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Abstract

:

This study investigates the influence of various factors on the performance of ternary binders, utilizing statistical approaches. The research focuses on the influence of varying compositions of Portland Cement-Calcium Aluminate Cement-Calcium Sulphate (PC-CAC-CŜ), types and amounts of mineral powders, and chemical admixtures in ternary binders. Using the Taguchi design, the study required a limited number of experimental trials, utilizing a standard orthogonal array of seven factors across three levels. These factors encompassed binder composition (C1-C2-C3), mineral powder types (limestone, quartz, slag), replacement ratio (0%, 25%, 50%), retarder (0%, 0.1%, 0.2%), superplasticizer, viscosity modifying agent (stabilizer) and accelerator (0%, 0.05%, 0.1%). Measurements on hydration kinetics, dimensional stability, compressive strength, and microstructural analyses like X-ray diffraction were conducted. Principal Component Analysis (PCA) was employed to interpret the continuous data derived from heat of hydration curves, length change curves and X-ray diffraction (XRD) patterns. Results indicated that retarder quantity and binder type significantly impacted paste workability. Higher powder content led to reduced strength, whereas increased accelerator improved strength. A strong correlation was observed between accelerator content and the dimensional stability. The primary hydration product’s formation was predominantly influenced by the PC-CAC-CŜ ratio, accelerator, and cement substitutions.
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1. Introduction


1.1. Ternary Binder Systems


Ternary binder systems comprise three distinct materials: Portland cement (PC), Calcium Aluminate Cement (CAC), and calcium sulphate (CŜ). Over recent decades, sources of calcium aluminates and calcium sulfate have been integrated into PC-based formulations to enhance rapid setting, early strength, and mitigate plastic shrinkage [1]. Two primary categories of mixtures, PC-dominated and CAC-dominated, emerge depending on the industrial application. PC-dominated systems primarily contain PC, supplemented with moderate CAC or CAC/CŜ, which governs critical properties such as shrinkage, setting and strength. Conversely, CAC-dominated systems, recognized for their expanding and rapid-drying properties, have been developed. Both binary systems of PC-CAC and ternary systems combined with various calcium sulfate sources (such as anhydrite, gypsum, or hemihydrate) have been thoroughly investigated concerning mechanical properties, hydration processes, and microstructural development [2,3,4,5,6,7,8,9,10]. Mixtures based on PC or CAC, with or without CŜ, exhibit distinct hydration kinetics compared to pure PC or CAC [11].



The PC clinker consists of four phases: two calcium silicates (C3S and C2S), one calcium aluminate (C3A), and ferrite (C4AF). C3S and C3A significantly contribute to early hydration, while C2S imparts late properties to the cement. Ettringite (AFt) forms within the first few minutes due to the reaction of C3A with sulphate sources [4]. The primary phases of calcium aluminates cement are monocalcium aluminate (CA) and CA2, with silica also present in the form of C2S and C2AS. AFt is the initial phase formed due to hydration mechanisms in the presence of sulfate. In the presence of C2S, C-S-H and C2ASH8 can also form [12,13]. Rapid formation of ettringite leads to high early strength, fast hardening, and expansion [4]. Organic fillers [14,15,16], and chemical admixtures [17,18], can be added to these complex binders to achieve specific technological properties. Recent research by Wolf et al. [19], demonstrates the effect of lithium carbonate (Li2CO3) addition on the hydration kinetics of ternary blends. They found that the addition of Li2CO3 to ternary binders of CSA-OPC and anhydrite accelerates the dissolution of C3S and ye’elimite and the precipitation of ettringite.



Previous studies on ternary binders suggest that blends of PC and CAC can be utilized to combine their technological benefits and regulate specific properties such as setting time, shrinkage, or expansion. Moreover, these combinations contribute to lower CO2 emissions compared to pure PC [5].



To date, the impact of various parameters on the properties of ternary binders has been explored primarily through classical designs. However, with recent advancements in cement science, the use of the design of experiment (DOE) approach as a statistical tool to simultaneously examine the effect of multiple factors on such complex systems has yet to be reported. Thus, to address this, the current study employed DOE in conjunction with Principal Component Analysis (PCA) to evaluate selected ternary binder compositions. Here, seven factors were varied simultaneously, examining workability, heat evolution, dimensional stability, compressive strength, and phase assemblage. The primary objectives of this study were:




	
To investigate the impact of several controllable factors on the fresh and hardened properties of ternary binders.



	
To assess the influence of each factor on each response output and develop mathematical models.



	
To evaluate continuous data via principal component analysis, grouping variables according to specific characteristics and attempting to relate them to original factors.



	
To propose a more cost-effective method for determining the composition of ternary binders and the required quantities of admixtures for optimal conditions with minimal experimental runs.








To achieve these aims, formulations of compositions C1, C2, and C3, representing typical combinations of PC-CAC-CŜ (Figure 1) as outlined by Bier and Amathieu [20], were utilized. The findings of this study may provide a foundation for future investigations of ternary binders using statistical methods.




