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Abstract 

There has been dramatic change in the operation of UK heavy industry over the past few decades, 

putting the availability of materials crucial to currently established Portland cement compositions for 

the application of radioactive waste encapsulation under question. The uncertainty surrounding the 

availability of these materials means that it is now viable for the nuclear industry to explore options 

with regards to successor cements, many of which are now in reliable and continuous supply, with 

demonstrable records of performance in experimentation and construction. This is an opportunity for 

investigation into cements that may not only be more sustainable, and therefore more likely to be easily 

obtainable for decades to come, but also those that may offer enhanced performance characteristics.  

This thesis aims to build upon the knowledge base of two potential cements for nuclear applications: 

calcium sulfoaluminate and metakaolin geopolymers. In collaboration with the UK nuclear industry, 

two large scale series of commercially available grout trials were conducted, followed by an extensive 

review of the phase assemblage in the context of the unique requirements for the encapsulation and/or 

immobilisation of radioactive waste. This represents a significant step in the maturity of both of these 

systems and their potential adoption by the industry, bridging the gap between small scale laboratory 

experiments and full-scale mix trials. The robustness of both systems was proved on a 90-day timescale 

and beyond, with a range of mixing variables appropriate for nuclear applications. 

Following this, the technology readiness level of each cement is considered, as well as the likelihood 

of these cements being adopted by the wider cement market so much as to ensure the security of their 

supply. Not only is this assessed in terms of the maturity of the technology, but also a discussion is held 

about the adoption of Portland cement almost two centuries prior, and the behaviour of heavy industry, 

particularly towards emerging technologies. Any similarities may then be drawn to better understand 

how the cements market might react in the future to these alternative binder systems. Both of these 

cement systems are actively being researched and have been used successfully. Calcium sulfoaluminate 

is of particular interest to the construction industry, with an increasing case portfolio of rapid set and 

strength gain applications, and a more familiar production and application method. 
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Thesis Introduction 

The 2022 UK Radioactive Waste Inventory details 5.1 million tons of material, ranging from spent 

nuclear fuel to contaminated material [1]. This inventory is uniquely diverse, as anything can be 

classified as a contaminated material if exposed to a source of radiation. Laboratory consumables, 

scientific equipment, tools, clothing, appliances, lubricants, windows, doors, plant machinery, concrete, 

and soil, are just some examples of material that is required to be isolated from the environment and 

disposed of. Accounting for estimated future arisings, the current total reported volume of radioactive 

waste equates to 4.58 million m3 of material [1]. Of this, <0.1% is classified as high-level waste (HLW) 

(see section 1.2) which incorporates the spent nuclear fuel and the majority of fission products [2]. 60% 

is classified as very low-level waste (VLLW, section 1.2) and is due for disposal via conventional means 

such as landfill with along with ordinary household waste. The leaves approximately 40% of the 

inventory which requires some form of encapsulation as part of an engineered barrier system, removing 

it from the wider ecosystems for sufficient time so allow for its radioactivity to decay to a level that 

poses no ecological threat to the environment [1]. Final disposal is due to be achieved using a near 

surface and deep geological disposal facilities where appropriate [3, 4]. 

The following results chapters focus upon cementitious alternative binder systems for the encapsulation 

of intermediate level waste (ILW, section 1.2). This work was done in collaboration between the 

National Nuclear Laboratory, the University of Sheffield, and Sellafield Ltd of whom operate the 

encapsulation plants that incorporate much of the UK’s ILW into wasteforms, ready for later GDF 

disposal. In these chapters the phase assemblage of calcium sulfoaluminate (CSA) (chapter 3) and 

metakaolin geopolymers (chapter 4) are examined when produced within a formulation envelope that 

has been developed to best suit the process requirements of ILW encapsulation. These studies were 

conducted to assess robustness of the alternative binder systems, through large scale trials with multiple 

mixing variables. This work was done in tandem of a more mechanical focused study done by NNL 

themselves, which together with the work presented here has allowed for the nuclear industry to 

evaluate the characteristics and performance of each cement grout system. 
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Furthermore, a key focus of this thesis is an attempt to understand why, despite both of these alternative 

cement systems having existed from at least the mid-20th century, they are still considered as alternative, 

or novel binder systems. First, a consideration is made as to how, and the timescale of how, Portland 

cement (PC) came to be the market dominator amidst the competition of the 19th century. This is 

followed by a brief look into the high alumina cement system which was adopted significantly in the 

20th century before being excluded from structural applications. Then, an examination through case 

studies is made towards the general behaviour of heavy industries like that of the cements and 

construction industries, as well as to how these conservative entities respond to disruption, due to 

innovative technologies or otherwise. 

Finally, a discussion is held upon the technology readiness level of these alternative cement systems. 

In order to be a viable alternative against PC for radioactive waste encapsulation, the materials must be 

commercially available for the long term to ensure a security of supply for long term operations. Their 

position to be adopted by industry and taken forward as a practicable and available product in the UK 

is evaluated.  
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Cement chemistry abbreviated notation is used throughout, where C represents CaO, A is Al2O3, S is 

SiO2, H is H2O, and $ or S̅ is SO3.  
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A note from the author: 

This publication features both the traditional English spelling of the element ‘sulphur’, as well as the 

internationally recognised spelling ‘sulfur’. This spelling of ‘sulfur’ has been used where possible and 

in publications with potential international reach, as it is the convention in a large proportion of the 

English-speaking world. This publication also uses the term Geopolymer to describe a low or negligible 

calcium containing alkali activated material. Otherwise, the term alkali activated material is used. 
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 Literature Review 

1.1.  Cement – A Brief Summary 

The international cements industry is overwhelmingly based on Portland cement (PC); a hydraulic 

clinker material produced from limestone and clay, or a material of similar composition, and 

interground with calcium sulfate [5]. An estimated 4 billion tonnes of cement are produced worldwide 

every year [6]. It has been claimed that concrete, the material produced upon the hydration of cement 

mixed with aggregate, is second only to water as the most used material on earth [7-9]. Assuming that 

concrete on average contains 250 kg of cement per m3, this equates to 2 m3 of concrete for every person 

on earth per year [6, 9, 10]. Now fundamental to the needs of the construction industry, concrete has 

been used as a building material for millennia. One of the earliest known examples is that of the fishing 

hut floor of Lepenski Vir, Serbia, which hosts a lime concrete floor dating back to as far as 5600 BC 

[11].  

PC was not the first commercially available cementitious material. What became to be known as 

‘Roman’ cement was patented in 1796 by James Parker, which consisted of septarian nodules found in 

London clay, broken and calcined at approximately 1000 ˚C before being ground to form a clinker [12, 

13]. Prior to this, the Roman empire developed its own concrete, using naturally occurring pozzolanic 

material, such as volcanic ash which is readily available in the Mediterranean, as the basis of what is 

now referred to as a lime-pozzolan cement [14]. Many of these impressive structures, like the Pantheon 

in Rome, are still standing after two millennia [15]. Comparable alkali-activated cement systems are 

now being investigated due to their lower carbon footprint compared to that of a Portland cement system 

[16]. Both of these alternative ‘Roman’ cement systems were side-lined once PC became the market 

dominator. 

Whilst PC was originally patented in 1824, it was not until approximately 30 years later that what can 

now be recognised to be a PC was first put into production – though the exact date and person 

responsible for this are still open to some interpretation [9, 11, 17, 18]. PC has evolved into the material 

we know today, often with small incremental changes and improvements made over its lifetime 
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encouraged through technological advancement and more demanding requirements [18]. This has 

resulted in a material that is cheap, practical, largely predictable, and that can be produced to numerous 

different specifications and classifications to fulfil a wide range of purposes [17]. 

The global cements industry has risen significantly within the past decade, with production rising from 

3.3 to 4.3 billion tonnes from between 2010 and 2020 [19]. In 2018, the Royal Institute of International 

Affairs [6] forecast an increase in global cement production from 4 billion to 5 billion tonnes in the next 

30 years, fuelled by the rapid rate of urbanisation in areas such as south east Asia, India, and China [6]. 

The 2018 United Nations World Urbanisation report [20] finds that 55% of the world’s population is 

now living in urban areas, up from 30% in 1950 and expected to climb to 68% by 2050, with India and 

China projected to contribute 416 million and 255 million more urban dwellers respectively [20]. A 

more recent 2021 report by the International Energy Agency [19] forecasts that in a net zero emissions 

scenario, cement production will plateau at approximately 4.3 billion tonnes as production in China 

reduces, offsetting the increased production in other markets [19]. China will still be the nation that 

produces the most cement, however, currently producing 55% of cement globally, followed by India 

contributing 8% [19]. 

The construction industry, as the dominant consumer of cement, has great influence over cement 

specifications, chief among which, due to the vast quantities of cement required to produce the 10 billion 

tonnes of concrete consumed annually, is that the unit price of cement has to be kept low. May 2019 

prices for a 50 kg bag of ordinary PC in Mumbai were in the region of £3.20 each when purchased in 

bulk, or £3.50 in 2022 [21]. In 2022, the price of one metric ton of PC was approximately $130 per ton 

[22]. In the UK, a single 25kg bag of general-purpose PC typically retails at approximately £5; however, 

the UK is primarily a user of ready-mix concrete that is mixed off-site and delivered [23]. The cost of 

concrete delivered to a construction site will be heavily dependent upon the specification, bulk quantity, 

delivery distance and ease of application. For example, if concrete is needed for floor laying within a 

structure or any site without vehicular access, the concrete may need to be pumped with additional 

equipment and adhere to flow characteristics that make it possible to do so. An approximate pricing 

structure is given in in Table 1. 
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Table 1: Ready-mix concrete pricing approximations for the UK calculated in both 2019 and 2022. Pricing is exclusive of 

delivery, value added tax, and other potential pricing variables [24, 25]. 

Strength (MPa at 28 days) 

 

Price per m3 (£) £/MPa.m3 

2019 2022 2019 2022 

8 80 100 10.00 12.50 

10 80 100 8.00 10.00 

15 85 105 6.00 7.00 

20 90 105 4.25 5.30 

25 90 110 3.60 4.40 

30 95 110 3.20 3.70 

35 100 115 2.90 3.30 

40 100 115 2.50 2.90 

45 105 120 2.30 2.70 

 

Due to PC being relatively inexpensive as a material, localised production is conducted where possible 

as it is often more cost effective than importation [9, 26]. Only a comparatively small 200 million tonnes 

of cement are exported each year globally, since keeping transport costs low is vital for maintaining the 

profitability of production [9, 27, 28].  The cements market is dominated globally by a small number of 

extremely large producers, with Swiss based company Holcim (formerly LafargeHolcim) having the 

greatest capacity [28, 29]. Although these large companies operate over multiple continents, there are 

some noticeable differences in how cement is produced and is carried out in different regions. The way 

in which cement is sold depends upon the gross domestic product (GDP) of a nation; the higher the 

GDP, the more likely that cement is sold in bulk as opposed to being sold in standardised bags of 25kg 

or 50kg [9]. For example, Sri Lanka in 2000 had 98% of all its cement sold in bags [9]. The same trend 

is then seen in the concrete market, in that the higher a nations GDP the larger its concrete market, 

meaning a higher proportion of cement is bought in bulk and sold as concrete to a consumer, as opposed 

to the consumer mixing and producing their own concrete from cement bags on site [9]. 
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The production of cement is highly established in Europe, with some manufacturing plants operating 

on the same site they have for several decades. Much of the development that led to modern grades of 

cement was carried out in Europe during the first and second industrial revolutions [11, 17, 30, 31]. 

This has led to many cement manufacturing plants having evolved and being upgraded over time, 

implementing new and upgraded systems into pre-existing infrastructure. Whilst this is a more 

economically viable way of keeping facilities competitive and keeping to efficiency requirements, 

compared to tearing down and rebuilding large portions of a cement plant, which would incur large 

investment and considerable down time, it does mean that the facility will be hindered by its older 

foundational infrastructure, restricting its output and efficiency capabilities [9]. Europe has some of the 

oldest cement plants in the world, and whilst they may still be profitable, they are outclassed by many 

of the more modern cement plants. A European cement plant capable of a one-million-tonne output 

capacity will likely require an investment in the region of approximately £150 million to start up, 

making cement production very capital intensive [9, 27]. 

In contrast to Europe, India and other large emerging economies have some of the most advanced 

facilities in the world, achieving unprecedented output and efficiency targets by taking advantage of the 

latest technologies and developments. These included the latest developments in dry kiln technology, 

more efficient pre-heaters, grinders, and separators, as well as modern instrumentation and control 

systems that allow for enhanced emission management [9, 32, 33]. With the recent requirement for 

enormous quantities of cement in order to fuel its rapid urbanisation and the expenses associated with 

importing cement, India has constructed brand new facilities where they are needed and in the vicinity 

of the raw materials required [33, 34]. 

In the context of cement for nuclear, the behaviour of the supply chain is an important element for 

decision making. The maturity of the European cements market is advantageous for its security of 

supply, however, as a relatively small volume user with very specific product requirements, the UK 

nuclear industry is greatly affected by its evolution. 
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1.2.  The UK Nuclear Industry 

With its development following the end of the second world war, the UK brought online the world’s 

first commercial scale civil nuclear reactor, Calder Hall, in 1956 [35]. Preceded only by the small 5 

MWe Russian Obninsk Nuclear Power Plant of 1954, Calder Hall’s four 60 MWe reactors provided 

electricity to the national grid until the site was shut down in 2003 [36, 37]. Calder Hall 1, the first 

reactor to come online in 1956, operated for 47 years; a significant achievement given that the intended 

lifespan of a Magnox reactor was just 25 years, and which was achieved by every unit in the UK [38, 

39]. The UK civil nuclear program was an offspring of its nuclear defence program, with the Calder 

Hall program being given the code name ‘PIPPA’ – standing for Pressurised Pile Producing Power and 

Plutonium [40]. 

For a time, the UK pushed for innovation in a number of fields, chief amongst which were its nuclear 

fuel reprocessing and fast reactor programs [40]. Both of these programs aimed to further a more 

efficient use of nuclear fuel, as global reserves of viable fissile material are finite [41, 42]. Nuclear fuel 

reprocessing allows for the removal, reconditioning, and re-use of nuclear fuel from a quantity of spent 

fuel that has served in a reactor core, of which 97% can typically be reprocessed for further use [43]. 

Fast reactor technologies allow for a more efficient use of nuclear fuel and can also break down some 

of the more problematic long-lived radionuclides, thereby reducing the long-term activity of a waste 

stream. Fast breeder reactors, such as the Prototype Fast Reactor at Dounreay, are capable of producing 

more fissile material than is consumed in the operation, by converting reprocessed fertile waste material 

into fissile material [44, 45]. 

The nuclear fuel cycle (Figure 1) illustrates the production of fissile fuel material, as well as the possible 

outcomes once that material has been used in a nuclear reactor. In an open nuclear fuel cycle, spent fuel 

is conditioned and then disposed of, whilst in a closed nuclear fuel cycle, fuel is reprocessed to conserve 

material reserves and reduce the volume of waste produced (Figure 1) [46-49]. The unfortunate 

drawback of much of this pioneering work, much of which stems from the early days of nuclear 

engineering, is that the UK now has a large quantity and huge variety of often complicated nuclear 

wastes [50].  
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Figure 1. Depiction of the nuclear fuel cycle, showing both the open and closed cycle routes [49]. 

Towards the end of the 20th century the civil nuclear industry suffered a global decline. High profile 

incidents such as those at the Three Mile Island and Chernobyl nuclear power stations severely damaged 

the reputation of nuclear power generation, with many losing faith in the safety of the industry. Denmark 

and Ireland have gone so far as to outlaw the production of electricity through nuclear means within 

their borders, and Italy held a referendum in 1987 to phase out its nuclear power production following 

the 1986 Chernobyl disaster, which was reaffirmed in 2011 with a 94% majority [51-54]. The rising 

cost of building and running nuclear power facilities also became a limiting factor; whilst fossil fuel 

fired power stations at the time offered cheap, reliable, and easily adaptable electricity [55]. 

The start of the 21st century has, however, seen nuclear power return to the political agenda. A new 

generation of reactors are being put forward, and for the first time in decades, new nuclear power 

stations are currently under construction in the UK [56]. The requirement for high energy production 

with low associated carbon emissions has potentially made new-build nuclear a viable option again 
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[55]. Whilst more conventionally sized facilities, like Hinckley Point C in Somerset are being pursued, 

new small modular reactor designs offer an interesting alternative. Their modular nature reduces the 

cost of construction and decommissioning significantly, potentially greatly increasing the financial 

viability of such reactors [57]. 

