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Abstract 

Calcium sulfoaluminate (CSA) cements are currently receiving a lot of attention because their 

manufacture produces less CO2 than ordinary Portland cement (OPC). However, it is essential to 

understand all parameters which may affect the hydration processes. This work deals with the study 

of the effect of several parameters, such as superplasticizer (SP), gypsum contents (10, 20 and 30 

wt%) and w/c ratio (0.4 and 0.5), on the properties of CSA pastes during early hydration. This 

characterization has been performed through rheological studies, Rietveld quantitative phase 

analysis of measured x-ray diffraction patterns, thermal analysis and mercury porosimetry for 

pastes, and by compressive strength measurements for mortars. The effect of the used SP on the 

rheological properties has been established. Its addition makes little difference to the amount of 

ettringite formed but strongly decreases the large pore fraction in the pastes. Furthermore, the SP 

role on compressive strength is variable, as it increases the values for mortars containing 30 wt% 

gypsum but decreases the strengths for mortars containing 10 wt% gypsum. 
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1. Introduction. 

Calcium sulfoaluminate (CSA) cements are receiving increasing attention nowadays since their 

manufacture produces less CO2 than ordinary Portland cement (OPC) [1,2,3,4]. These binders may 

have quite variable compositions, but all of them contain Ye’elimite phase, also called Klein’s salt 

or tetracalcium trialuminate sulfate (C4A3S) [5]. Cement nomenclature will be used hereafter 

C=CaO, S=SiO2, A=Al2O3, F=Fe2O3, S=SO3, M=MgO, T=TiO2 and H=H2O. The term CSA 

cements is usually reserved for those clinkers containing more than 50 wt% of Klein’s salt and they 

may also have minor amount of phases such as C2S, CA, C4AF, CS, CSH2, and so on [6]. Cements 

with large amounts of Ye’elimite may have special applications such as high strength developments 

at early-ages [7,8] and radioactive element encapsulation in a high-density cement paste [9,10]. On 

the other hand, a new related type of cement is emerging, aimed to replace OPC in the long term by 

combining approximately 20-30 wt% of Ye’elimite (for early-age strength development) and 50-60 

wt% of activated belite (for medium-age strength development) [11,12,13]. This type of cement, 

initially developed in China but without the key activation of belite, is known as sulfobelite and also 

as belite-calcium sulfoaluminate cement to stress the importance of belite in its composition and 

performance. 

CSA cements are prepared by mixing the clinker with different amounts of a calcium sulfate set 

regulator such as gypsum, bassanite or natural anhydrite, or mixtures of them. Their main properties 

are high early strengths, short setting times, impermeability, sulfate and chloride corrosion 

resistance and low alkalinity [5]. The early hydration of the CSA cements is mainly governed by the 

amount and reactivity of the added calcium sulfate [8,14,15,16]; it gives as main crystalline phases 

ettringite and monosulfate [17] and most of the hydration heat is released during the first 12-24 h of 

hydration [18]. The w/c ratio needed for full hydration is higher than that for an OPC. For instance, 

pure Ye’elimite reacting with the stoichiometric amount of anhydrite to yield ettringite requires a 

0.78 w/c ratio [17,19] which may yield pastes with larger pore diameters than OPC pastes. 

Moreover, both high and low w/c ratios may involve severe expansion [20] with high w/c ratios 

also resulting in final strength development problems [21]; however, lower particle size [20] or the 

use of additives may eliminate some of these undesirable properties [22]. 

The dispersion of agglomerated cement particles is a key point to improve the workability of 

concrete to obtain more homogeneous mixtures and to reduce the amount of mixing water [23,24]. 

This is the role of superplasticizers and their use has become a common practice in OPC. It has 

been demonstrated that a lower water demand, within certain limits, is related with improved 

mechanical properties [25,26]. This is because the adsorption of the superplasticizers onto the 

surface of cement particles causes the repulsion of the particles (electrostatic or electrosteric). This 

repulsion depends [23] on the type and amount of superplasticizer and the composition of the 

cement powder, such as type and content of gypsum, alkalis content, specific surface area, particle 

size distribution and type of mineral additions. 

Within our ongoing research project in sulfobelite cements, it is important to understand the 

rheological properties of pastes containing high amounts of Ye’elimite which produces high 

amounts of ettringite at early hydration ages. To do so, we have started a study with samples of 

even higher Ye’elimite contents, CSA cements. The objective of this work is to understand the 

effect of different parameters: w/c content, superplasticizer and gypsum content on the rheological 

behavior, hydratation process (es) and porosity of selected calcium sulfoaluminate cement pastes. 

