validation, K.K., A.K. and M.U.O.; Writing—original draft, S.K.M.; Writing—review & editing, S.K.M., K.K., A.K. and M.U.O. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been supported by the National Science Foundation through CMMI: 1932690.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work has been supported by the National Science Foundation through CMMI: 1932690. The contents of this paper reflect the views and opinions of the authors, who are responsible for the accuracy of data presented herein. The authors are thankful to GCP Applied Technologies, USA, and Buzzi Unicem, USA, for providing test materials. The research was conducted in the Sustainable Materials Laboratory (SusMatLab) with instrumental support from the Materials Research Center (MRC) at Missouri S&T. All supports that enable the operation of SusMatLab and MRC are acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Juenger, M.; Winnefeld, F.; Provis, J.L.; Ideker, J. Advances in Alternative Cementitious Binders. Cem. Concr. Res. 2011, 41, 1232–1243. [Google Scholar] [CrossRef]

	



Gartner, E.; Sui, T. Alternative Cement Clinkers. Cem. Concr. Res. 2018, 114, 27–39. [Google Scholar] [CrossRef]

	



Lehne, J.; Preston, F. Making Concrete Change Innovation in Low-Carbon Cement and Concrete; The Royal Institute of International Affairs: London, UK, 2018; p. 138. [Google Scholar]

	



Gilfillan, D.; Marland, G. CDIAC-FF: Global and National CO2 Emissions from Fossil Fuel Combustion and Cement Manufacture: 1751–2017. Earth Syst. Sci. Data 2021, 13, 1667–1680. [Google Scholar] [CrossRef]

	



Andrew, R.M. Global CO2 Emissions from Cement Production, 1928–2018. Earth Syst. Sci. Data 2019, 11, 1675–1710. [Google Scholar] [CrossRef]

	



Gartner, E. Industrially Interesting Approaches to “Low-CO2” Cements. Cem. Concr. Res. 2004, 34, 1489–1498. [Google Scholar] [CrossRef]

	



Tan, B.; Okoronkwo, M.U.; Kumar, A.; Ma, H. Durability of Calcium Sulfoaluminate Cement Concrete. J. Zhejiang Univ. Sci. A 2020, 21, 118–128. [Google Scholar] [CrossRef]

	



Hargis, C.W.; Kirchheim, A.P.; Monteiro, P.J.M.; Gartner, E.M. Early Age Hydration of Calcium Sulfoaluminate (Synthetic Ye’elimite, C4A3S¯) in the Presence of Gypsum and Varying Amounts of Calcium Hydroxide. Cem. Concr. Res. 2013, 48, 105–115. [Google Scholar] [CrossRef]

	



Morin, V.; Termkhajornkit, P.; Huet, B.; Pham, G. Impact of Quantity of Anhydrite, Water to Binder Ratio, Fineness on Kinetics and Phase Assemblage of Belite-Ye’elimite-Ferrite Cement. Cem. Concr. Res. 2017, 99, 8–17. [Google Scholar] [CrossRef]

	



Telesca, A.; Marroccoli, M.; Pace, M.L.; Tomasulo, M.; Valenti, G.L.; Monteiro, P.J.M. A Hydration Study of Various Calcium Sulfoaluminate Cements. Cem. Concr. Compos. 2014, 53, 224–232. [Google Scholar] [CrossRef]

	



Winnefeld, F.; Martin, L.H.J.; Müller, C.J.; Lothenbach, B. Using Gypsum to Control Hydration Kinetics of CSA Cements. Constr. Build. Mater. 2017, 155, 154–163. [Google Scholar] [CrossRef]

	



Li, G.; Zhang, J.; Song, Z.; Shi, C.; Zhang, A. Improvement of Workability and Early Strength of Calcium Sulphoaluminate Cement at Various Temperature by Chemical Admixtures. Constr. Build. Mater. 2018, 160, 427–439. [Google Scholar] [CrossRef]

	



ASTM C143/C143M; Test Method for Slump of Hydraulic-Cement Concrete. ASTM International: West Conshohocken, PA, USA, 2020.

