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Abstract 23 

 24 

 25 

In this paper, cement combinations based on calcium sulfoaluminate cement (CSAC) were 26 

developed and the effect of fly ash and the hemihydrate form of calcium sulfate on the properties 27 

of the systems were studied. Fly ash (FA), anhydrite (ANH), flue-gas desulfurization gypsum 28 

(FGDG) and plaster gypsum (PL) were used to develop appropriate CSAC/calcium sulfate and 29 

CSAC/calcium sulfate/addition systems, the hydration of which were studied. Tested properties of 30 

cements were the compressive strength and the setting times. The results suggest that the use of fly 31 

ash in the presence of anhydrite accelerates the formation of a strong ettringite-rich matrix that 32 

firmly accommodated unreacted fly ash particles, both synergistically contributing to a dense 33 

microstructure. At a given sulfate content, the use of anhydrite was shown to be favourable in 34 

terms of the setting times, heat patterns and strength development compared to the hemihydrate-35 

based formulations. 36 
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 55 

1. Introduction 56 

 57 

 58 

The blending of by-products and additions with Portland cement (PC) is a well established 59 

approach to reducing the CO2 emissions associated with the energy-intensive manufacture of 60 

cement. Currently 3.3 billion tonnes of PC are globally manufactured every year and it is estimated 61 

that the embodied CO2 (eCO2) for PC production is approximately 930kg of CO2 per tonne of PC 62 

produced [1, 2]. An alternative way to reduce the eCO2 of concrete is through the use of non-PC 63 

based systems as the binding ingredient. Calcium sulfoaluminate cements (CSAC), which have a 64 

lower eCO2 than PC, have been developed and used in China on an industrial scale since the 1970s 65 

[3]. The primary raw materials are limestone, bauxite (or an aluminous clay) and gypsum, although 66 

by-products such as fly ash may be also used [4]. The preparation of clinker is achieved by burning 67 

the raw materials at temperatures in the range 1300-1350
o
C in rotary kilns. This is 100-150

o
C 68 

lower than PC production and thus the energy input requirement is lower. Manufacturing process is 69 

similar to that of PC although the resulting clinker has better grindability [5], leading to additional 70 

savings of 15-30 kWh with respect to energy consumption [6]. By considering the eCO2 emissions 71 

of individual cement compounds as given in [7], it can be estimated that the eCO2 of a typical pure 72 

CSAC, consisting of ye‟elimite, belite and aluminoferrite, is approximately 600 kg/t. This 73 

represents a reduction in eCO2 of approximately 35% when compared to PC.  74 



  

 75 

 76 

The primary hydration product of CSAC is ettringite (3CaO.Al2O3.3CaSO4.32H2O) which forms at 77 

early ages (less than 48 hours) as prismatic needles. Ettringite forms in the presence of sufficient 78 

calcium sulfate (gypsum or anhydrite) which can be either blended with the ye‟elimite-rich clinker 79 

or added in the raw meal intergrinding process. The optimum amount of calcium sulfate for 80 

dominant formation of ettringite depends on several parameters i.e. the ye‟elimite content, the 81 

calcium sulfate content and their respective molar ratios [8]. If there is deficiency in calcium 82 

sulfate, then there is a tendency for monosulfoaluminate to form; whereas an excess of calcium 83 

sulfate may lead to unstable expanding systems.  Other products of the hydration of CSAC are 84 

mainly aluminate hydrates, calcium silicate hydrates although unreacted ye'elimite is also typically 85 

present. Strengths of CSAC-based cements may reach over 40MPa at 24 hours [9] and they have 86 

been reported to exhibit very good resistance to aggressive environments, particularly to sulfate 87 

environments [10, 11]. This is because aluminate-based phases are bound as sulfoaluminates at 88 

early stages of hydration and these are not available for reaction with external sulfate agents to 89 

form expansive ettringite.  90 

 91 

 92 

The work reported in this paper aims to investigate the influence of two main aspects revolving 93 

around the optimization of hydration and performance of CSAC-based cement systems. The first is 94 

the form of calcium sulfate incorporated in the system recognising that the hemihydrate form is 95 

more readily available than anhydrite.  The second aspect covered the development of a ternary 96 

system through the use of a low eCO2 addition, particularly fly ash, which could provide a better 97 

balance between performance and eCO2.  98 

 99 



  

