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1. Highlights 8 

• CSA is a potentially attractive alternative encapsulant, particularly due to the ability 9 

for ettringite to tie up large amounts of water and immobilise ionic species. 10 

• Mixes were conducted using both laboratory scale and encapsulation plant equipment. 11 

• Paper highlights the properties of mixes, including their hydrate assemblage, and the 12 

feasibility of their adoption in an encapsulation process, even when undiluted by waste. 13 

• Despite the high hydration temperatures, hydrate assemblage remains substantially 14 

unchanged suggesting that ionic species retention may persist even under these 15 

exceptional operating conditions, providing a bounding case. 16 

2. Abstract 17 

To demonstrate and evaluate the potential of calcium sulfoaluminate-belite (CSA) cements for 18 

the enhanced encapsulation of future higher activity waste treatment processes, a 19 

commercially available clinker was trialled on a 3 L scale, before being scaled up to 500 L scale, 20 

using a typical In-Drum mixing (IDM) methodology and equipment employed for the 21 

encapsulation of radioactive slurry wastes in the UK. The formulation envelope varied the 22 

gypsum addition, water to solid ratio, and mixing shear regime. Mixes were conducted neat, 23 

with no addition of waste material, additives, supplementary cementitious materials, or fillers. 24 

Conducting IDM standard mixes allowed for the trial of formulations in absence of waste 25 

loading during operations, subjecting products to hydration exotherm temperatures based 26 

upon the scale of the products cast in excess of normal operations,  where waste incorporation 27 

would be expected to dilute the peak hydration exotherm obtained. This scenario allows for 28 

the behaviour of the main CSA strength giving phase ettringite to be evaluated, establishing a 29 

bounding case. Following a curing duration of 28 and 90 d, the phase assemblage between 30 

products subjected to different curing exotherms were indistinguishable, despite being 31 

subjected to a range of different temperature profiles and the structure of the 500 L products 32 

being compromised. Processing properties were consistent between mixing scales, with 33 

physical properties producing desirable results when not impacted by the high exotherm 34 

temperatures experienced by 500 L products. 35 
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 38 

3. Introduction 39 

Calcium sulfoaluminate (CSA) cement is under consideration by the UK nuclear industry as a 40 

potentially promising alternative encapsulant for the processing and treatment of radioactive 41 

waste [1]. CSA has been shown to have lower associated CO2 emissions and is being developed 42 

as an addition or alternative to Portland cements (PC), such as CEM I, principally for 43 

applications requiring rapid strength development and high dimensional stability [2], [3], [4]. 44 

It may offer advantages over currently employed PC-based encapsulants, with properties such 45 

as enhanced chemical resistance and the ability to incorporate typically retarding materials, 46 

an early age pore solution pH below 12 thereby reducing the initial rate of amphoteric metal 47 

corrosion, and high-water retention allowing for fluid mixes to penetrate complex wasteforms 48 

without the generation of residual bleed liquor [1], [5], [6], [7]. Historically, the UK nuclear 49 

industry has used CEM I grouts with a majority ground granulated blast furnace slag (GGBS) 50 

or pulverised fly ash (PFA) supplementary cementitious material (SCM) component [8], [9]. 51 

GGBS has remained in use at Sellafield Intermediate Level Waste (ILW) encapsulation plants, 52 

with the GGBS to CEM I ratio used having reached as high as 9:1 [1], [10]. 53 

 54 

These SCMs both enhance the performance of the wasteform by reducing long-term 55 

permeability, altering redox chemistry of the matrix in the case of GGBS, and reducing the 56 

peak temperature reached during early-stage hydration as their rate of reaction is much slower 57 

compared to PC [11], [12]. Both these SCMs are by-products of heavy industries (coal fired 58 

power and steel manufacturing respectively) which are in decline in the UK, and securing a 59 

supply of standardised material capable of delivering the required enhanced performance 60 

characteristics has therefore become a greater challenge in recent years [10], [13], [14]. The 61 

development of alternative cement systems, driven by their unique performance 62 

characteristics and the need to reduce the contribution of cement manufacturing towards 63 

global anthropogenic CO2 emissions, as well as a potential improvement in the longer-term 64 

security of the supply of powder materials, has led the UK nuclear industry to explore the 65 

potential use of such systems [15]. 66 

 67 

CSA-belite cements contain a majority of ye’elimite (C4A3Ŝ) with a smaller quantity of belite 68 

(C2S). When combined with a source of calcium sulfate, such as gypsum, the main product of 69 

ye’elimite is ettringite (the archetype of the “AFt” – tri – phase family of hydrous calcium 70 



 

 

sulfoaluminates) with aluminium hydroxide (gibbsite or amorphous) (Eq. 1) 1. If a sufficient 71 

quantity of calcium sulfate is not available, then calcium monosulfoaluminate (monosulfate) 72 

will form, a representative of the AFm (mono) phase family (Eq. 2) [1], [5], [6], [7], [16], [17]. 73 

 74 

(Eq. 1)  C4A3Ŝ + 2CŜH2 +34H → C3A·3CŜ·32H + 2AH3 75 

(Eq. 2)  C4A3Ŝ + 18H → C3A·CŜ·12H + 2AH3 76 

 77 

Belite typically hydrates slowly, over a matter of months, forming either calcium silicate 78 

hydrate (C-S-H) (Eq. 3), or the silica-substituted AFm phase strätlingite (Eq. 4) [3], [18].  79 

 80 

(Eq. 3)  C2S + 2H → C-S-H + CH 81 

(Eq. 4)  C2S + AH3 + 5H → C2ASH8 82 

 83 

Ettringite is attributed with early strength development, with belite hydration products 84 

contributing towards longer term development. Ettringite crystals form in a hexagonal 85 

prismatic columnar morphology and have been shown to host a number of ions within the 86 

columnar and channel sections of the AFt crystal structure, as well as through substitution of 87 

the calcium (e.g. by Ba2+), aluminium (e.g. by Cr3+), hydroxide, and sulfate sites (e.g. by IO3- 88 

and AsO43-) [17], [19], [20], [21], [22]. The belite hydration product C-S-H has also been shown 89 

to host a number of ionic species [23]. As a result, the CSA system is a potentially attractive 90 

matrix for the immobilisation of waste species, which may prove advantageous as part of an 91 

engineered barrier system (EBS), as well as the potential for chemically binding a high 92 

proportion of mix water content, thereby producing highly fluid mixes whilst reducing the 93 

propensity for the system to produce bleed [1]. 94 

 95 

The stability of ettringite is a relationship between temperature and the availability of water, 96 

wherein dehydration and topotactic decomposition, with the reduction of 30 – 32 to 9 – 13 97 

moles H2O per mole of Al2O3, forms meta-ettringite [24]. This relationship is demonstrated by 98 

Zhou et al. (2001) [25] and Baquerizo et al. (2016) [26] as a hysteresis loop, wherein the 99 

reformation of ettringite occurs if the temperature is low enough alongside the availability of 100 

water being high enough [25], [26]. Meta-ettringite retains the ettringite needle crystal 101 

structure in all 3 dimensions, and the same Ca/Al/S ratios, with the distance between 102 

ettringite cation columns reduced producing an amorphous phase [24], [27], [28]. It is as yet 103 

unclear if the presence of meta-ettringite is detrimental to CSA in terms of strength, 104 

 

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 Ŝ is SO3. 