1.2. Statistical Models


1.2.1. Design of Experiments (DOE)


The Design of Experiments (DOE) is a statistical method used to identify the input variables that significantly influence the response of a system or process. This involves strategically planning and conducting experiments, then analyzing the data to reach substantial conclusions [21]. Generally, the system or process can be depicted as shown in Figure 2, including various controllable and uncontrollable factors. The controllable factors are like adjustable inputs in the process, while the uncontrollable ones can be environmental factors or certain material properties [22]. A comprehensive and widely used DOE method is factorial design, which tests all possible combinations of all factors across their different levels. It becomes particularly handy when considering multiple factors and their interactions [23]. However, for experiments with many factors, a fractional factorial design can be used to reduce the number of necessary runs, focusing on only a portion of the possible combinations, thereby saving time and resources [24].




1.2.2. Taguchi Method


Fractional factorial designs have found extensive applications in the fields of industrial research and process improvement. A prime example of these applications is Taguchi’s robust design. This was formulated by Genichi Taguchi as a method to enhance quality control, and it stands as a highly efficient variant of fractional factorial designs [25]. Taguchi’s approach is essentially a modified Design of Experiments (DOE) methodology, which is used for planning and conducting experiments. It is an innovative method that was first developed by Dr. Genichi Taguchi [26], following the inception of the original DOE by R. A. Fisher [27]. The primary goal of this method is to minimize the number of experiments that need to be conducted, and this is achieved using special tables known as orthogonal arrays (OA).



One distinctive feature of Taguchi’s method is the importance it places on reducing the variation around the target. Taguchi incorporated a unique approach to treat noise factors, thereby developing an effective way to study their influence. The result of this unique approach is a “robust” design that is only minimally affected by noise, leading to a high signal-to-noise (S/N) ratio [28].



Among the key aspects defined in this method is the “quality loss function”. This function relates to the losses that are incurred when the output deviates from the set specification limits. The loss function indicates that any deviation from the target results in a loss, and a successful outcome is one where the variation from the target is minimal [25,29]. The quality loss function can be categorized into three types: nominal-the-best, smaller-the-better, and larger-the-better (Figure 3). Each of these functions represents a specific goal of the experiment: achieving a specific target, minimizing the result, or maximizing the result, respectively [25]. The Taguchi method has been successfully applied across a wide array of research fields, notably within the “construction chemistry industry”. In the field of construction materials, the optimization of the mechanical properties of concrete represents one of the most dominant applications of the DOE [30]. A multitude of studies have been conducted on the optimization of bleeding on cement-based grouts, the optimization of concrete strengthened with polymer after high temperature, and the optimization of self-compacting concrete or alkali-activated mortar properties using the screening design or the Taguchi approach. These studies stand as testament to the effectiveness of the different DOE methods [31,32,33,34,35].




1.2.3. Principal Component Analysis (PCA)


Principal Component Analysis (PCA), an established mathematical technique and vector space transform, holds the distinction of being one of the oldest and most frequently used methods derived from applied linear algebra for extracting valuable information from extensive data sets [36]. The primary objective of PCA is to extract essential data from a complex table and represent this data as a new set of orthogonal variables. This process involves a mathematical transformation that reduces a large controllable number of variables into a fewer uncontrollable number of elements, known as principal components [37]. PCA also represents the patterns of similarities and differences in observed variables by mapping them as points [38].



From a mathematical perspective, PCA is defined by eigenvectors and eigenvalues. These are numerical values and vectors associated with square matrices.



The first principal component (Z1) is exemplified by the uncorrelated function Equation (1), and is expressed as a linear combination of the response variables X1, X2, …, Xp.


    Z   1   =   a   11     X   1   +   a   12     X   2   + ⋯ +   a   1 p     X   p    



(1)







The coefficients of this principal component (    a   11   ,     a   12   , …  ) are the eigenvectors, and they must satisfy the condition that:     a   11   2   +   a   12   2   + ⋯ +   a   1 p   2   = 1   [39].



The first principal component is determined such that it accounts the maximum variance in the data, followed by the second, and so on. While there is no fixed rule regarding the number of components to be considered, it is typical to select those components with an eigenvalue of one or more.



In this study, PCA was utilized to analyze continuous data derived from the heat of hydration curves, length change curves and XRD patterns. This was achieved by reducing them to principal components, which explain the maximum amount of variance, and then interpreting these components in terms of the original variables.






2. Materials and Methods


2.1. Materials and Compositions


Investigations were carried out in ternary and quaternary binder paste specimens. The paste series included Portland cement, calcium aluminate cement, calcium sulphate, and additional components such as limestone powder, ground-granulated blast-furnace slag (GGBFS), or quartz powder. CEM I 42.5 R (Opterra) was used as the Portland cement, Fondu (IMERYS) as the calcium aluminate cement and anhydrite (Raddichem) as a sulfate source. X-ray fluorescence (XRF) and X-ray diffraction (XRD) were used to characterize the chemistry and mineralogy of the anhydrous raw materials used, and the results are represented in Table 1 and Table 2. Table 3 summarizes the formulations of each of the investigated compositions. Four chemical admixtures were additionally used. A polycarboxylic ether-based superplasticizer (PCE) of type Melflux® 2561 F, a viscosity modifying agent (stabilizer) of the type Starvis® 3003 F supplied by BASF, lithium carbonate (Li2CO3) as accelerator and citric acid as retarder. All experiments maintained a water-to-solid (binder along with limestone and quartz powder as well as the slag) ratio of 0.4. The mixing procedure involved adding water to the premixed powder and blending the material in a Hobart-type mixer at a low rotation speed of 62 ± 5 rpm for 90 s. Manual mixing followed for 30 s to clean the bowl’s walls, and a final high-speed mix at 125 ± 10 rpm for another 90 s.