Finally, the consequences of these variables on the early hydration age mechanical properties of the 

corresponding mortars are discussed. 
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2. Material and methods. 

2.1. Material. 

2.1.1. Anhydrous cements. Calcium sulfoaluminate clinker (CS10), industrially produced in China 

and marketed in Europe by BELITH S.P.R.L. (Belgium), was used. Table 1 gives CS10 elemental 

analysis for the fused sample as determined by X-ray fluorescence (XRF) in a Magic X 

spectrometer (PANalytical, Almelo, The Netherlands) using the calibration curve of silica-alumina 

materials. The mineralogical composition of the as-received powder was determined by Rietveld 

methodology [27]: 72.3(1) wt% of C4A3S, 14.5(2) wt% of β-C2S, 6.8(1) wt% of CT, 2.5(2) wt% of 

C4AF, 1.6(1) wt% of M, 1.4(1) wt% of C2MS2 and 0.9(1) wt% of CS. Calcium sulfoaluminate 

cements were prepared by mixing clinkers with different dosages of commercial micronized natural 

gypsum also marketed by BELITH S.P.R.L. (Belgium). The elemental composition of this CSH2, 

also determined by XRF, is given in Table 1. The added amounts of gypsum were 10, 20 and 30 

wt%. The cements are hereafter labeled as CS10-X, where X=10, 20 or 30 stands for the amount of 

gypsum added to the clinkers. The Blaine fineness values determined for CS10 and gypsum were 

480 and 500 m
2
/kg, respectively. So, all blended cements showed Blaine values close to 480 m

2
/kg. 

The OPC cement used for the strength measurements was a CEM I 52.5R from ―Sociedad 

Financiera y Minera – Malaga plant (Spain)‖. 

2.1.2. Cement pastes. Cement pastes were prepared with distilled water and CS10-X at w/c ratios 

of 0.5 and 0.4. A commercial polycarboxylate-based superplasticizer, Floadis 1623 (Adex Polymer 

S.L., Madrid, Spain), with a 25 wt% of active matter, was added when appropriate. This 

superplasticizer is hereafter called SP. The added amount (ranging between 0 and 0.4 wt%) is given 

as the percentage of active matter in the superplasticizer on a dry solid basis. The pastes were 

mechanically stirred with helices according to the EN196-3:2005 standard procedure. Bleeding was 

not observed for optimum or lower SP contents.  

2.1.3. Quantitative phase analysis of pastes. An internal standard, ZnO (99.99%, Sigma-Aldrich, 

St. Louis, MO, USA), was added to the cements to a total content of 25 wt% to perform the 

Rietveld quantitative phase analysis of the hydration products [28]. Pastes were cured at 20±1 ºC 

and 99% relative humidity (RH) for 3, 7 and 28 days. These samples were milled to a fine powder 

in an agate mortar before any diffraction measurement. 

2.1.4. Compressive strengths. Standard mortars were prepared with water/cement/sand ratio of 

X/1/3 (X=0.5 and 0.6) and mechanically homogenized according to EN196-1. The w/c ratios for 

mortars were slightly higher than for pastes in order to achieve a good homogenization. Prismatic 

samples of 4040160 mm (for OPC) and 303030 mm (for OPC and CSA) were cast in a jolting 

apparatus (Model UTCM-0012, 3R, Montauban, France) with a total of 60 knocks. For a better 

homogenization, molds were first cast halfway and knocked 30 times. After that, they were fully 

cast and another 30 knocks were performed. The casts were cured at 20±1 ºC and 99% RH during 

24 hours. After that time, the samples were demolded and cured within a water bath at 20±1 ºC until 

measurements were performed. Compressive strengths of mortars were measured (Model Autotest 

200/10 W, Ibertest, Madrid, Spain) at 3 and 7 days and the reported values are the average of 3 

broken cubes. For OPC prismatic samples, the reported compressive strength values are the average 

of two measurements. 

2.2. Analytical techniques. 

2.2.1. Rheological behavior. Rheological measurements of the pastes were carried out using a 

viscometer (Model VT550, Thermo Haake, Karlsruhe, Germany) with a serrated coaxial cylinder 

sensor, SV2P, provided with a solvent trap to reduce evaporation. Flow curves were obtained with 

controlled rate (CR) measurements using a three-stage measuring program with a linear increase in 
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the shear rate from 0 to 100 s
−1

 in 60 s, a plateau at 100 s
−1

 for 30 s, and a further decrease to zero 

shear rate in 60 s. Before starting the rheological measurement, the pastes were presheared for 30 s 

at 60 s
−1

. 

