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A B S T R A C T   

To assess the feasibility of employing calcium sulfoaluminate (CSA)-belite cements for radioactive waste 
encapsulation purposes, a series of 40 mixes were conducted on a 3-litre scale. This series of tests incorporated 
two commercially available CSA-belite clinkers, gypsum or anhydrite addition at 15, 25 or 35 wt%, a water to 
solids ratio of 0.5, 0.6 or 0.7, and a high or low mixing shear regime. CSA clinkers chosen contain predominantly 
ye’elimite, with some belite, and a small quantity of calcium sulfate as anhydrite. This paper outlines the effect of 
these parameters upon the phase composition and structure of these CSA samples tested at 7, 28, and 90 days. 
The development of the hydrate assemblage was monitored in order to assess the suitability of these grouts for 
use in encapsulation processes. The trends in phase development and evolution are consistent across both 
clinkers tested. The levels of ettringite formed as a hydration product are dependent upon the levels of calcium 
sulfate addition and the availability of water, with ettringite production evident, though at a decreasing rate, 
from between 7 and 90 days. Throughout the entire catalogue of mixes, no ettringite decomposition was 
detected. The majority of belite within both clinkers appears to remain unreacted, with a small increase in mixes 
producing less ettringite. Simulations also show similar phase assemblages to those encountered experimentally, 
with little phase development after 90 days.   

1. Introduction 

Calcium sulfoaluminate cement (CSA) is being considered by the UK 
nuclear industry as a potential future encapsulant for radioactive waste 
[1]. CSA has the potential to improve encapsulation performance and 
help secure a supply of cementitious material for long term future use, 
offering several potential key advantages such as: enhanced chemical 
resistance, an early age pore solution pH below 12, high water retention, 
and lower associated CO2 emissions [1–4]. CSA is being developed as a 
low CO2 alternative cement for applications requiring rapid strength 
development and high dimensional stability with shrinkage compensa-
tion, and has seen successful deployment in highway repair and runway 
paving [5,6]. It has also been used extensively in China since the 1970′s, 
where it is referred to as TCS or ‘third cement series’, with high alumina 
cement and Portland cement (PC) accounting for the second and first 
series respectively [4,7,8]. Whilst having shown promise in both large- 
scale projects and laboratory testing, CSA is a relatively new cement 

in comparison to PC and does not have nearly the same wealth of past 
experience associated with it. The UK nuclear industry has long relied 
upon PC based systems, combined with supplementary cementitious 
materials (SCMs), to encapsulate and immobilise its low and interme-
diate level waste streams within steel vessels of 500 L or larger [1,9]. 
Ground granulated blast furnace slag (GGBFS) and pulverised fuel ash 
(PFA) are SCMs that are employed both to enhance the performance of 
the wasteform, and to reduce the exotherm and the maximum temper-
ature experienced by the mix, due to their slower rate of reaction in 
comparison to PC clinker [1,10]. Obtaining a consistent and stand-
ardised supply of these materials has become increasingly difficult 
throughout the past two decades, due to GGBFS being a by-product of 
iron production and PFA a waste generated from coal fired electricity 
generation; these are two industries that have undergone significant 
changes and that will continue to do so in the immediate future [10–12]. 

When combined with the ongoing development of alternative ce-
ments and the performance opportunities that these may afford, this has 
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led the UK nuclear industry to begin exploring alternative cementitious 
binder systems. CSA-belite cements are produced from a clinker that 
consists predominantly of ye’elimite, with a smaller proportion of belite. 
Ye’elimite is also commonly referred to as Klein’s compound, and is the 
naturally occurring form of calcium sulfoaluminate, with the abbrevi-
ated cement chemical formula (C4A3S) 1. It is formed when an alumina- 
bearing material such as bauxite is heated with calcium sulfate and 
calcium carbonate. CSA is typically clinkered at between 1250 and 
1350 ◦C, significantly lower than the PC clinkering temperature of 
1450 ◦C [2,13]. This reduction is temperature is achievable in part due 
to the absence of alite (C3S), responsible for the early strength devel-
opment in PC. In CSA, this role is fulfilled by the hydration of ye’elimite 
[14]. The main product of hydration is expected to be ettringite (the 
archetype of the “AFt” – tri – phase family of hydrous calcium sulfoa-
luminates), with aluminium hydroxide (gibbsite or amorphous), formed 
through the consumption of both ye’elimite and an interground calcium 
sulfate source. In this study, the sulfate source is either anhydrite (Eq. 
(1)) or gypsum (Eq. (2))1. If a sufficient quantity of calcium sulfate is not 
available, then ye’elimite will hydrate to form calcium mono-
sulfoaluminate, commonly referred to as monosulfate, and a represen-
tative of the “AFm” (mono) phase family (Eq. (3)). 
C4A3S+ 2CS+ 38H→C3A • 3CS • 32H+ 2AH3 (1)  

C4A3S+ 2CSH2 + 34H→C3A • 3CS • 32H+ 2AH3 (2)  

C4A3S+ 18H→C3A • CS • 12H+ 2AH3 (3) 
Ettringite has gathered interest for radioactive waste immobilisation, 

as it has been shown to act as a host for a number of radioactive and 
heavy metal waste ions [15]. This is achieved through hosting ions 
within the columnar and channel sections of the AFt crystal structure, as 
well as through substitution of the calcium (e.g. by Ba2+), aluminium (e. 
g. by Cr3+), hydroxide, and sulfate sites (e.g. by IO3− and AsO43−) 
[15–18]. Ettringite crystals form in hexagonal prismatic columnar 
morphology, and have a water content of 30 – 32 mol H2O per mole of 
Al2O3 (C6AS3H32) [15,19]. In PC, ettringite is formed early in the hy-
dration reaction sequence, and provides much of the mechanism for the 
initial setting of the cement. The rate at which ettringite forms, and the 
greater quantity produced by CSA hydration, enables these cements to 

exhibit a much higher early strength when compared to PC [20,21]. The 
ettringite component is key to the overall stability of CSA. Studies of 
ettringite have shown a sensitivity to both the availability of water and 
temperature, which may cause dehydration and a reversible transition 
to meta-ettringite or decomposition into calcium monosulfate 
[17,19,22–25]. Jiménez et al. [17] show that the stability of naturally 
occurring ettringite outperforms that of synthetic ettringite, and so it is 
important that stability of ettringite can be established in a large scale 
series of commercially applicable cementitious formulations [17,24]. 