Key to the viability of nuclear power, and what is likely to be the main contentious issue, is how the 

nuclear waste produced is managed. Historically, in the UK much of the nuclear fuel has indeed been 

reprocessed to produce new fuel elements, however since 2022 the UK’s reprocessing efforts at 

Sellafield have now ceased. This is due to both a downturn in the demand for processed fuel resulting 

in the closure of thermal oxide reprocessing plant (THORP) in 2018, and the completion of the 

reprocessing of the Magnox fuel stockpile in 2022 [58, 59]. The tailings from the reprocessing 

operations, as well as materials that have come into contact with radioactive substances, such as fuel 

rod cladding, laboratory equipment, and handling equipment, must also be disposed of. Of particular 

importance, due to the large amount of diverse nuclear legacy facilities, is the waste produced from 

decommissioning [1, 50]. The UK radioactive waste inventory is divided into four subcategories (Table 

2) [4, 60, 61]: 

Table 2: The UK radioactive waste four subcategories, accounting for radioactivity and heat generation [2, 4, 60, 61]. 

Category Definition Further Details 

High Level 

Waste 

(HLW) 

Exceeding 4 GBq per tonne of 

alpha activity, or 12 GBq per 

tonne of beta/gamma activity, 

with a risk of a significant heat 

output. 

HLW, consisting of material from spent nuclear fuel, 

a significant proportion of which has been reprocessed 

in the UK to remove uranium and plutonium. The 

majority of materials therefore are transuranic 

elements as well as fission products such as caesium-

137, strontium-90 and iodine-129. These are vitrified 

into 150 litre stainless steel canisters and kept in an 

air-cooled intermediate storage facility for 

approximately 50 years. This allows for the material 

to cool and the activity to decrease, improving the ease 

of transport for disposal in a geological disposal 

facility or similar engineered facility. 
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Intermediate 

Level Waste 

(ILW) 

Exceeding 4 GBq per tonne of 

alpha activity, or 12 GBq per 

tonne of beta/gamma activity, 

without significant heat output. 

ILW contains material such prepared metal fuel 

cladding swarf, graphite moderator, and other 

contaminated materials such as by plutonium, 

caesium-137 and strontium-90. This is encapsulated in 

grout within 500 litre stainless steel drums and stored 

in an intermediate storage facility. Final disposal will 

take place within a geological disposal facility or 

similar engineered facility. 

Low Level 

Waste 

(LLW) 

Not exceeding 4 GBq per tonne 

of alpha activity, or 12 GBq per 

tonne of beta/gamma activity, 

without significant heat output. 

LLW, lower activity contaminated materials or 

disposables, such as soils and spent infrastructure, is 

grouted in large steel ISO shipping style containers, 

and stored in a low-level waste repository site near 

Drigg, Cumbria. Once enough containers are in place 

within a vault, a concrete lined open plan pit, the vault 

is capped with a series of layers such as impermeable 

clays and soil. 

Very Low-

Level Waste 

(VLLW) 

Below 4 GBq per tonne of alpha 

activity, or 12 GBq per tonne of 

beta/gamma activity, by a 

significant margin, with no heat 

output. 

VLLW, such as concrete rubble, soil and building 

materials from decommissioned sites, is often 

appropriate for disposal in common landfill sites. 

Otherwise, the waste is disposed of as if it were LLW. 

 

The UK as yet has no long-term storage for its stockpiles of conditioned and prepared HLW and ILW 

[60]. The proposed solution is a deep Geological Disposal Facility (GDF); a network of concrete vaults 

between 200 m and 1000 m underground so as to be positioned beneath the water table, in which the 

wasteform containers will be entombed in a cementitious or clay backfill and contained within the vault 

housed in the host bedrock [3, 62, 63]. 

A GDF is internationally recognised as the safest storage solution for intermediate and higher-level 

radioactive waste materials [3, 50]. Having been first officially recommended to the UK government in 

2006, following the investigations of the Committee on Radioactive Waste Management (CoRWM), a 

policy of deep geological disposal has since been adopted by UK and Welsh governments. The Scottish 

government recommends a closer-to-surface facility instead, located in proximity to where the waste 
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was generated [64]. There are no plans for a GDF in Northern Ireland, with its policy regarding a GDF 

as of yet unannounced [64, 65]. 

The UK government is committed to a policy of community engagement, not wishing to force a GDF 

upon a population without the general consent of nearby residents, local councils, and relevant 

governing bodies [64, 66]. The latest renewed effort began in 2018, following a failed 2013 vote by the 

Cumbria County Council, resulting in their withdrawal from that iteration of the process [67]. Areas 

with potentially suitable host geology have had preliminary investigations, with working groups and 

latterly community partnerships currently established in two areas along the Cumbrian coast, mid and 

south-Copeland, as well as Theddlethorpe on the Lincolnshire east coast.  

Suitability investigations and community outreach projects are currently ongoing in all three potential 

areas. Seismic testing has been conducted in the Irish sea off of the Cumbrian coast, allowing for a 

better understanding of the geological suitability undersea as sites may extend up to 12 nautical miles 

from the coastline [64, 68]. Preparations have also been made for bore hole trials, with work conducted 

into how these holes will be sealed afterwards, before applications for drilling are made [69]. Crucially, 

however, no GDF sites have yet been formally identified; only potential areas [69]. 

The lack of a GDF is holding back the development of the nuclear industry in the UK. Without a means 

of disposing of all categories of radioactive waste, the UK cannot deal with its stockpile of legacy waste 

and does not have a completed nuclear fuel cycle. This can be interpreted as a reason for not investing 

in the next generation of nuclear reactors. 

 

1.3.  Cement in Nuclear 

Cement is used by the UK nuclear industry for the encapsulation and immobilisation of radioactive 

material of intermediate and low-level classification (Table 2). The high fluidity achievable when using 

a cementitious grout allows for the encapsulation of large volumes of often very fine and complex waste 

items, resulting in a dense barrier that acts as a radiation shield and works to contain more mobile 

radioisotopes and materials effectively. A waste material may be encapsulated or immobilised in the 
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cement matrix; immobilisation requires the waste to react in some way with the cement matrix in order 

to be retained within its structure, and encapsulation is the isolation of a waste by completely 

surrounding it. A waste material with highly mobile radioactive constituents, such as an actinide-

containing floc, requires immobilisation to keep it retained within the wasteform [70]. In currently 

employed cement formulations, C-S-H with its intrinsic nano porosity provides a large surface area and 

potential sorption sites able to accommodate radionuclides such as the fission product 137Cs, wherein 

they are retained by weak electrostatic interactions between the species and the cement phase offering 

high retention over prolonged periods [71-74]. Other phases, such as the AFm phase calcium 

monosulfoaluminate, may also host anions via sulfate site substitution, or solid solution, such as Cr(IV) 

[75].  

Concrete is an effective shield against radiation and has been used extensively in nuclear construction 

since its inception. Properties such as its compressive strength will, however, be negatively affected 

with a sufficient dose [75-77]. The radiolysis of water within the system, resulting in the release of 

hydrogen, is also a factor that must be considered [17, 78-80]. 

The UK operates three means of encapsulating and immobilising waste in cement at its Sellafield site: 

grout infilling, in drum mixing, and supercompaction annulus grouting [81]. Grout infilling relies upon 

the fluidity of the cement grout to adequately surround the individual pieces of material within a 

containing drum. The drum can be vibrated in order to help the grout fill voids, displacing any pockets 

of air that may exist in between the pieces of waste. Fuel rod cladding, ILW from Magnox and 

Advanced Gas-cooled Reactors (AGR), is encapsulated using this method. The cladding is cut into 

small sections to form hulls, for increased packing efficiency of the wasteform [82]. Once the grout has 

set, the wasteform may be capped with a Pulverised Fuel Ash (PFA) blended PC grout. The system feed 

lines are also pigged, which involves bungs being sent through the feed lines to clear out any remaining 

residue from the system. These are then left within the grouted wasteform. For LLW, this same method 

is carried out on a much larger scale without vibration, using a superplasticised PFA-blended PC grout 

[83, 84]. 
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In drum mixing is a method of waste immobilisation within a cement matrix and is similar in many 

respects to the grout infilling method. Waste slurries, such as barium carbonate and iron hydroxide 

flocculate, are mixed into a grout within the container with a paddle. The paddle is left in situ, and after 

which the wasteform may be capped with a grout. Supercompactation involves contaminated wastes, 

such as used lab equipment and personal protective equipment (PPE) that has come into contact with 

radioactive material, being placed into a 200 L mild steel drum which is then subsequently compacted 

into a cylindrical puck. Several of these pucks are then placed in a 500 L waste container that is 

subjected to grout infilling performed using an annulus, wherein the grout in poured in a ring around 

the pucks . 

UK nuclear encapsulation procedures currently exclusively use PC blended with either Ground 

Granulated Blast Furnace Slag (GGBFS) or PFA [81]. Blast furnace slag (BFS) is a by-product 

generated from the smelting process of iron ore and is a glassy source of calcium oxide, alumina and 

silica [85]. PFA is the ash produced from fossil fuel fired furnaces, which in cement comes from coal 

fired power stations and contains significant quantities of aluminates and silicates (BS EN 197-1) [5, 9, 

86]. BFS is latently hydraulic and hydrates much slower than PC, facilitated by the alkalinity of the 

pore solution generated upon the hydration of PC,  [81, 85]. Siliceous PFA is pozzolanic, reacting with 

the presence of calcium hydroxide [87]. 

In construction, BFS and PFA are used to increase the resistance of a cementitious material against 

aggressive chemicals such as chlorides, reducing their mobility and therefore their corrosive potential, 

improving the durability of the system [81, 88, 89]. Substituting PC for some BFS and PFA is also a 

means of reducing the temperature of the hydration reaction which is very important in large volume 

applications. High temperatures can result in a loss of water, allowing the grout to dry out, crack and 

ultimately fail in encapsulating the wasteform. High temperatures may also result in thermal stress 

cracking. Cement encapsulation is not used for the direct treatment of HLW, but as part of an engineered 

barrier system, since the significant heat output the HLW generates may disrupt the hydration of the 

cement [88]. 



35 

PC, BFS, and PFA particle size distribution (PSD) are important for the usability of a cement blend 

[90]. Too small a particle and it may react too fast and reduce the time in which the grout has an adequate 

flow property; too large and it may not react, acting only as a filler. PSD also has a significant impact 

upon the water demand and particle packing of a system, affecting the grout fluidity and its potential to 

bleed water from its pore network. 

Modern PC (BS EN 197-1 CEM I 52,5N) and GGBFS (BS EN 15167-1 GGBS) typically has a much 

finer PSD than those available 30 years ago, with a more reactive product and a faster setting time being 

generally more desirable for the construction industry, whilst also making up for the increasing content 

of lower reactivity supplementary cementitious materials (SCM) [81, 91]. Alternative fuels with a 

higher chloride content are also more commonly used in PC manufacturing, increasing the chloride 

content within materials which may increase the corrosion potential within wasteforms over their 

centuries-long lifespan [81]. 

The nuclear industry historically required a minimum of 150 minutes of high grout fluidity in order to 

be able to produce and test the grout in an inactive area, before pumping it to the active working area 

for it to be used for grouting the wasteform . Current encapsulation efforts in the UK are set to standards 

of material that are no longer as widely available as they once were, and getting material to the current 

standards has become more difficult due to economic changes, industrial change, and changes in 

standards [81, 91]. Encapsulation procedures also use far more BFS and PFA blended with PC than 

would typically be employed in other applications, with a BFS/PC ratio of between 2.3 – 9 (Magnox 

encapsulation plant grout), and a PFA/PC ratio of 2.3 – 4 (capping grout) [81]. 

There are numerous other requirements for cement to give acceptable encapsulation of waste, including 

the heat generated during hydration. The strength of the grout must also be adequate to cope with the 

wasteform being handled. The hardened grout will have a degree of porosity, allowing any gases 

produced to escape such as through radiolysis or decay, but either too much porosity or pores that are 

too large will increase the mobility of radioactive species. Water retained in the pores will be the main 

mechanism for the transportation and potential escape of radioactive species, with any cracks or large 
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pores aiding this transportation through an increase in permeability. Therefore, free water must be kept 

to a minimum to reduce any bleed water from the mortar. Free water is also capable of radiolysis in a 

radioactive environment, producing hydrogen. However, sufficient water must be present for proper 

hydration and also to obtain the desired flow properties. The flow must be adequate enough to envelop 

all of the individual pieces of waste without leaving voids, but a flow with too little viscosity may cause 

the grout to splash within the active work zone and will likely exhibit a bleed [74, 91]. 

The set of the grout must take place within an adequate timeframe, retaining its flow properties for a 

minimum of approximately 150 minutes and setting within 48 hours. Whilst a set that occurs too quickly 

would be problematic and could severely damage equipment in an active zone, a set that is too slow is 

a waste of time and will slow down the rate at which waste can be processed. The setting process must 

also be dimensionally stable; expansion could pressurise the container and may cause the set grout to 

fail, increasing the mobility of the waste, with shrinkage also increasing the mobility of the waste within 

the container [74, 91]. 

The pH level of the waste encapsulant is a key factor in its long-term effectiveness, as there is the 

potential for different metallic wastes to react within a certain pH environment, generating gas and other 

corrosion products that will cause the wasteform to expand. Significant expansion is likely to cause 

cracking and failure within the waste form and potentially the containment vessel itself, greatly 

increasing the mobility of contained waste [74]. 

One important issue with the encapsulation method is that encapsulating a wasteform increases the 

volume of that waste, which in turn increases the requirement for the size of storage. This is an issue 

given that the UK has no current long-term storage facilities for ILW [88, 92, 93]. 

 

1.4.  Cement Classification Overview 

The following is an introduction into the cement systems that will be covered or referred to throughout 

this thesis. Further details are given within respective chapters. 
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1.4.1. Portland Cement 

Portland cement (PC) is the clinkered product of calcium carbonate and aluminosilicates, which are 

typically supplied in the form of limestone and clay (hydrous aluminium phyllosilicates). 

Manufacturing takes place in regions where both of these materials are in close proximity, for example; 

between the counties of Kent and Essex in the UK, chalk and alluvial mud are readily available, whilst 

in Derbyshire, blue Liassic limestone and shale are most prevalent [94]. Other minor ingredients such 

as iron ore, blast furnace slag, or bauxite can also be included if these components can make up for a 

deficiency of one necessary constituent, for example iron, within the raw materials presented. 

The more modern and energy efficient method of clinkering is to process the material dry (Figure 2). 

First, the raw materials are crushed and blended together, before entering a preheater. The preheater, 

which utilises hot gases from the later rotary kiln wherein the powders are introduced to a series of 

gravity fed cyclone chambers, heats the material to approximately 800 °C before ejection, resulting in 

around 40% of the calcium carbonate being decarbonated to produce lime (CaO) and CO2. Many rotary 

kilns are also preceded by a precalciner, heating the material to 900 °C and increasing the lime 

component to upwards of 90% and reducing the processing time required in the rotary kiln [95]. 

The rotary kiln is typically a 100 m long cylinder, angled slightly downwards at approximately 3°, that 

rotates at a maximum of 4 rev/min. Material flows slowly against the flow of hot air, towards the flame 

of the kiln located at the bottom end. Towards the cooler end of the kiln, the calcination of any remaining 

calcium carbonate occurs, as well as the decomposition of aluminosilicates, followed by the reaction of 

the produced components to give belite, aluminate and ferrite phases. Upon exceeding 1350 °C, 

clinkering occurs, where a melt is formed, from which a majority of the belite and lime react to produce 

alite. Upon exiting the kiln, the clinker undergoes a controlled cooling, allowing for the crystallisation 

of the aluminate and ferrite phases and the production of the desired polymorphs of alite and belite [9, 

95, 96]. The clinker nodules are then ground and blended with additives such as calcium sulfate. 
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Figure 2: Simplified diagram illustrating the dry Portland cement clinkerization process, based upon the description of Taylor 

et al. [95]. 