2.2.2. Laboratory X-ray powder diffraction (LXRPD). 

All patterns were recorded on an X'Pert MPD PRO diffractometer (PANalytical) using strictly 

monochromatic CuKα1 radiation (λ=1.54059Å) [Ge (111) primary monochromator] and working in 

reflection geometry (/2). The X-ray tube worked at 45 kV and 40 mA. The optics configuration 

was a fixed divergence slit (1/2°), a fixed incident antiscatter slit (1°), a fixed diffracted anti-scatter 

slit (1/2°) and X'Celerator RTMS (Real Time Multiple Strip) detector, working in scanning mode 

with maximum active length. Data were collected from 5º to 70° (2θ) during 2 hours. The samples 

were rotated during data collection at 16 rpm in order to enhance particle statistics. 

2.2.3. LXRPD data analysis. Powder patterns of anhydrous and hydrated mixtures were analyzed 

by the Rietveld method as implemented in the GSAS software package [29] by using a pseudo-

Voigt peak shape function [30] with the asymmetry correction included [31] to obtain Rietveld 

Quantitative Phase Analysis (RQPA). The refined overall parameters were: background 

coefficients, unit cell parameters, zero-shift error, peak shape parameters and phase fractions. 

2.2.4. Thermal analysis. Differential Thermal Analysis (DTA) and Thermogravimetry (TGA) data 

were taken for hydrated pastes on a SDT-Q600 analyzer from TA instruments (New Castle, DE). 

The temperature was varied from RT to 800ºC at a heating rate of 5ºC/min. Measurements were 

carried out on samples in open platinum crucibles under air flow. 

2.2.5. Mercury intrusion porosimetry. 

Cement pastes were cured at 20±1 ºC and 99% relative humidity (RH) for 7 days prior to 

measurement of the open porosity and pore size distribution (PSD) through mercury porosimetry 

(MP) using a Quantachrome (Autoscan 33, Boynton Beach, Florida, US) porosimeter. The assumed 

contact angle for data evaluation was 130 º. 

 

3. Results and discussion. 

3.1. Rheological behavior. 

The amount of superplasticizer added to the pastes was optimized through the study of their 

rheological behavior. Figure 1 shows the flow curves of the cement pastes with 30, 20 and 10 wt% 

gypsum (Figures 1.a, b and c, respectively) at a w/c ratio of 0.4 (CS10-X, w/c=0.4) with different 

SP contents. The insets show an enlarged view of the same flow curves. In general, pastes (w/c 0.4) 

without SP show a shear thinning behavior and high viscosity values (between 2.6 and 3 Pa·s at 50 

s
-1

). The addition of a small amount of additive, e.g. 0.1 wt%, reduces drastically the viscosity of 

the pastes (~ 0.2 Pa·s at 50 s
-1

). From the viscosity curves (not shown), it can be observed how 

deflocculated pastes show a Newtonian behavior at shear rates higher than 10 s
-1

. Minimum 

viscosity values were obtained after the addition of 0.15, 0.15 and 0.20 wt% SP for CS10-30, CS10-

20 and CS10-10, respectively, although the difference in viscosity is not so remarkable. The 

gypsum content does not present an important effect on the viscosity of the pastes in the studied 

range. The selected SP amount for CS10-30, CS10-20 and CS10-10 pastes with w/c=0.5 was 0.15 

wt% for all the cases. 

3.2. RQPA of hydrated pastes after 3, 7 and 28 days. 
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The mineralogical changes of the cement pastes with ongoing hydration were quantified by 

LXRPD. Tables 2 and 3 report direct RQPA results for anhydrous and hydrated cements (ZnO was 

used as an internal standard). Figures 2.a and 2.b show the Rietveld plots for CS10-30 anhydrous 

cement and hydrating paste, respectively. The latter, which contains a w/c content of 0.5 and the 

optimized amount of SP, is shown after 7 days of hydration, as an example. From the data of the 

hydrated pastes shown in the tables, it can be observed that C4A3S and CSH2 contents decreased 

after 3, 7 and 28 days of hydration; the most important reduction was observed within the first 3 

hydration days. Both phases were not fully reacted even after 28 days due to the added amount of 

water which is not enough for full reaction of all phases. High amounts of C6AS3H32 [ettringite or 

AFt phase] were present in all the pastes. The three main issues taking place during the hydration 

processes were: i) disappearance of crystalline anhydrous phases, ii) appearance of new phases, AFt 

and amorphous gels such as aluminate hydroxide hydrate (AH3); and iii) diminution of free water. 