 

 

dimensional stability, or the retention of radionuclides, with some studies demonstrating the 105 

enhanced anion retention properties of meta-ettringite over ettringite [29], [30], [31]. 106 

 107 

Temperatures in excess of 100 °C can result in the decomposition of ettringite to monosulfate 108 

along with the precipitation of calcium sulfate [25], [32]. Monosulfate can also react to form 109 

ettringite, given the availability of calcium sulfate and water, known in PC chemistry as 110 

delayed ettringite formation [33], [34], [35].  111 

 112 

Currently employed encapsulant grouts based on blended PC systems are designed to conform 113 

to an acceptance criteria with dependence upon its application. A broad, guideline example  114 

that may be considered suitable is provided below: 115 

 116 

• The cumulative heat of hydration output ideally should not exceed 180 kJ/kg of 117 

blended cementitious powders after 24 h hydration at 35 °C. Grout temperature 118 

should be kept below 100 °C to mitigate potential impacts upon product integrity. 119 

However, if heat outputs above these values are shown not to detrimentally affect 120 

subsequent wasteform product properties, this does not preclude use of a matrix as an 121 

encapsulant for ILW treatment. 122 

• Fluidity 2, after mixing and additional hold-up time of 150 mins, should ideally exceed 123 

a Colflow measurement of 500 mm to allow adequate penetration of wastes via flood 124 

grouting operations without applying vibration to minimise product voidage (see 125 

Sections 4.3.1 and 4.4 for mixing and Colflow methodology). When immobilising 126 

liquid or slurry wastes, upon mixing with cementitious materials, the grout should be 127 

fluid enough to produce a homogeneous product. 128 

• An initial set should not be achieved in less than 2 h from end of mixing for 500 L 129 

products produced via an In-Drum mixing (IDM) methodology, with a final set being 130 

achieved within 48 h. This is determined using a Vicat test (Section 4.6). 131 

• The grout should not have a bleed layer ˃ 2 vol.% on 100 mL sealed samples produced 132 

from small-scale (~3 L mixes) after 24 h from the end of additional mixing at 150 mins. 133 

• Compressive strength development must be sufficient to only retain the structural 134 

stability of the product, as structural loads will be taken up by the product container 135 

and supporting structural furniture. As low as 4 MPa at 7 d has historically been taken 136 

as an acceptable guideline for strength development [36], [37]. 137 

 

2 In rheological terms, fluidity is defined as the ability for a material (grout) to deform or flow under applied stress 

(gravity during Colflow). High fluidity indicates a low resistance to deformation or flow. 



 

 

• Dimensional stability must be such that long-term physical stability is maintained to 138 

ensure cracking is minimised, radionuclide immobilisation is not compromised, and 139 

hence essentially monolithic products are produced over prolonged periods of storage. 140 

Historic acceptable limits for grouted ILW products are typically based on +1000 141 

microstrain (+0.1 %) expansion to -3000 microstrain (-0.3 %) shrinkage 3. This is only 142 

viewed as acceptable once dimensional changes have stabilised. 143 

• The chemistry of the cements system should allow for maximum waste loading, by not 144 

affecting these conditions because of insufficient chemical compatibility. 145 

 146 

A currently employed acceptance criteria may not necessarily represent the ideal usage of the 147 

CSA-belite system but will act as a guidance when comparing against current systems. This is 148 

also true for many standards when using alternative cement systems in other applications 149 

[38]. 150 

 151 

This work is aimed at furthering the understanding of the behaviour of the CSA-belite mixes 152 

when scaled up for use in a full size commercial encapsulation plant. In particular, the 153 

assessment of the thermal stability of ettringite following peak exotherm in an undiluted full 154 

scale mix scenario. This is trialled as a bounding case, where if the phase assemblage remains 155 

stable under these conditions, then it is anticipated to remain stable at the expected lower 156 

operational temperatures. In a more typical scenario, encapsulated waste would likely act to 157 

dilute the exotherm of a product and as a result reduce the peak product temperature. 158 

Therefore, ettringite would be expected to remain stable with the incorporation of waste, 159 

assuming no significant exothermic chemical interactions occur. Similarly, before SCMs can 160 

be included in the mix design, it is important to understand how a grout might behave in a full 161 

scale undiluted scenario. 162 

 163 

This is achieved by evaluating and comparing a series of mixes conducted on both a 3 L and 164 

500 L scale to determine potential CSA-belite formulations for ILW encapsulation, utilising 165 

commercially available CSA-belite clinker and gypsum. Further investigations can then be 166 

undertaken as to the durability and interactions of CSA-belite wasteforms as part of an EBS 167 

environment, as per the UK’s chosen final disposal program employing a deep geological 168 

facility (GDF). 169 

 170 

 

3 Dimension stability is a strain measurement based on the change in length over a unit length, thus 1 microstrain 
= 1x10-6 m/m or 1x 10-3 mm/m, so 1000 microstrain = 1 mm/m. 



 

 

Work has been published previously covering the phase assemblage of CSA-belite mixes 171 

conducted at the 3 L scale, principally in Nelson et al. (2023) [17], which shall be referenced 172 

for context and comparison  [17], [39]. 173 

 174 

 175 

4. Experimental 176 

4.1. Materials 177 

A commercially available CSA-belite clinker was selected for use in both 3 L and 500 L mixes, 178 

accompanied by commercially sourced calcium sulfate in the form of gypsum. As a result of 179 

the time between both trials being conducted and the batch production of powders, the CSA 180 

and gypsum used have been termed either CSA–3 or CSA–500 (and gypsum–3 or gypsum–181 

500) to distinguish between batches used for each set of trials. X-ray diffraction (XRD) data 182 

was provided by the suppliers for each batch of powder using Rietveld analysis. The CSA 183 

clinker contains a relatively high ye’elimite and low belite content, with the CSA-3 containing 184 

60.8 wt.% C4A3Ŝ, 14.8 wt.% β-C2S, and 2.7 wt.% CŜ, and CSA-500 containing 59.1 wt.% C4A3Ŝ, 185 

7.7 wt.% C2S, and 2.5 wt.% CŜ. The gypsum-3 and gypsum-500 consist of 100 wt.% and 99 186 

wt.% CŜH2 respectively. 187 

 188 

Powders were tested for fineness by air permeability, particle size distribution (PSD) using 189 

laser diffraction on a Malvern Mastersizer 3000 utilising an aero dispersion unit with a 190 

refractive index (RI) of 1.68 for CSA and 1.53 for gypsum, loss on ignition (LoI) at 950 °C, and 191 

particle density by pyknometer using a liquid displacement technique as specified in BS EN 192 

1097-7:2008 [40]. Chemistry by X-ray fluorescence (XRF) using a fused bead technique, and 193 

chloride and sulfate analysis as specified in EN 196-2:2013, were also provided by the suppliers 194 

of each batch of powder. 195 

 196 

Table 1: Powder properties for those employed in both 3 L and 500 L mixes, denoted as, e.g., CSA–3 and CSA– 197 

500. 198 



 

 

Powder 
Fineness 

(m2/kg) 

LOI 

(wt.%) 

Particle Size Distribution 

(µm) 4 

Particle 

Density 

(g/cm3) 

Average Specific 

Surface Area (µm-1)  5 

Dv10 Dv50 Dv90 Span 6 

CSA–3 528 0.87 2.5 11.5 39.0 3.2 2.87 0.52 

CSA–500 556 0.65 2.1 13.4 51.4 2.8 2.82 0.45 

Gypsum–3 385 20.94 7 4.6 37.2 134.0 3.5 2.36 0.16 

Gypsum–500 372 20.71 7 4.7 33.6 104.0 2.3 2.32 0.18 

 199 

 200 

Table 2: XRF powder characterisation for those employed in both 3 L and 500 L mixes, denoted as, e.g., CSA–3 201 

and CSA– 500. 202 

 203 

4.2. Mix Formulations and Curing 204 

3 L mixes were conducted as part of a series of mixes developing a potential formulation 205 

envelope of CSA with different levels of calcium sulfate. The gypsum addition was either 15, 206 

25, or 35 wt.% of the total pre-blended solids in the mix design. The water to solids mass ratio 207 

(w/s), calculated on the basis of total solids (clinker + calcium sulfate), was set to either 0.5, 208 

0.6 or 0.7 [17]. A low or high mixing shear rate method was also used (Section 4.3.1). 209 

 210 

Guided by the 3 L study, two 500 L scale mixes were conducted using CSA–500 clinker 211 

blended with either 20 or 35 wt.% gypsum and a w/s mass ratio of 0.65 or 0.60 respectively. 212 

These mixes fell within the recommended formulation envelope from the 3 L studies from a 213 

processing and product property perspective, whilst covering a ‘higher’ exotherm mix with 214 

lower gypsum content and higher water content, and a corresponding ‘lower’ exotherm mix 215 

with higher gypsum and lower water content. 216 

 

4 Dv10, Dv50, and Dv90 represent the equivalent particle diameter at which 10, 50 and 90 % of the sample volume 
falls below. 
5 Average specific surface area = 3 / (Dv50 / 2) [41]. 
6 Span shows the width of the size distribution, giving an indication of how far the 10% and 90% size fractions are 
apart, normalised by the midpoint = (Dv90-Dv10) / Dv50. 
7 Data provided by the manufacturer/supplier. 