 100 

 101 

1.1 The calcium sulfate source 102 

 103 

There is a considerable experimental activity on CSAC that has been focusing on the use of 104 

anhydrite as the calcium sulfate source in the CSAC system. Extensive work throughout the last 105 

decades is encapsulated in review articles [12-13]. Indeed, consensus indicates that anhydrous 106 

calcium sulfate is the predominant and preferable calcium sulfate source within the system. The 107 

use of other forms of calcium sulfate, particularly hemihydrate, however, are not fully documented 108 

so as to offer justifications of any cost-based, environmental-based or performance-based 109 

advantages associated with anhydrite preference in CSAC. Moreover, such lack of available data 110 

does not provide a clear indication of the influence of the hemihydrate of calcium sulfate on the 111 

hydration of CSAC. A more detailed look is therefore required at this type of calcium sulfate. 112 

 113 

 114 

The intrinsic properties of both hemihydrate calcium sulfate and anhydrite are compared and 115 

established [14-15]. Setting times of the hemihydrate are known to be considerably short due to its 116 

high solubility (typically in the range of 7-9 g/l) and its reactivity, as opposed to that of anhydrite 117 

(approximately 2.5.-3.0 g/l) [16]. Equations 1 and 2 suggest that during the reaction of both 118 

calcium sulfate forms with ye'elimite, the quantities of ettringite and Al(OH)3 formed are 119 

comparable. The only changing parameter is the amount of water needed for complete phase 120 

formation. 121 

122 



  

Ye‟elemite + Anhydrite: 123 

4CaO. 3Al2O3.SO3 +  2(CaO.SO3) +    38 H2O → 6CaO.Al2O3.3SO3.32H2O +   2(Al2O3.3H2O)             (Eq. 1) 124 

          607  272        648           1255         257 125 

 126 

 127 

Ye‟elemite + Hemihydrate: 128 

4CaO. 3Al2O3.SO3 + 2(CaO.SO3.0.5H2O) + 37 H2O → 6CaO.Al2O3.3SO3.32H2O + 2(Al2O3.3H2O)       (Eq. 2) 129 

          607                290                  666          1255          257  130 

 131 

 132 

 133 

Based on the available literature and data, it is therefore necessary to distinguish the beneficial 134 

characteristics offered by each form of calcium sulfate when incorporated in a CSAC system. 135 

 136 

 137 

1.2 The use of fly ash in CSAC/calcium sulfate system 138 

 139 

 140 

Although the eCO2 associated with the use of an optimized CSAC/calcium sulfate system may be 141 

lower than that of PC, potentially greater savings may be achieved based on the development of 142 

ternary CSAC-based systems with maintained performance properties. 143 

 144 

By-products from coal combustion plants are associated with almost zero eCO2, whilst they may 145 

provide microstructural and mechanical advantages to cementitious systems when incorporated at 146 

optimum percentages. One advantage is the pozzolanic reaction. The use of low eCO2 pozzolanic 147 

by-products- particularly fly ash- in the CSAC system, may instigate reaction with Ca(OH)2 148 



  

yielding from belite hydration in CSAC thus providing additional C-S-H gel. Previous studies on 149 

compressive strengths of CSAC/fly ash blends suggest a slight decrease in strengths when fly ash 150 

contents are higher than 10% [17]. However, there is still limited understanding and lack of data on 151 

the hydration mechanisms of such systems. Given this, and by considering the advantageous effect 152 

of particle packing that fly ash may potentially provide when acting as a low-eCO2 filler, then it is 153 

possible that a more sustainable system may be developed while maintaining its mechanical and 154 

microstructural properties. 155 

 156 

 157 

2. Materials and methods 158 

 159 

 160 

The materials used in this study are shown in Table 1. Particle size distribution was determined 161 

using a Malvern Mastersizer 2000 laser diffraction equipment. Anhydrite (ANH), plaster (PL) and 162 

flue gas desulphurization gypsum (FGDG), were used as the calcium sulfate sources in the CSAC 163 

system.  164 

Table 1. Materials used in the experimental 165 

Material Abbreviation 

Particle 

density 

(kg/m
3
) 