Belite, (C2S), is responsible for the later-stage strength development 
of PC. Similarly, in CSA-belite cements, belite also hydrates relatively 
slowly. Hydration of belite forms either calcium silicate hydrate (C-S-H) 
(Eq. (4)), which has also been shown to be able to host a number of waste 
ions, or the silica-substituted AFm phase strätlingite (Eq. (5)) [15,26]. 
Belite hydration in the absence of aluminium hydroxide forms C-S-H and 
portlandite (calcium hydroxide), which could increase the pH of the 
pore solution (Eq. (4)) and the corrosive potential of some encapsulated 
metals such as aluminium, which is a common constituent of nuclear 
sector wastes and which corrodes at elevated pH. Belite has been shown 
to take in excess of three months to begin to react to a significant extent 
in a belitic CSA cement system, but appears to improve compressive 
strength once the slow process of hydration has begun [6].  
C2S + 2H → C-S-H + CH                                                                (4)  
C2S + AH3 + 5H → C2ASH8                                                           (5) 

This paper reports upon the development of the hydrate assemblage 
of CSA-belite type cements, based on two commercial clinkers and 
different sources and levels of sulfate addition, at between 7 and 90 days 
and on the scale of a 3-litre mix. The impact of different concentrations 
of anhydrite or gypsum, different water to cement ratios, and different 
mixing shear regimes are all examined. The 40 mixes in this experi-
mental series have been conducted in order to identify robust formula-
tions of commercially available CSA-belite cements that can be utilised 
by the UK nuclear industry. A wide scope of successful mixes will 
demonstrate just how robust CSA can be, as well as allowing for future 
studies to be conducted upon a much larger scale, approaching the 500 L 
mixes conducted by the UK nuclear industry for waste encapsulation [9]. 

The key aims of this study are therefore: to establish the behaviour of 
the CSA-belite system within a larger mix formulation envelope than is 
commonly considered in academically-focused studies and up to 90 days 
of curing; to identify if the key ettringite phase has remained stable 
across this mix envelope; and thus to assess whether CSA is robust 
enough for consideration within the UK nuclear sector, while adding to 
the fundamental knowledge and experience of using CSA cements. 

2. Experimental 

2.1. Materials 

Two commercial CSA-belite clinkers were selected; Alipre supplied 
by the Italcementi Group, and Alpenat CK supplied by Vicat Cement. The 
clinker composition was provided by the manufacturers, and a Rietveld 
analysis of a raw clinker sample was conducted to confirm this (Table 1). 
The Alipre clinker contains a relatively high ye’elimite content and low 
belite, while the Alpenat clinker is not quite so rich in ye’elimite and 
with a much higher belite content. Air permeability (Blaine) tests 
established that the powder finenesses of Alipre and Alpenat clinkers 
were 528 and 530 m2/kg, respectively, with loss on ignition values of 
0.87% and 0.50% respectively [27]. The calcium sulfate was used in the 
form of either anhydrite or gypsum, both supplied by Saint-Gobain 
Construction Products, and Table 2 shows the cement phase fractions 
recalculated to include the calcium sulfate. The reference files used to 
conduct Rietveld analysis of the XRD data are given in Table 3. The 
anhydrite and gypsum exhibited Blaine finenesses of 452 and 385 m2/ 
kg, respectively. No additional additives were used. 

Table 1 
Rietveld analysis composition for Italcementi Alipre and Vicat Alpenat CK 
clinkers, showing significant phases.  

Clinker compositions – Rietveld analysis 
Compound Chemical 

formula 
Cement 
nomenclature 

Percentage 
identified in 
Alipre 

Percentage 
identified in 
Alpenat 

Ye’elimite Ca4Al6(SO4) 
O12 

C4A3S  65.0  50.9 

Belite (beta) β-Ca2SiO4 C2S  8.8  19.9 
Belite (alpha) α-Ca2SiO4 C2S  8.9  8.1 
Perovskite CaTiO3 CT  4.4  11.7 
Merwinite Ca3Mg 

(SiO4)2 
C3MS2  4.0  6.3 

Anhydrite CaSO4 CS  2.7  2.9 
Fluorellestadite 3 

(2CaO⋅SiO2)⋅ 
3CaSO4⋅CaF2 

C10S3S3F2  1.7  – 

Periclase MgO M  0.7  – 

Bredigite Ca7Mg 
(SiO4)4 

C7MS4  3.2  – 

Quartz SiO2 S  0.5  0.2  

1 Chemical reaction equations in this paper are presented using cement 
chemistry abbreviated notation, where C represents CaO, A is Al2O3, S is SiO2, 
H is H2O, and S is SO3. 
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2.2. Mix proportions and curing 

In this study, results are generated from a total of 40 mixes, each of 3 
L. The clinkers were blended with additional anhydrite or gypsum at 
levels of 15, 25, or 35 wt% of the total pre-blended solids in the mix 
design. The water to solids mass ratio (w/s), calculated on the basis of 
total solids (clinker + calcium sulfate), was set to either 0.5, 0.6 or 0.7 to 
enable the mixes to be produced with desirable flow and setting time 
characteristics, and mixed using either a low or high shear mixing 
method. Pre-blended solids were added to deionised water in a Hobart 
N50 mixer, operating at 62 rpm, over a period of 5 min, with mixing 
then continued for a further 5 min. At 10 min from the point of powder 
addition, high shear mixes were switched to a Silverson L5 mixer 
operating at 4500 rpm for 10 min. Low shear mixes remained at 62 rpm 
throughout the 20-minute mix duration. After this period, additional 
mixing was carried out at 62 rpm for up to a maximum of 150 min. Low 
and high shear mix methods were developed to represent the parameters 
and duration of a mix that is achievable and necessary using the full 500 
L scale equipment and infrastructure currently employed in UK radio-
active waste encapsulation, and to see if either shear method affects the 
phase assemblage within this time period. 

Fluidity assessments were made every 30 min using a grout flow 
trough, whereupon mixes would be concluded and samples cast if a 
grout fluidity measurement of ≤500 mm was obtained. Samples used in 
this study were cast in 15 mL plastic centrifuge tubes, then cured at 20 ±
1 ◦C in a high humidity (>90% RH) walk in chamber, before being 

demoulded and undergoing solvent exchange to remove all free water 
content at the appropriate test date (7, 28, or 90 days) [46]. The use of 
sealed specimens is intended to replicate the autogenous environment 
within a wasteform in a sealed drum, and is a potential reason why no 
expansion was observed for the mixes in this study. The remainder of the 
3-litre mix was used to produce studies for separate studies of rheolog-
ical and mechanical properties, which are beyond the scope of this 
paper. 