Powder 
X-Ray Fluorescence Analysis (wt.%) 7  

Al2O3 SiO2 Na2O K2O TiO2 Fe2O3 CaO MgO SO3 Cl - 

CSA–3 29.49 9.35 0.97 0.55 0.42 1.37 39.81 4.17 7.26 0.13 

CSA–500 32.85 7.21 1.03 0.54 0.47 1.27 38.33 4.69 11.55 0.11 

Gypsum–3 < 0.02 0.16 < 0.02 0.01 < 0.03 < 0.01 32.71 < 0.04 46.20 - 

Gypsum–500 0.11 0.50 0.01 0.04 0.01 0.04 32.18 0.08 45.41 - 



 

 

 217 

Table 3: Identifying names used for the two 500 L scales mixes. 218 

500 L Scale Mix Reference Gypsum Addition (wt.%) Water to Solids Ratio (w/s) 

5G20 20 0.65 

5G35 35 0.60 

 219 

4.3. Mixing Methodologies 220 

4.3.1.  Mixes at the 3 L Scale 221 

Before mixing, CSA clinker and calcium sulfate powders were pre-blended. Powder and water 222 

temperatures used were in the range of 16 ± 1 °C. Deionised water was added to the Hobart 223 

N50 mixer shortly before mixing began at 62 rpm, wherein the pre-blended powder was added 224 

over a period of 5 mins. After a further 5 mins, high shear mixes were switched to a Silverson 225 

L5 overhead mixer for 10 mins and mixed at 4500 rpm, whilst low shear mixes remained on 226 

the Hobart N50 at 62 rpm for the total 20 mins. 227 

 228 

At this point, the time is denoted as t=0. Additional hold-up mixing was then carried out at 62 229 

rpm for a maximum of 150 mins (t=150). Colflow fluidity assessments (Section 4.4) were made 230 

every 30 mins, with mixes concluded and samples cast if grout fluidity measurements were 231 

≤ 500 mm or deemed likely to fall to this value within the next 30 mins based on the fluidity 232 

trends observed with time. 233 

 234 

4.3.2.  Mixes at the 500 L Scale 235 

Before a mix, CSA clinker and gypsum were weighed out into a hopper to the nearest 0.5 kg as 236 

per the accuracy of the load cell. A 500 L product drum was also prepared with a thermocouple 237 

supporting frame (Section 4.7). Both the hopper and drum were then pre-heated to 20 ± 1 °C 238 

in a cure cell before installation into the mixing rig. The required amount of domestic mains 239 

water at between 14 – 15 °C was then weighed and added. The mixer is a bespoke 500 L 240 

capacity rig equipped with a Rushton turbine. 241 

 242 

The mixer was started with a paddle speed of 460 rpm with powders being discharged over a 243 

12 min period. Paddle speed was reduced to a minimum of 297 rpm to avoid splashing after 244 

10 min of powder addition. After powder addition was complete, mixing continued at 297 rpm 245 

for a further 10 min (22 min total), after which the paddle speed was reduced to ~ 180 rpm for 246 

hold-up. At this point, the time is denoted as t=0. At t=0, each mix was assessed for fluidity 247 

and analytical products were taken. Once all smaller products had been cast (8 min after t=0), 248 

the remaining grout was discharged over a 15 min period into the pre-prepared 500 L product 249 



 

 

drum. This was then covered with a plastic sheet to reduce evaporative losses and cured in a 250 

cure cell at 20 ± 1 °C. 251 

 252 

4.4. Fluidity 253 

The fluidity of a mix was measured by Colcrete flow channel based on the method defined in 254 

BS EN 13395-2:2002 [42]. At the time of measurement (Section 4.3), 1 quart (1.14 L) of grout 255 

is released from a tundish positioned above a wetted, level channel (Figure 1). Once released, 256 

the grout is allowed to flow under gravity and the subsequent distance reached, after allowing 257 

to rest for 60 s, is recorded against the scale upon the channel. If the grout fluidity 258 

measurement achieved is ≤ 500 mm, then any hold-up period will end, and all products are 259 

cast. The maximum length of flow that the channel can record is 1020 mm. 260 

 261 

Figure 1: Illustration of the Colflow fluidity measurement technique, showing the 500 mm fluidity mark which will 262 

result in the termination of any mix hold-up period. 263 

 264 

4.5. Bleed 265 

Bleed measurements were conducted using grout collected at t=0 for 3 L and 500 L mixes, and 266 

t=150 for 3 L mixes (or when the Colflow fluidity measurements dropped to ≤ 500 mm). 267 

Samples were cast into a 100 mL measuring cylinder which were sealed and cured at 20 ± 1 °C 268 

for 24 h, with bleed expressed as vol∙vol%-1. 269 

 270 

4.6. Setting Behaviour 271 

Initial and final set was determined by manual Vicat apparatus on 160 mL samples based on 272 

the method described in BS EN 196-3:2005 [43]. These were taken at t=150 (or when the 273 

Colflow fluidity measurements dropped to ≤ 500 mm) for 3 L mixes, and t=0 for 500 L mixes. 274 

Samples were cured at 20 ± 1 °C, with samples sealed with fitted lids between measurements 275 

and the set times recorded referring back to t=0. 276 

 277 

4.7. Heat of Hydration 278 



 

 

Cumulative heat flow and normalised heat flow were measured on samples taken from 3 L 279 

scale mixes at t=0 using a TAMAir isothermal conduction calorimeter (ICC). A 1 g sample was 280 

used, sealed inside a glass vial preheated to 35 °C, with the ICC set to a base temperature of 35 281 

°C representing pessimistic Sellafield Ltd (SL) encapsulation plant treatment cell conditions. 282 

The heat of hydration was calculated based on the total mass of solids (CSA clinker + gypsum) 283 

present in the grout sample, therefore normalising to account for the water content. 284 

 285 

Prior to conducting the 500 L mixes, two wooden frames were constructed each supporting 286 

twelve type K thermocouples across six locations. One frame was positioned in each 500 L 287 

drum to allow the exotherm of the products to be monitored. The thermocouples were located 288 

at the bottom, middle and top of the product at both the centre and outer (~ 100 mm from the 289 

side) positions as shown in Figure 2. With a product height of ~ 1 m for a 500 L product, the 290 

bottom, middle and top thermocouples were positioned 100, 450, and 800 mm from the 291 

bottom of the drum respectively. Each drum was covered with a plastic sheet to prevent 292 

evaporative losses and cured at 20 ± 1 °C. 293 

 294 

Figure 2: Schematic showing six thermocouple positions (marked ’x’) attached to a supporting frame within each 295 

500 L drum. 296 

 297 

4.8. Sample Production and Preparation 298 

4.8.1.  Samples Produced from 3 L Mixes 299 

Each 3 L scale mix produced four 286 × 26 × 26 mm rectangular prisms for dimensional 300 

stability testing, twelve 40 mm cubes for product strength analysis, two 100 mL measuring 301 

cylinders for bleed measurement at t=0 and t=150 (end of mixing), and one 160 mL polypot 302 

sample for set measurement. Several samples were also cast in sealed centrifuge tubes (15 ml) 303 

for microstructural analysis. Dimensional stability prisms were wrapped in polythene to 304 



 

 

prevent samples drying out, with only measurement end studs being exposed [44]. All samples 305 

were cured in a controlled 20 ± 1 °C high humidity (> 90 %RH) walk in chamber and placed 306 

in sealed polythene bags to reduce evaporative losses once demoulded, before being processed 307 

as per Section 4.8.3. 308 

 309 

4.8.2.  Samples Produced from 500 L Mixes 310 

From each 500 L scale mix, four 200 × 100 mm cylinders were cast separately from the main 311 

product for compressive strength testing, and one 160 mL polypot sample for set 312 

measurement. After 7 d curing and demoulding, these four smaller cast cylinders were cut 313 

down to produce four 100 × 100 mm samples, from each smaller cast cylinder, using a powered 314 

masonry saw. This was in order to produce samples for testing in duplicate which matched the 315 

dimensions of the majority of cored samples taken from the large scale product. 316 