Since direct RQPA results are normalized to 100 wt% of crystalline phases, the percentage of the 

non-reactive phases, such as ZnO, is not constant due to the time-variation of the overall crystalline 

and amorphous phase ratio. Hence, in order to fully extract all the information about the hydration 

of cement pastes, direct RQPA results were normalized to include the amorphous phases and the 

free water content [17]. This methodology is based on the assumption that one crystalline phase 

remains inert during hydration. ZnO was used as this inert standard to normalize the amounts of the 

reacting phases according to expression 1: 

Ry34

Ry

)(tSAC

)ZnO(t
=

X -)(tSAC

)ZnO(t

Nx34

Nx     (1) 

where ZnO(ty)R and C4A3S (ty)R are the (Rietveld-calculated) percentages of those phases at time ty. 

ZnO(tx)N and C4A3S (tx)N stand for percentages of these phases at normalized tx, and X is the 

amount of C4A3S that has reacted at time ty (tx<ty). X is used to infer the amount of free water 

reacting and the amorphous phases formed according to the chemical reactions. For example, to 

obtain normalized RQPA at t7 for CS10-30 pastes (w/c 0.5 and 0.15 wt% SP) the normalized RQPA 

at t0 (the previous time) is used. Thus, normalized phase assemblage at t0 is: 24.3 wt% of C4A3S, 
23.5 wt% of gypsum, 2.0 wt% of -C2S, 0.9 wt% of CaTiO3, 0.5 wt% of MgO, 21.4 wt% of ZnO 

and 27.3 wt% of free water. Ettringite (AFt) is the only new crystalline phase, and C4A3S decreased 

during the hydration. This phase would react with gypsum and water according to:  

C4A3S + 2 CSH2 + 34 H → C6AS3H32 + 2 AH3    (2) 

This reaction corresponds to the formation of ettringite from Klein´s salt [32] and it assumes that 

AH3 is formed. However, crystalline AH3 was not identified by XRPD. This phase is often reported 

[33] to be based on hydrous alumina using the term ―AH3‖ and it is considered as poorly-

crystallized or amorphous phase.  

The hydration reaction of belite may be quite different in OPC (equation 3) [34] than in CSA 

cements (equations 4 and 5) [12,20,17,35]. After a careful examination of the pastes after 28 days 

hydration, no crystalline product arising from the hydration of belite was observed (portlandite, 

gehlenite hydrate and katoite). This behavior may be due to the low content of belite and its very 

low degree of reaction. Therefore, it was assumed that reaction (3) takes place and that the small 

amounts of CH and C-S-H phases were amorphous. It must be noted that the highest calculated 

amount of portlandite, according to equation 3, was 0.3 wt%. For CSA cements, the Ca/Si ratio in 

C-S-H may be slightly lower than that in C-S-H from OPC, and consequently the amount of 

portlandite may be slightly higher. In any case, portlandite contents higher than 0.5 wt% are not 

expected. 
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C2S + 4.3H → C1.7SH4 + 0.3CH     (3) 

C2S + AH3 + 5H→ C2ASH8      (4) 

5C2S + AH3 + 17.2H→ C3ASH4 + C1.7SH4 + 0.2CH  (5) 

Hence, using stoichiometric constraints [36,37] and the X value previously calculated (see equation 

1), the total amount of amorphous AH3, C-S-H and CH was derived in each step. Finally, direct 

Rietveld results were recalculated as previously reported [36,37]. 

Tables 4 and 5 show the normalized results for anhydrous and hydrated cements. The theoretical 

total water content of the pastes is also given. We highlight that a w/c ratio of 0.5 would yield a 

total water content of 33.3 wt%. However the presence of ZnO, added as internal standard, 

decreased this value down to 27.3 wt% (see Tables 4 and 5). The total water content for every paste, 

measured by TG, is also shown in Tables 4 and 5 for comparison. The values confirm that water is 

not lost in our experimental conditions. 

Figure 3 shows the evolution of normalized phase content data (AFt and CSH2) for all the cement 

pastes after seven days of hydration. The results agree well as larger amounts of ettringite are 

measured in samples with less amount of residual gypsum. In comparison to ordinary Portland 

cement, CSA cements react faster and most of the hydration heat occurs in the first day of hydration 

[18]. Ettringite is the main crystalline hydration product together with amorphous aluminum 

hydroxide. If gypsum is depleted, then monosulfate is formed according to equation 6. Furthermore, 

depending on the minor phases present in CSA cements, other hydration products may occur such 

as C-S-H phases, strätlingite, katoite, monocarboaluminate or hydrogarnet [38,39]. 