	



Su, T.; Kong, X.; Tian, H.; Wang, D. Effects of Comb-like PCE and Linear Copolymers on Workability and Early Hydration of a Calcium Sulfoaluminate Belite Cement. Cem. Concr. Res. 2019, 123, 105801. [Google Scholar] [CrossRef]

	



Zajac, M.; Skocek, J.; Bullerjahn, F.; Haha, M.B. Effect of Retarders on the Early Hydration of Calcium-Sulpho-Aluminate (CSA) Type Cements. Cem. Concr. Res. 2016, 84, 62–75. [Google Scholar] [CrossRef]

	



Burris, L.E.; Kurtis, K.E. Influence of Set Retarding Admixtures on Calcium Sulfoaluminate Cement Hydration and Property Development. Cem. Concr. Res. 2018, 104, 105–113. [Google Scholar] [CrossRef]

	



Zhang, G.; Li, G.; Li, Y. Effects of Superplasticizers and Retarders on the Fluidity and Strength of Sulphoaluminate Cement. Constr. Build. Mater. 2016, 126, 44–54. [Google Scholar] [CrossRef]

	



Ke, G.; Zhang, J. Effects of Retarding Admixture, Superplasticizer and Supplementary Cementitious Material on the Rheology and Mechanical Properties of High Strength Calcium Sulfoaluminate Cement Paste. J. Adv. Concr. Technol. 2020, 18, 17–26. [Google Scholar] [CrossRef]

	



Tan, H.; Guo, Y.; Zou, F.; Jian, S.; Ma, B.; Zhi, Z. Effect of Borax on Rheology of Calcium Sulphoaluminate Cement Paste in the Presence of Polycarboxylate Superplasticizer. Constr. Build. Mater. 2017, 139, 277–285. [Google Scholar] [CrossRef]

	



Bedard, C.; Mailvaganam, N.P. The Use of Chemical Admixtures in Concrete. Part I: Admixture-Cement Compatibility. J. Perform. Constr. Facil. 2005, 19, 263–266. [Google Scholar] [CrossRef]

	



Mailvaganam, N. Admixture Compatibility in Special Concretes. Spec. Publ. 1999, 186, 615–634. [Google Scholar]

	



Bedard, C.; Mailvaganam, N.P. The Use of Chemical Admixtures in Concrete. Part II: Admixture-Admixture Compatibility and Practical Problems. J. Perform. Constr. Facil. 2006, 20, 2–5. [Google Scholar] [CrossRef]

	



Chen, M.; Liu, B.; Li, L.; Cao, L.; Huang, Y.; Wang, S.; Zhao, P.; Lu, L.; Cheng, X. Rheological Parameters, Thixotropy and Creep of 3D-Printed Calcium Sulfoaluminate Cement Composites Modified by Bentonite. Compos. Part B Eng. 2020, 186, 107821. [Google Scholar] [CrossRef]

	



Chen, M.; Yang, L.; Zheng, Y.; Huang, Y.; Li, L.; Zhao, P.; Wang, S.; Lu, L.; Cheng, X. Yield Stress and Thixotropy Control of 3D-Printed Calcium Sulfoaluminate Cement Composites with Metakaolin Related to Structural Build-Up. Constr. Build. Mater. 2020, 252, 119090. [Google Scholar] [CrossRef]

	



Mohan, M.K.; Rahul, A.V.; De Schutter, G.; Van Tittelboom, K. Early Age Hydration, Rheology and Pumping Characteristics of CSA Cement-Based 3D Printable Concrete. Constr. Build. Mater. 2021, 275, 122136. [Google Scholar] [CrossRef]

	



Ferraris, C.; de Larrard, F. Modified Slump Test to Measure Rheological Parameters of Fresh Concrete. Cem. Concr. Aggr. 1998, 20, 241. [Google Scholar] [CrossRef]

	



Rubio-Hernández, F.J.; Velázquez-Navarro, J.F.; Galindo-Rosales, F.J. Rheological Characterization of a Time Dependent Fresh Cement Paste. Mech Time-Depend Mater 2009, 13, 199–206. [Google Scholar] [CrossRef]

	



Koehler, E.P.; Fowler, D.W. Summary of Concrete Workability Test Methods; International Center for Aggregates Research, University of Texas at Austin: Austin, TX, USA, 2003; p. 93. [Google Scholar]