 317 

The 500 L product from mix 5G20 was demoulded after 7 d curing. Due to the manner in 318 

which the product broke up during demoulding, the interior surface of the product was 319 

exposed without sectioning. Two 100 × 100 mm cored cylinders were taken from the top of 320 

5G20, with four smaller cores of 40 × 40 mm taken from the middle and bottom of the sample 321 

in order to work around the fracture planes. The 500 L product from mix 5G35 was demoulded 322 

after 6 d curing to assess whether it was possible to section this product. This product was 323 

deemed to have sufficient integrity for sectioning and, as a result, was cut in half from top to 324 

bottom to expose the internal surface. 325 

 326 

Four 100 × 100 mm cores were taken from 5G35, again due to stresses present in the product 327 

preventing the intended six cores from being obtained. Coring locations from both products 328 

are shown in Figure 3, with coring achieved using a wet coring method. All samples, either cast 329 

or cored, were cured in a 20 ± 1 °C controlled environment until required for testing, and either 330 

covered or sealed in containers or polythene bags to reduce evaporative losses once 331 

demoulded, before being processed as per Section 4.8.3. 332 

 333 



 

 

Figure 3: Locations of successful 500 L product cores taken. Larger circles are depicting 100 × 100 mm cylinder, 334 

with smaller circles representing the smaller 40 × 40 mm cylinder cores taken. 335 

 336 

4.8.3.  Microstructural Analysis Preparation 337 

For microstructural analysis of the 3 L scale mixes, remains from compressive strength cubes 338 

tested at 7, 28, and 90 d were ground and sieved to between 0.5 – 2 mm particle size, before 339 

being subjected to an arresting hydration solvent exchange method as proposed by 340 

Lothenbach & Scrivener [45]. 15 mL samples were also cast in centrifuge tubes and cured for 341 

either 7, 28, or 90 d. These were then cut into ~ 15 mm long cylinders and also subjected to 342 

the same arresting hydration solvent exchange method. For this, samples were submerged in 343 

isopropanol, which was routinely changed over a period of hours, to facilitate the removal of 344 

free water from the system. These were then dried to a constant weight in a desiccator at 25 345 

°C. 346 

 347 

From 500 L mixes, samples for 28 and 90 d microstructural analysis were sourced from the 348 

smaller cast cylinders, or cores taken following compressive strength testing, from the 349 

maximum and minimum temperature regions measured during the product exotherm. In the 350 

absence of core samples available at 28 d from the 500 L 5G20 product, both 28 and 90 d 351 

samples were sourced directly from the product. Samples were either ground and sieved, or 352 

retained as ~ 15 mm long pieces, and subjected to the same arresting hydration solvent 353 

exchange method as previously described [45]. All samples, when not being processed or 354 

analysed, were stored in either a nitrogen filled sealed bag, or a vacuum desiccator, and at a 355 

room temperature of ~ 20 °C. 356 

 357 

4.9. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 358 

Samples cast within the 15 mL centrifuge tubes of ~ 15 mm in length for SEM were sectioned 359 

to ~ 5 mm3 before being cold mounted in epoxy resin. These samples were then ground and 360 

polished in batches of six using a planetary automatic grinding and polishing machine, using 361 

isopropanol as a rinsing aid. Polishing was carried out up to a 0.25 µm diamond grade. SEM, 362 

coupled with EDS, was carried out by using a Hitachi TM3030 instrument, with EDS 363 

conducted using a coupled Quantax 70 detector. An electron accelerating voltage of 15 kV was 364 

used with a working distance of 8 mm. EDS was conducted at 1000 × magnification, with the 365 

highlighted elements including Al, Ca, Fe, Mg, Na, Si and S [17]. 366 

 367 

4.10. Thermogravimetric Analysis (TGA) 368 

For analysis by TGA, previously prepared ground samples were further processed to a particle 369 

size of < 63 μm. TGA was performed using a Perkin Elmer TGA 4000, with data analysed using 370 



 

 

Pyris Manager, wherein 40 ± 2 μg of < 63 μm powdered sample was heated in an alumina 371 

crucible from room temperature to 1000 °C, at a heating rate of 10 °C∙min-1, under an inert 372 

nitrogen atmosphere [17].  373 

 374 

4.11. X-ray diffraction (XRD) and Rietveld Analysis 375 

For analysis by powder XRD, ground samples were further processed to a particle size of < 63 376 

μm. XRD was performed using a PANalytical X’pert3 and Cu-Kα radiation, at a 2θ range of 5 377 

– 70°, a step size of 0.026°, and a time per step of 4 s [17]. Sample holders were backloaded 378 

with powder sample to reduce the degree of preferred crystal orientation. Rietveld analysis 379 

was conducted with TOPAS software using the fundamental parameter approach for all 380 

phases. This was performed using the same setup, model, and working to the same phase 381 

assemblage as detailed in Nelson et al. (2023) [17] with an average Rwp of 1.83. 382 

 383 

4.12. Dimensional Stability 384 

Dimensional stability testing was carried out at the 3 L scale, with acceptable formulations 385 

then considered for the 500 L trial. Four 286 × 26 × 26 mm prisms were cast to monitor 386 

dimensional stability at 2, 7, 28, 56, 70, and 90 d curing. This was achieved in accordance with 387 

ASTM C490 [44] using a Heidenhain test frame, performed by comparing the length of each 388 

prism against a stainless steel Invar reference rod to record how the length changed over time 389 

as the CSA cement hydration reaction proceeds. 390 

 391 

4.13. Product Strength 392 

To monitor and assess the strength development of products cast, ultrasonic pulse velocity 393 

(UPV) and compressive strength testing was conducted over a 90 d curing period. UPV is an 394 

indirect, non-destructive measure of the expected strength development of a sample, in which 395 

the time taken for a longitudinal wave pulse to travel through a specimen is measured. As the 396 

densification of the specimen microstructure occurs, and therefore its strength increases, the 397 

time taken for the pulse to travel through the specimen decreases and the UPV increases. UPV 398 

was conducted using a CNS Farnell Pundit 7. 399 

 400 

Compressive strength testing was carried out using an ELE International ADR Auto V2.0 401 

2000/250kN range compression machine, with grain density calculated by the equipment 402 

using Archimedes’ principle involving weight in air and water. From each 3 L scale mix, twelve 403 

40 mm cubes were cast and examined in triplicate using UPV at 2, 7, 28, 56, 70, and 90 d 404 

curing, and compressive strength testing at 2, 7, 28, and 90 d curing. From each 500 L scale 405 

mix, smaller cast cylinder samples were tested in pairs at 28 and 90 d curing for UPV and 406 



 

 

compressive strength measurement. Cored samples from 5G20 were tested at 51 and 90 d 8 407 

curing due to the challenges experienced during coring with the product exhibiting significant 408 

cracking due to thermal stress, whilst cores from 5G35 were tested at 28 and 90 d curing. 409 

 410 

4.14. Statistical Analysis 411 

Statistical analysis and associated contour plots were produced in the statistical package R, 412 

using linear regression to find relationships between input parameters [46]. Linear regression 413 

models take the form shown in Eq. 5, where 𝑦𝑖 is the independent variable, the 𝑥𝑛 are the 𝑛 414 

dependant variables, the 𝛽𝑛 are the 𝑛 coefficients to be estimated and 𝜀𝑖 is the random error. 415 

The linear model is then used to make predictions of the effect of changing discrete mix 416 

parameters on a particular grout property, such as for example, the cumulative heat of 417 

hydration at 24 h curing over the range of percentage sulfate and w/s ratio tested, the resulting 418 

model then being shown as a contour plot to illustrate overall trends. 419 

 420 

(Eq. 5)  𝑦𝑖 = 𝛽0 + 𝛽1𝑥𝑖1 + ⋯ + 𝛽𝑛𝑥𝑖𝑛 + 𝜀𝑖 421 

 422 

5. Results at the 3 L Scale 423 

5.1. Fluidity 424 

Maintaining adequate grout fluidity is essential for both the successful encapsulation of 425 

geometrically complex waste material with minimal voidage and providing the ability to 426 

readily mix viscous slurry or sludge wastes to yield a homogeneous product. Fluidity is 427 

particularly important when operating without application of vibration, which is desirable due 428 

to the complexity of maintaining such equipment in a radioactive environment. A Colflow 429 

value of < 500 mm can be deemed at risk of gelation and setting before the process has 430 

concluded. 431 

 432 

Early-stage fluidity is a function of the available water content, therefore increasing both the 433 

water and gypsum content effectively increases the content of available water, with gypsum 434 

being a hydrated form of calcium sulfate. Of the formulations evaluated at 3 L, only when at 435 

15 wt.% gypsum content and 0.5 w/s ratio did the predicted fluidity drop < 500 mm during 436 

the mixing regime, which occurred at between t=60 and t=150 mins during hold-up time. This 437 

is illustrated by the statistical analysis of the 3 L fluidity measurements with time (Figure 4). 438 

 

8 The compressive strength of 40 mm cored cylinder samples was calculated based on actual dimensions despite 
the test taking place in a 40 mm jig. This gave a pessimistic value, ensuring the strengths reported were accurate. 