2.3. Ample preparation 

A solvent exchange method using isopropanol was used to arrest 
hydration, as proposed by Scrivener et al. [46]. Free water was removed 
by submerging samples in isopropanol, which was routinely changed 
over a period of hours, with samples then being dried to constant weight 
in a desiccator [46]. For analysis by powder X-ray diffraction (XRD) and 
thermogravimetric analysis (TGA), samples were ground to a powder 
and sieved to <63 μm. Samples were kept under vacuum in a laboratory 
desiccator thereafter, isolated in sealed bags within the desiccator. All 
procedures were conducted and at a room temperature of approximately 
20 ◦C. 

2.4. Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDS) 

Samples for SEM and EDS were sectioned into ~5 mm3 slices before 
being cold mounted in epoxy resin. These samples were then ground and 
polished, using isopropanol as a lubricant, up to a 0.25 µm diamond 
grade. Samples were then carbon coated in a vacuum and given 
conductive silver paint tracks in order to prevent overcharging. SEM and 
EDS analysis were carried out by using a Hitachi TM3030 instrument, 
with EDS conducted using a Quantax 70 detector. Images were taken at 
magnifications of 250×, 500×, 1000× and 2500×, using an electron 
accelerating voltage of 15 kV and a working distance of 8 mm. EDS was 
conducted for all samples at 2500× magnification, and identified Al, Ca, 
Fe, Mg, Na, Si and S. 

2.5. Thermogravimetric analysis (TGA) 

TGA was conducted on <63 μm powdered samples using a Perkin 
Elmer TGA 4000. Testing involved 40 ± 2 mg samples in alumina cru-
cibles, under an inert nitrogen atmosphere, at a heating rate of 10 ◦C/ 
min from room temperature to 1000 ◦C. Analysis was conducted using 
the Pyris Manager software. 

2.6. X-ray diffraction (XRD) and Rietveld analysis 

XRD was conducted on <63 μm powdered samples, using a Pan-
alytical X’pert3 instrument with Cu-Kα radiation. Sample holders were 
backloaded to reduce the degree of preferred crystal orientation. These 
samples were analysed over the 2θ range of 5 – 70◦, at a step size of 
0.026◦ and a time per step of 4 s. Quantification via Rietveld analysis 

Table 2 
Identified clinker compound percentages when theoretically adjusted for the calcium sulfate addition.  

Compound Alipre Alpenat 15% 25% 35% 
Ye’elimite 65.0 50.9 55.3 43.3 48.8 38.2 42.3 33.1 
Belite (beta) 8.8 19.9 7.5 16.9 6.6 14.9 5.7 12.9 
Belite (alpha) 8.9 8.1 7.6 6.9 6.7 6.1 5.8 5.3 
Perovskite 4.4 11.7 3.7 9.9 3.3 8.8 2.9 7.6 
Merwinite 4.0 6.3 3.4 5.4 3.0 4.7 2.6 4.1 
Anhydrite 2.7 2.9 2.3 2.5 2.0 2.2 1.8 1.9 
Fluorellestadite 1.7 – 1.4 – 1.3 – 1.1 – 

Periclase 0.7 – 0.6 – 0.5 – 0.5 – 

Bredigite 3.2 – 2.7 – 2.4 – 2.1 – 

Quartz 0.5 0.2 0.4 0.2 0.4 0.2 0.3 0.1  

Table 3 
Sources of the CIF files used from literature in order to conduct the Rietveld 
analysis.  

Phase Identification Authors 
Ettringite 155395-ICSD F. Goetz-Neunhoeffer and J. Neubauer 

[28] 
Gibbsite 6162-ICSD H. Saalfeld and M. Wedde [29] 
Monosulfate 

(kuzelite) 
0014757- 
AMCSD 

R. Allmann [30] 

C-S-H (hillebrandite) 0001745- 
AMCSD 

Y. Dai and J. Post [31] 

Ye’elimite 80361-ICSD N. Calos et al. [32] 
Anhydrite 16382-ICSD A. Kirfel and G. Will [33] 
Gypsum 230283-ICSD T. Fukami et al. [34] 
Belite α 

(orthorhombic) 
81097-ICSD W. Mumme et al. [35] 

Belite β (monoclinic) 81096-ICSD W. Mumme et al. [35] 
Portlandite 15471-ICSD H. Petch [36] 
Quartz 41414-ICSD G. Will et al. [37] 
Lime 52783-ICSD D. Smith and H. Leider [38] 
Hemihydrate 79528-ICSD C. Bezou et al. [39] 
Perovskite 62149-ICSD S. Sasaki et al. [40] 
Merwinite 431125-ICSD X. Bao et al. [41] 
Fluorellestadite 97203-ICSD I. Pajares et al. [42] 
Periclase 9863-ICSD S. Sasaki et al. [43] 
Bredigite 0000494- 

AMCSD 
P. Moore and T. Araki [44] 

Strätlingite 69413-ICSD R. Rinaldi et al. [45]  
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was conducted in the TOPAS software, for both unreacted clinkers and 
hydrated products, using the fundamental parameter approach for all 
phases and without the use of an internal standard. Ettringite values for 
comparable mixes, differing only in the shear history of the mix, were 
found to vary by an average of 2%, indicating good stability and 
reproducibility of the refinement methodology. An average Rwp value of 
1.83 was generated from all refinements, indicative of a successful final 
structure model and refinement [47]. 

The calculation of error within the values generated by Rietveld 

analysis is difficult, especially in systems with a large number of phases, 
and may result in an error ranging from one to several percent or more 
[48]. A margin of error is best theorised using Table 2, where the per-
centage adjusted for the calcium sulfate addition is very occasional a 
couple of percent under what was identified in the hydrated sample. 
Quantification of accuracy must take into account instances of preferred 
crystal orientation, X-ray micro absorption, the amorphous phase con-
tent, the quality of the reference patterns, and any other potential factors 
[48,49]. Whilst these factors were mitigated where possible, the focus of 

Table 4 
Rietveld analysis results displaying the weight percentage (%) of each phase detected, for all 120 mixes that contain either Alipre clinker (Ali) and Alpenat CK clinker 
(Alp) clinkers. Inert phases detected, or those that could be classed as minor, were omitted. The full list of phases identified is given in Table 3.  