	



Wang, G.S.; Alexander, A.M.; Haskin, R.; Poole, T.S.; Malone, P.G.; Wakeley, L. Portland-Cement Concrete Rheology and Workability: Final Report; Turner-Fairbank Highway Research Center: McLean, VA, USA, 2001; p. 111. [Google Scholar]

	



Tattersall, G.H. Workability and Quality Control of Concrete; CRC Press: Boca Raton, FL, USA, 1991; ISBN 978-1-4822-6700-6. [Google Scholar]

	



García-Maté, M.; Santacruz, I.; De la Torre, Á.G.; León-Reina, L.; Aranda, M.A.G. Rheological and Hydration Characterization of Calcium Sulfoaluminate Cement Pastes. Cem. Concr. Compos. 2012, 34, 684–691. [Google Scholar] [CrossRef]

	



Ke, G.; Zhang, J.; Xie, S.; Pei, T. Rheological Behavior of Calcium Sulfoaluminate Cement Paste with Supplementary Cementitious Materials. Constr. Build. Mater. 2020, 243, 118234. [Google Scholar] [CrossRef]

	



Yahia, A.; Khayat, K.H. Analytical Models for Estimating Yield Stress of High-Performance Pseudoplastic Grout. Cem. Concr. Res. 2001, 31, 731–738. [Google Scholar] [CrossRef]

	



Atzeni, C.; Massidda, L.; Sanna, U. Comparison between Rheological Models for Portland Cement Pastes. Cem. Concr. Res. S 1985, 15, 511–519. [Google Scholar] [CrossRef]

	



Roussel, N. Steady and Transient Flow Behaviour of Fresh Cement Pastes. Cem. Concr. Res. 2005, 35, 1656–1664. [Google Scholar] [CrossRef]

	



Kruger, J.; Zeranka, S.; van Zijl, G. 3D Concrete Printing: A Lower Bound Analytical Model for Buildability Performance Quantification. Autom. Constr. 2019, 106, 102904. [Google Scholar] [CrossRef]

	



Kruger, J.; Zeranka, S.; van Zijl, G. A Rheology-Based Quasi-Static Shape Retention Model for Digitally Fabricated Concrete. Constr. Build. Mater. 2020, 254, 119241. [Google Scholar] [CrossRef]

	



Lecompte, T.; Perrot, A. Non-Linear Modeling of Yield Stress Increase Due to SCC Structural Build-up at Rest. Cem. Concr. Res. 2017, 92, 92–97. [Google Scholar] [CrossRef]

	



Cuesta, A.; De la Torre, A.G.; Losilla, E.R.; Peterson, V.K.; Rejmak, P.; Ayuela, A.; Frontera, C.; Aranda, M.A. Structure, Atomistic Simulations, and Phase Transition of Stoichiometric Yeelimite. Chem. Mater. 2013, 25, 1680–1687. [Google Scholar] [CrossRef]

	



Tsurumi, T.; Hirano, Y.; Kato, H.; Kamiya, T.; Daimon, M. Crystal Structure and Hydration of Belite. Ceram. Trans. 1993, 40, 19–25. [Google Scholar]

	



Cheng, G.; Zussman, J. The Crystal Structure of Anhydrite (CaSO4). Acta Crystallogr. 1963, 16, 767–769. [Google Scholar] [CrossRef]

	



Steele, F.A.; Davey, W.P. The Crystal Structure of Tricalcium Aluminate. J. Am. Chem. Soc. 1929, 51, 2283–2293. [Google Scholar] [CrossRef]

	



Ramachandran, V.S.; Malhotra, V.; Jolicoeur, C.; Spiratos, N. Suplerplasticizers: Properties and Applications in Concrete; Canada Centre for Mineral and Energy Technology: Ottawa, ON, Canada, 1998; ISBN 0-660-17393-X. [Google Scholar]

	



Coussot, P. Rheometry of Pastes, Suspensions, and Granular Materials: Applications in Industry and Environment; John Wiley & Sons: Hoboken, NJ, USA, 2005; ISBN 0-471-72056-9. [Google Scholar]