 

 

 439 

Figure 4: Statistical analysis contour plots generated from the 3 L scale mixes, with contours set at 100 mm Colflow 440 

intervals. The red contour represents a value < 500 mm which would result in the mix being halted (outside the 441 

desired range). 442 

 443 

5.2. Heat of Hydration 444 

The cumulative heat flow recorded from the 3 L scale mixes all exceed the current technical 445 

specification guideline value of 180 J/g for cement powders, based on total powders in the mix 446 

(including SCM) used in current encapsulation plant processes (Figure 5). The rapid hydration 447 

of CSA generally releases heat at a greater rate than PC, which has been utilised in the past for 448 

construction in cold climates, but does not necessarily exceed the total heat generation of PC 449 

[47], [48]. However, as discussed in Section 3, currently employed grouts for ILW 450 

encapsulation processes contain a majority SCM component with a significantly slower rate of 451 

hydration, which will act to dilute the heat output of the system over this time period. 452 

 453 

CSA grout in this scenario is being prepared neat, with no SCM or fillers to reduce the heating 454 

rate or cumulative heat capacity and therefore represents a maximised heat output scenario. 455 

Figure 5 shows a decrease in the cumulative 24 h curing heat flow with increasing gypsum 456 

content, but an increase in cumulative heat flow with increasing water content. This is also 457 



 

 

shown in the statistical analysis of the formulation envelope (Figure 6). Increasing the 458 

availability of water in CSA increases the heat of hydration to a greater extent than that 459 

experienced in PC systems [48]. This is likely due to enhancing the hydration mechanism, such 460 

as through aiding in the dissolution kinetics of clinker phases and calcium sulfate, as well as 461 

the enhanced mobility of ions like aluminium, to produce ettringite at a greater rate (through-462 

solution mechanism) [4], [49]. In contrast, increasing the fraction of gypsum content in the 463 

mix will serve to reduce the overall quantity of the highly reactive ye’elimite present, which 464 

will dilute the heat output. 465 

 466 

Figure 5: Cumulative heat of hydration with time from 3 L scale mixes, accounting for only the CSA + gypsum 467 

content.  468 

 469 



 

 

 470 

Figure 6: Statistical analysis contour plot generated from the 3 L scale mixes, with contours representing the 471 

cumulative heat flow at 24 h in J/g set in intervals of 10 J/g. 472 

 473 

 474 

Figure 7: Normalised heat flow with time from 3 L scale mixes.  475 

 476 

The normalised heat flow (Figure 7) shows a relationship between reducing gypsum content 477 

and the occurrence of an additional exotherm peak at between 8 – 16 h. Higher shear mixes 478 

have typically increased the heating rate of the early exotherm but not the total heat output 479 

during this time period. Notably, the higher shear mixing methodology results in a greater 480 

heating rate initially, along with the second main exotherm (8 – 10 h), if present, occurring 481 

sooner. The secondary exotherm is delayed and the rate of heating reduced with increasing 482 

gypsum, with it unidentifiable within a 24 h period in mixes containing a 35 wt.% gypsum 483 

addition. This profile is similar to that of Winnefeld and Barlag (2010) [50], wherein the peak 484 



 

 

encountered at ~ 10 h is attributed to a depletion in the availability of gypsum at this time and 485 

an increase in the formation of monosulfate as opposed to ettringite (Eq. 2). Significant 486 

increases in levels of monosulfate were not, however, recorded at the first instance of phase 487 

assemblage assessment using Rietveld analysis at 7 d [17], [39]. 488 

 489 

5.3. Setting Behaviour and Bleed 490 

For the purposes of this experimental procedure and to allow a grout enough processing time 491 

to be deployed in an IDM process, an initial set requirement of ≥ 2 h has been defined, with a 492 

final set achieved ≤ 48 h to allow for the safe transport of waste packages without the risk of 493 

compromising product integrity. 494 

 495 

In 3 L mixes, both initial and final sets were encountered within 4 h, with the earliest initial 496 

set encountered at between 3 and 4 h. Sets were monitored manually, with some products 497 

likely achieving set outside of facility operational hours. Setting times captured within the 498 

same day are shown in Figure 8, with all mixes conducted achieving a final set < 24 h. The 499 

availability of water within the system appears to extend the setting time by a small degree, 500 

within the region of ~ 1 h. The availability of water will be impacted by both the w/s ratio, and 501 

the quantity of gypsum addition given it is a hydrated form of calcium sulfate. The difference 502 

between the high and low shear mixing methods has shown no discernible difference in the 503 

setting times. For 24 h cured products, a tolerable bleed of 2 vol.% from small-scale mixes 504 

minimises the generation of liquid active waste that requires additional treatment. Bleed 505 

occurs when the remaining liquid component exceeds the available volume within the 506 

products pore network. All products incorporated all the liquid component and generated no 507 

bleed. 508 

 509 

Figure 8: Setting behaviour at the 3 L scale, with recordings taken manually to within an hour for both the initial 510 

set (solid fill), final set (diagonal fill), or both if they occurred during the same measurement interval (diagonal fill 511 

split). 512 



 

 

 513 

5.4. Dimensional Stability 514 

Dimensional stability is an important criterion for cementitious waste packages, ensuring that 515 

the grouted products maintain their long-term physical stability (upwards of hundreds of 516 

years) and that the external container remains uncompromised both structurally and 517 

dimensionally, with barriers against the mobilisation of radionuclides remaining intact for a 518 

maximised duration in an EBS [36]. Dimensional changes within cemented wasteforms, 519 

resulting from the formation of expansive phases, or drying shrinkage through water loss in 520 

non-saturated conditions, can lead to cracking of the resultant product if either expansion or 521 

shrinkage is excessive. 522 

 523 

All recorded measurements remained within ± 1000 microstrain 9 for the experimental 524 

duration 10, thus remaining within the suggested criteria, with microstrain generally appearing 525 

to plateau within this timeframe. Figure 9 shows an increase in microstrain with a gypsum 526 

content ˃ 15 %, with slight expansion occurring between 2 and 7 d before a gradual shrinkage 527 

rate. The greatest overall shrinkage occurs in 15 wt.% gypsum content mixes, most notably for 528 

those with the lowest water. This is not observed in higher gypsum mixes however, where in 529 

the highest water content mixes exhibit greater shrinkage. The rate of mixing shear has no 530 

impact at upon the dimensional stability of set products. 531 

 532 

This overall high dimensional stability suggests that a significant proportion of ettringite 533 

precipitation is occurring via a through-solution mechanism as opposed to topotactic. As 534 

described by Odler et al. (2000) [4], high aluminium mobility allows for the even precipitation 535 

of ettringite within the solution phase, wherein for the topotactic mechanism ettringite forms 536 

upon the surface of an anhydrous aluminous phase and exerts expansive stress by applying 537 

force to surrounding phases in the direction of its growth. Topotactic formation is encouraged 538 

by the concentration of calcium hydroxide (CH, Portlandite), of which only low concentrations 539 

have been identified, which would therefore favour the through-solution mechanism [4], [17]. 540 

Ettringite growth from points more evenly distributed throughout the high alumina phases or 541 

within the solution containing pore network will retain a products dimensional stability to a 542 

greater extent. 543 

 

9 Dimension stability is a strain measurement based on the change in length over a unit length, thus 1 microstrain 
= 1x10-6 m/m or 1x 10-3 mm/m, so 1000 microstrain = 1 mm/m. 
10 Facility opening days, impacted by Covid-19, limited days that data could be collected. Curing ≥ 90 d was a 
duration of ~ 110 d. 