C4A3S + 18 H → C4ASH12 + 2 AH3                                       (6) 

In the case of CS10-30 and CS10-20 pastes, C4A3S and gypsum content decreased but they were 

not depleted. The behavior of cement pastes with superplasticizer was not significantly different. It 

may be stated that reaction kinetics are slightly slowed down by SP (see Tables 4-5 and Figure 3). 

The pastes with lower w/c ratio present lower degree of hydration, evident as larger amounts of 

C4A3S and gypsum and lower precipitation of ettringite are evolved. For CS10-10 pastes, C4A3S 

content was not depleted but gypsum content was practically exhausted. When gypsum was 

depleted, the hydration progressed by precipitation of calcium monosulfoaluminate hydrate (AFm). 

This was confirmed by DTA-TG (see below). The behavior of cement pastes with superplasticizer 

was not significantly different. 

3.3. Thermal analysis. 

The changes of the cements pastes with ongoing hydration were also determined by DTA-TG. 

Figures 4.a and 4.b show the DTA and TG curves for CS10-30 and CS10-10 pastes (w/c=0.5, SP), 

respectively, to highlight the role of the amount of gypsum on the hydration products. Both cement 

pastes were measured after 7 days of hydration as a representative example for all the compositions. 

The CS10-30 paste (Fig. 4.a) shows an endothermic peak at ~100 ºC (point 1) mainly due to the 

weight loss of water of ettringite [17] and a small endothermic peak ~125 ºC (point 2), likely 

corresponding to the weight loss from gypsum [17]. The analysis of the CS10-10 paste also showed 

the same endothermic peak at ~100 ºC (point 1). However the small endothermic peak at ~125 ºC 

corresponding to the weight loss of gypsum is not observed, as this phase was exhausted during 

hydration. When gypsum is depleted, the hydration progresses by precipitation of calcium 

monosulfoaluminate hydrate (AFm) [17]. This is confirmed by the small peak which appears at 

~150 ºC (point 3), corresponding to this new phase. This peak is evident in Figure 4.b but not in 

Figure 4.a. Furthermore, the DTA curve for CS10-20 paste (w/c=0.5, SP), not shown, does not 
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display this endothermic peak. Finally, the broad endotherm centered close to 250 ºC is likely 

associated to the loss of aluminate hydroxide hydrate gel water. The broad feature of this endotherm 

is consistent with the amorphous nature of this phase. We recall that crystalline gibbsite was not 

detected in any studied powder pattern. 

3.4. Porosity characterization. 

Figures 5.a, 5.b and 5.c show the pore size distribution obtained by mercury porosimetry for the 

CS10-30, CS10-20 and CS10-10 pastes, respectively, at 7 days hydration (w/c ratios of 0.4 and 0.5 

with and without SP). At the top of each panel, an enlarged view is also presented to highlight the 

consequences of the SP addition on the large-pores. 

Figure 5.a shows that CS10-30 paste with w/c=0.4 and without SP shows a bimodal behavior with 

pores centered at 12 and 554 nm (see also Table 6). Higher amounts of water (w/c=0.5) enlarge the 

average size of the pores to 21 and 677 nm, as expected. This bimodal behavior has been previously 

reported for CSA pastes [19]. The addition of SP slightly enlarges the small pore diameters (see 

Figure 5.a and Table 6) but strongly decreases the amount of the large pores (those with diameters 

close to 500 nm or larger). 

CS10-20 and CS10-10 pastes present the same tendency in the pore size and pore size distribution. 

The increase in w/c ratio increases the size of the pores. Furthermore, the addition of 

superplasticizers strongly decreases (removes) the large pores and slightly increases the size of the 

nanometer-pores (see Table 6 and Figures 5.b and 5.c). 

Table 6 also reports the total open porosity for the studied pastes. As expected, the total open 

porosity increases with the w/c ratio (for a given gypsum content). Moreover the addition of a small 

amount of SP decreases the pastes open porosity for the studied w/c ratios. Therefore, SP addition 

may increase the durability and mechanical strength of the mortars as the reduction of porosity is a 

key for obtaining these objectives. Finally, Table 6 also shows the corresponding values for an OPC 

paste (w/c=0.4) for the sake of comparison. The obtained values for OPC are in agreement with 

those previously reported in the literature [40]. 

3.5. Compressive strength measurements. 

The compressive strength measurements were carried out on small cubes, and an initial study was 

also carried out with CEM I 52.5 R mortars for the sake of comparison. For the latter, both cubes 

(303030 mm) and prisms (4040160 mm) were produced. For the (OPC) prisms, the average 

compressive strengths were 48.8(9), 54.3(9) and 62.7(1.5) MPa, for 3, 7 and 28 days, respectively. 