Mean 

diameter 

size  

(μm) 

Particle 

size 

distribution 

(μm) 

d10       d90         

Calcium sulfoaluminate cement CSAC 2790 25.3 2.2 64.8 

Fly ash, category N to BS EN 450-1:2012 [18] FA 2290 34.5 2.4 81.6 

Calcium sulfate: Flue gas desulfurization gypsum FGDG 2520 47.4 8.7 119.2 

Calcium sulfate : Gypsum plaster PL 2600 27.5 3.2 86.2 

Calcium sulfate : Anhydrite ANH 2950 24.5 2.3 42.1 

 166 

The ye'elimite content in the CSAC clinker was found to be 71% and the belite content was 15%, 167 

although no calcium sulfate was detected. To confirm the sulfate type in FGDG, PL, and ANH, TG 168 



  

analysis (20
o
C to 300

o
C at a rate of 10

o
C/min) was conducted and mass losses of 5.43% and 5.16% 169 

respectively were obtained in the range of 135-137
o
C. No mass loss was observed in ANH.  170 

 171 

 172 

In order to assess the hydration processes of the systems, cement pastes were prepared at a w/c 173 

ratio of 0.5 and cured in a 20
o
C water-curing tank until age of testing. TG and XRD analyses were 174 

performed after 1, 3, 7 and 28 curing days and SEM images of the pastes cured for 28 days were 175 

obtained, assuming that this period was adequate for allowing full formation of all hydration 176 

products. Acetone was used to arrest the hydration of the cements.  177 

Setting times of the pastes were determined in accordance to BS EN 196-3:1995 [19]. Heat of 178 

hydration was determined using a Wexham developments JAF conduction calorimeter. Mortar 179 

samples were prepared to assess the mechanical properties and dimensional changes of the 180 

combinations. The compressive strength was conducted in accordance to BS EN 196-1:1995 [20] 181 

and the dimensional changes were monitored on air-cured mortar samples stored in conditioning 182 

chamber (maintained 20
o
C, 65% RH) at 1, 7, 28 and 90 days of age. 183 

 184 

 185 

For the development of appropriate CSAC/calcium sulfate combinations, the following criteria 186 

were taken into consideration: 187 

 188 

 189 

 Achievement of a cement strength class equivalent (or higher) to that of a 42,5N (or R) 190 

conventional cement as defined in BS EN 197-1:2000 [21] 191 



  

 A calcium sulfate content lower than that which creates dimensional instability. This was 192 

achieved experimentally by monitoring the dimensional change of CSAC/calcium sulfate cement 193 

pastes at increasing calcium sulfate contents.  194 

 195 

 196 

 A minimum content of calcium sulfate in the system to ensure ettringite formation and 197 

avoid monosulfoaluminate formation by using stoicheiometric approach. 198 

 199 

 200 

To examine the influence of the type and amount of the calcium sulfate sources on the mechanical 201 

properties and dimensional stability of the system, combinations were prepared at varying calcium 202 

sulfate contents, i.e. CSAC/calcium sulfate: 100/0, 80/20; 65/35; 50/50; 35/65 as shown in Table 2.  203 

 204 

 205 

For the development and selection of appropriate CSAC/anhydrite/FA combinations (denoted as 206 

GAF in Table 2), FA was introduced at contents of 5%, 10% and 15% by mass of total 207 

combination, whilst maintaining the CSAC/anhydrite ratio that satisfied all criteria previously 208 

stated. The particular percentage range of FA was selected based on determining approximately the 209 

minimum amount of Ca(OH)2 likely to be formed from belite hydration so as to promote 210 

pozzolanic reaction. 211 

 212 

 213 

To establish the minimum calcium sulfate content for sufficient ettringite formation, a 214 

stoicheiometric approach was used. For complete ettringite formation in both cases, the molecular 215 

mass ratios of calcium sulfate to ye'elimite needed to be considered based on equations 1 and 2. 216 



  