 

 

 544 

Figure 9: Dimensional stability plot showing microstrain with time, comparing the different mixing variables. 545 

 546 

5.5. Product Strength 547 

The strength requirement for a grout product is considerably lower than that of a product for 548 

structural applications, with a historically accepted guideline as low as 4 MPa at 7 d and 7 MPa 549 

at 90 d for grouted ILW products [36], [37]. The external container contributes the load 550 

bearing capacity, with the product inside needing only to resist loss of integrity during 551 

handling and storage so as not to increase waste mobility. Nevertheless, strength development 552 

is symptomatic of the generation of a stable cementitious phase assemblage, wherein a 553 

decrease in strength may be a product of unstable phase development with the development 554 

of such undesirable product properties as increasing porosity or internal stresses. 555 

 556 

Products produced at the 3 L scale show the characteristic high early strength development of 557 

CSA systems with the production of ettringite, far exceeding the required strength given in the 558 

suggested criteria (Table 4). This initial 2 d strength is reduced with increasing water content, 559 

and to a lesser extent, with increasing gypsum content (Figure 10). An increase in the 560 

availability of water allows for a greater presence of free water, which leads to an increase in 561 

porosity within a system [51], [52], [53]. The increasing presence of gypsum will also 562 

contribute to the availability of water within the system, as well as potentially acting as a filler 563 

material that will not contribute to strength development if enough remains unreacted, as 564 

recorded in Nelson et al (2023) [17]. The relationship between w/s ratio and compressive 565 

strength development is demonstrated in the statistical analysis plot shown in Figure 11. 566 

Whilst an increase in water content does result in a decrease in the initial UPV value, 567 

correlating to the compressive strength results (Table 4), no relationship is seen with 568 

increasing gypsum content. There is also no relationship observed between mixing shear and 569 

developed product strength. 570 



 

 

 571 

The majority of strength development occurs within 7 d with the formation of ettringite, with 572 

a reduction in development rate as curing time progresses (Figure 10). This is also shown in 573 

the UPV values recorded. In some instances, a peak compressive strength is reached at 28 d, 574 

with a general slight reduction recorded at the ≥ 90 d timepoint. However, one mix, outside 575 

the recommended formulation envelope at 35 wt.% gypsum incorporation and 0.5 w/s ratio 576 

did exhibit a significant strength loss from 50.1 MPa to 34 MPa between 28 d and 90 d. This 577 

behaviour is not consistent with any mix variable, and even considering the reduction in 578 

strength recorded, values are still consistent with other higher water mix results at equivalent 579 

gypsum contents and higher than the 2 d value. It is also notable in this particular mix that the 580 

28 d strength far exceeds all other mixes with a gypsum content of ˃ 15 % or w/s ˃ 0.5 and 581 

could therefore be an outlier, with the compressive strength at 7 d and 90 d being 34.9 and 582 

34.0 MPa respectively. The UPV data for this mix also does not suggest an increase in porosity 583 

as a cause for this decrease in compressive strength as values remain consistent. In Nelson et 584 

al (2023) [17], 35% gypsum content was shown to produce the highest ettringite content at 90 585 

d of the formulation envelope tested, which could indicate that late stage ettringite growth is 586 

resulting in some internal stresses, though this is not demonstrated with any noticeable 587 

change in microstrain for this mix (Figure 9). Therefore, there is no variable presented in the 588 

phase assemblage [17], or in other experimental techniques such as the UPV or dimensional 589 

stability testing, that can account for this increase and later decrease in strength from this 590 

particular mix. The same formulation conducted with low shear also does not exhibit this 591 

behaviour. As compressive strength is a destructive testing method, it cannot be ruled out that 592 

this is specific to a particular set of samples tested on a certain date. Nevertheless, this 593 

particular formulation was not carried forward to later testing. 594 

 595 



 

 

Table 4: Compressive strength data and UPV data generated from products of mixes at the 3 L scale. Values are 596 

averages taken from across three cubes. 597 

Gypsum 

(wt.%) 

CSA 

(wt.%) 

w/s 

ratio 
Shear 

UPV (km/s) 
Compressive Strength 

(MPa) 

Age (d) Age (d) 

2 7 28 56 70 ≥ 90 2 7 28 ≥ 90 

15 85 0.5 Low 2.9 3.1 3.1 3.2 - 3.2 11 31.9 40.1 40.9 42.2 

15 85 0.5 High 2.9 3.1 3.3 3.3 3.3 3.4 31.0 43.9 50.4 50.6 

15 85 0.7 Low 2.5 2.6 2.7 - - 2.7 11 22.8 25.6 25.3 29.5 

15 85 0.7 High 2.5 2.7 2.7 - - 2.8 11 23.2 27.3 31.5 30.5 

25 75 0.6 Low 2.6 2.9 2.9 - 3.0 3.0 26.6 32.1 34.3 38.9 

25 75 0.6 High 2.7 2.8 2.9 2.9 - 3.0 23.0 29.0 37.7 35.2 

25 75 0.6 High 2.7 2.7 2.9 2.9 2.9 3.0 24.2 31.2 34.1 36.0 

35 65 0.5 Low 2.8 2.9 3.1 - 3.1 3.2 25.5 32.5 37.9 43.1 

35 65 0.5 High 2.8 3.0 3.2 3.2 - 3.3 26.7 34.9 50.1 34.0 

35 65 0.7 Low 2.6 2.6 2.7 2.8 - 2.9 11 18.8 20.6 23.6 29.6 

35 65 0.7 High 2.6 2.6 2.7 2.8 2.8 2.9 17.6 21.1 21.0 31.5 

 598 

 599 

Figure 10: Compressive strength development with time, comparing the different mixing variables. 600 

 601 

 

11 Facility opening days, impacted by Covid-19, limited days that data could be collected. Curing ≥ 90 d was a 
duration of ~ 110 d. 



 

 

 602 

Figure 11: Statistical analysis of compressive strength development with w/s ratio, shown with different curing 603 

durations. 604 

 605 

6. Results at the 500 L Scale 606 

6.1. Identified Formulations 607 

From the formulation envelope used in the 3 L scale mixes (Section 5), fluidity, setting, and 608 

heat of hydration properties aided the development of two mix designs, defined in Table 3, for 609 

assessment of the effect of high curing exotherms on product and microstructural properties 610 

at the 500 L scale. The influence of each property upon this development is discussed in their 611 

respective section. The defined formulations were produced to represent a higher (5G20, 20% 612 

gypsum w/s 0.65) and lower (5G35, 35% gypsum w/s 0.6) exotherm temperature mix design 613 

within the recommended formulation envelope. 614 

 615 

6.2. Fluidity 616 

In response to the results presented in Figure 4, the mix design for the subsequent two 500 L 617 

scale mixes feature a ≥ 20 wt.% gypsum addition and a w/s ratio ≥ 0.60 to retain a fluidity of 618 

> 500 mm Colflow throughout the full potential duration of a mix and hold-up. The w/s ratio 619 

was capped at 0.65 rather than 0.70 to reduce the inclusion of excess water in the mix, 620 

therefore reducing expected porosity and available water which may support metal corrosion 621 

reactions, whilst maintaining acceptable fluidity. Measurements taken from both 500 L scale 622 

mixes were both in agreement with Figure 4, with fluidities ˃ 1020 mm at t=0. This suggests 623 

that the fluidity will remain > 500 mm Colflow at t=150. 624 

 625 

6.3. Heat of Hydration 626 

At the 3 L scale, the inclusion of gypsum at a level ˃ 15 wt.% was shown to reduce the 627 

occurrence of an additional exotherm peak at between 8 – 16 h.  Alongside the envelope 628 



 

 

defined by the fluidity results (Sections 5.1 and 6.2), the decision to cap the w/s ratio at 0.65 629 

was also aided by the increased heat of hydration with increasing water content (Figure 6). 630 