	



Nguyen, Q.; Boger, D. Measuring the Flow Properties of Yield Stress Fluids. Annu. Rev. Fluid Mech. 1992, 24, 47–88. [Google Scholar] [CrossRef]

	



Sant, G.; Ferraris, C.F.; Weiss, J. Rheological Properties of Cement Pastes: A Discussion of Structure Formation and Mechanical Property Development. Cem. Concr. Res. 2008, 38, 1286–1296. [Google Scholar] [CrossRef]

	



Okoronkwo, M.U.; Falzone, G.; Wada, A.; Franke, W.; Neithalath, N.; Sant, G. Rheology-Based Protocol to Establish Admixture Compatibility in Dense Cementitious Suspensions. J. Mater. Civ. Eng. 2018, 30, 04018122. [Google Scholar] [CrossRef]

	



Chen, M.; Li, L.; Wang, J.; Huang, Y.; Wang, S.; Zhao, P.; Lu, L.; Cheng, X. Rheological Parameters and Building Time of 3D Printing Sulphoaluminate Cement Paste Modified by Retarder and Diatomite. Constr. Build. Mater. 2020, 234, 117391. [Google Scholar] [CrossRef]

	



Yuan, Q.; Li, Z.; Zhou, D.; Huang, T.; Huang, H.; Jiao, D.; Shi, C. A Feasible Method for Measuring the Buildability of Fresh 3D Printing Mortar. Constr. Build. Mater. 2019, 227, 116600. [Google Scholar] [CrossRef]

	



Roussel, N. Rheological Requirements for Printable Concretes. Cem. Concr. Res. 2018, 112, 76–85. [Google Scholar] [CrossRef]

	



ASTM C191; Test Methods for Time of Setting of Hydraulic Cement by Vicat Needle. ASTM International: West Conshohocken, PA, USA, 2019.

	



Avadiar, L.; Leong, Y.-K. Interactions of PEI (Polyethylenimine)–Silica Particles with Citric Acid in Dispersions. Colloid Polym. Sci. 2011, 289, 237–245. [Google Scholar] [CrossRef]

	



Li, G.; He, T.; Hu, D.; Shi, C. Effects of Two Retarders on the Fluidity of Pastes Plasticized with Aminosulfonic Acid-Based Superplasticizers. Constr. Build. Mater. 2012, 26, 72–78. [Google Scholar] [CrossRef]

	



Gelardi, G.; Flatt, R. Working Mechanisms of Water Reducers and Superplasticizers. In Science and Technology of Concrete Admixtures; Elsevier: Amsterdam, The Netherlands, 2016; pp. 257–278. [Google Scholar]

	



Tan, H.; Ma, B.; Li, X.; Jian, S.; Yang, H. Effect of Competitive Adsorption between Sodium Tripolyphosphate and Naphthalene Superplasticizer on Fluidity of Cement Paste. J. Wuhan Univ. Technol.-Mater. Sci. Ed. 2014, 29, 334–340. [Google Scholar] [CrossRef]

	



Plank, J.; Winter, C. Competitive Adsorption between Superplasticizer and Retarder Molecules on Mineral Binder Surface. Cem. Concr. Res. 2008, 38, 599–605. [Google Scholar] [CrossRef]

	



Acarturk, C.; Burris, L. Effects of Combination of Retarders on Calcium Sulfoaluminate (CSA) Cement Systems. In Proceedings of the International Conference on Cement–Based Materials Tailored for a Sustainable Future, Istanbul, Turkey, 9 June 2020. [Google Scholar] [CrossRef]

	



Marchon, D.; Mantellato, S.; Eberhardt, A.B.; Flatt, R.J. Adsorption of Chemical Admixtures. In Science and Technology of Concrete Admixtures; Aïtcin, P.-C., Flatt, R.J., Eds.; Woodhead Publishing: London, UK, 2016; pp. 219–256. ISBN 978-0-08-100693-1. [Google Scholar]

	



Marchon, D.; Sulser, U.; Eberhardt, A.; Flatt, R.J. Molecular Design of Comb-Shaped Polycarboxylate Dispersants for Environmentally Friendly Concrete. Soft Matter 2013, 9, 10719–10728. [Google Scholar] [CrossRef]