This study selected seven controllable factors at three levels (Table 4). An L27(313) orthogonal array, of 7 factors and 27 experimental runs has been chosen as an appropriate layout to determine the optimum combination of the levels of these factors (Table 5). Figure 4 provides a schematic diagram of the key steps in investigating ternary binders via the Taguchi approach. As shown, the factors and their levels were selected, the appropriate orthogonal array was chosen, and experiments were conducted in a random sequence to prevent systematic errors. Experiments on fresh and solid states were conducted, and the output results underwent statistical evaluation. The Taguchi approach was employed to analyze numerical results such as flow, cumulative heat of hydration values, compressive strength and cumulative pore volume. Furthermore, PCA was used to analyze heat of hydration curves, length change curves, MIP pore size distribution curves and XRD patterns, since the Taguchi method cannot evaluate a continuous set of data.




2.2. Analytical Methods


2.2.1. Flow Test


The slump flow test is used to assess the horizontal free flow of pastes using Hägermann’s mini cone (6 × 7 × 10 cm3), according to DIN 1015-3. Upon filling the cone with the paste, it is lifted, allowing the material to spread freely. The mean value of the diameters measured in two perpendicular directions is recorded.




2.2.2. Calorimetry


Isothermal conduction calorimetry was used in this work to determine the heat of hydration of the cement pastes during the initial 24 h. Approximately 6 g of dry material were placed into plastic forms, followed by the injection of water—an approach known as the injection method.




2.2.3. Early Age Stability


Length change tests were performed using a modified German “Schwindrinne” apparatus measuring 4 × 6 × 25 cm3. It includes a movable gate and a linear transducer linked to a data collector converting length into digital signals. The linear transducer was centrally positioned for detecting length changes (positive and negative). Specimens had a standardized initial length of approximately 25 cm.




2.2.4. Strength


Flexural and Compressive tests are performed. Prisms (40 × 40 × 160 mm3) of the prepared samples were put in a climate-controlled chamber with 100% relative humidity for the initial 24 h. Following this, the demolded specimens were water-cured at 20 ± 1 °C until strength testing at seven days.




2.2.5. Mercury Intrusion Porosimetry (MIP)


The MIP method, used to calculate pore size distribution and total porosity of hardened pastes, relies on the principle that a non-wetting liquid (mercury) requires controlled pressure inversely proportional to the pore diameter for penetration. The intrusion volume of mercury and applied pressure offer specific data that, through the Washburn equation (Equation (2)), can be converted into pore diameter.


    P     H   g     =   − 4 γ   cos  ⁡  θ     d    



(2)







Here, γ represents the surface tension of mercury and θ denotes the contact angle between the material and mercury [40,41]. For this study, the hydration process of the samples was stopped after 7 days, and then the solvent exchange method was applied.




2.2.6. X-ray Diffraction (XRD)


X-ray powder diffraction analyses were performed by a PANalytical X’pert Pro MPD. The angular 2θ-range goes from 7.5° to 90° with a step width of 0.013°, and a step time of 30 s. This leads to a total scanning time of 13 min. The samples were prepared using the back-loading technique to minimize preferred orientation.




2.2.7. Minitab


In this study, MINITAB® was used as a statistical software program. DOE in MINITAB offers various designs, including Screening, Factorial, Response Surface, Mixture and Taguchi design [42]. For this study purposes, the Taguchi design was found suitable and the Analysis of variance (ANOVA) was further employed as a statistical tool to assess differences in group means [43].






3. Results and Discussions


3.1. Fresh Properties—Workability


The impact of seven factors—composition, type of mineral powder, replacement ratio, superplasticizer (SP), accelerator (AC), retarder (RT) and stabilizer (ST)—on the flow properties of ternary binder pastes are depicted in Figure 5. The main effects plot, expressed as the mean of means, illustrates the influence of each factor on flow results.



Figure 5 reveals that the amount of retarder (RT) used is the most influential factor on workability. As the RT amount increases, chemical reactions decelerate, prolonging the plasticity and workability of the paste. This observation is in line with prior studies that demonstrated that the use of retarder slows the hydration process and lengthens setting time, but simultaneously enhances flow properties, as corroborated by earlier research [17,44]. Besides RT, the selected composition significantly affects the flow properties. Notably, an increase in the content of calcium aluminate cement within the composition improves flow properties. ST, acting as a viscosity-modifying agent, also plays a significant role in flow properties. It was observed that initially increasing its amount from the first level (zero) to the second level (0.05 wt.%) decreases the flow, whereas further increment to the third level (0.1 wt.%) increases it (see Table 4). The main effects plot also indicates that an increase in the replacement ratio, regardless of type, results in decreased flow.



Additionally, in line with previous research, the statistical approach reveals that the addition of SP enhances the workability of the paste. The workability improvement with increased SP might be attributed to the adsorption-dispersion mechanism as the superplasticizer dosage increases [45]. Furthermore, an almost linear relationship between the fluidity of the pastes and the AC dosage was recognized. The reduction in flow values with increased accelerator dosage could be associated with the rapid formation of hydration products during the initial hydration process.