 631 

Temperature profiles generated from the 500 L products (Figure 12) demonstrate that at this 632 

scale, product temperatures exceed 100 °C which will result in loss of water. These products 633 

were produced to test the limit of peak hydration exotherm and hence the thermal stability of 634 

ettringite in a theoretical neat cement product scenario with zero waste loading, a factor 635 

contributing significantly to the maximum product temperature achieved. Within each 636 

product, the most central point experiences the highest sustained temperature compared to 637 

the product extremities. Top and bottom sample temperatures were very similar; and are both 638 

represented closely by the minimum temperature curve. 639 

 640 

 641 

Figure 12: Temperature profile with time for 500 L products from mixes 5G20 and 5G35. 642 

 643 

6.4. Setting Behaviour and Bleed 644 

Lower availability of both water and gypsum was attributed to faster setting times at the 3 L 645 

scale (Figure 8). This again contributed to the selection of a higher water and gypsum content 646 

pair of formulations, albeit capped at 0.65 w/s as previously discussed. From samples taken 647 

from each 500 L mix, an initial set of between ≥ 2 and ≤ 3 h was recorded for mix 5G35, with 648 

the set of 5G20 exceeding operating hours, resulting in a recorded initial set span of ≥ 1 and ≤ 649 

18 h. It is likely that an initial set would be achieved in a similar timeframe to 5G35, with little 650 

difference observed at similar formulations at the 3 L scale. 651 

 652 

The result for 5G35 has therefore met the suggested ≥ 2 h initial set requirement, with the 653 

potential that 5G20 may have also achieved this timeframe. It is important to clarify that the 654 

setting time requirement is subject to an individual application, and therefore setting time 655 

alone may not rule out a formulation from future consideration. Final set of the 500 L product 656 
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was also achieved at between ≥ 4.5 h and ≤ 22 h (5G35), as well as ≥ 1 h and ≤ 18 h (5G20), 657 

meeting the < 48 h specification. Both mixes incorporated all the liquid component and 658 

generated no bleed. 659 

 660 

6.5. Product Strength 661 

At the 500 L scale, the effect of the temperatures reached during hydration produced obvious 662 

structural weakness in the overall product, attributed to thermal stress, with cracks present in 663 

both products. The 5G20 product, which experienced the highest temperatures, was weakened 664 

to a considerable degree more than 5G35 and fell apart into large sections upon demoulding 665 

at 7 d curing (Figure 13). This necessitated 5G35 to be demoulded at 6 d curing to observe 666 

whether it could be sent for sectioning, for which it was deemed suitable (Figure 14). 667 

Compressive strength values differ little between 28 d and 90 d, in line with the expected rapid 668 

strength development of a CSA system. In this instance, UPV values could not be linked to 669 

strength development, likely due to the small changes in strength between 28 or 51, and 90 d, 670 

and therefore little change to the densification of products and the corresponding UPV values 671 

(Table 5). 672 

 673 

Overall, 5G35 products have shown the greatest strength development, as would be expected 674 

given this 500 L product remained intact during demoulding. Products from 5G20 do not 675 

show any consistent behaviour based upon sample position, although both smaller cast 676 

samples did drop slightly in strength at 90 d. The 3 L mixes demonstrated that a reduced 677 

content of water, and to a lesser extent gypsum, both increased compressive strength 678 

development within that formulation envelope (Section 5.5). Despite 5G35 including a greater 679 

gypsum content, the lower w/s of 0.60 will reduce the availability of excess water, contributing 680 

towards greater compressive strength by producing a lower porosity matrix. The increased 681 

gypsum content also reduced the maximum exotherm temperature reached by reducing the 682 

overall ye’elimite content. Smaller cast cylinder products from 5G35 produced the highest 683 

compressive strength values encountered, likely due to the absence of introduced artefacts into 684 

the sample by the coring procedure as well as the exotherm temperature. The lowest 685 

compressive strength values originated from products taken from the central area of 5G20, 686 

which experienced the highest curing temperature. All results generated remain above the 687 

historically acceptable guidelines for product strength, however, the physical condition of 688 

5G20 would not be considered acceptable. Direct comparison against strength values 689 

produced from 3 L products is difficult given the coring/cutting procedures used on samples 690 

produced from these 500 L mixes, which may introduce artefacts in the specimens accounting 691 

for the generally lower values achieved. 692 

 693 



 

 

 694 

Figure 13: Demoulded 500 L product from mix 5G20 (left). Product broke up upon handling (right). 695 

 696 

 697 

Figure 14: Demoulded 500 L product from mix 5G35 (left). Product interior surface after sectioning (right). 698 

 699 



 

 

Table 5: Compressive strength data and UPV data generated from products of mixes at the 500 L scale. 700 

 701 

 702 

Figure 15: Compressive strength development with time for 500 L products. Sampling locations are denoted by 703 

symbols. 704 

 705 

6.6. Phase Assemblage 706 

6.6.1.  X-ray diffraction and Rietveld Analysis 707 

 

12 Omitted values correspond to coring at 51 d as opposed to 28 d, or failed samples prior to testing. 
13 5G35, one cylinder broke on demoulding and therefore, two 100 × 100 mm cylinders were tested at 28 d and only 
one cylinder at 90 d. 

Mix 

Reference 

Sample 

Location 

CSA 

(wt.%) 

Gypsum 

(wt.%) 

w/s 

ratio 

UPV (km/s) 
Compressive 

Strength (MPa) 

Age (d) 12 Age (d) 12 

28 51 90 28 51 90 

5G20 

Small Cast 

Cylinder 
80 20 0.65 2.9 - 2.9 26.1 - 25.6 

Small Cast 

Cylinder 
80 20 0.65 2.9 - 2.8 18.9 - 16.2 

Top 80 20 0.65 - 2.7 2.7 - 20.2 22.3 

Centre 80 20 0.65 - 2.7 2.5 - 11.6 15.4 

Base 80 20 0.65 - 2.7 2.6 - 19.6 22.6 

5G35 

Small Cast 

Cylinder 
65 35 0.60 2.9 - 3.0 28.0 - 31.6 

Small Cast 

Cylinder 
65 35 0.60 3.0 - - 30.4 - - 13 

Top 65 35 0.60 2.6 - - 19.0 - - 

Centre 65 35 0.60 2.7 - 3.0 22.4 - 28.9 

Base 65 35 0.60 2.8 - - 23.2 - - 



 

 

In the XRD data acquired from 5G20 and 5G35 samples (Figure 16), high intensity diffraction 708 

peaks are observed for the reaction product ettringite (155395-ICSD) [54], as well as residual 709 

unreacted ye'elimite (80361-ICSD) [55], α-belite (orthorhombic) (81097-ICSD) [56], β-belite 710 

(monoclinic) (81096-ICSD) [56], and gypsum (230283-ICSD) [57]. Qualitative visual 711 

observation indicates that the diffraction patterns are nearly identical for all samples in both 712 

mixes at both 28 and 90 d after curing, with the one exception being the observation of greater 713 

quantities of ye'elimite in the smaller scale cast cylinder samples. Gołaszewska et al. (2021) 714 

[48] notes the effects of elevated curing temperatures significantly accelerating the hydration 715 

of CSA pastes, which may account for the greater utilisation of ye’elimite, differentiating the 716 

smaller cast samples from the higher temperature 500 L product samples. 717 

  718 

 719 

Figure 16: XRD data for the 5G20 (left) and 5G35 (right) mix at the 500L scale cured for 28 and 90 d, with small 720 

cast cylinder, high temperature, and lower temperature sourced samples shown as marked. 721 

Quantification of the phase assemblage in these samples via Rietveld analysis identified a 722 

significant population of both ettringite and gibbsite, comparable with the phase assemblages 723 

of similar mixes identified in previous work [17], [39]. Within each mix, there is no discernible 724 

difference in the presence of ettringite, depending upon the exotherm temperature, at the 725 

curing time periods tested (Table 6). With some locations recording a temperature exceeding 726 

100 °C, this suggests that ettringite reformed following the exposure to a temperature range 727 

wherein it may dehydrate or decompose; a potential given the availability of water and gypsum 728 

[25], [26], [32]. Levels of monosulfate, one of the expected main decomposition products of 729 

ettringite, also does not vary with increasing temperature (Figure 17). 730 

 731 

Ettringite levels remain relatively constant with sample aging, with no suggestion of ettringite 732 

decomposition. Differences in ettringite content between 5G20 and 5G35 samples are likely 733 

therefore to be due to the increased availability of gypsum in 5G35 samples as shown in 734 

previous studies, and not related to temperature (Figure 18) [17], [39]. As shown in Figure 13, 735 