The ratios were determined as 290/607=0.477 and 272/607= 0.448 for hemihydrate and anhydrite 217 

respectively. Based on the chemical composition of the as-received high-strength CSAC, the pure 218 

ye'elimite content was 71% and no calcium sulfate was added and/or interground in advance during 219 

manufacturing. It was assumed that the full amounts of added calcium sulfate reacted solely with 220 

ye'elimite, therefore, the minimum calcium sulfate content required to promote ettringite formation 221 

and avoid monosulfoaluminate formation was calculated as 0.477x0.71 ≈ 34% for the hemihydrate 222 

and 0.448 x 0.71 ≈ 32% for the anhydrite respectively.  The two contents were then considered as 223 

the limits for defining chemically stable CSAC/ANH and CSAC/hemihydrate combinations.   224 

225 



  

 226 

Table 2. Mix proportions and compressive strength development of combinations used 227 

Cement / 

Combination 
Notation CSAC FGDG PL ANH FA 

 

Compressive strength 

N/mm
2
 at day 

 

 1           3         7         28      90 

CSAC 

 

 

 100 

 

- - - - 36.2 43.7 57.4 76.1 72.2 

CSAC/FGDG 

FGDG1 35 65 - - - 6.8 8.1 9.4 16.3 10.2 

FGDG2 50 50 - - - 14.3 18.1 19.9 32.3 30.7 

FGDG3 65 35 - - - 24.0 31.8 37.6 42.7 46.9 

FGDG4 80 20 - - - 28.2 36.6 45.9 61.0 62.1 

           

CSAC/ANH 

ANH1 35 - - 65 - 4.2 6.3 9.1 11.6 11.5 

ANH2 50 - - 50 - 11.9 21.9 25.8 43.3 47.1 

ANH3 65 - - 35 - 22.9 29.0 39.5 46.0 49.7 

ANH4 80 - - 20 - 31.9 39.4 50.0 67.1 67.2 

           

CSAC/PL
1
  PL1/2/3 80/65/50 - 20/35/50 - - - - - - - 

CSAC/ANH/FA 
GAF5 61 - - 34 5 29.3 37.8 39.7 51.1 51.2 

GAF10 58 - - 32 10 30.8 36.2 39.2 49.6 49.4 

GAF15 55 - - 30 15 31.5 35.1 38.9 48.8 48.2 

 228 

 229 

 230 

 231 

232 

                                                 
1
 The preparation and study of CSAC/PL-based mortars in certain techniques was not possible because of the rapid 

setting that occurred. 



  

3. Results and discussion 233 

 234 

 235 

3.1. Dimensional stability 236 

 237 

 238 

Dimensional changes of CSAC/ANH and CSAC/FGDG mortars at varying contents of calcium 239 

sulfate are shown in Figures 1 and 2 respectively. Due to rapid setting that occurred in CSAC/PL 240 

combinations, preparation and tests were not possible. It can be seen that at calcium sulfate 241 

contents below 50%, both FGDG and ANH-based formulations exhibited similar and almost 242 

dimensionally neutral patterns at early ages. These were followed by a slight shrinkage on the 243 

region of 5-10x10
-4

 on the 28th day, reaching the maximum values on the 90th day. When calcium 244 

sulfate contents reached above 50%, expansion occurred to both combinations with severe cracks 245 

forming at a sulfate content of 65% which is a characteristic of ettringite's instability when 246 

ye'elimite is introduced in exceedingly high sulfate concentrations. Based on these results, the 247 

value of 50% was considered as the maximum content when selecting stable CSAC/calcium sulfate 248 

combinations. Shrinkage patterns of CSAC/FGDG were less than those observed CSAC/ANH at a 249 

given proportion, with a difference ranging from approximately 50 to 180x10
-4

 strains.  This was 250 

because, for the two calcium sulfate types to yield the same molecular weight of ettringite upon 251 

their reaction with ye‟elimite, the hemihydrate content requirement was higher than that of 252 

anhydrite, according to Equation 2 and Figure 3. Towards the 90th day of examination, slight 253 

shrinkage was observed at both CSAC/ANH and CSAC/FGDG samples at calcium sulfate contents 254 

less than 50%, probably due to a small degree of ongoing water evaporation occurred after 255 

complete ettringite formation. 256 

 257 

258 



  