The hydration of PC occurs through the dissolution of clinker phases. Ions then rearrange within the 

solution phases, eventually forming solid hydrate phases. At the first instance of the wetting of the 

clinker phases, the dissolution of alite (C3S) begins, alongside that of tricalcium aluminate (C3A), which 

reacts rapidly to form ettringite in the presence of calcium sulfate supplied, for example, by gypsum 

(Eq. 1.1.) [97, 98]. 

C3A + 3C$ + 32H → C6A$3H32 

(Eq. 1.1.) 

The rapid formation of ettringite provides the initial set of PC, however; the formation of calcium 

aluminate hydrate metastable phases in the presence of insufficient calcium sulfate can cause a flash 

set, wherein a rapid set occurs with poor ultimate strength [99]. The optimum amount of calcium sulfate 

acts as a retarder, slowing the hydration of C3A by the adsorption of sulfate ions upon its surface, 

allowing for the precipitation and growth of ettringite crystals, whilst ensuring the desired workability 

and strength characteristics are retained [98, 99]. More information on ettringite is found in section 

1.4.2. If the alumina/sulfate ratio is too high, ettringite is consumed to form monosulfoaluminate (Eq. 

1.2.) [5]. 
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2C3A + C6A$3H32 + 4H2O → 3C4A$H12 

(Eq. 1.2.) 

The hydration of alite occurs not long thereafter, with the formation of calcium silicate hydrate (C-S-

H) and calcium hydroxide (CH) also known as portlandite (Eq. 1.3.) [100].  

C3S + 5.3 H → C1.7SH4 + 1.3CH 

(Eq. 1.3.) 

Alite contributes the majority of the overall strength through the production of C-S-H, and its products 

make up the majority of the PC phases formed. CH contributes little to the overall strength, but is 

responsible for the approximate pH 13 of the pore solution which allows for the passivation of steel 

reinforcement and the pozzolanic reaction of SCM such as fly ash [100, 101]. The understanding of the 

exact mechanism behind the hydration of alite is still under development [102]. Belite hydrates over a 

much longer timescale than alite, contributing to long term strength development, forming a much 

greater proportion of C-S-H than CH in comparison to alite (Eq. 1.4.) [100]. 

C2S + 4.3 H → C1.7SH4+ 0.3CH 

(Eq. 1.4.) 

1.4.2. Calcium Sulfoaluminate Cements 

Calcium sulfoaluminate cements (CSA) are a group of hydraulic clinkers that contain a significant 

quantity of ye’elimite (also known as Klein’s compound or in itself as calcium sulfoaluminate). CSA 

cements also commonly contain a significant quantity of belite, but can also contain ferrite, ternesite, 

and in some cases alite. CSA production typically includes limestone, an alumina rich material such as 

bauxite, alumino silicate clay, calcium sulfate, and iron ore [103]. 

The clinkering temperature for CSA is lower than for PC, at approximately 1250 °C depending upon 

the composition [104]. Like PC, hydration occurs through the dissolution and reformation of phases 

through a series of exothermic reactions. The main hydration products of ye’elimite are ettringite 

(C3A·3C$·32H) and aluminium hydroxide (AH3). Hydration requires an addition source of calcium 

sulfate in order to form ettringite, such as anhydrite (Eq. 1.5.) or gypsum (Eq. 1.6.). 
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C4A3$ + 2C$ +38H → C3A·3C$·32H + 2AH3  

(Eq. 1.5.) 

C4A3$ + 2C$H2 +34H → C3A·3C$·32H + 2AH3  

(Eq. 1.6.) 

If insufficient calcium sulfate is available but there is still available free water, the calcium 

monosulfoaluminate AFm – mono – phase  is formed in its stead (Eq. 1.7.) [105] 

C4A3$ + 18H → C3A·C$·12H + 2AH3 

(Eq. 1.7.) 

Ettringite is an AFt – tri – phase, forming crystals in long hexagonal prismatic columns with a water 

content of 30 – 32 H2O moles per mole of Al2O3 [106, 107]. AFt, or alumina-ferric oxide-tri phases, are 

characterised by the form of these columns and associated channels in the intercolumnar space. These 

columns then arrange around sulfate molecules, with additional water also inhabiting the channels in-

between columns (Figure 3) [108, 109]. Hydration of ye’elimite occurs quickly, leading to high early 

strength characteristics achieved with ettringite [110]. Alternatively, AFm, or alumina-ferric oxide-

mono phases are formed in a layered structure [109]. 
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Figure 3: The crystal structure of ettringite as given in Cody et al. [108]. Image A shows the ettringite column structured 

crystals in a hexagonal prismatic structure extending along the c-axis. Image B then shows the arrangement of these columns 

from a top down view, surrounding sulfate molecules [108]. 

As the main strength giving phase, the stability of ettringite is an important topic when discussing CSA 

and is in part a function of temperature and water vapour pressure. Zhou et al. [111] explain the 

hysteresis loop shown in Figure 4, as the dehydration of ettringite into meta-ettringite. Meta-ettringite 

has a water content of 9 – 13 H2O per mol of Al2O3. In that study, each synthetic ettringite sample was 

contained at a fixed temperature, with a controlled flow of water vapour in nitrogen over the sample to 

maintain a fixed water vapour pressure over a period of up to 2 weeks. Dehydration is shown to occur 

when the water vapour pressure is 75 mmHg  (10 kPa) and the temperature is above 75 °C, and at 400 

mmHg (53 kPa) when the temperature exceeds 85 °C [106, 111]. The conversion to meta-ettringite 

occurs though dehydroxylation, where water molecules are removed. The distance between ettringite 

cation columns is reduced, forming an amorphous phase due to the loss of crystallinity, whilst still 

retaining the ettringite needle structure and the same Ca/Al/S ratios [112, 113].  
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Zhou et al. [112] describe the formation of meta-ettringite from ettringite as topotactic, as the crystal 

structure is retained in all 3 dimensions when the water molecules are removed [112]. This process is 

reversible and is highly temperature dependent. Ettringite will reform from meta-ettringite and remain 

stable if environmental conditions re-enter the zone of reformation, and ettringite will decompose into 

meta-ettringite if conditions are within the zone of decomposition. The area between these two zones 

represents when both ettringite and meta-ettringite will remain stable if they are present [111]. 

 

Figure 4: Data from Zhou et al.[111] showing the hysteresis loop of stable and reformation area for ettringite (far left zone), 

the area of the potential conversion to meta-ettringite (central zone), and the area of ettringite decomposition (far right zone), 

with a temperature uncertainty value given in parenthesis for each datapoint [111]. 

Baquerizo et al. [106], Figure 5, demonstrates a slight change to the model presented in Figure 4, with 

a larger area of reformation below 60 °C but the same exponential relationship between temperature 

and the availability of free water [106]. This relationship is being studied further, as the thermodynamic 

properties of meta-ettringite has been cited as being in need of future study, which will allow for more 

accurate prediction of this behaviour [114]. Temperatures in excess of 100 °C can also cause the 

decomposition of ettringite to calcium monosulfoaluminate (monosulfate), an AFm –mono– phase, with 

the precipitation of calcium sulfate [111, 115]. In solution, ettringite and monosulfate have also shown 

to be stable up to 100 °C [116, 117]. Although observed as a product of ettringite decomposition, 

monosulfate can also be converted to ettringite in the presence of excess calcium sulfate; this 

mechanism is sometimes known in PC chemistry as delayed ettringite formation, and can also result 
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from sulfate attack [118]. The process of ettringite being formed, as an expansive product, after the 

system has set and hardened has the potential to cause internal stress [119]. This can lead to cracking 

and a reduction in the mechanical properties of the paste, as larger ettringite crystals form in space 

previously occupied by monosulfate [115]. 

 

Figure 5: From Baquerizo et al. [106] showing the hysteresis loop with the reformation area for ettringite (far left zone), the 

area of ettringite stability (central zone), and the area of ettringite decomposition (far right zone) similar to that presented in 

Zhou et al. [111]. The “theoretical zero” curve is a boundary between expected zones of ettringite stability and decomposition 

[106]. 

As opposed to using a pure synthesised ettringite, Ndiaye et al. [113] used a commercially available 

CSA powder with composition similar to that of the Alipre used in chapter 3, with a 20% anhydrite 

addition. Under dry conditions (3 – 8% relative humidity) ettringite only began to form meta-ettringite 

at 50 °C and would reform if hydrated through many cycles [113]. Jiménez et al. [120] also conducted 

experiments using synthetic and naturally occurring ettringite. Synthetic ettringite began to decompose 

below 50 °C, whilst naturally occurring ettringite remained stable up until 75 °C, under uncontrolled 

atmospheric conditions [120]. Similarly, Yuke et al. [121] found that ettringite synthesised through 

hydration, as opposed to through solution synthesis, both had a lower mass loss and lower rate of mass 

loss under thermal decomposition. It is as yet unclear if the presence of meta-ettringite is detrimental to 

CSA in terms of strength, dimensional stability, or the retention of radionuclides. Brown et al. [122] 

report that ettringite formation and stability appear to be less favourable in increasingly alkaline 
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solutions, with further studies reporting that ettringite is however stable between a pH of 9 and 13.4 

[116, 122, 123].  

Belite, or dicalcium silicate (C2S), hydrates slowly to form either calcium silicate hydrate (C-S-H) (Eq. 

1.8.) or the silica-substituted AFm phase strätlingite (Eq. 1.9.) [5, 107]. 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. 1.8.) and the corrosive potential of some encapsulated metals. However, 

the hydration of belite in the presence of a high concentration of aluminium rich amorphous hydrates, 

such as aluminium hydroxide, encourages the formation of strätlingite over C-S-H (Eq. 1.9.) [103, 124] 

C2S + 2H → C-S-H + CH 

 

(Eq. 1.8.) 

C2S + AH3 + 5H → C2ASH8 

 

(Eq. 1.9.) 

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 [125]. Kaufmann [115] also suggested that belite content in CSA may hinder the 

formation of monosulfoaluminate. 

 

1.4.3. Alkali Activated Materials 

Alkali activated materials (AAM) is a term used to describe the product of a silicate powder precursor, 

which when combined with an alkali solution forms a gel structure. This general term encompasses a 

huge variety of precursors and alkali activators, of which many may be in the form of industrial wastes, 

chemical by-products, or naturally occurring resources. 

A precursor can be in the form of a calcium silicate, though many are aluminosilicates; with blast 

furnace slag, fly ash, or calcined clay being some well-known examples. In order for the precursor to 

be activated, it must receive the alkali metal cations from, and begin dissolution with, the activating 

solution. The alkali activator must also therefore be sufficiently soluble so as to generate the solution, 

as well as raising the solution pH enough to begin the reaction of the mixture [14]. A typical activating 
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solution is sodium silicate with sodium hydroxide, the later component increasing the system pH and 

allowing for the enhanced dissolution of the precursor [126]. Alkali activation is not just confined to 

AAM, however; within PC, pozzolanic (silicate) material is activated by the calcium hydroxide 

(portlandite) within the PC pore solution to form calcium silicate hydrate (C-S-H) and calcium 

aluminate hydrate [14, 127, 128]. A gel structure, such as that formed by an AAM, can be described 

non-crystalline or amorphous, with only short to medium range order on the nanocrystalline level. This 

can consist of molecular chains or layers, linked to form 3D networks. 

There is an important distinction to be made between AAM with significant quantities of calcium, and 

those without. An AAM containing a high quantity of calcium forms phases not far removed from the 

C-S-H structures found in the hydration of alite and belite in PC – although with some key structural 

differences. An example of a high calcium precursor might be blast furnace slag, shown to contain as 

much as 37 wt.% CaO [129]. Upon the dissolution and nucleation of the dissolved species into a gel 

structure, the calcium content drives the formation of a C-A-S-H type structure. This structure features 

noticeable similarities to the natural mineral tobermorite (defined in 1880 after its discovery in 

Tobermory, Scotland), a comparable and often used natural representation of C-S-H [130, 131].  

As proposed by Myers et al. [132], the C-A-S-H type gel forms aluminosilicate chains representative 

of a disordered tobermorite structure with Al3+ substituting some Si4+, hence C-A-S-H as opposed to C-

S-H. These chains consist of three silicate tetrahedra in a ‘dreierketten unit’, between Ca-O and 

interlayer sheets. Interlayer sheets consist of water and the positively charged species that balance the 

negative charge of the Al substituted silicate tetrahedra (Figure 6). This system can be described as C-

(N-)A-S-H so as to include alkali species bound (in this case Na). These Al substituted tetrahedra, when 

placed at bridging sites, can link to opposing tetrahedra across the interlayer regions. This is known as 

crosslinking [132-135] (Figure 7). 
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Figure 6: Si tetrahedra (SiO4) and Al tetrahedra (AlO4) respectively, showing individual and overall charges (within brackets). 

Al tetrahedra display a higher negative charge, which is balanced in AAM by nearby alkali metal species. 

 

 

Figure 7: A representation of the C-A-S-H type gel based upon the work of Myers et al. [132]. Ca2+ and H+ species are 

represented by blue circles, balancing the charge of the blue Si tetrahedra. Orange circles represent the Na+ and K+ species 

that balance the charge of the Al substituted tetrahedra [133]. All of these species, as well as water, form the interlayer 

between the aluminosilicate chains, which are made up of dreierketten units. 

An AAM with low or negligible Ca content will form a (N)-A-S-H type gel (in the case of using a Na 

activator), otherwise known as alkali aluminosilicate hydrate gel [135]. These gel types form the basis 

of what are known as geopolymers, named so as to differentiate them from the C-A-S-H disordered 

tobermorite type systems outlined previously, and to better represent the mechanism from which they 

are formed (Figure 8) [131]. 
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Figure 8: A flow chart detailing the key distinctions between the high and low calcium AAM systems, by Provis and Bernal. 

[131]. 

Geopolymer formation begins with the dissolution of the solid aluminosilicate precursor within the 

alkali activating solution, producing aluminate and silicate species. The high pH solution quickly 

becomes supersaturated, then the rearrangement and gel nucleation proceeds [136]. In the absence of 

Ca, the formation of a highly disordered amorphous 3D network (Figure 8) reportedly occurs through 

a number of intermediate steps (Figure 9). The gel network consists of Si and Al tetrahedra (Figure 6) 

corner linked by sharing oxygen. The increased negative charge of the Al tetrahedra is balanced by 

nearby alkali cations. 

The gel initially formed is Al rich, as proposed by Fernández-Jiménez et al. [137], due to the weaker 

Al-O bonds allowing for an increased concentration of Al3+ to precipitate earlier on, with Si4+ 
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concentration increasing soon thereafter, resulting in a greater amount of Si substitution and a second 

gel structure [131, 137]. Gelation is followed by polymerization, wherein the connectivity of the gel 

increases, producing the amorphous 3D gel network (Figure 9) [136]. 

 

 

Figure 9: A flow chart representing the proposed main stages of geopolymer formation by Duxson et al. [136]. 

The amorphous N-A-S-H gel network formed has been compared by Provis et al. [138] to a disordered 

zeolite structure, much in the same way that the C-A-S-H gel bears distinct similarities to the 

tobermorite structure [138]. Geopolymers are covered in further detail in chapter 4.  
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 Materials and Methods 

2.1. Calcium Sulfoaluminate 

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 XRD pattern was conducted to confirm this (Table 3 

and Table 8). 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 

(Rigden) 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 at 950 ℃ . The 

calcium sulfate was used in the form of either anhydrite or gypsum, both supplied by Saint-Gobain 

Construction Products. The anhydrite and gypsum exhibited Blaine finenesses of 452 and 385 m2/kg, 

respectively. No additional additives were used. In this study, results are generated from a total of 40 

mixes, each of 3-litres. 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, and 

mixed to either a low or high shear mixing method. 

Table 3: Rietveld analysis composition for Italcementi Alipre and Vicat Alpenat CK clinkers, showing phases of significance. 