	



Flatt, R.J.; Houst, Y.F.; Bowen, P.; Hofmann, J.W.H.; Sulser, U.; Maeder, U.; Burge, T.A. Interaction of Superplasticizers with Model Powders in a Highly Alkaline Medium. ACI SP 1997, 173, 743–762. [Google Scholar] [CrossRef]

	



Yamada, K.; Ogawa, S.; Hanehara, S. Controlling of the Adsorption and Dispersing Force of Polycarboxylate-Type Superplasticizer by Sulfate Ion Concentration in Aqueous Phase. Cem. Concr. Res. 2001, 31, 375–383. [Google Scholar] [CrossRef]

	



Plank, J.; Brandl, A.; Lummer, N.R. Effect of Different Anchor Groups on Adsorption Behavior and Effectiveness of Poly(N,N-Dimethylacrylamide-Co-Ca 2-Acrylamido-2-Methylpropanesulfonate) as Cement Fluid Loss Additive in Presence of Acetone–Formaldehyde–Sulfite Dispersant. J. Appl. Polym. Sci. 2007, 106, 3889–3894. [Google Scholar] [CrossRef]

	



Nguyen, H.; Kunther, W.; Gijbels, K.; Samyn, P.; Carvelli, V.; Illikainen, M.; Kinnunen, P. On the Retardation Mechanisms of Citric Acid in Ettringite-Based Binders. Cem. Concr. Res. 2021, 140, 106315. [Google Scholar] [CrossRef]

	



Lange, A.; Hirata, T.; Plank, J. Influence of the HLB Value of Polycarboxylate Superplasticizers on the Flow Behavior of Mortar and Concrete. Cem. Concr. Res. 2014, 60, 45–50. [Google Scholar] [CrossRef]

	



Dalas, F.; Pourchet, S.; Nonat, A.; Rinaldi, D.; Sabio, S.; Mosquet, M. Fluidizing Efficiency of Comb-like Superplasticizers: The Effect of the Anionic Function, the Side Chain Length and the Grafting Degree. Cem. Concr. Res. 2015, 71, 115–123. [Google Scholar] [CrossRef]

	



Roussel, N. Understanding the Rheology of Concrete; Woodhead Publishing: Cambridge, UK; Philadelphia, PA, USA, 2012; ISBN 978-0-85709-028-7. [Google Scholar]

	



Bentz, D.P.; Ferraris, C.F. Rheology and Setting of High Volume Fly Ash Mixtures. Cem. Concr. Compos. 2010, 32, 265–270. [Google Scholar] [CrossRef]

	



Amziane, S.; Ferraris, C.F. Cementitious Paste Setting Using Rheological and Pressure Measurements. ACI Mater. J. 2007, 104, 137–145. [Google Scholar]

	



Roussel, N. A Thixotropy Model for Fresh Fluid Concretes: Theory, Validation and Applications. Cem. Concr. Res. 2006, 36, 1797–1806. [Google Scholar] [CrossRef]

	



Roussel, N. A Theoretical Frame to Study Stability of Fresh Concrete. Mater. Struct. 2006, 39, 81–91. [Google Scholar] [CrossRef]

	



Han, D.; Ferron, R.D. Effect of Mixing Method on Microstructure and Rheology of Cement Paste. Constr. Build. Mater. 2015, 93, 278–288. [Google Scholar] [CrossRef]

	



Bossler, F.; Weyrauch, L.; Schmidt, R.; Koos, E. Influence of Mixing Conditions on the Rheological Properties and Structure of Capillary Suspensions. Colloids Surf. A Physicochem. Eng. Asp. 2017, 518, 85–97. [Google Scholar] [CrossRef]

	



Ley-Hernández, A.M.; Feys, D.; Kumar, A. How Do Different Testing Procedures Affect the Rheological Properties of Cement Paste? Cem. Concr. Res. 2020, 137, 106189. [Google Scholar] [CrossRef]

	



Wallevik, O.H.; Feys, D.; Wallevik, J.E.; Khayat, K.H. Avoiding Inaccurate Interpretations of Rheological Measurements for Cement-Based Materials. Cem. Concr. Res. 2015, 78, 100–109. [Google Scholar] [CrossRef]








[image: Materials 15 05775 g001 550] 





Figure 1. Rietveld refinement of the X-ray powder diffraction pattern of the CSA cement, showing percentages of the constituent minerals. The reference patterns for the identified phases, ye’elimite [39], belite (larnite [40]), anhydrite [41], and aluminate [42], are from the Crystallography Open Database (COD). 