For the small cubes, the corresponding values were 41.5(6), 50.6(7) and 54.7(1.9) MPa, for the 

same hydration ages. 

Table 7 gives the compressive strength measurements for several CS10 pastes as described in the 

experimental section for small cubes (303030 mm). The influence of water and gypsum contents 

of the mortars in the compressive strengths is interrelated. Hence, a full study varying both 

parameters has been carried out. From the analysis of the data reported in Table 7, it is clear that 

w/c=0.5 mortars always yield higher strengths than the analogous w/c=0.6 mortars. This is in 

agreement with the porosity study. Furthermore, the role of gypsum content is also very important 

as 30 wt% yields an important decrease in the compressive strength values. This study shows that 

the optimum gypsum content to have the highest compressive strengths should be between 10 and 

20 wt%. This result is in full agreement with the RQPA of the pastes, since gypsum is completely 

depleted in CS10-10 pastes but there is a significant remaining amount in CS10-20 pastes. It must 

be noted that CS10-10 and CS10-20 mortars with w/c ratio of 0.5 gave compressive strength values 

similar to those of OPC mortars, see Table 7. 
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Finally, from the data reported in Table 7, the role of SP in the compressive strengths may be 

discussed. The addition of this SP to CS10-30 mortars (both with w/c ratios of 0.5 and 0.6) slightly 

increases the compressive strengths. The addition of the SP to CS10-20 mortars makes very little 

change to this property irrespective of the w/c ratio. However, the addition of the SP to CS10-10 

mortars makes little change for w/c=0.6 but decreases the compressive strength for mortars with 

w/c=0.5. More studies are needed to correlate the chemical nature of the superplasticizer with the 

water, gypsum and ettringite contents of the mortars. 

 

4. Conclusions 

Calcium sulfoaluminate cement pastes with different gypsum contents (10, 20 and 30 wt%), w/c 

ratios (0.4 and 0.5), and with and without superplasticizer have been studied. The addition of a 

small amount of superplasticizer reduced considerably the viscosity of the pastes (from 2.6-3.0 Pa·s 

to 0.2 Pa·s at 50 s
-1

). In general, during hydration, most of the hydration heat evolution occurred at 7 

days, and between 7 and 28 days hydration proceeded very slowly with very little changes. The 

evolution of all phases was studied by Rietveld quantitative phase analysis. C4A3S and gypsum 

decreased but their contents were not depleted for CS10-30 and CS10-20 pastes. The main 

crystalline phase formed during hydration is ettringite (AFt) and its variation could be determined. 

However, crystalline gibbsite is not detected and its content was indirectly determined through 

chemical constraints. Samples with higher gypsum content (30 wt%) showed a weight loss at 125 

ºC (due to the remaining gypsum), which is negligible for CS10-10 pastes. When gypsum is 

depleted, the hydration progresses by precipitation of AFm which is evident in the DTA curves as a 

small endotherm centered at 150 ºC. The average porous diameter and pore distribution are affected 

by the w/c ratio and superplasticizer presence. In the former, by increasing the w/c content, the 

porous diameter increases. In the later, the addition of SP to a paste with the same w/c changes the 

bimodal pore distribution to a monomodal one, eliminating the larger pores. Finally, the 

compressive strength measurements indicate that mortars with w/c ratio of 0.5 always gave higher 

values than those derived from mortars with w/c=0.6 (e.g. 50.0(0.6) and 35.1(1.2) for CS10-10 with 

w/c 0.5 and 0.6, respectively, at 7 days hydration). 
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Figure captions 

Fig. 1. Flow curves of CS10-30 (a), CS10-20 (b) and CS10-10 (c) pastes at w/c=0.4 and different 

superplasticizer content. The insets show the corresponding viscosity curves. 

Fig. 2. Rietveld plot for anhydrous (a) and CS10-30 pastes (b). The latter contains w/c=0.5 and 

superplasticizer and was studied after 7 days of hydration. 

Fig. 3. Normalized values for AFt and CSH2 for all the studied pastes after 7 days hydration. 

Fig. 4. TDA/GA curves for CS10-30 (a) and CS10-10 (b) pastes after 7 days hydration. 

Fig. 5. Average pore diameter of the studied ceramic pastes. The insets show enlarged views of the 

large pore region. 
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Table 1. Elemental composition (wt%) of the raw materials determined by X-ray fluorescence. 