 

Clinker compositions – Rietveld analysis 

Compound Chemical formula 
Cement 

nomenclature 

Percentage 

identified in 

Alipre 

Percentage 

identified in 

Alpenat 

Ye’elimite Ca4Al6(SO4)O12 C4A3$ 65.0 50.9 

Belite (beta) -Ca2SiO4 C2S 8.8 19.9 

Belite (alpha) -Ca2SiO4 C2S 8.9 8.1 

Perovskite CaTiO3 CT 4.4 11.7 

Merwinite Ca3Mg(SiO4)2 C3MS2 4.0 6.3 

Anhydrite CaSO4 C$ 2.7 2.9 

Fluorellestadite 3(2CaO·SiO2)·3CaSO4·CaF2 C10S3$3F2 1.7 - 

Periclase MgO M 0.7 - 

Bredigite Ca7Mg(SiO4)4 C7MS4 3.2 - 

Quartz SiO2 S 0.5 0.2 
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Table 4: 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 

 

 

Figure 10: Raw material component XRD, showing key phases present for anhydrite and gypsum  calcium sulfate sources, 

as well as Alipre and Alpenat CSA clinker. 
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2.2. Metakaolin Geopolymer 

Metakaolin (Al2O3·2SiO2) is the calcined product of the naturally occurring clay mineral kaolinite 

(Al2O3·2SiO2·2H2O) and is used primarily in the production of porcelain. High reactivity metakaolin is 

produced from high purity kaolinite, calcined in a kiln at between 650 to 850 °C, and can be used as a 

pozzolanic supplementary cementitious material for Portland cement and lime mortars [139]. This study 

employed two high reactivity metakaolin materials from European manufacturers, considered by the 

UK nuclear industry as potential suppliers. Both comply with the pozzolan description given in BS EN 

197-1:2011 [86, 140]. 

Powder composition testing, particle size distribution, and loss on ignition testing on the powders used 

in this chapter was conducted by the National Nuclear Laboratory (NNL), Workington UK, using X-

ray fluorescence (XRF) and laser diffraction . The compositions identified are very similar and directly 

comparable to both the manufacturers’ data, and other studies that have employed the same sources of 

metakaolin [140-147]. 

Argicem (Table 5) is flash calcined [147]. Notably, Argicem reportedly also contains an approximate 

48.0 wt.% of quartz, alongside 3.9 wt.% iron oxide which gives the metakaolin a characteristic red 

colour [140]. MetaMax (Table 5) is calcined in a rotary kiln at <900 °C. This metakaolin is of high 

purity and is off-white in colour. 

Table 5: Composition of Argicem and Metamax metakaolin as identified using XRF, as well as loss on ignition (LOI) at 950 

°C, identified by NNL. 

Argicem SiO2 Al2O3 TiO2 Fe2O3 CaO K2O MgO LOI (wt.%) 

Wt. % 

Identified 
67.0 23.1 1.2 3.9 1.7 <0.5 <0.5 2.4 

MetaMax   

Wt.% 

Identified 
44.5 52.6 1.7 <0.5 <0.5 <0.5 <0.5 1.0 
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Table 6: Argicem and MetaMax powder characteristics as identified by NNL using laser diffraction and Blaine fineness . 

Argicem  D10 (µm) D50 (µm) D90 (µm) Fineness (m2/kg) 

Particle Size 

Distribution 
5.2 38.5 127.7 3614 

MetaMax  

Particle Size 

Distribution 
1.2 3.5 11.1 706 

 

A potassium silicate activating solution was chosen for this experimental series, as experimentation by 

Geddes [140] found that metakaolin geopolymer mixes exhibited lower viscosity when employing 

potassium silicate solutions as opposed to sodium silicate [140]. In an encapsulation process, this would 

aid in the envelopment of wasteforms within a container, lowering the potential for air entrapment and 

voids. Lower viscosity grouts also allow for the encapsulation of thicker sludges and slurries, increasing 

waste loading and waste package efficiency, which in turn reduces the total number of required 

wasteforms. The potassium silicate used contained (wt.%): 21.8 K2O, 31.4 SiO2, 46.8 H2O, with a 

SiO2:K2O molar ratio of 2.25. The activating solution was made by blending this to the appropriate 

K2O/SiO2 ratio, using potassium hydroxide flakes of <15% H2O . Any additional water used was 

deionised and was not chilled. 

In total, 36 metakaolin geopolymer mixes were performed in 3-litre batches. This included the 

aforementioned two different metakaolin powders; Argicem and MetaMax, each being used to produce 

every mix in the matrix outlined below (Table 7). 
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Table 7: Metakaolin geopolymer mix matrix, with each mix being produced using each of the two different metakaolin powders 

used. The SiO2/K2O and H2O/K2O ratios refer specifically to the composition of the activating solution, and the K2O/Al2O3 

ratio defines the relationship between the activator and metakaolin contents.   

SiO2/K2O H2O/K2O K2O/Al2O3 Shear 

1.0 11 1.0 Low 

1.0 11 1.0 High 

1.0 11 1.5 Low 

1.0 11 1.5 High 

1.0 15 1.0 Low 

1.0 15 1.0 High 

1.0 15 1.5 Low 

1.0 15 1.5 High 

1.2 13 1.2 Low 

1.2 13 1.2 High 

1.4 11 1.0 Low 

1.4 11 1.0 High 

1.4 11 1.5 Low 

1.4 11 1.5 High 

1.4 15 1.0 Low 

1.4 15 1.0 High 

1.4 15 1.5 Low 

1.4 15 1.5 High 

 

2.3. Methodology 

Mixing was conducted using a Hobart N50 mixer, with the water or potassium silicate activating 

solution pre-prepared at120 20 +/-1 °C. Pre-blended solids would be added to the mixer bowl already 

containing the water or activator, at a consistent rate over a period of 5 minutes with the mixer running 

at 62 rpm. Once all powder was added to the mix, a further 5 minutes of mixing at 62 rpm would 

proceed, bringing the total mixing time thus far to 10 minutes. At this point, designated ‘high shear’ 

mixes would be moved onto the Silverson high shear mixer for a period of 10 minutes at 4500 rpm, 

whilst designated ‘low shear’ mixes would remain on the Hobart mixer at 62 rpm for the duration. Once 

this total 20 minutes of mixing had been met, the fluidity of each mix was assessed using the NNL 

Colflow grout fluidity measurement technique. If 1 quart (1.14 litres) of grout flows ≤ 500 mm down 
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the grout flow trough once released from its container, then it is deemed that the fluidity is too low and 

thus the viscosity is too high, and further mixing is deemed unsuitable with samples being cast 

immediately. If the flow of the mix remains favourable under no given time limit, it remains at 62 rpm 

for a maximum duration of 150 minutes, with the flow being assessed at 30-minute intervals. The 

maximum mixing time is therefore 170 minutes in total. The low and high shear mix methods, as well 

as the total mixing duration, were developed so as to best represent the parameters achievable and 

necessary using the full 500 litre scale equipment and infrastructure currently employed in UK 

radioactive waste encapsulation [148]. 

Samples analysed in this study were cast in 15 mL plastic centrifuge tubes and then cured at 20 +/-1 °C 

in a high humidity (>90% RH) walk-in chamber. These samples had their curing and hydration arrested 

at either 7, 28 or 90 days using a solvent exchange method, as proposed by Winnefeld et al. [149] for 

Portland cement-based materials. Free water was removed by submerging samples in isopropanol, 

which was routinely changed over a period of several hours, with samples then being dried to constant 

weight in a desiccator [149].  For analysis by powder X-ray diffraction (XRD), thermogravimetric 

analysis (TGA), and Fourier transform infrared spectroscopy (FTIR), samples were ground to a powder 

and sieved to <63 μm and kept under vacuum in a laboratory desiccator afterwards, isolated in sealed 

bags within the desiccator. All procedures were conducted at a room temperature of approximately 20 

°C. 

2.3.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) 

Samples for SEM and EDS were sectioned into approximate 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 liquid 

silver dag paint tracks for improved conductivity 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 40×, 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 either 1000× or 2500× magnification, and was set up to identify Al, C, Ca, K, Mg, and Si. 
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2.3.2. Thermogravimetric Analysis (TGA) with Mass Spectrometry (TG-MS) 

TGA or TG-MS was conducted on <63 μm powdered samples, using a Perkin Elmer TGA 4000 coupled 

with  the option of a Hiden Analytical Mass Spectrometer. Testing involved 40 ± 2 mg samples in 

alumina crucibles, under an inert nitrogen atmosphere, at a heating rate of 10 °C/min from room 

temperature to 950 °C. Analysis was conducted using the Pyris Manager software. The mass 

spectrometer identified ions according to mass/charge ratios assigned to carbon dioxide, sulfur dioxide 

carbon monoxide, and water. 

2.3.3. X-ray diffraction (XRD) and Rietveld Analysis 

XRD was conducted on <63 μm powdered samples, using a PANalytical X’pert3 Powder instrument 

with Cu-Kα radiation. Sample holders were backloaded to reduce the degree of preferred crystal 

orientation. These samples were analysed over the º2θ range of 5 – 70 º2θ, at a step size of 0.026 °2θ 

and a time per step of 4 s. 

Quantification via Rietveld analysis was conducted upon CSA samples 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 [150]. 

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 [151]. A margin of error is best theorised using Table 4, where the percentage adjusted for the 

calcium sulfate addition is very occasionally 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 content, the quality of the reference patterns, 

and any other potential factors [151, 152]. Whilst these factors were mitigated where possible, the focus 
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will be a comparison between the extensive range of samples, produced in a controlled manner, covering 

several different key variables. 

Table 8: Sources of the CIF files used from literature in order to conduct the Rietveld analysis.  

 

 

Figure 11: TOPAS working file showing the calculated fit in red overlaying the experimental data in blue, which is almost 

completely overlaid. The raw experimental data is also show above in blue. The thicker dark blue line at the bottom illustrates 

the peaks for ettringite and how they intercept the peaks identified in the working model. 

Phase Identification Authors 

Ettringite  155395-ICSD F. Goetz-Neunhoeffer and J. Neubauer [153] 

Gibbsite 6162-ICSD H. Saalfeld and M. Wedde [154] 

Monosulfate (Kuzelite) 0014757-AMCSD R. Allmann [155] 

C-S-H (Hillebrandite) 0001745-AMCSD Y. Dai and J. Post [156] 

Ye’elimite 80361-ICSD N. Calos et al. [157] 

Anhydrite 16382-ICSD A. Kirfel and G. Will [158] 

Gypsum 230283-ICSD T. Fukami et al. [159] 

Belite α (Orthorhombic) 81097-ICSD W. Mumme et al. [160] 

Belite β (Monoclinic) 81096-ICSD W. Mumme et al. [160] 

Portlandite 15471-ICSD H. Petch [161] 

Quartz 41414-ICSD G. Will et al. [162] 

Lime 52783-ICSD D. Smith and H. Leider [163] 

Hemihydrate 79528-ICSD C. Bezou et al. [164] 

Perovskite 62149-ICSD S. Sasaki et al. [165] 

Merwinite 431125-ICSD X. Bao et al. [166] 

Fluorellestadite 97203-ICSD I. Pajares et al. [167] 

Periclase 9863-ICSD S. Sasaki et al. [168] 

Bredigite 0000494-AMCSD P. Moore and T. Araki [169] 

Strätlingite 69413-ICSD R. Rinaldi et al. [170] 



57 

2.3.4. 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 [171]. The template 

available for CSA-belite cement is based upon the work of Jeong et al. [151], 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 experimental mixes. Component enthalpy values 

and their degree of hydration were retained as given in Jeong et al. [151]. 

Simulations were run to account for every change in mix parameters, except shear rate, at a pressure of 

100kPa 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 [3]. Cement hydration as 

a function of time was plotted using the 5 parameter logistic (5PL) function, and was based around 100g 

of clinker with the additional calcium sulfate then added [171]. 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. 

2.3.5. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was performed using a Perkin Elmer Frontier FTIR spectrometer, with a triglycine sulfate 

detector, and potassium bromide beam splitter optics. 2 mg of <63 μm powdered sample was mixed 

with 200 mg of anhydrous potassium bromide and then pressed into a pellet using 10 tonnes of force. 

16 scan iterations were taken at between 4000 – 500 cm-1 at a resolution of 2 cm-1.This was done in 

accordance to work previously conducted by Geddes upon metakaolin geopolymers [140]. 

2.3.6. Mercury Intrusion Porosimetry (MIP) 

90-day samples were subjected to MIP testing to assess the impact of formulation parameters upon 

sample porosity, which was carried out using a Micrometrics Autopore V instrument. Samples were 

removed from their centrifuge tubes, sectioned into pieces approximately 20 mm3 in size, and subjected 
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to the hydration arresting process described above. Once this was completed, sample sections were 

again sectioned into quarters for MIP, producing a total sample mass of 2.20 ± 0.2 g. MIP was conducted 

using a contact angle of 130°, a mercury temperature of between 19 – 22 ℃, and with a surface tension 

of 0.485 Nm-1 used for calculations [140, 172]. MIP was carried out a minimum of twice for each 

sample, from which an average porosity was then calculated, along with a sample standard distribution 

as a measure of the difference between the replicate tests.  
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 Calcium Sulfoaluminate Cements as a Future Encapsulant 

3.1. Introduction 

In this chapter, a brief history of CSA and its use within industry is presented, including information on 

why it is of interest to the UK nuclear industry. The following section is comprised of material that was 

published as the academic paper ‘hydrate assemblage stability of calcium sulfoaluminate-belite cements 

with varying sulfate content’, which was accepted for publication by Construction and Building 

Materials on the 6th of April 2023 [148]. The materials and methods section has been removed, and the 

information provided in chapter 2. Further results and discussions are given then provided, beyond the 

scope of what could be presented in the journal article. Furthermore, testing was conducted on a number 

of samples far in excess of the maximum 90-day hydration period initially presented. 

 

3.2.  A Brief History of Calcium Sulfoaluminate Cements 

CSA, in comparison to PC, is a relatively new technology. Pioneered in the 1950’s, CSA has been 

employed as both an additive and an alternative binder system in its own right. CSA can be used as an 

umbrella term for cements containing a significant quantity of ye’elimite, typically between 20 – 80 %, 

whilst differentiating itself from the more mature high alumina cement family of binders (see section 

5.3.) [103]. 

CSA began with the work of Alexander Klein at the University of California, and the patent for Klein’s 

compound (or salt), otherwise known as ye’elimite, in 1963 [173]. Klein’s original objective was the 

development of an expansive additive for PC, in order to combat the effects of shrinkage, however CSA 

would soon be developed as a system in its own right [174]. During the 1970’s, the China Building 

Materials Academy developed CSA for use in low temperature environments, before standardising the 

new system in 1981, around the same time as CSA was beginning to be adopted in the United States 

[72, 173, 175]. 
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Since then, the term CSA has come to represent a multitude of different types of clinker. Aranda et al. 

[176] summarised many of the different types in 2013, which highlights a degree of overlap and 

potential confusion in regard to names and what they represent [176]. The table resulting from that work 

has been modified and updated to produce Table 9, which is presented below. 

 

Table 9: A modified and updated version of the table first presented by Aranda et al. [176]. Consider also the different spellings 

of ‘sulfur/sulphur’, and how that may reduce the visibility of some publications when searched for online [177]. 

Acronym Definition Reference  

CSA Calcium sulfoaluminate cement [176] 

CSAB Calcium sulfoaluminate belite [178] 

BCSA Belite calcium sulfoaluminate [173] 

BCSAF Iron-rich belite calcium sulfoaluminate cement [176] 

BCSAA Aluminium-rich calcium sulfoaluminate cement [176] 

ACSA Alite calcium sulfoaluminate cement [176] 

CSAF Calcium sulfoferroaluminate [179] 

SAC Sulfoaluminate cement [175] 

BSA Belite sulfoaluminate [180] 

CSAC Calcium sulfoaluminate cement [72] 

SCC Sulfoaluminate cement clinker [181] 

FAC Ferroaluminate cement [175] 

SFAB Sulfoferroaluminate belite [182] 

SAB Sulfoaluminate belite [183] 

BSAF Belite sulfoaluminate ferrite [182] 

BYF Belite ye’elimite ferrite [184] 

BCT Belite calciumsulfoaluminate ternesite [185] 

TSC Third Series Cement [175] 

TCS Third Cement Series [186] 

 

CSA cements have drawn interest from various different industries and organisations for a number of 

reasons. Their most eye-catching quality might be the potential reduction in CO2 emissions when 

compared to a generic PC. Analysis by García-Maté [103] concluded that up to a 40% reduction in CO2 

is achievable when manufacturing CSA, with Hanein et al. [187] suggesting a reduction of between 25 

– 35% [103, 187]. 