Calcium Sulfate Type Sulfate Content w/s Ratio Shear Days Ye’elimite Belite Anhydrite Gypsum Ettringite Gibbsite Mono-sulfate 
Ali Alp Ali Alp Ali Alp Ali Alp Ali Alp Ali Alp Ali Alp  

Low (15%)   7 19 9 16 23 7 6 1 1 30 22 14 17 6 9 
Anhydrite  0.5 Low 28 15 12 13 18 8 8 1 1 36 25 13 16 7 8    

90 14 11 13 19 9 8 1 1 36 27 14 15 7 8  
Low (15%)   7 17 12 12 21 10 6 1 1 33 22 14 16 7 9 

Anhydrite  0.5 High 28 15 11 13 22 13 7 1 1 37 27 9 14 5 8    
90 15 13 13 17 10 4 1 2 35 27 12 16 6 9  

Low (15%)   7 13 10 16 20 6 6 1 1 34 28 16 15 7 10 
Anhydrite  0.7 Low 28 12 14 13 20 5 4 1 1 39 29 15 15 7 7    

90 13 15 13 16 5 4 1 1 37 27 16 16 7 8  
Low (15%)   7 13 11 16 20 5 5 1 1 34 28 16 16 9 9 

Anhydrite  0.7 High 28 12 14 14 21 4 5 1 1 37 27 14 15 7 7    
90 11 14 13 21 4 3 1 1 37 27 15 16 8 8  

Med (25%)   7 12 10 12 19 12 9 1 1 39 29 12 13 6 8 
Anhydrite  0.6 Low 28 12 10 13 19 9 8 1 1 43 31 11 13 6 8    

90 11 12 12 17 11 13 1 1 42 28 11 13 6 6  
Med (25%)   7 12 10 13 20 12 11 1 1 39 25 11 14 6 8 

Anhydrite  0.6 High 28 12 10 14 21 12 7 1 1 37 28 11 13 6 8    
90 12 10 12 19 13 8 1 1 41 27 9 15 4 9  

High (35%)   7 9 7 12 14 22 24 1 1 30 25 11 12 7 6 
Anhydrite  0.5 Low 28 9 7 11 14 22 25 1 1 33 26 11 11 7 6    

90 7 8 10 15 26 16 1 1 34 30 11 10 5 7  
High (35%)   7 9 11 11 16 24 20 1 1 28 25 12 10 7 6 

Anhydrite  0.5 High 28 7 7 11 15 24 21 1 1 32 25 11 13 7 7    
90 8 8 10 16 21 16 1 1 35 33 15 9 5 6  

High (35%)   7 9 7 10 15 24 18 1 1 36 29 8 11 4 7 
Anhydrite  0.7 Low 28 9 7 11 14 18 18 1 1 42 34 8 8 5 5    

90 8 7 8 14 19 17 1 1 46 34 7 9 4 7  
High (35%)   7 9 10 11 17 21 16 1 1 39 28 9 11 5 7 

Anhydrite  0.7 High 28 10 7 9 14 21 18 0 1 43 32 6 11 3 6    
90 10 7 8 12 26 15 0 1 48 34 3 10 1 7  

Low (15%)   7 17 9 17 21 3 2 3 3 30 23 16 19 7 10 
Gypsum  0.5 Low 28 18 11 13 23 3 3 3 2 32 23 15 17 7 10    

90 17 11 12 22 3 3 4 1 34 26 16 17 6 9  
Low (15%)   7 17 12 15 21 2 2 3 4 30 26 16 16 9 9 

Gypsum  0.5 High 28 14 14 14 17 3 3 4 2 34 27 16 17 7 9    
90 16 14 12 21 3 5 3 2 35 28 16 16 7 7  

Low (15%)   7 11 11 17 23 3 3 1 1 36 25 17 17 7 10 
Gypsum  0.7 Low 28 11 9 14 21 3 2 1 1 40 29 14 18 7 9    

90 11 12 12 20 3 3 1 2 41 28 15 16 8 9  
Low (15%)   7 11 11 14 24 3 3 2 1 39 24 15 18 8 9 

Gypsum  0.7 High 28 10 11 13 21 3 3 2 1 41 32 16 14 7 9    
90 11 12 13 16 3 3 1 1 39 38 16 13 8 8  

Med (25%)   7 11 13 15 20 3 3 6 3 35 30 15 14 8 7 
Gypsum  0.6 Low 28 10 10 15 20 3 3 6 3 35 31 15 14 8 9    

90 10 9 13 20 3 3 4 3 41 36 15 13 7 7  
Med (25%)   7 13 10 14 19 3 3 6 4 39 31 13 14 6 8 

Gypsum  0.6 High 28 13 10 15 20 3 3 4 2 40 32 12 14 6 8    
90 13 13 13 19 3 3 6 2 42 30 11 15 5 8  

High (35%)   7 11 9 11 19 3 2 17 10 36 23 11 15 6 10 
Gypsum  0.5 Low 28 10 10 10 18 2 2 17 10 39 32 10 11 6 5    

90 10 10 9 14 2 3 15 7 43 32 10 14 4 9  
High (35%)   7 11 10 12 20 3 3 12 10 38 23 12 16 7 7 

Gypsum  0.5 High 28 9 8 10 18 2 2 15 9 42 27 10 17 6 8    
90 11 7 10 16 3 2 13 9 44 29 10 16 5 8  

High (35%)   7 9 11 15 18 3 3 7 7 37 30 13 14 8 8 
Gypsum  0.7 Low 28 8 12 13 16 3 3 7 9 41 32 14 12 6 6    

90 9 10 11 16 2 3 8 4 42 42 15 10 7 5  
High (35%)   7 8 10 15 16 3 2 9 8 38 33 12 11 8 8 

Gypsum  0.7 High 28 8 13 13 17 3 3 7 5 42 33 14 13 7 7    
90 8 12 12 16 3 3 5 3 43 36 14 12 7 7  
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this paper will be a comparison between the extensive range of samples, 
produced in a controlled manner, covering several different key 
variables. 