The sum of squares (SS), Mean Squares (MS), the F score (named after R. A. Fisher) and probability (P) values are tabulated in Table A1 (Appendix A). A higher F score and lower p-value indicate a considerable significance of the corresponding factor (at a confidence interval of 95% and a significance level α 5%). According to the ANOVA results for flow values, RT appears to be statistically significant, followed by the composition, with p-values of 0 and 0.061 respectively (Table A1).




3.2. Structure Build-Up


3.2.1. Hydration Kinetics


The cumulative heat of hydration over the initial 24 h for each system under investigation was computed, and the influence of each factor on the final values is demonstrated in Figure 6. The ANOVA results in Table A1 and Figure 6 highlight the significance of each factor on the cumulative heat of hydration, as indicated by a high F score and low p-value. It can be observed that the replacement ratio emerges as the most significant factor on the heat of hydration. An inverse linear relationship shows that an increase in the replacement ratio leads to a decrease in the total cumulative heat flow. The substantial effect of cement replacement by LSP, QP, or slag on the hydration rate aligns with Daman et al.’s study [46], which posits that using supplementary cementitious materials for cement replacement can reduce the rate of hydration heat.



The main effects plot reveals that the cumulative heat of hydration peaked for plain formulations without powders, without RT, but with high amounts of AC and ST, specifically in composition C2. In terms of additives, it becomes evident that citric acid as a retarder and lithium carbonate as an accelerator exert the most significant influence on total heat release. Statistical data show that RT decreases the total heat output, while the accelerator enhances it. This finding aligns perfectly with the work of Rodger and Double [47], demonstrating that the use of RT affects heat release by inhibiting nucleation, while AC promotes it. Furthermore, as Figure 6 illustrates, an increase in dosage results in an increase or decrease in heat release when using AC or RT, respectively. The heat release increase with the rise of AC dosage resonates with previous studies [19,48].



No explicit relationship was found between the heat of hydration and the use of superplasticizer. However, the main effect plot hints at a slight increase in the heat of hydration as the SP content increases from 0.05 to 0.1%. Figure 6 also suggests that the use of stabilizer impacts the heat of hydration, with an increase in cumulative heat observed as the stabilizer content increases.



The continuous data of heat of hydration curves were further examined and analyzed using Principal Component Analysis (PCA), which converted the curves into numerical data related to the principal components, as depicted in Figure 7. Eigenvalues (Table 6) suggest that the first three principal components are significant, as their eigenvalues exceed 1. These principal components account for 69.8%, 19%, and 7.3% of the variability in the data for PC1, PC2, and PC3, respectively. Collectively, these three principal components explain 96.2% of the total variance. The 3D plot (Figure 7) represents four groups of different formulations, each sharing a common characteristic, as explained below.



The heat of hydration curves for all formulations are presented in Figure 8.



Figure 8a corresponds to composition C1, with AC dosage at levels two and three, characterized by a single, intense and sharp peak in the initial minutes of hydration, corresponding to the blue cluster in Figure 7. Formulation C1 typically exhibits fast setting and hardening, hence the fast heat release during the first hydration hour. Figure 8b displays the heat flow curves of compositions C2 and C3 with AC at the third level, exhibiting two main heat release peaks.



The first peak happens in the initial minutes of water addition and is attributed to the rapid dissolution of phases during the wetting process [12]. The second, less intense and broader peak, is attributed to the precipitation of ettringite and AH3 [10], taking place 2.5 h after water contact and signifying the acceleration period. A comparison of Figure 8a,b shows that moving from composition C1 to compositions C2 and C3, accompanied by an increase in CAC content, leads to two different hydration mechanisms, evidenced by an additional peak in the heat of hydration curves. Figure 8c represents formulations C2 and C3 with AC at the second level, except for formulation T1, which refers to pure C1 without any addition of mineral powders or chemical admixtures (see Table 5). Similar to Figure 8b, two peaks can be identified, one at the start of hydration and another 5 h after hydration begins (main heat peak). The second peak occurs approximately 2 times later and is broader, likely due to a decrease in accelerator dosage from level 3 to 2.



Figure 8d showcases the heat flow curves of all formulations without AC (AC at level one, see Table 4). Apart from the initial peak in the first minutes, formulations without AC also feature two smaller precursors to the main peak event. The significant delay in the appearance of the main hydration peak compared to other formulations appears to be linked to the absence of AC.



Consistent with previous work [19], it is evident that increasing the AC dosage accelerates the hydration process. The main heat evolution peak shifts from approximately 10 h (Figure 8d) to 5 h (Figure 8c), and finally to 2.5 h (Figure 8b). When AC is at its highest level, the main heat evolution peak starts earlier and rises and falls more sharply. Earlier studies [19] showed that the accelerator directly influences the rate of ettringite formation, leading to a higher hydration rate during the initial stages of hydration (up to 48 h).