3.2. Compressive strength development 259 

 260 

 261 

Compressive strength development of water-cured CSAC/FGDG, CSAC/ANH and GAF mortars 262 

at increasing calcium sulfate contents are shown in Table 2.  263 

 264 

For the CSAC/calcium sulfate combinations the results show that, regardless of the calcium sulfate 265 

type introduced, the compressive strength values tend to decrease at increasing ANH or FGDG 266 

contents. Highest strengths were observed in pure CSAC mortars. This is in coherence with 267 

previous work [22] when considering 7-day and 28-day values. During the first 24 hours of 268 

hydration, the formation of ettringite in the CSAC/calcium sulfate systems would be mainly 269 

responsible for the systems' strength development as evidenced from TG, XRD and SEM analyses 270 

in Figures 4-11. In pure CSAC, where the ye'elimite content is highest compared to all other 271 

formulations, the strength evolution at very early ages would be dependent on the formation of 272 

other hydration products, most probably C-A-H,  Al(OH)3 and little amounts of ettringite due to 273 

absence of calcium sulfate. The effect of this possible set of hydration products on the strength 274 

development of pure CSAC could potentially be greater than that of ettringite upon the 275 

CSAC/calcium sulfate systems. This is because, according to dTG curves in Figures 5, 8 and 9, the 276 

ANH and FGDG in the CSAC/calcium sulfate systems did not appear to be fully depleted from day 277 

1 so as to give full amounts of ettringite and provide high strengths - possibly due to low reactivity 278 

of the calcium sulfate materials. Complete ettringite formation for most of the systems did not 279 

seem to occur at least until the 7th day and this may have caused the systems to exhibit lower 1-280 

day strengths than CSAC. 281 

 282 



  

The use of both FGDG and ANH in CSAC at a proportion of 35% or 50% by mass of the 283 

combination gave 28-day strength values meeting the target 42,5 N/R class (Figure 3) and no 284 

strength loss was observed up to 90 days. Based on these results and by considering the chemical 285 

and dimensional criteria discussed on section 1.1, the selected CSAC/calcium sulfate combinations 286 

were those containing 35% FGDG or ANH. The particular content was sufficient to ensure 287 

complete ettringite formation and avoid monosulfoaluminate formation as in stoicheiometric 288 

calculations. In addition, the content was such that did not appear to cause dimensional instability 289 

according to Figure 3. 290 

 291 

 292 

Compressive strength development of GAF combinations showed that within a maintained 293 

CSAC/ANH ratio, the increase of FA at a 15% content gave an increase in 28-day strengths of 294 

approximately 3-6 MPa compared to GAF5 and GAF10. Therefore the chosen GAF formulation 295 

was the one consisting of 15% by mass of FA, 55% CSAC and 30% ANH as it met the target 296 

strength class at maximum percentage of the addition. 297 

 298 

 299 

3.3. Hydration 300 

 301 

 302 

The hydration processes of CSAC/FGDG, CSAC/PL, CSAC/ANH and GAF15 mixes were 303 

investigated through TG, XRD and SEM analyses and each system is discussed below. 304 



  

 305 

 306 

3.3.1 65%CSAC/35%FGDG  307 

 308 

 309 

X-ray diffractograms and dTG curves of the stable CSAC/FGDG system are shown in Figures 4 310 

and 5 respectively. SEM images of 28-day sample are shown in Figures 6a and b. Based on the 311 

diffractograms, the main hydration product was ettringite, and unreacted ye'elimite, gypsum, and 312 

gehlenite peaks were also detected. Ettringite corresponding XRD peaks and dTG curves occurred 313 

from the first 24 hours of hydration. SEM images showed a homogeneous microstructure with rich 314 

amounts of needles within a pore. The prismatic needles had a thickness of approximately 0.5 -2 315 

μm and a length ranging from 60 - 100 μm.  316 

 317 

 318 

Based on the TG analysis, the corresponding weight loss at 115- 135
o
C and the mass loss was 319 

progressively increasing towards the 7th day. At slightly higher temperatures (150-157
o
C), an 320 

additional mass loss was observed, which was assigned to the amounts of gypsum formed in the 321 

combination [14]. At 28 days, however, overlapping occurred between corresponding 322 

decomposition temperatures of ettringite and gypsum. 323 

In temperatures between 265
o
C - 272

o
C, alumina hydrates were detected by TG analysis with a 324 

mass loss progressively increasing with time (4.25 - 5.46%). This phase was not detectable by 325 