Firstly, this is due to the lower calcium, higher alumina content of the required raw materials, reducing 

the CO2 emissions associated with decarbonisation of limestone. Secondly, a significantly lower 

processing temperature of between 1250 and 1350 °C is typical of CSA, with PC requiring a clinkering 

temperature of 1450 °C. Unlike in PC, CSA clinker is typically absent of alite (C3S), which requires 
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higher clinkering temperatures (Figure 12) [103, 104, 188-191]. CSA also carries other desirable 

characteristics, such as the aforementioned shrinkage compensation or dimensional stability, rapid 

curing, high early strength, a lower system pH, and increased chemical resistance compared to PC [88, 

103, 125, 188, 192, 193]. 

 

Figure 12: A diagram representing the phase formation with temperature during the clinkerization process for PC. Image 

from Hanein et al. [190] and adapted from Taylor [5]. This image highlights the region in which alite is formed, which can 

be compared to CSA phases, including ye’elimite that forms at approximately 1250 ℃ [103]. 
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Figure 13: A phase depicting the formation of belite ye’elimite ferrite (BYF) CSA clinker, reconstructed from Ben Haha et al. 

[194] to show the units in Celsius for easier direct comparison [194]. 

In order to simplify the extensive and overlapping range of cements (Table 9), it is useful to separate 

CSA into those that contain predominately ye’elimite, and those with a majority of another component 

such as belite. Many CSA-belite cements, such as those employed in this study, have been designed 

primarily as an additive for PC to produce a shrinkage compensating cement, also known as type K or 

expansive cements [104]. For example, Caltra recommend a 1:2 ratio addition of their Calumex CSA 

binder to PC for shrinkage compensation [195]. This does not mean that predominantly ye’elimite 

cements cannot be employed as a primary binder however, although the price and availability in 

comparison to PC has limited its use to more specialist applications. Zhang et al. [175] detailed 

examples of the use of SAC and FAC (Table 9) in China, where the distinctive properties of these 

predominantly ye’elimite binders are advantageous [175]. For example, these systems can be used for 

smaller pre-cast concrete shapes, which can dispense with the steam curing required for PC and speed 

up production, and in larger construction projects, these CSA binders have been used in winter 

construction conducted in temperatures as low as -20 ℃ when aided with admixtures (Figure 14) [175]. 
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Figure 14: The Shenyang Long Distance Telecommunication Hub, which involved CSA concrete laid in as low as -20 ℃, as 

detailed in Zhang et al. [175]. 

Of CSA cements with a minority ye’elimite content, the most common majority component is belite 

(Table 9). Belite-CSA cements, or belitic cements, are targeted more towards a direct replacement for 

PC in more generic scenarios. Since 1975 when it was first patented in the United States by Borje Ost, 

the high dimensional stability, rapid curing, and high early strength have proven advantageous for 

applications such as highway road and airport runway paving  [125, 174, 193]. Key to its adoption as a 

viable competitor and alternative to PC is enhancement of the reactivity of the belite component, which 

can otherwise typically take in excess of 3 months to hydrate significantly in a belitic CSA [173]. This 

can be achieved by either increasing the belite reactivity through means such as boron doping, or 

introducing another reactive phase that provides the development between the early stage of ye’elimite 

and the later stage of belite, such as ternesite which reacts with aluminium hydroxide [184, 194, 196]. 

Both CSAB and BCSA have now been awarded European Technical Assessment approval, in 2016 and 

2020 respectively [197-199]. 

 

3.3.  Calcium Sulfoaluminate Cement and the UK Nuclear Industry 

The UK nuclear industry is considering CSA as an alternative binder system primarily because of its 

need to replace the supplementary cementitious materials currently employed with PC, that are 

becoming increasingly difficult to obtain reliably and to a consistent quality [88]. The powder 
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specification for PC itself has also deviated away from the set standard defined in the 1980’s by the 

then authority, British Nuclear Fuels Limited (BNFL), and is now finer and faster reacting, though this 

has been offset by lower reactivity BFS [81, 84]. 

The differences in the hydration chemistry, as well as the defining characteristics of CSA, offer a 

number of key advantages for the encapsulation of low and intermediate level radioactive wastes. CSA 

is able to tolerate species that can hinder the hydration reaction and setting of PC, such as boron and 

phosphates, which is achieved through the substitution of ions into calcium, aluminium, hydroxide, and 

sulfate sites in ettringite [107, 200-202]. Ettringite also holds a large quantity of chemically bound 

water, which both allows for high water and thus low viscosity mixes which can better envelop complex 

waste, and the significant incorporation of the water into the structure of ettringite may remove it from 

the pore network [88, 203]. This therefore may reduce the transmission of ions throughout the network 

and reduce the rate of metal corrosion reactions [201]. CSA mixes can also exhibit a pore solution pH 

of 10-11.5, which reduces the corrosion and hydrogen generation rate of aluminium waste products 

[88]. The reduction in free water may also have the potential to reduce radiolytic hydrogen generation. 

The binders chosen for investigation by the UK nuclear sector are high ye’elimite clinkers without a 

pre-blended quantity of calcium sulfate. This is to maximise the benefit of the low system pH with the 

production of ettringite and aluminium hydroxide, the immobilisation of target species, the high water 

retention, and chemical resistance, but also because high ye’elimite CSA binders are readily available 

from a number of European and international manufacturers for shrinkage compensating and rapid set 

applications [195, 199]. The absence of pre-blended calcium sulfate allows for a greater level of control 

of the hydration process in order to best serve the purpose of waste encapsulation. 

 

3.4. Published Paper – “Hydrate Assemblage Stability of Calcium Sulfoaluminate-belite Cements with 

Varying Calcium Sulfate Content”.  

This section consists of work from the academic paper ‘hydrate assemblage stability of calcium 

sulfoaluminate-belite cements with varying sulfate content’, which has been reorganised so that the 
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materials and methods content is included as part of chapter 2 and is included in its as published state 

as Appendix 1. It was accepted for publication by Construction and Building Materials on the 6th of 

April 2023 [148]. The contributions of co-authors and sources of funding are described in Section 3.6. 

3.4.1. Abstract 

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, a gypsum or anhydrite addition at 15, 25 

or 35 wt.%, a water to solid 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. 

3.4.2. Introduction 

Calcium sulfoaluminate cement (CSA) is being considered by the UK nuclear industry as a potential 

future encapsulant for radioactive waste [88]. 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 [88, 103, 188, 192]. CSA is being 

developed as a low CO2 alternative cement for applications requiring rapid strength development and 

high dimensional stability with shrinkage compensation, and has seen successful deployment in 
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highway repair and runway paving [125, 193]. 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 [192, 204, 205]. 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 intermediate level waste 

streams within steel vessels of 500 litres or larger [60, 88]. 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 temperature experienced by the mix, 

due to their slower rate of reaction in comparison to PC clinker [81, 88]. Obtaining a consistent and 

standardised 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 [81, 206, 207]. 

When combined with the ongoing development of alternative cements and the performance 

opportunities that these may afford, this has 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 

abbreviated cement chemical formula (C4A3$) 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 [104, 188]. This 

reduction in temperature is achievable in part due to the absence of alite (C3S), responsible for the early 

strength development in PC. In CSA, this role is fulfilled by the hydration of ye’elimite [184]. The main 

product of hydration is expected to be ettringite (the archetype of the AFt – tri – phase family of hydrous 

calcium sulfoaluminates), with aluminium hydroxide (gibbsite or amorphous), formed through the 
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consumption of both ye’elimite and an interground calcium sulfate source. In this study, the sulfate 

source is either anhydrite (Eq. 3.1) or gypsum (Eq. 3.2)1. If a sufficient quantity of calcium sulfate is 

not available, then ye’elimite will hydrate to form calcium monosulfoaluminate, commonly referred to 

as monosulfate, and a representative of the AFm (mono) phase family (Eq. 3.3). 

 

C4A3$ + 2C$ +38H → C3A·3C$·32H + 2AH3  
(Eq. 3.1.) 

C4A3$ + 2C$H2 +34H → C3A·3C$·32H + 2AH3  
(Eq. 3.2.) 

C4A3$ + 18H → C3A·C$·12H + 2AH3 
(Eq. 3.3.) 

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 [107]. 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 AsO4

3-) [107, 120, 202, 208]. Ettringite crystals form in hexagonal prismatic columnar 

morphology, and have a water content of 30 – 32 H2O per Al2O3 (C6AS̅3H32) [106, 107]. In PC, ettringite 

is formed early in the hydration 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 [209, 

210]. The ettringite component is key to the overall stability of CSA. Studies upon 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 [106, 111-113, 120, 

121]. Jiménez et al. [120] shows that the stability of naturally occurring ettringite outperforming that 

of synthetic ettringite, and so it is important that stability of ettringite can be established in a large scale 

series of commercially applicable formulations [120, 121]. 

 

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 $ is SO3. 



68 

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. 3.4), which has also been shown to be able to host a number of waste ions, or the silica-

substituted AFm phase strätlingite (Eq. 3.5) [5, 107]. 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. 3.4) and the corrosive potential of some encapsulated metals such as aluminium. 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 [125]. 

C2S + 2H → C-S-H + CH 
(Eq. 3.4.) 

C2S + AH3 + 5H → C2ASH8 
(Eq. 3.5.) 

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 experimental series have been conducted in order to identify robust formulations 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 allow for future studies to be 

conducted upon a much larger scale, approaching the 500 litre mixes conducted by the UK nuclear 

industry for waste encapsulation [60]. 

The key aims of this study therefore to; establish the behaviour of the CSA-belite system within a large 

mix formulation envelope and timeframe, identify if the key ettringite phase has remained stable, and 

assess whether CSA is robust enough for consideration within UK nuclear as well as add to the 

knowledge and experience of using a CSA cement. 
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3.4.3.  Results and discussion 

3.4.3.1. Ye’elimite hydration 

Ye’elimite is the hydraulic phase primarily responsible for the production of ettringite when hydrated 

in the presence of sufficient calcium sulfate (Eq. 3.1, 3.2), and it is relatively rapidly consumed in the 

hydration of CSA-belite cements. The remaining weight percentage ye’elimite 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 10). 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 of 

ye’elimite dissolution and hydration within the first few hours [203, 211]. 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 of calcium sulfate. This is clearly shown in Figure 15 and 

Figure 16, 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 hours, as well as densifying the cement matrix with the rapid generation of hydration products [203, 

211, 212]. Berger et al.[212] reports 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 as slight 

(Figure 15 and  
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Figure 16), however in these systems there is an indication of consistent ettringite generation after 7 

days and up until 90 days at a decreasing rate (Figure 17). 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 [203]. 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 Figure 15, between the w/s ratios of 0.5 

and 0.7. No correlation is evident that the shear method used has had any effect upon the consumption 

of ye’elimite within the reported timeframe (Table 10). 

  



71 

 

Table 10: Rietveld analysis results displaying the weight percentage (wt. %) of each phase detected, for all 120 mixes that 

contain either Alipre clinker (Ali - blue) and Alpenat CK clinker (Alp -green) clinkers. Inert phases detected, or those that 

could be classed as minor, were omitted. The full list of phases identified is given in Table 8. 

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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Figure 15: 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. 
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Figure 16: 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 preceding 8 °2θ, in order to generate this figure. 
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Figure 17: 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. 
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Figure 18: 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, and to a lesser extent, water content. 
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Figure 19: 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. 

3.4.3.2. Belite Hydration 

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 that of 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 10). 

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 3) [213]. 

β-C2S could be contributing to the low reactivity within the 90-day hydration period [125]. Jeong et al. 

[151] 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 [214]. 

No relationship is evident between the type of calcium sulfate, the quantity of the calcium sulfate 
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addition, or the water content of these mixes and the degree of belite hydration from the Rietveld 

analysis, however; in Alpenat there is an indication of strätlingite in XRD and TGA within 15% gypsum 

and 0.7 w/s ratio mixes ( 

Figure 16 and Figure 19). 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. 

3.4.3.3. Ettringite formation 

The production of ettringite is dependent upon the availability of ye’elimite, calcium sulfate and water. 

The absence or depletion of calcium 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. 3.3). The ettringite content of the hydrate assemblages resulting from both Alipre and 

Alpenat clinkers increases significantly with the addition of more calcium sulfate, 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 [151, 203]. 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 10). 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 [212]. 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 
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ettringite formation occurs earlier (7 days or before) in mixes with higher water/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 [203, 212]. The later formation of ettringite, occurring after the initial setting, 

can be demonstrated in Figure 20. This SEM image shows numerous ettringite crystals that have formed 

after the initial setting. The porosity shown has formed during the initial set, with the characteristically 

lath shaped ettringite crystals growing and spanning the width of this pore after it has formed. 

 

Figure 20: 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. 
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Figure 21: SEM imagery 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. 

3.4.3.4. Phase assemblage 

SEM and EDS images, as exemplified in Figure 20, Figure 21, and Figure 22, 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, the significant majority of Si is within the belite phases (Table 3). 
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Figure 22: 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. 

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 (Figure 20). The TGA results also give 

evidence to support that the levels of ettringite have not decreased over time [215]. 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 
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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 (Figure 18 and Figure 19) as discussed above. 

Levels of monosulfate remain at a near constant throughout the hydration periods of each mix as 

identified in the Rietveld analysis (Table 10) [111, 115]. A significant increase in monosulfate 

formation could be taken as an indication of the decomposition of ettringite [115]. 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 (Figure 18 and Figure 19). The decomposition of ettringite to monosulfate 

would also result in the precipitation of calcium sulfate [111, 115]. The levels of anhydrite and gypsum 

identified in the Rietveld analysis remains largely constant over time. Rietveld, XRD, and TGA all 

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 calcium sulfate shown in the Rietveld analysis more than doubling in the 35% sulfate 

mixes, when compared to the 25% sulfate mixes (Table 10). Similar levels of residual calcium sulfate 

were also observed in Berger et al., 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 [212]. 

Levels of aluminium hydroxide detected by Rietveld analysis do not increase in line with that of 

ettringite and 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 signature. It is also consumed in the hydration of belite to 

form strätlingite (Eq 3.5). 

3.4.3.5. 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 
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identification 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 (Figure 22). 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. 3.4). The quantities of C-S-H and portlandite identified by Rietveld are consistently low, 

with an average across all mixes of 3% and 1% at 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 (Figure 19). 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. [151] however, does suggest that strätlingite is the primary long term hydration product of belite 

when there is a presence of aluminium hydroxide (Eq. 3.5), the example clinker having a ye’elimite and 

belite composition similar to that of Alipre (Table 3) [151, 216]. 

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 ( 

Figure 16) and the indicative derivative weight loss in the TGA after 28 days (Figure 19) [125, 216]. 

Smaller XRD indications of strätlingite are also noticeable in some minimal calcium sulfate Alpenat 

mixes at 90 days. This supports the observations of Jeong et al. [151] wherein the production of 
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ettringite hinders the hydration of belite [151]. There is a potential therefore, that Rietveld has been 

unable to identify the formation of strätlingite in these cases due to high background noise preceding 

the 8 °2θ range. 

3.4.3.6. Thermodynamic Modelling Phase assemblage 

Thermodynamic modelling conducted using CemGEMS [171] 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 cements [105, 151]. 

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 

(Figure 23 and Figure 25).  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 sufficient calcium sulfate (Eq. 3.3), 

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 (Figure 24 and Figure 26). 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. [151], strätlingite preferring lower calcium sulfate mixes 

[217]. Also of note, a small quantity of C-S-H is formed in high calcium sulfate regardless of the water 

content, potentially driven by this preference, the increased generation of C-S-H having not been 

identified experimentally (Figure 24 and Figure 26). 
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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 

hydroxide. Ettringite levels only increase, with no indication of any decomposition. Levels of residual 

calcium sulfate and ye’elimite also appear to remain at a near constant after 90 days. The quantity of 

ettringite also appears to increase strongly with increasing levels of calcium sulfate 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 mixes as also 

identified in the findings of Coumes et al. [203]. 

As mentioned previously, 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 Figure 24, a small quantity of strätlingite begins to form at approximately 250,000 

hours (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 formation of strätlingite, as 

shown when comparing Figure 26 and Figure 27. This is also highlighted in  

Figure 16, which displays the strätlingite signature at 7.2 °2θ, which is not shown in XRD diffractograms 

in mixes 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. 
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Figure 23: 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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Figure 24: 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. 
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Figure 25: 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 hours, where it is proceeded by the appearance of monosulfate and the increasing quantity of 

strätlingite. 
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Figure 26: 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.3.4). 
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Figure 27: 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 prefer 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. 