2.7. Thermodynamic modelling 

Gibbs Energy Minimization Software (GEMS) was used in the form of 
CemGEMS, a browser-based application based upon the GEMS3K code, 
that allows the user to load and modify cement recipe templates and 
conduct computations using the Cemdata18 and PSI/Nagra databases 
[50]. The template available for CSA-belite cement is based upon the 
work of Jeong et al. [48], which was modified in order to reproduce the 
compositions of the Alipre and Alpenat clinkers, accompanied by the 
addition of appropriate calcium sulfate and water to match the experi-
mental mixes. Component enthalpy values the their degree of hydration 
were retained as given in Jeong et al. [48]. Simulations were run to 
account for every change in mix parameters, except shear rate, at a 
pressure of 100 kPa and temperature of 20 ◦C. The duration was allowed 
to exceed 10,000 years, representative of the extremely long timescales 
that radioactive waste repositories will function [51]. Cement hydration 
as a function of time was plotted using the 5 parameter logistic (5PL) 
function, and was based around 100 g of clinker with the additional 
calcium sulfate then added [50]. The extent of reaction for each mix was 
calculated using the percentage of remaining ye’elimite identified by 
Rietveld analysis at 90 days, with an extent of reaction between 63% and 
76% exhibiting the same quantity of ye’elimite remaining at 90 days, 
allowing for a model more representative of its experimental equivalent. 

3. Results and discussion 

3.1. Degree of hydration 

3.1.1. Ye’elimite 
Ye’elimite is the hydraulic phase primarily responsible for the pro-

duction of ettringite when hydrated in the presence of sufficient calcium 
sulfate (Eqs. (1), (2)), and it is relatively rapidly consumed in the hy-
dration of CSA-belite cements. The remaining weight percentage ye’e-
limite content, as identified by the Rietveld analysis of the solid product 
and compared against the quantity of ye’elimite present within each 
mix, at 90 days was between 7% and a maximum of 17% (Table 4). 
Quantifying the degree of reaction in Alipre clinker whilst accounting 
for the calcium sulfate addition, it is calculated that between 73% and 
83% of the ye’elimite present has reacted with anhydrite during the first 
90 days, or between 69% and 81% when the calcium sulfate source is 
gypsum. Correspondingly for the Alpenat clinker, between 65% and 
79% of ye’elimite has reacted with anhydrite, and between 68% and 
79% has reacted with gypsum. Gypsum dissolves faster than anhydrite, 
and has reportedly increased the rate ye’elimite dissolution and hy-
dration within the first few hours [52,53]. At 7 days, the earliest point of 
measurement within this study, there is no clear indication that there is 
greater ye’elimite hydration in the presence of gypsum at this time 
period or beyond. 

Within all mixes conducted, the majority of ye’elimite has been 
consumed through hydration. The proportion of ye’elimite consumption 
between Alipre and Alpenat clinkers is very similar, with Alipre only 
showing a small increase in the degree of ye’elimite consumption over 
Alpenat in most comparable mixes. The degree of ye’elimite hydration is 
linked strongly to the clinker being blended with an increasing quantity 

Fig. 1. XRD pattern for Alipre clinker, with anhydrite at either 15% or 35% and a w/s ratio of 0.5 or 0.7. Increased ye’elimite hydration can be observed by the 
decrease of the main peak at 23.7◦ 2θ with increasing calcium sulfate and water content. Background levels have been reduced, most notably preceding 8◦ 2θ, in 
order to generate this figure. 

S. Nelson et al.                                                                                                                                                                                                                                  



Construction and Building Materials 383 (2023) 131358

6

Fig. 2. XRD pattern for Alpenat clinker, with gypsum at either 15% or 35% and a w/s ratio of 0.5 or 0.7. The signature for strätlingite is visible at 7.2◦ 2θ, (red dot) in 
the low gypsum and high water mix at 28 days and beyond. Background levels have been reduced, most notably below 8◦ 2θ, in order to generate this figure. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. This concentric Rietveld analysis plot, for an Alipre mix containing 35% anhydrite and a w/s ratio of 0.7, displays the weight percentage (%) of main phases 
detected over the 90-day period. Most notably, the increased production of ettringite between 7 and 28 days, as opposed to between 28 and 90 days, is clearly shown 
in this mix. 

S. Nelson et al.                                                                                                                                                                                                                                  



Construction and Building Materials 383 (2023) 131358

7

Fig. 4. TGA for Alipre clinker, with anhydrite at either 15% or 35% and a w/s ratio of 0.5 or 0.7. An increase in ettringite content is evident with an increase in 
anhydrite, as well as water. 

Fig. 5. TGA for Alpenat clinker, with gypsum at either 15% or 35% and a w/s ratio of 0.5 or 0.7. The signature for strätlingite is visible at approximately 220 ◦C in 
the low gypsum and high water mix at 28 days and beyond. 
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of calcium sulfate. This is clearly shown in Figs. 1 and 2, with a sharp 
decrease in the main ye’elimite peak at 23.7◦ 2θ with increasing calcium 
sulfate content. 

The availability of sulfate is reported to accelerate the hydration of 
ye’elimite within the first 24 h, as well as densifying the cement matrix 
with the rapid generation of hydration products [52–54]. Berger et al. 
[54] report that this densification of the matrix with fine ettringite 
crystals, which inhibits the passage of water to clinker particles, results 
in only minor hydration between 7 days and 1 year in systems with a w/s 
of 0.55. Ye’elimite hydration beyond 7 days is observed to be slight 

(Figs. 1 and 2), however in these systems there is an indication of 
consistent ettringite generation after 7 days and up until 90 days at a 
decreasing rate (Fig. 3). The slower reacting anhydrite could result in 
higher levels of hydration before densification takes place, however 
within this study there is little to distinguish between anhydrite and 
gypsum hydration over all mixing variables [52]. To a lesser extent than 
the calcium sulfate, the quantity of water available is also a contributing 
factor to the degree of ye’elimite hydration in most mixes, as most 
clearly shown in Fig. 1, between the w/s ratios of 0.5 and 0.7. There is no 
indication that the shear method used has had any effect upon the 
consumption of ye’elimite within the reported timeframe (Table 4). 

3.1.2. Belite 
The belite content within hydrated samples produced with both 

clinkers remains nearly constant, with only a small decrease over the 90- 
day period in all hydrated samples. Belite levels detected by Rietveld 
analysis in solid Alipre products are close to the initial belite content 
found in the clinker. Alpenat products have shown some consumption of 
belite, however the average quantity consumed is only 17% of the total 
amount within the mix at 90 days (Table 4). 