 

 

internal stresses as a result of the high temperatures reached by the 5G20 500 L product have 736 

resulted in structural failure upon demoulding. These stresses could be purely thermal, 737 

causing crack propagation whilst the product structure is still in early development. The phase 738 

assemblage shows little difference between higher and lower temperature samples, however if 739 

ettringite were to reform having been exposed to high temperatures, its reformation could 740 

contribute towards internal stresses depending upon how it reforms [25], [26]. Described in 741 

Odler (2000) [4], oriented ettringite crystal growth, as opposed to a through-solution growth 742 

mechanism, could contribute to expansion not observed in experimentation at lower 743 

temperatures. 744 

 745 

 Table 6: Rietveld analysis from 500L mix products.  746 

Mix & Sample 

Reference 
Days 

Percentage Present (%) 

Ettringite Gibbsite CSA Gypsum CSH Monosulfate C2S CH 

5G20 28 29 23 6 1 4 12 17 1 

(Max Temp) 90 29 22 7 2 4 12 18 1 

5G20 28 30 18 11 3 9 10 13 1 

(Min Temp) 90 30 23 10 2 4 12 13 1 

5G20 28 29 23 7 2 4 13 16 1 

(Small Cast) 90 30 23 7 2 4 13 15 1 

5G35 28 33 18 7 6 4 12 14 1 

(Max Temp) 90 37 17 7 6 4 11 11 1 

5G35 28 35 17 7 7 4 12 12 1 

(Min Temp) 90 35 20 7 6 4 11 11 1 

5G35 28 32 21 8 7 3 11 11 1 

(Small Cast) 90 32 21 8 7 4 11 11 1 

 747 



 

 

 748 

Figure 17: Phase assemblage plotted from Rietveld analysis of 5G20 at 90 d. 749 

 750 

 751 

Figure 18: Phase assemblage plotted from Rietveld analysis of 5G35 at 90 d. 752 



 

 

 753 

6.6.2. TGA 754 

From TGA data obtained for all samples (Figure 19), four mass loss events were observed 755 

during heating, corresponding to; dehydroxylation of ettringite (100–120 °C), 756 

dehydroxylation of monosulfate and dehydration of residual unreacted gypsum (150 °C), 757 

dehydroxylation of gibbsite (240 °C), and thermal decomposition of calcium carbonate (650 758 

°C). At each curing time, the mass loss and differential mass loss curves are very similar for all 759 

samples in both mixes. 760 

The only discernible difference is seen in the data for the 5G20 mix cured for 28 d, for which 761 

the smaller cast cylinder sample exhibited a greater mass loss attributed the dehydration of 762 

residual unreacted gypsum, or potentially the dehydroxylation of monosulfate. An increased 763 

presence of either of these phases compared to 500 L product could indicate lower system 764 

reactivity, leading to a greater residual gypsum content with less being consumed in the 765 

production of ettringite, as well as increased monosulfate production. This does align with the 766 

trend observed for the XRD data discussed above, wherein the higher temperatures reached 767 

during the curing period increases the reactivity of the CSA paste, given that enough gypsum 768 

should be available in the system for the preferential generation of ettringite over monosulfate 769 

even at 20 % addition [48]. There is, however, little indication of increased gypsum or 770 

monosulfate presence within the XRD data, although this may be affected in part by the degree 771 

of monosulfate crystallinity [17], [39], [58]. 772 



 

 

 773 

Figure 19: TGA data for the 5G20 and 5G35 mix at the 500L scale cured for 28 and 90 d, comparing small cast 774 

cylinder, low temperature, and high temperature sourced samples. 775 

6.6.3.  SEM-EDS 776 

Backscattered electron (BSE) SEM images and EDS mapping data show the characteristic 777 

elemental signatures for ettringite and gibbsite, as well as residual unreacted ye'elimite, belite, 778 

and gypsum. The presence of ettringite, gibbsite (aluminium hydroxide), gypsum (calcium 779 

sulfate), and belite can be clearly identified in Figure 20 by the presence or absence of 780 

elemental signatures. Intense S concentration, with absence of Si and Al, and a large consistent 781 

particle size with dissolved edges shows partially/unreacted gypsum. The darker, amorphous 782 

surrounding phase that is high in Al but with lower levels of Ca, S and Si, depicts aluminium 783 

hydroxide. Ettringite is best identified by the noticeable crystal growth in the image, in areas 784 

with low Si content, with belite (or its hydrate phases) identifiable by the inclusion of 785 

significant Si content. Qualitative visual observation of these images shows no significant 786 

difference in the microstructure or phases assemblage at 90 d between samples obtained from 787 

the highest point of the 500 L exotherm, lowest, and those not exposed to it. This aligns with 788 

observations from the above XRD and TGA data, wherein the phase assemblage appears 789 

consistent between samples exposed to different temperature profiles. Similarly, the size and 790 

distribution of phases, particularly the ettringite, also appears to be relatively consistent. 791 



 

 

 792 

Figure 20: SEM-EDS image of a sample sourced from the low temperature region of the 5G35 500 L product, and 793 

cured for 90 d, highlighting the visible phases that make up the majority of the phase assemblage. 794 

 795 

Figure 21: SEM-EDS images of 5G20 samples, cured for 90 d, sourced from the smaller cast cylinder sample (left) 796 

and the highest temperature region of the 500 L product (right). 797 



 

 

 798 

 799 

Figure 22: SEM-EDS images of 5G35 samples, cured for 90 d, sourced from the smaller cast cylinder sample (left) 800 

and the highest temperature region of the 500 L product (right). 801 

7. Conclusions 802 

Of the CSA formulations trialled, the mixes performed have demonstrated both desirable 803 

properties for all criteria, excluding that related to the generation of heat, as well as a 804 

consistent behaviour between 3 L and full 500 L scale trials representative of a typical IDM 805 

methodology.   806 

Such properties include: 807 

• The maintenance of fluidity for the total process duration (t=150) when w/s > 0.5. 808 

• Initial and final sets achieved within a desirable timeframe. 809 

• Acceptable mechanical strength results, decreasing with increased water content. 810 

• The absence of any bleed. 811 

• High dimensional stability. 812 

• An increase in ettringite content with increasing gypsum content in the mix design. 813 

 814 

The expected high temperature exotherms experienced by the neat, 500 L scale mix products, 815 

have demonstrated that whilst affecting product integrity, it has not noticeably impacted upon 816 

the phase assemblage produced following the 28 d minimum curing period. This is despite 817 

both 500 L products exceeding 100 °C in some areas, with no significant difference in 818 

ettringite content observed between regions. This suggests a degree of ettringite rehydration 819 



 

 

as well as reformation if ettringite has dehydrated under these conditions, given the 820 

availability of the necessary water as well as calcium sulfate. It also suggests that ionic species 821 

retention may persist under these conditions. Increased system temperature has also shown 822 

greater consumption of ye’elimite and gypsum. Cumulative heat of hydration was increased 823 

with the greater availability of water and reduced with the greater fraction of gypsum present. 824 

Mixing shear did not impact upon the cumulative heat of hydration after 24 h, but did increase 825 

the initial exotherm peak of the normalised heat flow. A gypsum content of > 15 % and < 35 % 826 

produced an additional exotherm peak, which is delayed and reduced with increasing gypsum 827 

content. 828 

 829 

Whilst the maximum temperature experienced by the 500 L products is not representative of 830 

a wasteform that will include a significant proportion of waste material, or an encapsulation 831 

grout containing predominantly SCM as currently employed, future study into the behaviour 832 

of CSA subjected to temperatures in excess of the stability of ettringite would be advantageous. 833 

This could be conducted with reference to interim and expected long-term storage 834 

environments, such as when part of an EBS within a GDF. Monitoring the early stage 835 

hydration of CSA and phase development, under the influence of high curing temperatures 836 

and other curing conditions, would allow for the mechanism behind whether ettringite is 837 

reformed or rehydrated to be deciphered. Furthermore, the study of the interactions between 838 

CSA and a chosen waste material, as well as any potential SCM, is required to enable future 839 

development and deployment. 840 
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