 

 

 

 

 

 

 CS10 gypsum 

Al2O3 33.80 0.47 

CaO 41.80 40.00 

Fe2O3 2.37 0.15 

K2O 0.25 0.07 

SiO2 8.20 0.94 

MgO 2.73 0.13 

P2O5 0.13 0.56 

TiO2 1.50 - 

SO3 8.80 54.49 

SrO 0.15 3.05 

B2O3 - - 

Cr2O3 0.02 - 

MnO 0.01 - 

ZrO2 0.07 - 

Na2O <0.08 0.26 
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Table 2. Direct RQPA results (wt%) for anhydrous and hydrated (w/c=0.4 and 0.5) CS10-30 cements (with and without superplasticizer). 

The numbers in parentheses are the standard deviations. 

 Anhydrous w/c =0.4 w/c =0.4, SP w/c =0.5, SP 

 t0 t3 t7 t28 t3 t7 t28 t7 

C4A3S 33.4(2) 13.3(2) 10.4(2) 10.1(2) 15.0(2) 12.6(1) 9.3(2) 9.2(2) 

CSH2 32.3(2) 12.4(2) 9.2(2) 9.4(2) 13.8(2) 12.5(1) 9.9(1) 13.7(2) 

-C2S 2.8(2) 2.0(2) 2.0(2) 1.7(2) 2.2(2) 2.3(2) 1.4(1) 2.3(2) 

CaTiO3 1.3(1) 1.6(1) 1.5(1) 1.5(1) 1.6(1) 1.7(1) 1.3(1) 1.6(1) 

MgO 0.7(1) 0.9(1) 1.0(1) 0.9(1) 0.9(1) 1.0(1) 0.7(1) 1.0(1) 

AFt - 40.5(2) 47.6(2) 48.2(2) 36.1(3) 40.6(2) 50.3(2) 39.4(3) 

ZnO 29.5(1) 29.3(1) 28.3(1) 28.2(1) 30.4(1) 29.3(1) 27.1(1) 32.8(1) 

 

 

 

Table 3. Direct RQPA results (wt%) for anhydrous and hydrated (w/c 0.5) CS10-20 and CS10-10 cements after 0 days (anhydrous) and 7 

days. The numbers in parentheses are the standard deviations. 

 
CS10-20 CS10-10 

Anhydrous w/c =0.4 w/c =0.4, SP w/c =0.5, SP Anhydrous w/c =0.4 w/c =0.4, SP w/c =0.5, SP 

 t0 t7 t7 t7 t0 t7 t7 t7 

C4A3S 39.1(2) 19.5(2) 18.3(2) 15.4(2) 46.9(2) 22.6(3) 24.5(3) 20.4(3) 

CSH2 25.6(2) 7.3(2) 7.2(2) 5.3(2) 15.3(2) 1.4(2) 1.1(1) 1.1(1) 

-C2S 3.2(2) 3.2(2) 2.7(2) 2.8(2) 3.6(2) 3.6(2) 3.7(2) 3.3(2) 

CaTiO3 1.9(2) 2.0(1) 1.9(1) 1.9(1) 2.3(1) 2.3(1) 2.4(1) 2.3(1) 

MgO 0.8(1) 1.2(1) 1.1(1) 1.2(1) 1.2(1) 1.4(1) 1.4(1) 1.4(1) 

AFt - 34.0(3) 36.6(3) 42.2(3) - 33.4(3) 33.0(2) 36.9(2) 

ZnO 29.4(1) 32.8(1) 32.2(1) 31.2(1) 30.7(1) 35.3(1) 33.9(1) 34.6(1) 
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Table 4. Normalized data for CS10-30 pastes after 3, 7 and 28 hydration days. Theoretical total water, wT
th

, and total water contents 

determined from TG are also shown. 

                                                        w/c=0.4 w/c=0.4, SP w/c=0.5, SP 

 t0 t3 t7 t28 t0 t3 t7 t28 t0 t7 

C4A3S 33.6 14.9 11.7 11.2 33.6 16.8 14.2 10.1 30.9 10.1 

CSH2 32.4 13.8 10.4 10.5 32.4 15.6 14.1 10.9 29.9 15.1 

-C2S 2.8 2.3 2.4 2.0 2.8 2.4 2.6 1.6 2.5 2.6 

CaTiO3 1.3 1.7 1.7 1.8 1.3 1.7 1.9 1.4 1.2 1.8 

MgO - - - - - - - - 0.6 1.1 

Wf 29.9 9.8 7.1 6.6 29.9 11.1 9.2 5.8 34.9 11.8 

AFt - 45.5 53.5 54.0 - 40.9 45.6 55.4 - 43.3 

Hydrated 

Amorphous 
- 12.0 13.2 13.9 - 11.5 12.4 14.8 - 14.2 

wT
th

 

23.1 for w/c=0.4 

27.3 for w/c=0.5 

- 
TG, 

wT=26.2 

TG, 

wT=28.6 

TG, 

wT=28.6 
- 

TG, 

wT=26.3 

TG, 

wT=26.5 

TG, 

wT=28.6 
- 

TG, 

wT=26.9 
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Table 5. Normalized data for CS10-20 and CS10-10 pastes after 7 hydration days. Theoretical total water, wT
th

, and total water contents 

determined from TG are also shown. 