The majority of the belite present in Alpenat is monoclinic (β-C2S), 
with a minority of faster hydrating orthorhombic α-C2S, and each being 
present in almost equal amounts in Alipre clinker (Table 1) [55]. The 
predominance of β-C2S could be contributing to its low reactivity within 
the 90-day hydration period [6]. Jeong et al. [48] has also proposed that 
the rapid formation of ettringite could densify the matrix of the cement, 
whilst chemically binding (and thus consuming) water and limiting the 
diffusion of ions, which would explain the very low degree of belite 
hydration observed in the higher-ye’elimite Alipre system [56]. No 
relationship is evident between the type of calcium sulfate, the quantity 
of the calcium sulfate addition, or the water content of these mixes and 
the degree of belite hydration from the Rietveld analysis; however, in 

Fig. 6. An ettringite ‘nest’, where the lath shaped crystals have grown into a 
pore; a clear indication of ettringite growth after the initial setting of the 
Alpenat mix with low gypsum (15%) and a w/s ratio of 0.7. This sample was 
taken at 90 days. 

Fig. 7. SEM images showing very similar structures of ettringite lath crystals within an aluminium hydroxide matrix, between differing clinkers, types of calcium 
sulfate, and w/s ratios. Un-hydrated calcium sulfate and clinker particles can also be observed. 
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Alpenat there is an indication of strätlingite in XRD and TGA within 15% 
gypsum and 0.7 w/s ratio mixes (Figs. 2 and 5). This could be due to the 
greater overall availability of water for belite hydration, given that 
levels of ettringite production are lower at these formulations. 

3.2. Ettringite formation 

The production of ettringite is dependent upon the availability of 
ye’elimite, calcium sulfate and water. The absence or depletion of cal-
cium sulfate will result in the production of monosulfate (in crystalline 
or disordered forms), and this reaction also has approximately half the 
water requirement of ettringite formation (Eq. (3)). The ettringite con-
tent of the hydrate assemblages resulting from both Alipre and Alpenat 
clinkers increases significantly with the addition of more calcium sul-
fate, consistent with expectations based on the reaction stoichiometry 
with respect to calcium sulfate. An increase in water availability, with a 
higher water to solids ratio, also increases the quantity of ettringite 
found. This is consistent with findings that similar CSA-belite systems 

have self-desiccated at a w/s ratio of approximately 0.5, with additional 
water allowing for additional production of ettringite [48,52]. In this 
experimental procedure however, there was no indication that self- 
desiccation occurred within any sample. 

For both clinkers, there is also no real indication that anhydrite or 
gypsum produces consistently more ettringite than the other (Table 4). 
There is the potential for anhydrite to increase the quantity of ettringite 
present against the faster dissolving and thus faster reacting gypsum, 
due to gypsum quickly densifying the cement matrix with ettringite and 
hindering later hydration, but this has not been observed [54]. The 
quantity of ettringite formed by each clinker, when accounting for the 
quantity of ye’elimite present in each, is also similar. On average across 
all mixes, Alpenat mixes contained 24% less ye’elimite than Alipre 
mixes, and as a result there is a 22% less yield of ettringite after 90 days. 

The majority of ettringite formation in all mixes occurs at 7 days or 
before, with a maximum increase in the content of ettringite of only 12% 
between 7 and 90 days (Alpenat, w/s 0.7, 35% gypsum). More ettringite 
formation occurs earlier (7 days or before) in mixes with higher water/ 

Fig. 8. SEM-EDS mapping of Alipre with high gypsum (35%) and a w/s ratio of 0.7. Ettringite, belite and aluminium hydroxide can clearly be identified their 
characteristic elemental signatures. 
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cement ratio. This could be due to the higher water availability being 
able to overcome the densification of the system which may hinder later 
hydration [52,54]. The later formation of ettringite, occurring after the 
initial setting, is demonstrated in Fig. 6. This SEM image shows 
numerous ettringite crystals that have formed after the initial setting. 
The porosity shown has formed during the initial setting, with the 
characteristically lath shaped ettringite crystals growing and spanning 
the width of this pore after it has formed. 

3.3. Phase assemblage 

SEM and EDS images, as exemplified in Figs. 6, 7, and 8, show large 
networks of ettringite crystals within a matrix of aluminium hydroxide. 
Ettringite is clearly identifiable by its lath-shaped crystals, and by the 
high concentration of Ca and S with an absence of Al or Si. The 
aluminium hydroxide matrix is identifiable by the strong concentration 
of Al distinct from other phases within the system. Unreacted belite and 
other minor clinker constituents can also be observed. Ca and Si EDS 
maps show high concentrations confined to very specific areas, with a 
minor distribution of silicon elsewhere in the sample, suggesting that the 
silicon is largely limited to the unreacted belite particles identified. For 
both clinkers, a significant majority of the Si is within the belite phases 
(Table 1). 

Furthermore, there is evidence to suggest that ettringite stability 
during the hydration period for all samples has been high under the 
curing and storage conditions used. Rietveld analysis shows an increase 
in ettringite content over time, with no strong indication of ettringite 
decreasing; ettringite having shown to be forming within the pore 
structure after the initial set (Fig. 6). 

The TGA results also give evidence to support that the levels of 
ettringite have not decreased over time [57]. The derivative weight loss 

that occurs at approximately 120–130 ◦C for ettringite shows that the 
level of ettringite increases with increased water and sulfate content. As 
also shown in the Rietveld analysis above, there is little to separate 
between the type of calcium sulfate or clinker used. In all instances, 
there is a small increase in the peak rate of weight loss at 90 days when 
compared to 7 days, indicating an increase in the quantity of ettringite 
over time (Figs. 4 and 5) as discussed above. 

Levels of monosulfate remain at a near constant level throughout the 
hydration periods of each mix as identified in the Rietveld analysis 
(Table 4) [22,58]. A significant increase in monosulfate formation could 
be taken as an indication of the decomposition of ettringite [58]. TGA 
does not display any significant indication of monosulfate at 150 ◦C, 
which would be displayed as a shoulder on the peak attributed to 
ettringite (Figs. 4 and 5). The decomposition of ettringite to monosulfate 
would also result in the precipitation of calcium sulfate [22,58]. The 
levels of anhydrite and gypsum identified in the Rietveld analysis 
remain largely constant over time. Rietveld/XRD and TGA each show 
large quantities of calcium sulfate remaining after 90 days in the higher 
(35%) calcium sulfate samples, with some residual quantities detected 
even at the lowest (15%) sulfate addition. Remaining quantities of cal-
cium sulfate shown in the Rietveld analysis more than double in the 35% 
sulfate mixes, when compared to the 25% sulfate mixes (Table 4). 
Similar levels of residual calcium sulfate were also observed by Berger 
et al. [54], where gypsum levels remaining at 7 days were approximately 
4% for a 20% addition to the clinker, and 15% for a 35% addition at a w/ 
s ratio of 0.55. 