It also becomes apparent that increasing the PC content in the composition (referring to C1) causes the main hydration peak to overlap with the dissolution peak, altering the hydration kinetics. Previous work from Qoku et al. [13] confirms that the ettringite content in the CAC-CŜrich formulations (C1, C2, C3 region of the ternary diagram, (Figure 1) is relatively high. However, Qoku et al. [7] demonstrated that for formulation C1, despite the high content of PC, there is an inhibition of C-S-H and portlandite formation up to 3 months of hydration, making formulation C1 distinct in terms of hydration kinetics compared to C2 and C3. The formation of C-S-H in formulation C2 is not expected to occur and the silicate source has been demonstrated to contribute to straetlingite formation [10]. These differences in phase formation over time lead to differences in hydration kinetics, as reflected in the calorimetry heat flow curves in Figure 8a,b, and further confirmed by the PCA analysis.




3.2.2. Early Age Shrinkage


The results of the principal component analysis are presented in Table 6. The first three principal components emerge as significantly influential based on their respective eigenvalues. Collectively, these PCs account for 89.6% of the total variance, with the first PC explaining 59.4%, the second 20%, and the third 10.3%. A 3D scatter plot (Figure 9) illustrates the interrelationships between all variables and the first three PCs. The formulations are clustered into three distinct groups, each represented by different graphs displayed in Figure 10a–c.



Figure 10a depicts rapid shrinkage during the initial hydration minutes, followed by minor expansion, corresponding to compositions C1 and C2. The length change pattern is consistent across all formulations, with the exception of T-1. This exception represents a pure C1 formulation devoid of powders or chemical admixtures (refer to Table 5). T-1 exhibits a higher shrinkage rate (up to 2000 μm/m), followed by a minor expansion at the end of the plastic phase. This behavior mirrors Bier and Amathieu’s system 4, to which T-1 corresponds, demonstrating similar length change behavior [18]. All formulations, excluding T-1, include AC at the second and third levels, potentially accounting for the observed expansion due to AC addition and ettringite formation.



Figure 10b shows the length change behavior of formulations with a strong negative correlation to the first PC. These formulations exhibit a notably high shrinkage rate, potentially tied to the absence of AC. Formulations T-18 and T-23, in particular, demonstrate a high shrinkage rate persisting beyond the 24-h mark, possibly due to the incorporation of RT at the highest levels. Fu et al.’s research [49] suggests that the significant shrinkage or reduced expansion after 7 days of hydration in expansive cement systems may be due to retardation of ettringite formation when retarders are added.



Figure 10c presents the length change behavior of formulations with a strong positive correlation to the first PC. These formulations reveal a high expansion rate, likely linked to the addition of AC at the second and third levels. Formulations T-2 and T-20 exhibit considerable initial plastic shrinkage followed by a high rate of expansion. Previous research [50,51] associates this expansive behavior predominantly with ettringite precipitation. Bizzozero et al. [52] related the mechanism of macroscopic expansion in CSA-sulphate systems to ettringite supersaturation and the distribution and confinement of crystals based on sulphate concentration.





3.3. Solid State Properties


3.3.1. Compressive Strength


Figure 11 presents the main effects plot for the 7-day compressive strength, expressed as the mean of means, while Figure 12 showcases the 7-day compressive results for all formulations. The data reveals that the most impactful factor on compressive strength is the replacement ratio of cement by LSP, QP, or slag.



As the replacement level of the selected powders (LSP, QP, Slag) increases (from 0 to 50%), a corresponding decrease of 49.9% in compressive strength becomes apparent. This effect is particularly noticeable in QP and LSP-based samples compared to those containing slag. Previous studies [53,54] have reported that incorporating more than 10% limestone in cement pastes can lead to a reduction in strength. This effect is more pronounced at the early stages of hydration and can be attributed to the “dilution effect” at higher proportions of LSP addition [55]. The limestone amount used in this study is sufficiently high to produce this dilution effect.



Accelerator emerges as the second most significant factor affecting 7-day compressive strength results, with strength reduction of 31% as AC dosage increases (from 0 to 0.1%), as noted in earlier research [56]. A similar, less pronounced pattern is observed with the addition of stabilizer. Silva et al. [57] reported lower strength performance of mortars with viscosity-modifying agents.



Inclusion of SP and RT at relatively low amounts slightly reduces early age strength, yet strength improves as dosages rise from level 2 to level 3. These findings align well with Zhang et al.’s study [58], which examined the impact of superplasticizers and retarders on the strength of sulfoaluminate cements. It was also observed that compositions C1 and C3 demonstrated higher strength values compared to C2. Given the constraints of drawing conclusions from early age strength assessments alone, it is important for future studies to extend the analysis to long-term performance evaluations beyond the initial 7-day age.



The Analysis of Variance (ANOVA) for 7-day compressive strength, as detailed in Table A1, underscores the statistical significance of the replacement ratio, as indicated by the p-value being less than 0.05 and the high F score value.




3.3.2. Mercury Intrusion Porosimetry (MIP)


The total cumulative pore volume of 7-day specimens was identified as a suitable quantitative parameter for investigation using statistical methods. The main effects plot for these pore volume values is illustrated in Figure 13. The plot clearly indicates that the replacement ratio and composition type are the primary factors influencing porosity.



When comparing the main effects plot for cumulative pore volume with that for compressive strength (Figure 11), the expected inverse relationship between the factors becomes evident. High porosity is typically associated with lower strength values, as confirmed by this study [59]. The strong correlation between the compressive strength and porosity results underscores the effectiveness of the statistical method applied here.



Formulations of C1 or C3—those lacking LSP/Slag/QP, AC, and ST, and incorporating RT at the second level—exhibited the lowest porosity while simultaneously achieving the highest strength values.