XRD analysis due to its non-crystalline structure. 326 

 327 



  

 328 

3.3.2 65%CSAC/35%PL  329 

 330 

 331 

X-ray diffractograms and dTG images of CSAC/PL are shown in Figures 7 and 8 respectively. 332 

Hydration products were found to be identical to those of CSAC/FGDG at all ages of examination, 333 

namely ettringite, gypsum, unreacted ye'elimite and gehlenite. On the first day of hydration, 334 

gypsum amounts were excess and a dTG mass loss of this peak reaching almost 6% was observed. 335 

Onwards the 28th of hydration, the gypsum amounts were reduced and only a broad peak between 336 

gypsum and ettringite was detected. This occurred due to overlapping between the two phases, 337 

showing a combined mass loss of the two products. Consequently, the mass loss recorded could 338 

not be quantitatively ascribed to ettringite mass loss. The Al(OH)3 had an increasing dTG mass 339 

loss reaching up to almost 6.6%, which was comparable to the pattern observed in 340 

65%CSAC/35%FGDG. 341 

 342 

 343 

3.3.3. 65%CSAC/35%ANH  344 

 345 

 346 

Hydration of CSAC/ANH as determined through TG, SEM and XRD is shown in Figures 9, 10a -b 347 

and 11 respectively. XRD results showed that the crystalline products of 65%CSAC/35%ANH 348 

were equivalent to those of the other two calcium sulfate-based systems, i.e. ettringite, unreacted 349 

ye'elimite and gehlenite. Ettringite peaks as shown in Figure 11 became progressively stronger as 350 

with the other systems, reaching a maximum on the 28th day of hydration. In this system, no 351 

overlapping occurred between dTG gypsum peaks and ettringite peaks, as calcium sulfate was 352 

provided solely in the form of anhydrite. Consequently, no hemihydrate dTG peaks were available 353 

and therefore quantitative dTG mass losses were entirely ascribed to the amount of ettringite. 354 



  

Towards the 28th day, ettringite mass loss was increasing from approximately 13% to 355 

approximately 21.5%. An increase in mass loss of Al(OH)3 was observed (almost 1% increase) on 356 

the 28th day compared to day 1. 357 

 358 

 359 

SEM images (Figure 10a-b) showed rich amounts of prismatic ettringite needles within a pore, and 360 

no significant difference in morphology and mineralogy was observed compared to 361 

65%CSAC/35%FGDG images.  362 

 363 

 364 

365 



  

3.3.4. GAF15 (55%CSAC/30%ANH/15%FA) 366 

 367 

dTG curves at 1, 3, 7 and 28 days and SEM images at 28 days for GAF15 are shown in Figures 12 368 

and 13a -b respectively. X-ray diffractograms at 1, 3, 7 and 28 days of hydration are shown in 369 

Figure 14. 370 

 371 

 372 

According to the results, ettringite was formed from the first day of hydration, with a 4.2% increase 373 

in mass loss when reached the 28th day. In particular, the patterns obtained in dTG analysis were 374 

similar as in 65%CSAC/35%ANH combination. Crystalline products detected from XRD were 375 

ettringite, unreacted ye'elimite, anhydrite and some additional peaks were attributed to the presence 376 

of quartz and mullite from the addition of FA and stratlingite appearing onwards the 28th day. The 377 

formation of small amounts stratlingite may probably be a result of a reaction between hydrated 378 

belite and aluminate-based phases. The XRD peaks of anhydrite were less intense compared to the 379 

other systems as the anhydrite was added in lesser amounts in the system (15% calcium sulfate 380 

instead of 35% as in the other combinations). Al(OH)3 amounts were comparable to the other 381 

combinations, having a dTG mass loss in the range of 5 - 6.6% throughout the period of 382 

examination. 383 

SEM images of GAF15 in Figures 14a and b showed a dense, homogeneous microstructure 384 

consisting of rich amounts of prismatic ettringite needles with unreacted FA particles. The 385 

microstructure observed showed a synergistic effect between FA and ettringite. The observed FA 386 

particles were immobilized and appeared to be firmly wedged into spaces in-between the formed 387 

sulfoaluminate phases, denoting that an effective void filling had occurred.  388 