Levels of aluminium hydroxide detected by Rietveld analysis do not 
increase in line with ettringite, but rather remain at a consistent level. 
This could in part be due to the sometimes-amorphous structure of 
aluminium hydroxide being difficult to detect using XRD, and any 
change in quantity being difficult to differentiate by its small TGA 

Fig. 9. CemGEMS simulation for Alipre clinker at an anhydrite addition of 15% and a w/s ratio of 0.5. The level of hydration, so as to be comparative to experimental 
results, was set to 66%. Anhydrite levels are predicted to become depleted, leading to the generation of monosulfoaluminate. 
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signature. It is also consumed in the hydration of belite to form 
strätlingite (Eq. (5)). 

3.4. Belite hydration products 

The high quantity of remaining belite observed within both clinkers 
suggests that a large proportion has not yet hydrated. This is also evident 
given the lack of belite hydration products detected in the majority of 
samples. The C-S-H content identified in the Rietveld analysis was 
consistently low at an average of 3%, and negligible strätlingite was 
detected; however, the amorphous structure of C-S-H can make identi-
fication using XRD difficult, whilst the main strätlingite peak occurs at 
7.2◦ 2θ in a range susceptible to high background noise. The distribution 
of calcium and silicon in EDS shows high concentrations confined to 
very specific areas, with a minor distribution of silicon elsewhere in the 
sample (Fig. 8). This would suggest that the silicon concentration is 
limited to the unreacted belite particles identified. 

The hydration of belite without the presence of aluminium hydroxide 
generates C-S-H along with calcium hydroxide, which could be 
responsible for a later-age increase in pH in some CSA-belite cements 
(Eq. (4)). The quantities of C-S-H and portlandite identified by Rietveld 
here are consistently low, with an average across all mixes of 3% and 1% 
and 90 days, respectively. The consistency of this generation could 
potentially be due to the similar quantities of faster reacting α-C2S being 

present across all mixes. C-S-H is also not clearly identifiable in the TGA, 
and whilst it would dehydrate at a similar temperature to the main 
ettringite peak and AFm of approximately 150 ◦C, there is no significant 
shoulder to this peak that would suggest a strong secondary phase 
within this TGA curve. Gypsum also strongly occupies this region 
(Fig. 5). The significance of a presence of calcium hydroxide brought 
about by the generation of C-S-H needs to be fully understood if these 
cements are to be used in encapsulation of some classes of wastes which 
are not compatible with highly alkaline conditions. Jeong et al. [48] 
however, do suggest that strätlingite is the primary long term hydration 
product of belite in the presence of aluminium hydroxide (Eq. (5)), the 
example clinker in that study having ye’elimite and belite contents 
similar to Alipre here (Table 1) [48,59]. 

Similar to C-S-H, the Rietveld, as well as the XRD and TGA cannot 
identify any significant strätlingite, with two noticeable exceptions. 
Alpenat mixes which feature the higher belite content, when combined 
with the highest water content (0.7 w/s) and the lowest gypsum content 
only (15%), exhibit a small but characteristic main strätlingite peak in 
the XRD at 7.2◦ 2θ (Fig. 2) and the indicative derivative weight loss in 
the TGA after 28 days (Fig. 5) [6,59]. Smaller XRD indications of 
strätlingite are also noticeable in some low-calcium sulfate Alpenat 
mixes at 90 days. This supports the observations of Jeong et al. wherein 
the production of ettringite hindered the hydration of belite [48]. There 
is a potential, therefore, that Rietveld analysis has been unable to 

Fig. 10. CemGEMS simulation for Alipre clinker at an anhydrite addition of 35% and a w/s ratio of 0.7. The level of hydration, so as to be comparative to 
experimental results, was set to 76%. The potential for late stage belite hydration is shown as a small quantity of strätlingite formation. 

S. Nelson et al.                                                                                                                                                                                                                                  



Construction and Building Materials 383 (2023) 131358

12

identify the formation of strätlingite in these cases due to high back-
ground signal below 8◦ 2θ. 

3.5. Thermodynamic modelling 

Thermodynamic modelling conducted using CemGEMS [50] predicts 
a phase assemblage largely similar to that identified by the Rietveld 
analysis and complemented by the other analytical methods, as well as 
past studies that applied thermodynamic modelling to CSA-belite ce-
ments [48,60]. Ettringite and aluminium hydroxide (in the form of 
gibbsite) are majority phases, as has been determined practically. Two 
phases differ significantly between the simulations and the experimental 
mixes: the quantities of monosulfate, and that of strätlingite, most 
notably in 15% calcium sulfate mixes (Figs. 9 and 11). The quantities of 
these phases within these simulations are much larger than that 
observed within the Rietveld analysis, with negligible strätlingite 
detected in all experimental mixes, although other indications of 
strätlingite having been identified. 

Monosulfate, formed when ye’elimite reacts in the absence of suffi-
cient calcium sulfate (Eq. (3)), decreases sharply in simulations when 
levels of calcium sulfate addition are raised above 15%, to the extent 
that it is entirely absent in 35% simulated mixes (Figs. 10 and 12). 
Whilst this deviates from what is seen in the Rietveld analysis, 

monosulfate levels do remain stable, with no more than a 1% increase 
within the mix between 7 days and the full duration of the simulation. 
There is, therefore, no significant amount of monosulfate generation, or 
consumption to form further ettringite within both simulated and 
experimental mixes. The increased levels of strätlingite are a function of 
the increased belite hydration, however residual belite levels are very 
similar to those identified in the experimental mixes. Strätlingite levels 
also significantly decrease with increasing ettringite formation, which 
corresponds to the findings of Jeong et al. [48], strätlingite preferring 
lower calcium sulfate mixes [61]. Also of note, a small quantity of C-S-H 
is formed at high calcium sulfate regardless of the water content, 
potentially driven by this preference, with the increased generation of C- 
S-H having not been identified experimentally (Figs. 10 and 12). 