3.4.4. 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 

thermodynamic 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 having 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. 
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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 dissimilar to those seen in the simulations. This could in part be due to the occasionally 

amorphous structure of aluminium hydroxide being difficult to detect, or its consumption in the 

hydration of belite to form strätlingite. 

The 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 

experimentation, 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 simulation, however this only indicates a potential for further hydration past 90 days. Further 

hydration of belite over time should 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 strätlingite formation, little differences have 

been shown between the choice of calcium sulfates. A significant quantity of both remain at 90 days in 

solid products containing a 35% addition, with as much as 20% of the product being identified as 

unreacted anhydrite as a maximum. 

In all mixes, there is no evidence to suggest ettringite instability within the 90-day time frame. Within 

these samples cured at 20C and >90% RH, ettringite has only increased over time, with levels of 

calcium monosulfate remaining stable, and no other mechanisms for decomposition established. 

Ettringite crystal size and distribution are consistent 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. 
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The predominant ettringite and aluminium hydroxide structure remains 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 experiments towards the 500 litre mixes 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 solution 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. 

3.5.  Further Results and Discussion 

Corresponding with the analysis conducted at the University of Sheffield outlined in section 3.4, the 

Encapsulants Integrated Research Team (EIRT) of the National Nuclear Laboratory (NNL) Workington 

conducted a series of mechanical and dimensional stability tests upon samples generated from the CSA 

mixes carried out. Dimensional stability testing involved the monitoring of solid grout product prisms 

in a single dimension, and observations generally showed a plateau in microstrain after approximately 

7-days . These samples were retained after the 90-day trial period and were monitored in order to 

confirm that that plateau observed was indeed a constant, given that long term dimensional stability is 

a key requirement for a cementitious encapsulant. Samples were kept in the same high humidity (>90% 

RH) walk in chamber at 20 +/-1 °C that all samples were cured in and were allowed to remain curing 

for in excess of 800 days. Once testing had concluded, the opportunity was taken to send a small 

selection of these dimensional stability samples to the University of Sheffield for further analysis. 

Samples were subjected to the same TGA and XRD powder preparation as described in section 2.3, 

including arresting hydration by use of isopropanol to the same standard described. 

3.5.1. Thermogravimetric Analysis (TGA) with Mass Spectroscopy (TG-MS) 

TG-MS was conducted on <63 μm powdered samples, using a Perkin Elmer TGA 4000 coupled with a 

Hiden Analytical mass spectrometer. The mass spectrometer identified ions according to mass/charge 
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ratios assigned to carbon dioxide and water. This was carried out for all 7, 28, and 90-day samples, as 

well as samples cured in excess of 800 days. 

The mass spectroscopy element of  initial TGA investigation was omitted due to a large degree of 

variability in results generated over time. The considerably large sample set and the prolonged time it 

took to run all 120 analyses likely allowed for the detector to degrade, which whilst maintained 

accordingly, still significantly affected the amplitude of the mass responses generated following both 

degradation and repair. All samples were run without a specific order to avoid potential unconscious 

bias, which whilst possible, made the use a normalisation method difficult. Therefore, it was decided 

that the valuable quantifiable data was better represented by the TGA results [218]. 

The TG-MS conducted can, however, be used to better identify key features shown in the TGA. The 

mass response for CO2 is first shown during the dehydration of the ettringite component at 

approximately 120 ℃, which corresponds with a much more significant response for water. Levels of 

carbonation are consistently very low throughout the entire experimental series, which indicates that 

the sealing during storage of these samples was indeed effective. The most notable signal occurs at 

approximately 650 ℃, which corresponds to the decarbonisation of any trace amounts of calcium 

carbonate present [219]. After the dehydration of ettringite, the other main signal for H2O corresponds 

to the dehydration of aluminium hydroxide at approximately 250 ℃ [219]. 
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Figure 28: TGA with accompanying MS for an Alpenat mix with a gypsum addition of 25%, a water to solid ratio of 0.6, 

conducted at a high shear, highlighting the correspondence between TGA and MS signals. Ettringite and gibbsite (aluminium 

hydroxide) peaks are highlighted. Trace amounts of carbonation and the decarbonation of the small quantity of calcium 

carbonate present at 650 ℃. 

Additional TGA was conducted upon midpoint formulation samples and high water and calcium sulfate 

samples, after allowing for them to cure for in excess of 800 days. This test was carried out to give any 

indication as to whether ettringite production had reached a plateau at 90 days, or whether there was a 

potential for further generation of this phase. 
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Figure 29: TGA for midpoint formulation samples (as marked in each panel) at 7, 28, 90 and >900 days. Differences in age 

for the later-age samples are representative of the time between when mixes were conducted, due to the extensive series of 

samples produced, with the arresting of hydration then commencing at the same time. All were conducted under high shear 

mixing. 

As shown in Figure 29, the midpoint formulation samples involving Alipre clinker do not show a 

noticeable amount of additional ettringite generated after 90 days, and neither is there an increase in the 

quantity of aluminium hydroxide. The Alpenat clinkers with high levels of calcium sulfate, however, 

do appear to suggest a small increase in ettringite over this prolonged time period. In the two high water 

and calcium sulfate mixes selected (Figure 30) an increase in the quantity of ettringite over this time 

period is much more noticeable and occurs for both clinker types. This increase is comparable to that 

which was experienced in the time period between 7-90 days, suggesting that although the production 

of ettringite has occurred after 90 days, its generation has slowed significantly over the prolonged time 
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period to more constant rate, similar to the long term rate of hydration reaching a near constant in PC 

[220]. 

  
Figure 30: TGA scans for high calcium sulfate and water samples (as marked in each panel) at 7, 28, 90 and >800 days. 

Differences in age for the later-age samples are representative of the time between when mixes were conducted, due to the 

extensive series of samples produced, with the arresting of hydration then commencing at the same time. All were conducted 

under high shear mixing. 

3.5.2. X-ray diffraction 

XRD was conducted upon midpoint samples that were allowed to cure for in excess of 900 days, as 

described in section 2.3. From comparing the heights of specific peaks across scans at different times, 

whilst taking into account variations in the total counts recorded across mixes, there appears to be 

little discernible difference between the major hydrous or anhydrous phases in the 90 day and >900-

day scans in any mix. Alpenat with anhydrite (Figure 31) may show a minor decrease in anhydrite, 

even once factoring in the typically lower amplitudes of the >900-day scans that were collected here. 
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More notably, however, there is some slight indication that the belite has begun to hydrate and form 

strätlingite with a very small peak beginning to form at 7.2 °2θ [124]. This is not shown in any other 

of the mixes shown. The levels of ettringite visible also do not appear to be significantly increasing 

from the comparative peak amplitudes alone, although this is better represented in the following 

Rietveld analysis of this data. 

 
Figure 31: XRD diffractograms produced from midrange mix samples at 7, 28, 90, and >900 days of curing before 

hydration was arrested. The potential, very minor indication of strätlingite is highlighted with the red dot beneath and 

shown close up in the red box. 

3.5.3. Rietveld Analysis 

The Rietveld analysis (Table 11) was conducted as described in section 2.3, using the same parameters 

and data files in order to quantify the percentage phase composition for the >900-day curing formulation 

midpoint samples. This has allowed for direct comparison against the data produced from the analysis 

conducted on earlier samples, with the comparison presented visually in the concentric Rietveld plots. 
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Table 11: Rietveld analysis of the XRD data displayed in Figure 31. Difference in age is representative of the time between 

when mixes were conducted due to the extensive series, with the arresting of hydration then commencing at the same time. 

 

Figure 32: Rietveld analysis percentage quantities shown in a concentric circle diagram. Diagram highlights the difference 

between 90 days and prior, to 913 days for an Alipre midpoint formulation containing anhydrite. 
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Clinker 

Type 

Calcium 

Sulfate 

Type 

Sulfate 

Content 

w/s 

Ratio 
Shear Days Ye’elimite Belite Anhydrite Gypsum Ettringite Gibbsite 

Mono-

sulfate 

Alipre Anhydrite 
Med 

(25%) 
0.6 High 

7 12 20 11 1 39 11 8 

28 12 21 7 1 37 11 8 

90 12 19 8 1 41 9 9 

913 12 16 9 1 41 11 8 

Alipre Gypsum  
Med 

(25%) 
0.6 High 

7 13 19 3 4 39 13 8 

28 13 20 3 2 40 12 8 

90 13 19 3 2 42 11 7 

920 12 17 3 1 43 12 9 

Alpenat Anhydrite 
Med 

(25%) 
0.6 High 

7 10 13 12 1 25 14 6 

28 10 14 12 1 28 13 6 

90 10 12 13 1 27 15 4 

932 11 12 9 1 31 15 6 

Alpenat Gypsum  
Med 

(25%) 
0.6 High 

7 10 14 3 6 31 14 6 

28 10 15 3 4 32 14 6 

90 13 13 3 6 30 15 5 

926 11 12 3 6 34 15 6 
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Figure 33: Rietveld analysis percentage quantities shown in a concentric circle diagram. Diagram highlights the difference 

between 90 days and prior, to 920 days for an Alipre midpoint formulation containing gypsum. 

 

Figure 34: Rietveld analysis percentage quantities shown in a concentric circle diagram. Diagram highlights the difference 

between 90 days and prior, to 932 days for an Alpenat midpoint formulation containing anhydrite. 
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Figure 35: Rietveld analysis percentage quantities shown in a concentric circle diagram. Diagram highlights the difference 

between 90 days and prior, to 926 days for an Alpenat midpoint formulation containing gypsum. 

Results generated from these samples correspond to a number of observations made using other 

analytical techniques. Firstly, there is no indication of the decomposition of ettringite over this 

prolonged time period. Ettringite levels have only increased from the Rietveld analysis conducted at 90 

days. Whilst in the case of Alipre this increase is marginal, in Alpenat it suggests a small increase in 

the ettringite content after 90 days, as was also suggested in the TGA (Figure 29). This also adds 

evidence to the conclusion in section 3.4.4, that the phase assemblage has remained stable with no signs 

of decomposition, and that there was nothing to suggest that it would begin to decompose after 90 days. 

This was also backed up by the thermodynamic models generated, as described below. 

The thermodynamic models do, however, suggest a higher proportion of strätlingite formation in both 

clinkers (Figure 36), which does not appear to be the case given the consistency of the belite content. 

The small indication of some strätlingite formation, shown in Figure 31 is not therefore represented 

here. As also found in the previous set of Rietveld analysis, no indication of strätlingite was able to be 

detected by the Rietveld analysis. 
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Figure 36: CemGEMS simulation for Alipre clinker at an anhydrite addition of 25% and a w/s ratio of 0.6. The level of 

hydration, so as to be comparative to experimental results, was set to 65%. This simulation demonstrates a greater quantity 

of strätlingite formation than is suggested in the Rietveld analysis and observed in the XRD. 

3.5.4. Mercury Intrusion Porosimetry 

Average total porosity across all formulations ranged between 24 – 45%, which is within the expected 

range for CSA-belite cements [123, 221, 222]. No significant trends are observed between the Alipre 

and Alpenat clinkers; the range in average total porosity falls between 27 – 43 % for Alipre, and 24 – 

45 % for Alpenat. There is no clear indication of a relationship between an increase in the availability 

of calcium sulfate and the development of porosity. Neither does the increase of anhydrite (Figure 37) 

or gypsum (Figure 38) appear to have any effect upon the porosity of the system, and no trend is 

observed that exceeds the uncertainty established by the standard deviation of the analysis results.  

Similarly, there is no evident relationship between the shear applied to the mix and porosity. A potential 

relationship may be observed between increasing the water content and an increasing percentage 

porosity (Figure 39), which is to be as expected within CSA as well as PC systems [222, 223]. However, 
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this perceivable trend does not sufficiently exceed the sample standard deviation, and therefore the 

recorded error, in a way that would enable it to be considered a conclusive result. 

 

Figure 37: MIP results highlighting any relationship between the porosity percentage and the addition of anhydrite, for both 

types of CSA clinker (L/M/H indicate Low – 15%, Medium – 25%, High – 35%). The water to solid ratio is given for each 

sample on the x-axis, along with the mix shear component (High / Low). Figure prepared by S. Kearney. 



102 

 

Figure 38: MIP results highlighting any relationship between the porosity percentage and the addition of gypsum, for both 

types of CSA clinker (L/M/H indicate Low – 15%, Medium – 25%, High – 35%). The water to solid ratio is given for each 

sample on the X-axis, along with the mix shear component (High / Low). Figure prepared by S. Kearney. 



103 

 

Figure 39: MIP results highlighting any relationship between the porosity percentage and the availability of water, for both 

types of CSA clinker. The type of calcium sulfate (Anhydrite / Gypsum) is given alongside the amount (Low – 15%, Medium – 

25%, High – 35%) upon the x-axis, alongside with the mix shear component (High / Low). Figure prepared by S. Kearney. 

3.5.5. Conclusions and Future Investigations  

The aim of this shorter experimental series was to assess whether the conclusions drawn in section 3.4.4 

did indeed extend over a more prolonged time period. Whilst still relatively short in the grand scheme 

of the operational timescale of a geological disposal facility, with estimates of approximately 150 years 

before closure followed by thousands of years of containment, this study has aided in establishing the 

trajectory of the CSA-belite systems beyond a service life of 3 years [63]. Most importantly, the mixes 

tested have indicated that the phase assemblage has not decomposed within this timeframe under these 

storage conditions, and as an extension from the previous 90-day testing, it would seem unlikely to do 

so without an external factor. This is also in line with the thermodynamic simulations carried out. The 

trends established between mixing variables in the previous study have not changed within this time 

period either. 
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Ettringite levels have been observed to either remain stable or increase. Potential increases at a calcium 

sulfate addition of 25% are marginal in Alipre mixes, and more likely a factor but still minor in Alpenat 

mixes. The TGA data for higher calcium sulfate mixes showed a more noticeable increase in ettringite 

production, which whilst not subjected to XRD and Rietveld, can be estimated as the signature for water 

increases between 90 and >900 days by the same amount as between 7 and 28 days. In section 3.4, this 

equated to an increase of approximately 4%. This investigation was also supplemented by MIP, which 

only showed a potential link between an increase of porosity and the availability of water, which is to 

be expected. 

CSA-belite has therefore, once again shown promise as a potential future encapsulant from a phase 

assemblage point of view. The mechanical and dimensional stability testing results are being evaluated 

by the UK nuclear industry, in conjunction with the results presented. If considerations from these 

studies are met, the next stage is to select formulations to use in full scale 500 litre trails. This is a 

necessary step, as it includes many elements that cannot be accurately replicated or simulated in a small-

scale scenario, such as the interaction of the mixing equipment upon a large quantity of grout, the 

behaviour of a bulk supply of powder, the rheology of such a large mix, but also crucially the heat of 

the hydration reaction exotherm and its impact on such a large scale. A successful 500 litre trial will 

leave a large safety tolerance when operations include waste loading, which will dilute the mix and 

significantly reduce the peak hydration temperature. 

The storage conditions must then also be considered. Geological disposal facilities (GDF) have been 

proposed with a maximum depth of 1000 m [3]. Busby et al. [224] took ground temperature readings 

across the UK at a depth of 1000 m, recording an approximate ground temperature for the Cumbria 

coast of 34 °C [224]. Prentice et al. [63] have estimated that the first 100 years of GDF operation will 

remain close to this figure, at between 30-40 °C, after which the GDF will be closed and backfilled 

[63]. Considering the heat generated from the hydration of the backfill, and given that the GDF is by 

this time sealed, it is estimated that the temperatures within the GDF could reach a maximum of 80 °C 

within 5 years, before cooling to 50 °C and then to ambient temperatures over the next 25 years [63]. 
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The stability of ettringite is crucial if CSA is to be introduced successfully as a future encapsulant of 

radioactive waste, and these experimental investigations do not consider the effects of this storage 

environment, since all samples were cured at 25C and >90% relative humidity. It is therefore worth 

investigating how CSA and the ettringite phase behave under a range of conditions relevant to the 

interim storage and disposal of potential waste products, including  alkalinity, humidity, and 

temperature. 
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 Alkali-Activated Material as a Future Encapsulant 

4.1.  Introduction 

Alkali activated materials (AAM) are under consideration by the UK nuclear industry as a potential 

radioactive waste encapsulant. AAM is a broad term used to describe materials produced from a number 

of precursors that may be activated by a range of alkali solutions. Both BFS and PFA are popular and 

advantageous precursors; however, as discussed previously, the UK nuclear industry wishes to move 

away from materials that cannot be sourced with a consistent specification, ideally available from a 

national supplier that is not reliant upon declining industries. A geopolymer (low-calcium AAM) is 

therefore the system of choice, within which a metakaolin precursor has been selected. The following 

chapter contains a brief history of AAM and their use within industry, as well as why AAM are of 

interest to the UK nuclear industry. A study comparable to that presented in chapter 3 is then conducted, 

wherein an extensive range of geopolymer mixes are conducted, in order to assess the robustness and 

suitability of the geopolymer system for consideration by UK nuclear and potential up scaled testing.  