Figure 1. Rietveld refinement of the X-ray powder diffraction pattern of the CSA cement, showing percentages of the constituent minerals. The reference patterns for the identified phases, ye’elimite [39], belite (larnite [40]), anhydrite [41], and aluminate [42], are from the Crystallography Open Database (COD).



[image: Materials 15 05775 g001]







[image: Materials 15 05775 g002 550] 





Figure 2. (a) Representative flow curve for a paste showing how yield stress (σy) was determined. (b) Representative time-dependent yield stress evolution of CSA paste, showing the flowability retention regime with slope    m 1   , the placement limit    t p   , acceleration angle    θ p   , and the hardening regime with slope    m 2   . 
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Figure 3. Time-dependent yield stress evolution for CSA cement pastes containing (a) 0% PCE, (b) 0.1% PCE, (c) 0.5% PCE, and (d) average yield stress at the flowability regime as a function of admixture dosage. 
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Figure 4. Rate of loss of flowability,    m 1   , of CSA cement mixtures as a function of admixture dosage. 
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Figure 5. Placement time,    t p   , of CSA cement paste: (a) evolution of    t p    as a function of admixture dosage, and (b) variation in initial time of set with rheology-based    t p   . 
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Figure 6. The hardening rate,    m 2   , of the CSA cement pastes: (a) the evolution of    m 2      as a function of admixture dosage, (b) the evolution of acceleration angle,    θ p   , and (c) Yield stress growth rate constant  k . 
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Figure 7. Time-dependent static yield stress evolution obtained with: (a) parallel plate geometry gap of 700 µm, (b) parallel plate geometry gap of 1000 µm, (c) vane rotor and cylinder cup geometry, (d) parallel plate geometry gap of 700 µm accompanied with ex situ re-mixing of pastes at 250 rpm prior to loading sample for each subsequent interval measurement, and (e) representative shear stress—shear rate curve for the ramp-up and -down between 0 and 200 s−1, showing a minimal hysteresis loop below the shear rate of 160 s−1. 
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Figure 8. Time-dependent dynamic yield stress and plastic viscosity evolution obtained with: (a,b) parallel plate geometry with a gap of 700 µm, and (c,d) vane rotor and cylinder cup geometry, respectively. 
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Table 1. Oxide composition of CSA cement.
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	Element
	Na2O
	MgO
	CaO
	Al2O3
	SiO2
	P2O5
	SO3
	K2O
	TiO2
	Mn2O3
	Fe2O3
	LOI





	% Mass
	0.01
	0.84
	43.59
	18.68
	10.36
	0.43
	21.14
	0.30
	0.47
	0.08
	2.64
	1.46
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Table 2. Results from static yield stress tests with: (i) parallel plate geometry and (ii) vane rotor and cylinder cup geometry.
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(a) Parallel plate geometry with a gap of 700 μm




	

	
m1 (Pa/min)

	
m2 (Pa/min)

	
tp (min)

	
θp (deg.)




	
Run 1

	
3.68

	
248.88

	
56.45

	
89.77




	
Run 2

	
3.62

	
243.90

	
55.75

	
89.77




	
Run 3

	
3.97

	
266.66

	
56.70

	
89.79




	
Average

	
3.76

	
253.14

	
56.30

	
89.77




	
STDEV

	
0.18

	
11.96

	
0.49

	
0.01




	
(b) Parallel plate geometry with a gap of 1000 μm




	

	
m1 (Pa/min)

	
m2 (Pa/min)

	
tp min)

	
θp (deg.)