The Analysis of Variance (ANOVA) results for total pore volume (Table A1) further corroborate that the replacement ratio of cement by mineral powders significantly impacts the porosity of the compositions.



Principal Component Analysis (PCA) was employed to analyze the MIP pore size distribution curves. Based on the principal component eigenvalues (Table 6), the first three PCs were deemed highly significant. These three PCs accounted for 93.5%, 5%, and 1.1% of data variability, respectively, cumulatively explaining 99.7% of the total variation. Figure 14a, a 3D scatter plot of cumulative pore volume curves, visually demonstrates how all formulations relate to the first three PCs.



Figure 14b presents representative individual pore size distribution curves of the specimens, with the total pore volume decreasing in order from blue to green lines. The higher total pore volume values (blue series) are associated with compositions C2 and C3 that have high cement replacement levels. The selected red series (T4, T10, T19, T22), with lower total pore volume values, represent formulations without powders. Moreover, a distinct shift of the threshold radius from approximately 30–50 nm to larger pore radii of 200–400 nm is observed.




3.3.3. X-ray Diffraction Analysis


X-ray powder diffraction (XRD) was employed to analyze the hydrate phase composition after 7 days of hydration. Ettringite emerged as the primary crystalline hydrate phase across all examined formulations. For formulations incorporating quartz powder or limestone powder, distinct peaks for quartz and calcite were observed. The inclusion of slag led to a notable enhancement in the amorphous hump.



The principal component analysis revealed that the first three principal components account for 99.1% of the data variation, according to the eigenvalues outlined in Table 6. Figure 15a presents a 3D scatter plot of XRD patterns related to the first three principal components. Within the green cluster, two subgroups represent formulations with LSP at replacement ratios of level 2 (T-2, T-11, T-20) and level 3 (T-3, T-12, T-21). Meanwhile, two other subgroups within the blue cluster denote formulations with QP at replacement ratios of level 2 (T-5, T-14, T-23) and level 3 (T-6, T-15, T-24). Formulations lacking quartz or limestone powder, as well as those containing slag at any level, constitute a separate group within the red cluster.



Figure 15b illustrates representative XRD patterns of each group, linked to the first three PCs. The first PC exhibits a strong positive relationship with formulations without powders or those containing only slag. The dominant feature of XRD patterns within this group is the presence of ettringite peaks. The second PC is associated with formulations containing QP at the second and third levels, marked by the presence of quartz peaks–an indication of the high QP content in these formulations. The third PC shows a strong correlation with formulations incorporating LSP, essential for the characteristic peak of calcite. The graphs in Figure 15, indicate that the PCA approach can allow for discrimination of mutual patterns in such complex systems, thus facilitating the XRD qualitative phase analysis into selected samples.






4. Conclusions


The Taguchi approach combined with principal component analysis was employed in this study to investigate the effect of seven factors: composition, type of mineral powder, replacement ratio, superplasticizer (SP), stabilizer (ST), accelerator (AC) and retarder (RT) on the properties of ternary binder systems (PC-CAC-CŜ).



According to the analysis of the results in terms of statistical approaches it can be concluded that:




	
The Taguchi orthogonal array method is promising. It is both efficient and cost-effective method of identifying the significant parameters impacting the properties of ternary binders.



	
Principal Component Analysis is effective in managing large datasets. It reduces them to a few significant variables (typically three, referred to as Principal Components). These components can then be correlated with the parameters under investigation.








More specifically, for the factors and levels chosen in this study, the following observations were made:




	
Addition of retarders (such as citric acid) in ternary binder systems rich on CAC (like C3) tend to improve flow properties.



	
The cumulative heat flow, indicative of the intensity of hydration, is primarily dependent on the level of cement replacement by limestone powder (LSP), quartz powder (QP), or Slag and the addition and dosage of accelerator.



	
The used statistical approached indicate that the length change behavior is greatly influenced by the accelerator dosage. Formulations with relatively high AC dosages exhibit expansion, while those without AC show shrinkage.



	
The compressive strength and porosity of the binder compositions are negatively affected when the replacement ratio of the cement by LSP, QP, or Slag increases, and/or the accelerator dosage rises.








These observations demonstrate the complex interplay of multiple factors in the performance of ternary binder systems, and the potential for tailored optimization through their controlled examination.
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Table A1. Analysis of variance (ANOVA).
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Factor