 389 

 390 

391 



  

By comparing XRD patterns of CSAC/FGDG, CSAC/PL, CSAC/ANH and GAF15 it can be seen 392 

that common hydration products detected were ettringite and unreacted ye'elimite although 393 

Al(OH)3 could not be detected due to its non-crystalline structure.  Gypsum was detected at 394 

CSAC/FGDF and CSAC/PL, whereas anhydrite was detected in GAF15 and CSAC/ANH. 395 

Ettringite XRD peaks were more intense in CSAC/ANH and GAF15 than in CSAC/PL and 396 

CSAC/FGDG, particularly at an angle of 26.5
o
, probably due to the overlapping peak of anhydrite.  397 

In the GAF15, quartz and mullite were additionally detected due to the FA incorporated in the 398 

combination. 399 

400 



  

3.4. Isothermal conduction calorimetry 401 

 402 

 403 

Heat patterns and accumulated output rates of CSAC/ANH, GAF15 and CSAC/FGDG systems are 404 

shown in Figure 15. Measurements of heat of hydration for the CSAC/PL could not be obtained as 405 

the combination suffered from rapid setting and no time was given for preparation of the sample. 406 

 407 

 408 

GAF15 heat pattern showed an initial shoulder peak occurring in less than 2 hours, followed by a 409 

maximum heat rate between the 5th and the 6th hour. Peaks were associated with the depletion of 410 

calcium sulfate and the formation of sulfoaluminate and aluminate hydrates. Output peak rates 411 

were higher in GAF15 combination. CSAC/ANH showed a heat pattern similar to that of GAF15 412 

but with lower maxima and equivalent peaks delayed at approximately 2 hours compared GAF15. 413 

Both the combinations showed the same tendency of exhibiting an initial shoulder followed by a 414 

heat peak maximum. In CSAC/FGDG, only one main peak was detected 2 and 4 hours earlier than 415 

those of GAF15 and CSAC/ANH respectively. This reflected the tendency of hemihydrate to 416 

accelerate the formation of both sulfate hydrate and sulfoaluminate hydrate phases simultaneously. 417 

The particular peak was attributed to the formation of gypsum and ettringite, both having occurred 418 

at the same period. A smooth curve was also observed after a period of dormancy, having a 419 

maximum heat output rate of less than 2 W/kg at 17 hours, probably due to the precipitation of 420 

further sulfoaluminate and aluminate-based phases.  421 

422 



  

3.5 Initial and final setting times 423 

 424 

 425 

Comparison of the initial and final setting times between all examined cements is shown in Figure 426 

16. 427 

 428 

 429 

Generally, the initial setting of almost all cements/combinations occurred at the beginning of their 430 

accelerating heat pattern period and final setting times occurred before the corresponding heat 431 

output maxima. In all CSAC/calcium sulfate combinations regardless of the presence of FA, 432 

setting times were shorter than those of a typical Portland cement-based combination, mainly 433 

because of the high water demand during ettringite formation. It is known that 32 molecules of 434 

water are attracted on the ettringite skeletal structure according to the phase chemical composition.  435 

In contrast, the C-S-H is associated with fewer molecules regardless of its stoicheiometric 436 

variations. Main factors influencing the water adsorption rate in ettringite are mainly the 437 

morphology, the crystalline structure, the phase size (larger than C-S-H) and the interlocking effect 438 

between the compounds. Comparing the behaviour of CSAC/FGDG to that of typical CEM I 439 

systems, the results suggest that setting times would not normally raise concerns in construction 440 

processes when considering transportation and casting. By comparing, however the setting 441 

behaviours of the CSAC/FGDG and CSAC/PL systems (i.e. two CSAC/hemihydrate systems), it 442 

can be seen that there is a notable difference in initial and final sets. This may be attributed to the 443 

reactivity and solubility of the two materials which might have been affected by the presence of 444 

moisture from the production process and/or any impurities present [14].  445 

 446 

 447 



  