 CS10-20 CS10-10 

 w/c=0.4 w/c=0.4, SP w/c=0.5, SP w/c=0.4 w/c=0.4, SP w/c=0.5, SP 

 t0 t7 t0 t7 t0 t7 t0 t7 t0 t7 t0 t7 

C4A3S 38.8 22.8 38.8 21.3 36.1 16.7 47.1 28.3 47.1 29.4 43.9 23.5 

CSH2 25.4 8.6 25.4 8.4 23.7 5.8 15.4 1.7 15.4 1.3 14.3 1.3 

-C2S 3.2 3.7 3.2 3.2 2.9 3.1 3.7 4.5 3.7 4.5 3.4 3.8 

CaTiO3 1.9 2.4 1.9 2.2 1.8 2.0 2.4 2.9 2.4 2.8 2.2 2.7 

MgO 0.8 1.4 0.8 1.2 0.8 1.3 1.2 1.7 1.2 1.7 1.2 1.7 

Wf 29.9 8.7 29.9 7.4 34.7 12.6 30.2 2.4 30.2 5.1 35.0 8.5 

AFt - 39.8 - 42.7 - 45.5 - 41.9 - 39.7 - 42.3 

Hydrated 

Amorphous 
- 12.6 - 13.6 - 13.0 - 16.6 - 15.5 - 16.2 

wT
th

 

23.1 for w/c=0.4 

27.3 for w/c=0.5 

- 
TG, 

wT=21.2 
- 

TG, 

wT=23.5 
- 

TG, 

wT=26.4 
- 

TG, 

wT=23.3 
- 

TG, 

wT=21.3 
- 

TG, 

wT=26.4 
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Table 6. Percentage of porosity and average pore diameters for the studied pastes (7 days of hydration). 

 
Open porosity 

(vol%) 

Average “small” 

pore diameter 

(nm) 

Average “large” 

pore diameter 

(nm) 

OPC, w/c=0.4 12.0 12 350 

CS10-30, w/c=0.4 11.5 12 554 

CS10-30, w/c=0.5 14.8 21 677 

CS10-20, w/c=0.4 14.4 11 676 

CS10-20, w/c=0.5 15.6 17 829 

CS10-10, w/c=0.4 13.7 12 678 

CS10-10, w/c=0.5 15.8 17 1329 

CS10-30, w/c=0.4, SP 10.8 26 - 

CS10-30, w/c=0.5, SP 14.1 50 - 

CS10-20, w/c=0.4, SP 13.3 17 - 

CS10-20, w/c=0.5, SP 13.6 40 - 

CS10-10, w/c=0.4, SP 9.9 17 - 

CS10-10, w/c=0.5, SP 9.6 26 - 
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Table 7. Compressive strength for CS10 mortar (cubes of 303030 mm dimensions) at different 

hydration ages. The numbers in parentheses are the standard deviations. 

 
Strength - 3 days 

(MPa) 

Strength - 7 days 

(MPa) 

OPC, w/c=0.5 41.5(0.6) 50.6(0.7) 

CS10-30, w/c=0.5 32.9(0.9) 40.6(1.0) 

CS10-30, w/c=0.6 32.2(0.2) 37.6(0.6) 

CS10-20, w/c=0.5 44.0(1.1) 47.5(1.4) 

CS10-20, w/c=0.6 36.7(0.3) 40.9(0.9) 

CS10-10, w/c=0.5 43.1(0.2) 50.0(0.6) 

CS10-10, w/c=0.6 34.5(0.4) 35.1(1.2) 

CS10-30, w/c=0.5, SP 36.7(1.2) 45.6(0.5) 

CS10-30, w/c=0.6, SP 33.3(0.2) 39.2(0.8) 

CS10-20, w/c=0.5, SP 44.9(0.2) 46.1(0.9) 

CS10-20, w/c=0.6, SP 36.1(0.4) 37.0(0.5) 

CS10-10, w/c=0.5, SP 38.1(0.8) 39.3(0.9) 

CS10-10, w/c=0.6, SP 34.9(0.6) 35.1(0.4) 
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