	
Statistical Parameters

	
Flow

	
Cumulative Heat of Hydration

	
Compressive Strength

	
Cumulative Pore Volume






	
Composition

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
77,046

	
321

	
58.12

	
20,434




	
Adj MS

	
38,523

	
160.5

	
29.06

	
10,217




	
F

	
3.16

	
0.29

	
0.18

	
2.85




	
P

	
0.061

	
0.753

	
0.839

	
0.078




	
Powder

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
8265

	
270.3

	
168.4

	
448




	
Adj MS

	
4132

	
135.2

	
84.2

	
223.8




	
F

	
0.27

	
0.24

	
0.53

	
0.05




	
P

	
0.763

	
0.788

	
0.596

	
0.951




	
R. Ratio

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
15,907

	
8997

	
2267

	
43,722




	
Adj MS

	
7954

	
4498.7

	
1133.3

	
21,861




	
F

	
0.54

	
22.86

	
16.71

	
8.51




	
P

	
0.590

	
0.000

	
0.000

	
0.002




	
SP

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
6986

	
266.1

	
33.35

	
679




	
Adj MS

	
3493

	
133.1

	
16.67

	
339.5




	
F

	
0.23

	
0.24

	
0.1

	
0.08




	
P

	
0.796

	
0.791

	
0.904

	
0.927




	
AC

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
10,041

	
418.3

	
667

	
4858




	
Adj MS

	
5020

	
209.1

	
333.5

	
2429




	
F

	
0.33

	
0.38

	
2.43

	
0.57




	
P

	
0.719

	
0.690

	
0.111

	
0.573




	
RT

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
176,624

	
1461

	
136

	
486




	
Adj MS

	
88312

	
730.4

	
68.01

	
243.1




	
F

	
10.96

	
1.43

	
0.42

	
0.05




	
P

	
0.000

	
0.259

	
0.660

	
0.947




	
ST

	
DF

	
2

	
2

	
2

	
2




	
Adj SS

	
25,179

	
643.3

	
238.8

	
3005




	
Adj MS

	
12,588

	
321.7

	
119.4

	
1502




	
F

	
0.88

	
0.59

	
0.77

	
0.35




	
P

	
0.429

	
0.562

	
0.477

	
0.711








DF—degree of freedom; Adj SS—adjusted sum of squares; Adj MS—adjusted mean squares; F—Fisher value; P—probability.
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Figure 1. The compositions of ternary binders utilized in our laboratories. The systems under investigation in this study, denoted as C1, C2, and C3. 
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Figure 2. The general design of an experiment’s model of a process [22]. 
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Figure 3. Taguchi’s loss functions, (a) nominal-the-best loss function; (b) larger-the-better loss function; (c) smaller-the-better loss function [26]. 
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Figure 4. The schematic diagram outlining the study design, formulated using the Taguchi approach. 
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Figure 5. The main effects plot for flow values, denoted in millimeters (mm). The represented values are the mean of means, providing a comprehensive overview of the data. 
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Figure 6. The main effects plot for the cumulative heat of hydration, measured in Joules per gram (J/g). The represented values are the mean of means, giving a synthesized view of the data. 
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Figure 7. The 3D scatter plot, visually interpreting the three principal components extracted from the heat of hydration curves. 
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Figure 8. The heat of hydration curves, highlighting the thermal evolution for all of the tested formulations, (a) formulations C1 with AC at levels 2 and 3; (b) formulations C2 and C3 with AC at level 3; (c) all compositions with AC at level 2; (d) all compositions without AC. 
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Figure 9. The 3D scatter plot representing the three principal components derived from the length change curves of the samples. 
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Figure 10. The length change curves, representing the dimensional variations in (μm/m) for all tested formulations. 
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Figure 11. The main effects plot for the 7-day compressive strength, measured in (MPa). The depicted values represent the mean of means, providing a comprehensive view of the data. 
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Figure 12. The compressive strength measurements for all formulations after 7 days. 
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Figure 13. The main effects plot for the cumulative pore volume, measured in mL/g. The values represented are the mean of means, providing a comprehensive view of the data. 
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Figure 14. The total cumulative pore volume of 7-day samples: (a) The 3D scatter plot visualizing the three principal components derived from the cumulative pore volume curves; (b) Representative MIP pore size distribution curves. 
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Figure 15. X-ray diffraction (XRD) analysis of the 7-day samples: (a) The 3D scatter plot, illustrating the three principal components derived from the XRD patterns; (b) The XRD diffractograms corresponding to selected formulations, representing the first three principal components. The phase abbreviations used are ‘E’ for ettringite, ‘Q’ for quartz and ‘C’ for calcite. 






Figure 15. X-ray diffraction (XRD) analysis of the 7-day samples: (a) The 3D scatter plot, illustrating the three principal components derived from the XRD patterns; (b) The XRD diffractograms corresponding to selected formulations, representing the first three principal components. The phase abbreviations used are ‘E’ for ettringite, ‘Q’ for quartz and ‘C’ for calcite.
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Table 1. Chemical composition of the row materials used (wt.%) obtained by XRF.
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	PC
	Fondu
	Anhydrite
	LSP
	Slag
	QP





	CaO
	66.54
	37.9
	37.6
	80.19
	44.92
	



	SiO2
	16.46
	4.3
	0.69
	10.58
	34.26
	100



	Fe2O3
	3.51
	17
	0.65
	1.91
	0.58
	



	MgO
	1.23
	0.62
	0.09
	1.38
	6.11
	



	Al2O3
	4.18
	38.7
	0.06
	4.42
	9.11
	



	K2O
	1.65
	0.05
	0.01
	1.13
	0.67
	



	TiO2
	
	1.8
	0.01
	
	0.78
	



	SO3
	6.41
	
	
	0.38
	3.57
	



	Cr2O3
	
	0.12
	0.01
	
	
	



	MnO
	
	0.15
	0.01
	
	
	



	P2O3
	
	0.11
	0.04
	
	
	










 





Table 2. Mineralogical composition of the raw materials used.
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	PC
	Fondu
	Anhydrite
	LSP
	Slag
	QP





	C3S
	60
	
	
	