The incorporation of FA in the CSAC/ANH combination (i.e. the GAF15) caused a reduction on 448 

the final setting time -approximately 40 minutes- whilst no effect on initial setting times occurred. 449 

The explanation for these results lies on the calorimetric curves and the cumulative heats of the two 450 

combinations (Figures 15). It can be seen that the initial shoulder peak in GAF15 was higher and 451 

occurred faster than that of CSAC/ANH. This reflected an earlier consumption of calcium sulfate 452 

and formation of the hydrates. Consequently a higher water demand caused final sets to reduce in 453 

GAF15. Moreover, cumulative heats of GAF15 were still higher than those of CSAC/ANH, 454 

regardless of the fact that ettringite amounts were lesser in GAF15 (a TG mass loss approximately 455 

2.5% lower than that of CSAC/ANH), due to the reduced CSAC and anhydrite contents in the 456 

combination, 457 

 458 

 The incorporation of PL in CSAC had the most considerable effect on setting times. Values were 459 

unacceptably short and during the mixing process, rapid setting occurred without allowing any 460 

margin for sample preparation, compaction and finishing. The final setting time was taken as less 461 

than 5 minutes. As evidenced, most of the techniques adopted for investigation of the cements 462 

could not be conducted for this particular combination. This may likely reflect the particular 463 

hemihydrate's impractical use and it may probably raise concerns when considering applications. 464 

Such behaviour would most probably be associated with the substantially high reactivity of 465 

calcium sulfate hemihydrate, therefore plaster-based CSAC combinations may not constitute the 466 

most appropriate solution for use in construction unless admixtures that retard the setting times and 467 

prolong the fresh semi-plastic state of the paste are introduced. 468 

 469 

CSAC/FGDG setting times were higher than those of CSAC/ANH and GAF15 probably due to the 470 

variability of the commercial product, in combination with the presence of impurities that 471 

ultimately affected its reactivity.  472 

473 



  

4. Conclusions 474 

Given the need for the utilization of alternative cementitious systems to reduce the environmental 475 

impact associated with Portland cement manufacture, alternative cementitious systems of lower 476 

eCO2, when optimally proportioned and based on calcium sulfoaluminate- calcium sulfate-fly ash, 477 

may potentially offer environmental benefits. The following conclusions are made according to the 478 

results of this paper: 479 

 480 

 The use of FA in CSAC in the presence of anhydrite promoted an earlier formation of a 481 

strong ettringite-rich matrix, firmly accommodating FA particles with earlier final sets. Both the 482 

FA particles and the formed hydrated phases appeared to synergistically contribute to a dense 483 

microstructure. Accumulated heat outputs and early strengths reached higher values than those of 484 

the pure CSAC/ANH and CSAC/FGDG combinations.  485 

 486 

 The use of hemihydrate and anhydrite calcium sulfate in combination with CSAC had a 487 

notable effect on the rate of hydration, setting times, and to a lesser extent the mechanical 488 

performance of the system. The incorporation of anhydrite in the CSAC appeared to be more 489 

mechanically beneficial than that of any hemihydrate form. No significant differences were found 490 

in the mineralogy and morphology of the hydration products at different introduced forms of 491 

calcium sulfate at 35% by mass. In the hemihydrate-based systems, gypsum formation occurred at 492 

very early hydration stages and this was detectable by TG and XRD. Al(OH)3 quantities were 493 

comparable at all CSAC/calcium sulfate systems as shown by TG. The use of hemihydrate 494 

(FGDG) was found to accelerate the formation of phases, based on the heat patterns.  495 

 496 

 497 



  

 The incorporation of hemihydrate in CSAC caused unacceptably short setting times of the 498 

CSAC/PL combination without allowing a time margin for sample preparation in most techniques. 499 

This may render the use of hemihydrate impractical within CSAC/calcium sulfate systems and it 500 

may raise concerns when considering applications. Such behaviour is associated with the 501 

substantially high reactivity and solubility of hemihydrate compared to that of anhydrite. 502 

Therefore, plaster-based CSAC combinations may not be regarded as the most appropriate solution 503 

for certain applications unless admixtures that retard the setting times are introduced. The most 504 

advantageous form of calcium sulfate for the CSAC system appeared to be the anhydrite form.  505 

 506 

 507 
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