 

4.2.  A Brief History of Alkali Activated Material 

The process of using alkali activation to produce or aid in the development of solid cementitious 

products is not a recent innovation. There are a number of theories which suggest that AAM was utilised 

by ancient civilisations, most notably that of Davidovits [225], who argues that the ancient Egyptians 

knowingly used AAM to produce stone blocks in situ for the great pyramids of Giza [9, 14, 225, 226]. 

AAM technology was, however, first patented in 1895 by Jasper Whiting [227] of Chicago, followed 

by German chemist Hans Kühl [228] in 1908 with his slag-based cement product [14, 140, 227, 228]. 

AAM technology was further developed by the pioneering work of Purdon in 1940 [229] and his studies 

of using different alkali activators on blast furnace slag (BFS), noting a significant improvement in 

strength when a using sodium hydroxide activating solution [229, 230]. 

Beginning in the second half of the 20th century, development was led by the Soviet Union and the 

People’s Republic of China [14]. During this period, both nations employed centrally controlled 
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economies, with great emphasis placed upon rapid industrialisation and the development of heavy 

industry through ‘five-year plans’ now synonymous with the Stalin era [231]. Both this and China’s 

‘great leap forward’ leant heavily on the production of steel in vast quantities [231]. This also coincided 

with a lack of PC availability in both regions, which when combined with the increasing availability of 

BFS, greatly incentivised the development of AAM [14]. This was epitomised by the work of 

Glukhovsky [232], and his 1959 publication of ‘Gruntosilikaty’ (or soil silicates), exploring alkali-

carbonate activation of these metallurgical slag waste by-products [14, 232, 233]. Much of the 

infrastructure created around this time which utilised AAM is still in service [234]. 

The term geopolymer came into use during the end of the 1970’s, first used and popularised by 

Davidovits [235], in describing alkali activation in the absence of calcium (see section 1.4.3.) [235]. In 

more recent literature, Davidovits has claimed that geopolymers are not in fact AAM, but a distinct 

classification of material in themselves [236]. This is not the only instance of confusing terminology, 

as AAM technology carries with it, as stated by Provis & van Deventer [14], “a plethora of names 

applied to the description of very similar materials, including ‘mineral polymers,’ ‘inorganic 

polymers,’ ‘inorganic polymer glasses,’ ‘alkali-bonded ceramics,’ ‘alkali ash material,’ ‘soil cements,’ 

‘soil silicates’, ‘SKJ binder’, ‘F-concrete’, ‘hydroceramics,’ ‘zeocements’, ‘zeoceramics’, and a variety 

of other names” [14]. 

Since the 1980’s the development and understanding of AAM has accelerated rapidly, with pioneering 

work conducted at the Eduardo Torroja Institute for Construction Science in Madrid, the University of 

Melbourne, and the University of Sheffield, with significant and ongoing research into the gel chemistry 

and developing an understanding of how AAM react to their environment [14, 134, 136, 237, 238]. 

AAM technology is an active area of research, which has been implemented successfully in both the 

20th and 21st centuries. Both Palomo [234] and Roy [226] give a comprehensive list of examples of past, 

present and potential future applications of AAM, from residential and highway construction, to pre-

cast structure elements and oil well grouts [226, 234]. 
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AAM can give a diverse array of benefits according to their design, though it is it important to clarify 

that some properties may be mutually exclusive. For example, AAM can reduce water demand for areas 

that suffer from droughts, lower heat of hydration, resistance against chemical and particularly acid 

attack, as well as tailorable porosity and strength characteristics that can rival or exceed the standards 

of PC [14, 70, 140, 239, 240]. Particularly of note, is the potential for significant reductions in carbon 

emissions compared to conventional cement systems, as well as the potential to make use of varied 

waste materials much in the same way that using BFS or PFA was a mutually beneficial arrangement, 

combining both the reduction of landfill waste with a reduction of associated emissions by diluting the 

cement binder requirement [7, 226, 241, 242]. 

 

4.3.  Alkali Activated Material and the UK Nuclear Industry 

The versatility of AAM has drawn the interest of the international nuclear community for the 

encapsulation of its diverse portfolio of waste materials [70]. The UK nuclear industry is particularly 

interested in metakaolin geopolymer technology for similar reasons as to why it is considering CSA, 

most notably the removal of the reliance upon increasingly difficult to source cementitious materials 

[81, 84, 88]. Metakaolin geopolymers are an alternative binder system with a chemistry that differs 

significantly from PC, offering a number of key advantages for the encapsulation of low and 

intermediate level radioactive waste streams.  

In recent years, geopolymers have been identified as a potential avenue for the immobilisation of 

radioactive 137Cs and 90Sr species, through both incorporation into the gel structure and precipitation as 

low solubility hydroxide and carbonate phases [93, 243, 244]. In 2006, Vitreous State Laboratory, 

Washington D.C, patented a geopolymer formulation known as DuraLith, for the purpose of the 

immobilisation of 99Tc and 129I [245, 246]. These would allow for the incorporation of ion exchange 

material, such as that used in the PUREX process (plutonium uranium reduction extraction), with the 

immobilisation of associated radionuclides [247, 248]. Control of the alkali activating solution can also 

modify the system pH of the geopolymer in relation to the material that is to be encapsulated. Kuenzel 



110 

et al. [143] chose metakaolin and sodium silicate activating solutions that lowered the solution pH to 

make it more appropriate for aluminium fuel cladding, reducing its corrosive potential [143]. 

One of the more novel potential applications is the encapsulation of organics and viscous liquids, such 

as oils. Radioactive waste is uniquely diverse, in that anything can become contaminated and required 

isolation from both the general population and the environment. Equipment used in both running and 

decommissioning activities in a radiological environment will require disposal once they have been 

relieved of their duties, and oil is a key component of any mechanical system. The porosity of a 

geopolymer system form in a way that produces an enclosed and non-connected network of pores, 

which theoretically would allow for the incorporation and encapsulation of these oils in this network. 

The work Geddes [140] demonstrates the successful incorporation of both thin and viscous silicon based 

oils into a potassium silicate activated metakaolin geopolymer system [140]. Geopolymer systems have 

also demonstrated high thermal stability, which exceeds the estimated requirements for a deep 

geological disposal facility [63, 70]. A system using an alkali activating solution based upon potassium 

silicate and potassium hydroxide has been selected for investigation by the UK Nuclear Industry, as 

studies by Geddes [140] indicate that this produces a lower viscosity mix, allowing for a grout to better 

penetrate the components of a wasteform than a metakaolin systems utilising sodium silicate [140]. 

 

4.4.  Results and Discussion 

4.4.1. XRD Results 

X-ray diffractograms generated from both Argicem and Metamax metakaolin geopolymers exhibit the 

characteristic humped region between 20 – 40 °2, indicative of the amorphous structure of a 

metakaolin geopolymer [138, 140]. This is shown most prominently in Metamax mixes, as Argicem 

contains a 48 wt.% quantity of crystalline quartz (SiO2) which produces strong characteristic peaks that 

dominate this non-crystalline region [140]. The occasional quartz peak is identifiable in Metamax 

mixes; however, this is likely to be merely a sand impurity which could be attributed to contamination 

during sample grinding and preparation. The main peak identifiable in Metamax mixes occurs at 25.3 
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°2 and is attributed to anatase (TiO2) (Figure 40). Anatase is also identifiable in Argicem mixes (Figure 

41) [140, 145]. 

Diffraction patterns remain largely consistent between mixes at different points of time, with no 

discernible trends of any phase change between 7, 28, or 90-day time periods (Figure 40 and Figure 

41). There is also no discernible change between different high or low shear mixing mechanisms within 

this timeframe. 

The most noticeable of changes occurs at the higher K2O/Al2O3 ratio of 1.5. In both mixes, though most 

prominent in Metamax likely due to them being unobscured by the intense quartz peaks within Argicem, 

there are a series of inconsistent peaks at around 30 °2θ (Figure 42). Samples from mixes of both 

metakaolin type experienced visible efflorescence if the K2O/Al2O3 ratio was 1.5, and this coincides 

with the appearance of these peaks. The intensity of these peaks can also be increased if the SiO2/K2O 

ratio is low, keeping the K content overwhelmingly high, as well as when the H2O/K2O ratio is high. 

These aforementioned peaks can be attributed to a potassium carbonate (K2CO3) efflorescence, which 

exhibits characteristic peaks at 29.4, 31.1, 31.5, and 32.8 °2 (Figure 42 and Figure 43) [249]. This 

alkali salt forms upon the reaction of potassium hydroxide with carbonic acid, which is present due to 

the dissolution of atmospheric carbon dioxide into the water [145, 250, 251]. Zeolite crystals can be 

seen in metakaolin geopolymers that utilise a sodium-based alkali activating solution, however, 

potassium zeolites are more difficult to synthesize [233]. 
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Figure 40: XRD patterns for Metamax metakaolin geopolymers between 7 and 90 days. SiO2/K2O 1.4, H2O/K2O 11, K2O/Al2O3 

1.0, low shear. Clearly displays the characteristic amorphous region between 20-40 °2θ that is indicative of the metakaolin 

geopolymer structure. Main anatase (TiO2) peak is shown. 

 

 

Figure 41: XRD patterns for Argicem metakaolin geopolymers between 7 and 90 days. SiO2/K2O 1.4, H2O/K2O 11, K2O/Al2O3 

1.0, low shear. Displays the characteristic amorphous region between 20-40 °2θ that is indicative of the metakaolin 

geopolymer structure. Main anatase (TiO2) and quartz (SiO2) peaks are shown. 
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Figure 42: XRD patterns for Metamax metakaolin geopolymers between 7 and 90 days. SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 

1.5, low shear. Clearly displays the characteristic amorphous region between 20-40 °2θ that is indicative of the metakaolin 

geopolymer structure, as well as the efflorescence encountered at approximately 30 °2θ. Main anatase (TiO2) peak is also 

shown. 

 

Figure 43: XRD patterns for Argicem metakaolin geopolymers between 7 and 90 days. SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 

1.5, low shear. Clearly displays the characteristic amorphous region between 20-40 °2θ  that is indicative of the metakaolin 

geopolymer structure, as well as the efflorescence encountered at approximately 30 °2θ. Main anatase (TiO2) and quartz 

(SiO2) peaks are also shown. 
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4.4.2. TG-MS Results 

TGA curves show negligible change over the 90-day aging period for any mix conducted. Similarly, 

the water content present within Argicem or MetaMax mixes is largely consistent regardless of the 

mixing variables, demonstrating the successful formation of hydrated gel structures throughout, as well 

as the successful and reliable removal of free water using the arresting hydration process. When 

comparing Argicem to MetaMax, the derivative weight loss associated with water at approximately 120 

°C is slightly more than half the size of that for MetaMax. The reduced quantity of water bound into 

the gel structure is a result of the significant quantity of unreactive quartz present (Figure 44).  

The MS data for both H2O and CO2 has unfortunately proven to be unreliable. The amplitude of the MS 

response can vary and does not follow any particular trend. This can be seen particularly when 

comparing the H2O MS between mixes over the curing period and is more than likely caused by an 

external factor (Figure 46). Whilst no conclusions can be drawn from the MS response amplitudes, the 

positioning of the responses are indicative of structural changes within the materials. The response for 

H2O clearly coincides with the release of the bound structural water at approximately 120 °C (Figure 

45 ). 

There is also a noticeable release of CO2 only in Argicem products at around 650 °C, which coincides 

with a similarly noticeable loss of weight. As this is a unique observation to Argicem mixes, with 
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seemingly no relation to the mixing variables applied, this must be a factor of the additional SiO2, Fe2O3, 

or CaO content. Potentially, it could be the decomposition of calcium carbonate. CO2 encountered at 

approximately 150 °C is from the decomposition of potassium hydrogen carbonate to potassium 

carbonate [252]. Other instances of noticeable carbonation could be due to the aforementioned K2CO3 

(Figure 45). The total amount of carbonation observed through TG-MS is minimal, especially when 

compared to the MS response of H2O, owing to the samples being stored under vacuum. 

Segregation was also encountered atop Argicem mixes combining both a high-water content and a 

K2O/Al2O3 ratio of 1.5. This occurs when activating solution forms a bleed layer on the top of a mix 

with a lower quantity of metakaolin. In Argicem, the amount of reactive metakaolin is already reduced 

significantly in comparison to MetaMax, allowing for a bleed to form. A comparison between the 

sample and its segregated layer show that geopolymerisation has occurred in the segregated layer 

despite the reduced metakaolin available, however, there is a significant increase in carbonation in the 

region that can be assigned to a potassium carbonate, such as potassium hydrogen carbonate (Figure 

46) [252]. 
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Figure 44: TGA of four mixes metakaolin geopolymer mixes at between 7 and 90-days. A – MetaMax, SiO2/K2O 1.4, H2O/K2O 

11, K2O/Al2O3 1.0, low shear. B – MetaMax, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.5, low shear. C – Argicem, SiO2/K2O 

1.2, H2O/K2O 13, K2O/Al2O3 1.2, high shear. D – Argicem, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.0, low shear. Structural 

water signature can be clearly seen at approximately 120 °C, as well as a minor calcium carbonate signature at 650 °C only 

found in Argicem mixes. Derivative weight loss is significantly reduced in Argicem mixes due to the high quantity of unreactive 

quartz present. Curves are very similar over all mixing variables, demonstrating the formation of a consistent structure. 
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Figure 45: TG-MS for Argicem, SiO2/K2O 1.4, H2O/K2O 11, K2O/Al2O3 1.0, high shear. MS demonstrates a temperature 

relationship that helps identify the decomposition of phases; however, the amplitude is not representative of the derivative 

weight loss shown. 

 

Figure 46: TG-MS for Argicem, SiO2/K2O 1.4, H2O/K2O 15, K2O/Al2O3 1.5, high shear. This mix experienced segregation, 

which at 90 days is compared against the rest of the solid product. A signature for potassium hydrogen carbonate is clearly 

visible in the segregated layer (peak of 150 ℃)[252]. 
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4.4.3. FTIR Results 

Table 12, adapted from the work of Geddes [140], identifies key features commonly associated with 

FTIR of metakaolin geopolymers by the wavenumber range. Firstly, at approximately 3450 cm-1, there 

is a strong signal for OH- bond stretching vibrations. Following the solvent exchange that these samples 

were subjected to, this signal can be attributed to the bound water content (Figure 47, Figure 48, Figure 

49, and Figure 50). There is no significant difference, within the age range of any mix, in the signature 

of the water content. As also noted in the TG-MS results, this not only shows consistency throughout 

curing, but also suggests that the arresting hydration technique used was consistent and successful in 

removing the free water from the samples. Similarly, H – OH bond stretching shown at approximately 

1650 cm-1 displays the same consistency. 

Table 12: FTIR signals that are commonly associated with metakaolin geopolymers. Adapted from the work of Geddes [140]. 

Wavenumber (cm-1) Associated Bonds Description of Signal 

3466 – 3432 OH- Stretching vibrations [253, 254] 

1648 – 1644 H – OH Bond stretching [253, 254] 

1385 – 1378 

Potentially associated with CH3 as a result of residual isopropanol 

from the solvent exchange procedure, as well as C – O stretching 

within an alkali carbonate species [255, 256].  

1150 – 980 Si – O – (Si or Al) 
Asymmetric stretching in geopolymers 

[257, 258]. 

900 – 840 Si – O – (Si or Al) 

Occurring with Al beginning to substitute 

into the Si site, correlating to the K-A-S-H 

gel [254, 257]. 