	
	



	C2S
	19
	9
	
	
	
	



	C3A
	4
	
	
	
	
	



	C4AF
	8
	8
	
	
	
	



	CA
	
	64
	
	
	
	



	C12A7
	
	5
	
	
	
	



	C2AS
	
	5
	
	
	
	



	C3FT
	
	8
	
	
	
	



	AH3
	
	1
	
	
	
	



	CaCO3
	
	
	
	94
	3
	



	SiO2
	
	
	
	3
	
	95



	Anhydrite
	9
	
	100
	
	
	



	Gypsum
	
	
	
	
	
	



	Ankerite
	
	
	
	3
	
	



	Microcline
	
	
	
	
	
	5



	Amorphous
	
	
	
	
	97
	










 





Table 3. Formulations of the investigated compositions in this study.






Table 3. Formulations of the investigated compositions in this study.





	

	
PC (wt.%)

	
Fondu

(wt.%)

	
Anhydrite

(wt.%)

	
LSP/QP/Slag

(wt.%)






	
Composition 1 (C1)

	
31

	
49

	
20

	
0




	
23.25

	
36.75

	
15

	
25




	
15.50

	
24.50

	
10

	
50




	
Composition 2 (C2)

	
13

	
64.50

	
22.50

	
0




	
9.75

	
48.37

	
16.87

	
25




	
6.50

	
32.25

	
11.25

	
50




	
Composition 3 (C3)

	
0

	
70

	
30

	
0




	
0

	
52.5

	
22.5

	
25




	
0

	
35

	
15

	
50











 





Table 4. Factor levels applied to this study.






Table 4. Factor levels applied to this study.





	

	
Factors

	

	
Levels

	




	

	

	
1

	
2

	
3






	
1

	
Composition

	
C1

	
C2

	
C3




	
2

	
Type of mineral powder

	
LSP

	
QP

	
Slag




	
3

	
Replacement ratio (wt.%)

	
0

	
25

	
50




	
4

	
Superplasticizer (SP) (wt.%)

	
0

	
0.05

	
0.1




	
5

	
Accelerator (AC) (wt.%)

	
0

	
0.05

	
0.1




	
6

	
Retarder (RT) (wt.%)

	
0

	
0.1

	
0.2




	
7

	
Stabilizer (ST) (wt.%)

	
0

	
0.05

	
0.1











 





Table 5. Experimental layout using L27(313) array.
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	Composition
	Powder
	R. Ratio
	SP
	AC
	RT
	ST





	1
	1
	1
	1
	1
	1
	1
	1



	2
	1
	1
	2
	2
	2
	2
	2



	3
	1
	1
	3
	3
	3
	3
	3



	4
	1
	2
	1
	2
	2
	3
	3



	5
	1
	2
	2
	3
	3
	1
	1



	6
	1
	2
	3
	1
	1
	2
	2



	7
	1
	3
	1
	3
	3
	2
	2



	8
	1
	3
	2
	1
	1
	3
	3



	9
	1
	3
	3
	2
	2
	1
	1



	10
	2
	1
	1
	2
	3
	2
	3



	11
	2
	1
	2
	3
	1
	3
	1



	12
	2
	1
	3
	1
	2
	1
	2



	13
	2
	2
	1
	3
	1
	1
	2



	14
	2
	2
	2
	1
	2
	2
	3



	15
	2
	2
	3
	2
	3
	3
	1



	16
	2
	3
	1
	1
	2
	3
	1



	17
	2
	3
	2
	2
	3
	1
	2



	18
	2
	3
	3
	3
	1
	2
	3



	19
	3
	1
	1
	3
	2
	3
	2



	20
	3
	1
	2
	1
	3
	1
	3



	21
	3
	1
	3
	2
	1
	2
	1



	22
	3
	2
	1
	1
	3
	2
	1



	23
	3
	2
	2
	2
	1
	3
	2



	24
	3
	2
	3
	3
	2
	1
	3



	25
	3
	3
	1
	2
	1
	1
	3



	26
	3
	3
	2
	3
	2
	2
	1



	27
	3
	3
	3
	1
	3
	3
	2










 





Table 6. Eigenvalues and correlation matrix for the heat of hydration curves, length change curves, and XRD patterns.






Table 6. Eigenvalues and correlation matrix for the heat of hydration curves, length change curves, and XRD patterns.





	

	
Principal Components

	
PC1

	
PC2

	
PC3






	
Heat of hydration

	
Eigenvalue

	
18.85

	
5.14

	
1.97




	
Proportion

	
0.70

	
0.19

	
0.07




	
Cumulative

	
0.70

	
0.89

	
0.96




	
Length change

	
Eigenvalue

	
16.03

	
5.39

	
2.77




	
Proportion

	
0.59

	
0.20

	
0.10




	
Cumulative

	
0.59

	
0.79

	
0.90




	
Cumulative pore volume

	
Eigenvalue

	
24.32

	
1.29

	
0.30




	
Proportion

	
0.93

	
0.05

	
0.01




	
Cumulative

	
0.93

	
0.98

	
0.99




	
XRD patterns

	
Eigenvalue

	
23.19

	
1.94

	
0.63




	
Proportion

	
0.89

	
0.07

	
0.02




	
Cumulative

	
0.89

	
0.97

	
0.99
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