Simulations have shown the levels of ettringite greater than that 
identified by Rietveld, however they do remain at a near constant level 
past 90 days with a smaller corresponding quantity of aluminium hy-
droxide. Ettringite levels only increase, with no indication of any 
decomposition. Levels of residual calcium sulfate and ye’elimite also 
appear to remain near constant after 90 days. The quantity of ettringite 
also appears to increase strongly with increasing levels of calcium sul-
fate within that 90-day timeframe, as has been observed in the Rietveld 
analysis. There were no cases of self-desiccation shown within any of the 
simulations, with a small increase in water consumption for anhydrite 

Fig. 11. CemGEMS simulation for Alpenat clinker at a gypsum addition of 15% and a w/s ratio of 0.5. The level of hydration, so as to be comparative to experimental 
results, was set to 63%. The increased quantity of belite when compared to Alipre clinker, has allowed for Alpenat to form more strätlingite, though a significant 
proportion remains unreacted. >1% C-S-H has been simulated up until 20 h, where it is succeeded by the appearance of monosulfate and the increasing quantity of 
strätlingite. 
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mixes as also identified in the findings of Cau-dit-Coumes et al. [52]. 
As mentioned above, high levels of unreacted belite remain beyond 

the 90-day period. The belite phase, however, is the only phase to show 
significant signs of further reactivity beyond 90 days, albeit on a small 
scale. In Fig. 10 a small quantity of strätlingite is predicted to begin to 
form at approximately 250,000 h (29 years), indicating a potential for 
belite hydration well in excess of the 90-day experimental duration. 
Simulations containing gypsum appear to be more inclined to the for-
mation of strätlingite, as shown when comparing Figs. 12 and 13. This is 
also highlighted in Fig. 2, which displays the strätlingite signature at 
7.2◦ 2θ, which is not shown in XRD diffractograms of mixes that are 
identical other than the calcium sulfate type being anhydrite. There is, 
however, little difference between the consumption of ye’elimite and 
the generation of ettringite. Little difference is displayed between the 
behaviours of either clinker composition, other than the increased 
quantity of ye’elimite in Alipre leading to increased quantities of 
ettringite. The increased availability of water also appears to lead to a 
minor increase in the production of ettringite, as has been experienced 
experimentally. 

4. Conclusions 

The 90-day development of the hydrate assemblage for two different 
commercial CSA clinkers, with variable quantities of anhydrite, gypsum, 
and water present, has been monitored and supported by thermody-
namic modelling. The shear of the mix does not seem to have had any 
noticeable impact upon the 7 to 90-day hydrate assemblage, indicating 
that the low shear method has ensured effective mixing at this scale. 

Between the 7 and 90-day time period, all mixes experience some 
degree of further ettringite growth, after ettringite has predominantly 
formed prior to the 7-day measurement point. The formation of 

ettringite is strongly dependent upon the availability of calcium sulfate, 
as well as water. The difference between anhydrite and gypsum appears 
to have had no significant difference upon the amount of ettringite 
formed. More ettringite was formed within Alipre mixes, simply due to 
the greater quantity of ye’elimite within the clinker. 

The majority of ye’elimite hydrated within all mixes, with a range of 
between 35% and 17% of the original ye’elimite remaining after 90 
days. With the hydration of ye’elimite and the formation of ettringite, 
the quantity of aluminium hydroxide detected by Rietveld analysis did 
not increase linearly with ettringite, and accounted often for less than 
half the weight percentage of ettringite. Such quantities are not dis-
similar to those seen in the thermodynamic simulations. This could in 
part be due to the occasionally amorphous structure of aluminium hy-
droxide being difficult to detect, or its consumption in the hydration of 
belite to form strätlingite. 

The degree of hydration of belite within all mixes appears to be low, 
as also predicted in the simulations conducted. Some instances of 
strätlingite or C-S-H formation are displayed, but in the practical ex-
periments, only some noticeable strätlingite is observed in gypsum 
mixes and aided by the increased belite quantity within Alpenat clinker. 
Belite hydration also increases with a decreasing presence of ettringite. 
Some minor belite hydration is shown to be possible in the distant future 
by means of thermodynamic simulation, however this only indicates a 
potential for further hydration past 90 days. Further hydration of belite 
over time may lead to further strength development, but longer-term 
practical studies should be carried out to verify this. 

Other than gypsum appearing to increase the potential for strätlin-
gite formation, little difference has been shown between the choice of 
calcium sulfates. A significant quantity of both remain at 90 days in solid 
products containing 35% addition levels, with as much as 20% of the 
product being identified as unreacted anhydrite as a maximum. 

Fig. 12. CemGEMS simulation for Alpenat clinker at a gypsum addition of 35% and a w/s ratio of 0.7. The level of hydration, so as to be comparative to experimental 
results, was set to 75%. Increase ettringite formation has likely hindered belite hydration, however; some belite hydration has occurred without the presence of 
gibbsite, forming C-S-H (Eq.4). 
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In all mixes, there is no evidence to suggest ettringite instability 
within the 90-day time frame studied. Within these samples cured at 
20 ◦C and >90% RH, ettringite has only increased over time, with levels 
of monosulfate remaining stable, and no other mechanisms for decom-
position established. Ettringite crystal size and distribution are consis-
tent throughout this aging period and between mixes. The structure can 
be clearly defined using EDS mapping, with large ettringite crystals 
clearly distinguishable amongst the aluminium hydroxide matrix. 

The predominant ettringite and aluminium hydroxide structure re-
mains consistent throughout the varying system parameters and age 
under the curing conditions studied and has not broken convention at 
the extremities of this extensive mix formulation envelope, nor has it 
behaved uncharacteristically from what is expected given the variables. 
Both clinkers, and sources of calcium sulfate, have formed very similar 
phase assemblages. The calcium sulfoaluminate system therefore looks 
to be a robust and promising avenue for future research into the 
encapsulation and immobilisation of radioactive wasteforms. A scaling 
up of experimentation towards the 500 L practised within the nuclear 
industry, as well as a more complete understanding of the long-term 
reactivity of belite within this system and its effect upon the pore so-
lution pH if C-S-H were to be generated, would allow for even greater 
confidence in CSA-belite as a potential encapsulant for radioactive 
waste. 
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Fig. 13. CemGEMS simulation for Alpenat clinker at an anhydrite addition of 35% and a w/s ratio of 0.7. The level of hydration, so as to be comparative to 
experimental results, was set to 65%. The formation of strätlingite appears to benefit from the presence of gypsum over anhydrite, as development of strätlingite is 
negligible, with only a small quantity of C-S-H. The simulation does not identify any calcium hydroxide. 
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