	
Run 1

	
5.41

	
127.26

	
95.0

	
89.55




	
Run 2

	
10.59

	
110.06

	
101.0

	
89.48




	
Run 3

	
7.04

	
122.08

	
90.0

	
89.53




	
Average

	
7.67

	
119.79

	
95.3

	
89.51




	
STDEV

	
2.65

	
8.82

	
5.50

	
0.03




	
(c) Vane rotor and cylinder cup geometry, with a vane rotor bob diameter and length of 28 and 42 mm, and an inner diameter of the cylindrical cup of 30.33 mm.




	

	
m1 (Pa/min)

	
m2 (Pa/min)

	
tp (min)

	
θp (deg.)




	
Run 1

	
5.682

	
52.47

	
57.6

	
88.91




	
Run 2

	
4.371

	
48.02

	
57.0

	
88.81




	
Run 3

	
5.654

	
48.44

	
51.8

	
88.82




	
Average

	
5.236

	
49.64

	
55.5

	
88.84




	
STDEV

	
0.749

	
2.456

	
3.19

	
0.055




	
(d) Parallel plate geometry at a 700 µm gap: with ex situ mixing at 250 rpm prior to loading for each step measurement.




	

	
m1 (Pa/min)

	
m2 (Pa/min)

	
tp (min)

	
θp (deg.)




	
Run 1

	
−6.916

	
218.12

	
49.5

	
89.73




	
Run 2

	
−23.45

	
267.81

	
51.5

	
89.78




	
Run 3

	
−16.53

	
279.77

	
48.5

	
89.79




	
Average

	
−15.63

	
255.24

	
59.8

	
89.77




	
STDEV

	
8.30

	
32.69

	
1.53

	
0.031
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Table 3. Results from dynamic yield stress and plastic viscosity-based tests, using (i) parallel plate geometry and (ii) vane rotor and cylinder cup geometry.






Table 3. Results from dynamic yield stress and plastic viscosity-based tests, using (i) parallel plate geometry and (ii) vane rotor and cylinder cup geometry.





	
(a) Parallel plate geometry with a gap of 700 μm




	
By dynamic yield stress evolution

	
By plastic viscosity evolution




	

	
m1 (Pa/min)

	
m2 (Pa/min)

	
tp (min)

	
θp (deg.)

	
m1 (Pa·s/min)

	
m2 (Pa·s/min)

	
tp (min)

	
θp (deg.)




	
Run 1

	
0.219

	
15.90

	
100.5

	
86.40

	
0.0009

	
0.0176

	
50.6

	
1.008




	
Run 2

	
0.384

	
20.65

	
94.0

	
87.22

	
0.0008

	
0.0194

	
48.8

	
1.111




	
Run 3

	
0.254

	
16.14

	
96.0

	
86.45

	
0.0011

	
0.0160

	
49.8

	
0.917




	
Average

	
0.286

	
17.56

	
96.8

	
86.69

	
0.0009

	
0.0177

	
49.7

	
1.012




	
STDEV

	
0.180

	
2.676

	
3.32

	
0.462

	
0.0002

	
0.0017

	
0.90

	
0.097




	
(b) Vane rotor and cylinder cup geometry, with a vane rotor bob diameter and length of 28 and 42 mm, and an inner diameter of the cylindrical cup of 30.33 mm.




	
By dynamic yield stress evolution

	
By plastic viscosity evolution




	

	
m1 (Pa/min)

	
m2 (Pa/min)

	
tp (min)

	
θp (deg.)

	
m1 (Pa·s/min)

	
m2 (Pa·s/min)

	
tp (min)

	
θp (deg.)




	
Run 1

	
0.05

	
19.23

	
90.3

	
87.02

	
0.0018

	
0.015

	
45.2

	
0.867




	
Run 2

	
0.04

	
18.89

	
97.5

	
86.96

	
0.0032

	
0.011

	
48.9

	
0.662




	
Run 3

	
0.03

	
24.10

	
94.4

	
87.62

	
0.0025

	
0.011

	
45.0

	
0.653




	
Average

	
0.04

	
20.74

	
94.1

	
87.20

	
0.0025

	
0.012

	
46.4

	
0.727




	
STDEV

	
0.01

	
2.916

	
3.61

	
0.360

	
0.0007

	
0.002

	
2.20

	
0.121
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