700 - 690 Al – O – Si Bending within a ring structure [253]. 

450 – 436  O – Si – O 
Amorphous stretching from the unreacted 

metakaolin [254, 259]. 

 

As described in the work of Geddes [140], the signal shown at approximately 1380 cm-1 is potentially 

associated with residual isopropanol, or any C – O bond stretching as a result of an alkali carbonate 

species, such as KHCO3 or potentially K2CO3 [140]. 
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The most characteristic features associated with metakaolin geopolymers occur at around 1000 cm-1. 

This signal represents the asymmetric stretching of the Si – O – (Si,Al) bonds [140, 260, 261]. The 

shoulder upon this signal, around 900 cm-1, may be a product of the Al substitution into Si sites as a 

function of K-A-S-H gel formation. As with the water content, these signatures show no discernible 

change in the structure over the 90-day curing duration (Figure 47, Figure 48, Figure 49, and Figure 

50). Up until this point, the many similarities have been discussed between all sets of FTIR data shown. 

FTIR was conducted upon samples at the formulation midpoint only with the metakaolin source and 

the mixing shear variables applied, with the latter appearing to have no consequence upon the 7 - 90 

day curing of these samples. 

When comparing between the two sources of metakaolin used, Argicem (Figure 47 and Figure 48) and 

MetaMax (Figure 49 and Figure 50), the most noticeable difference is a broader signature for the Si – 

O – (Si/Al) bond stretch in Argicem samples, which differentiate them from the MetaMax. This broader 

signal is likely a result of the high quartz content in Argicem. Whilst the reduction in the amount of 

reactive metakaolin product will reduce this feature, as gel formation decreases, a strong characteristic 

quartz signal occurs at approximately 1060 cm-1 which would cause a shoulder and broaden the 

characteristic Si – O – (Si/Al) bond stretch signal [262]. The strongest quartz signal occurs at 

approximately 450 cm-1, which is outside of the range of these FTIR scans, but the beginning of this 

signal could be interpreted from a substantial drop away at the very end of the Argicem scans. 
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Figure 47: FTIR analysis performed on an Argicem mix at 7, 28 and 90 days. SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, low 

shear. 

  

Figure 48: FTIR analysis performed on an Argicem mix at 7, 28 and 90 days. SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, high 

shear. 
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Figure 49: FTIR analysis performed on a MetaMax mix at 7, 28 and 90 days. SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, low 

shear. The amplitude of the scan at 90 days is slightly less than that of the other two time periods, however; it affects all 

features equally, this is due to the equipment and not the sample itself. 

 

Figure 50: FTIR analysis performed on a MetaMax mix at 7, 28 and 90 days. SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, high 

shear. 
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4.4.4. SEM, EDS, and Optical Observations 

Visually, samples can be clearly distinguished by the red colour of Argicem and the off-white colour 

of MetaMax, owing to the iron oxide content and high purity of the metakaolins, respectively. In the 

mixes conducted, the most obvious and impactful observation is the of the efflorescence encountered, 

which occurs visually, by eye, in mixes with a K/Al ratio of 1.5. Figure 51 demonstrates clearly the 

effloresces observed upon samples made using both types of metakaolin. 

 

Figure 51: An example of the white potassium carbonate efflorescence that has formed upon SEM prepared samples of both 

Argicem (left) and MetaMax (right) geopolymers. Approximately 5 mm by 10 mm surface area. 

As mentioned previously, the efflorescence encountered is likely a potassium carbonate 

(KHCO3/K2CO3), which has been allowed to form due to an excess of potassium alkali activating 

solution present within the system. Assuming that this mechanism operates similarly to the 

efflorescence encountered in the more researched sodium activated geopolymers, unreacted potassium 

cations are present near-to the surface of the sample, allowing them to react with carbon dioxide and 

form the white carbonate surface deposit [263]. A K/Al ratio of 1.5 would result in a significant excess 
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of K+ ions available during the K-A-S-H gel structure, and thus available for the formation of this 

efflorescence [144, 264-266].  

Figure 51 is taken after the preparation of solid arrested hydration samples for SEM. The preparation 

for this technique, which involves grinding and polishing, will increase the exposure of the samples to 

atmospheric CO2, as performing these actions in a vacuum or inert environment would be extremely 

impractical. Whilst this cannot be quantitatively determined, it can be noted that the amount of 

efflorescence observed upon the solid samples which were subjected to the arresting hydration 

procedure, was much more noticeable on samples that were polished for SEM analysis than on those 

that remained unpolished. 

As mentioned previously, these polished samples would have been exposed to atmospheric CO2 for 

much longer than samples that remained under controlled storage conditions. During grinding and 

polishing, surface material is removed in order to achieve a level surface suitable for SEM. The removal 

and exposure of new material to atmospheric CO2 may also factor in the increased efflorescence, as 

internally there may be a higher concentration of potassium cations. These cations may be present 

within the internal geopolymer pore network and were not removed from the system during the solvent 

exchange process, which likely removed cations contained within the removed free water. During the 

grinding process, isopropanol is used to aid the removal of geopolymer and epoxy particles by washing 

them away from in between the sample and the grinding paper. The face of the sample that is being 

prepared for SEM faces downwards. Being exposed to this isopropanol wash, may allow for the 

transportation of potassium cations towards the surface of the sample, in essence taking the place of the 

pore solution medium. This would again allow for a raise in the alkali cation concentration at or close 

to the surface which would increase the efflorescence observed. 

SEM images taken show that the efflorescence can nucleate upon the surface, but more commonly will 

bloom from cracks within the geopolymer structure, potentially due to a greater availability of alkali 

cations. The cracks observed are likely due to the stresses caused during handling, preparation, and the 

vacuum drawn during storage and by the SEM. All samples handled were fragile and would break 
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easily, particularly MetaMax, as the unreacted quartz contained within Argicem acted as a fine 

aggregate. Radioactive waste encapsulation does not require an excessively strong grout as it is always 

supported by a robust container [83]. 

 
Figure 52: SEM images of geopolymers at ×40 magnification, clearly showing the formation of efflorescence upon the surface 

of samples prepared for SEM after 7 days of curing, but more prominently within cracks shown upon the surface. Top left: 

Argicem, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.5, low shear. Top right: MetaMax, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 

1.5, high shear. Bottom left: Argicem, SiO2/K2O 1.0, H2O/K2O 11, K2O/Al2O3 1.5, high shear. MetaMax, SiO2/K2O 1.4, 

H2O/K2O 15, K2O/Al2O3 1.5, high shear. 
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Figure 53: SEM imagery of surface efflorescence at 90 days and ×250, ×500, ×1000 and ×2500 magnification for Argicem 

geopolymers, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.5, high shear. 

Efflorescence was also observed in samples of 7, 28, or 90 days, with no discernible trend between the 

extent of curing and the propensity to experience efflorescence, further highlighting that an external 

variable was aiding the format of efflorescence, most likely the SEM sample preparation. Following on 

from the trends established by the other analytical techniques, mix variables aside from the K2O/Al2O3 

ratio discussed above appear to have no visible impact upon either geopolymer. An increased quantity 

of water in the mix could potentially increase the porosity, as would be expected [223, 267, 268]. 

Similarly, there is no obvious difference between SEM images between 7 and 90 days of curing for any 

mix. 
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Figure 54: SEM images of MetaMax geopolymers, SiO2/K2O 1.4, H2O/K2O 11, K2O/Al2O3 1.0, low shear after 7 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 

 

Figure 55: SEM images of MetaMax geopolymers, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.5, low shear after 7 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 
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Figure 56: SEM images of MetaMax geopolymers, SiO2/K2O 1.4, H2O/K2O 11, K2O/Al2O3 1.0, low shear after 90 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 

 
Figure 57: SEM images of MetaMax geopolymers, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.5, low shear after 90 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 
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Figure 58: SEM images of Argicem geopolymers, SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, high shear after 7 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 

 
Figure 59: SEM images of Argicem geopolymers, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.0, low shear after 7 days of curing. 

Magnification at ×250, ×500, ×1000, and ×2500. 
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Figure 60: SEM images of Argicem geopolymers, SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, high shear after 90 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 

 

Figure 61: SEM images of Argicem geopolymers, SiO2/K2O 1.0, H2O/K2O 15, K2O/Al2O3 1.0, low shear after 90 days of 

curing. Magnification at ×250, ×500, ×1000, and ×2500. 
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The main difference between Argicem and MetaMax based metakaolin geopolymers is most clearly 

seen when employing EDS. Argicem products display Si rich, sharp edged particles which can be 

strongly identified as the unreacted quartz component (Figure 62). Other features include a small level 

of coarse porosity, as well as larger voids, likely formed by the removal of unreacted metakaolin 

particles being pulled away from the structure during sample preparations, with smaller porosity not 

visible at these magnification levels. Levels of carbon should be evenly distributed, due to the carbon 

coating that each SEM sample was subjected to in order to give the SEM image the correct contrast and 

stop the surface of the sample overcharging. There are, however, particulates that carry both strong C 

and K signatures, which is likely potassium carbonate efflorescence (Figure 63). Notably, whilst other 

analysis and visual inspections have shown efflorescence occurring at K2O/Al2O3 of 1.5, Figure 63 

shows what appears to be efflorescence occurring at K2O/Al2O3 of 1.2. 

 

Figure 62: EDS maps at ×1000 magnification of Argicem geopolymer, SiO2/K2O 1.4, H2O/K2O 11, K2O/Al2O3 1.5, high 

shear after 7 days of curing. Scan highlights the inclusion of unreacted quartz within the solid. 
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Figure 63: EDS maps at ×1000 magnification of Argicem geopolymer , SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, low 

shear after 90 days of curing. Scan highlights the potassium carbonate that has formed. 

 

Figure 64: EDS maps at ×1000 magnification of MetaMax geopolymer, SiO2/K2O 1.2, H2O/K2O 13, K2O/Al2O3 1.2, low shear 

after 7 days of curing.  
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4.5.  Conclusions and Future Investigations 

This series of 36 geopolymer mixes, consisting of two different types of commercially available 

metakaolin and different formulations of potassium alkali activating solution, have all successfully 

produced solid products. Two phenomena have been observed at the extremities of the formulation 

envelope; the production of potassium carbonate efflorescence primarily at a K2O/Al2O3 ratio of 1.5, 

and segregation occurring prior to hardening as a form of bleed at the top of the Argicem product when 

the reactive metakaolin product is diluted by both the high quartz content and the greatest content of 

water from the activator (Argicem, K2O/Al2O3 1.5, H2O/K2O 15). 

This means therefore, that the majority of mixes conducted have produced products shown to be stable 

over the 90-day testing period. The formation of the characteristic geopolymer gel network is clear, 

with no signs of deterioration, delayed development, or any other structural changes over the curing 7-

90 day timescale. All samples have shown reproducibility within each mix, with even the occurrence 

of efflorescence seemingly having little do to with the curing duration. Both the SiO2/K2O ratio and the 

shear rate of the mix procedure have had seemingly no noticeable effect upon the structure of these 

samples. Reactivity of the metakaolin has been high, with MetaMax mixes showing a particularly well 

reacted microstructure, with only some evidence of embedded residual metakaolin particulates in some 

samples. 

Recommendations would therefore be to further develop the understanding of mixes below the upper 

limitations of water content (H2O/K2O 15) and potassium content (K2O/Al2O3 1.5) that this study has 

identified. Particularly, a limit can be identified as to where efflorescence may begin to occur, such as 

in the case where a small amount was detected by EDS in Figure 63 after SEM preparation, despite this 

formulation not exhibiting strong potassium carbonate signatures under other analysis techniques. The 

efflorescence mechanism is worth exploring further, to safeguard this system from efflorescence 

forming in cracks and features, densifying, and causing internal stresses. A more robust system will be 

achieved with greater control over the potassium alkali content. This investigation has been successful 

in refining an acceptable formulation envelope, allowing for future experiments to be more focused, 

and a set of mix parameters to be honed for maximum performance in encapsulation scenarios. The 
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impact upon the porosity of the system is another important aspect for the encapsulation of waste, with 

particular focus upon the ability for closed porosity to incorporate oil-based waste streams. Mercury 

Intrusion Porosimetry upon the open porosity was unfortunately unable to be completed in the duration 

of this study due to instrument breakdowns. A study of the open and closed porosity, using a technique 

such as X-ray tomography, but would benefit future studies within the refined formulation envelope 

[269]. 
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 Heavy Industry 

5.1. Introduction 

In this chapter, the subject of heavy industries is discussed. Their behaviour is fundamental to the 

introduction of any new engineering product, and its commercial availability thereafter. Whilst it is 

tempting to believe that a technology is able to succeed based solely on its merits alone, history would 

have us believe that this is rarely the case. Heavy industries are by their very nature, conservative, and 

are typically reluctant to any disruptive change, such as what the adoption of an alternative binder 

system might bring about. It is a justifiable position given the exposure of their business operations and 

does not rule out change under the right circumstances. Backed up by historical case studies, the 

following chapter aims to define the conditions that allow, or force, heavy industries to change. This is 

achieved by looking at both technological breakthroughs that have been adopted, and those that have 

not. Events or pressures that may accelerate, decelerate, or stop disruptive change are also discussed 

through past examples. By understanding these behaviours and conditions, the likelihood of whether a 

novel technology is going to be adopted commercially, and to what extent, can also be better understood. 

 

5.2. The Rise of Portland Cement 

Portland cement (PC) (see section 1.4.1) has dominated the cements industry throughout the 20th and 

21st centuries. In contrast, the introduction and development of PC as it is recognised today took place 

during the extreme competition and rapid industrial growth of the 18th and 19th centuries. There are a 

number of contributing reasons as to why PC is now ubiquitous, and when considering if an alternative 

cement can be brought successfully to market, it is worth considering these circumstances. 

The patent for PC was filed on the 15th of December 1824 by Joseph Aspdin of Leeds (Figure 65). The 

patent itself is intentionally vague, omitting crucial material component information, quantities, and 

processing temperatures [270]. From the description given, and what is known about cement 

manufacturing at the time, it is unlikely that any vitrification of the clinker occurred during this process. 

The production of lime was conducted at the time so as to in fact avoid the formation of a melt, with 
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any vitrified products discarded as waste. Like J. Aspdin himself, many early cement manufacturers 

started out as brick makers, where burnt and therefore undesirable bricks are referred to as ‘clinkers’. 

[271]. The exact means of how PC was manufactured by J. Aspdin was a closely guarded secret, with 

strict control upon who entered the factory site and himself reportedly having direct involvement with 

the loading of every kiln [271]. The cement produced at the time is therefore not what is recognised 

today as PC, although exactly what was produced by J. Aspdin is difficult to ascertain. 

 

Figure 65: The patent filed by Joseph Aspdin in 1824 for Portland cement [271]. 

The Portland name was used to evoke a comparison between concrete and stone quarried from the land-

tied isle of Portland, located off of the Dorset coast, UK. The reputation of Portland stone, a limestone 

world-renowned for high quality and declared one of six Global Heritage Stone Resources in 2017, was 

used to bolster the reputation of PC despite being of little geographical relevance [272]. Aspdin was not 
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the first to consider a material consisting of limestone and clay, nor was he the first to compare that 

material to Portland stone. John Smeaton, designer of the Eddystone lighthouse of 1759, at the time 

wrote of his hydraulic mortar that it “would equal the best merchantable Portland stone in solidity and 

durability”. William Lockwood is also listed as a trader of ‘Roman’ and Portland cement for the year 

of 1823. Both precede Aspdin’s patent [270, 271, 273]. Aspdin did undoubtedly, however, secure a 

valuable and prestigious trademark when being issued with the patent, one that could carry a perceived 

reputation even by those not familiar with the concept of cement itself. 

The patent of British cement was secured by James Frost in 1822, a hydraulic cement consisting of 

limestone and silica with an absence of alumina, and although not as strong as the preceding ‘Roman’ 

cement  it was sold as a less expensive alternative [270]. Whilst another name of perceived prestige and 

value, especially during the height of the British Empire, British cement would fail to impact the market 

in the same way as PC. 

Referring once again to the PC patent (Figure 65), there are indications as to a number of advancements 

in cement manufacture. Firstly, the necessity to mix the material thoroughly. The use of a kiln twice 

would also allow for an ease of grinding of what would otherwise be hard mountain limestone, reducing 

the labour requirement at only the expense of cheap fuel [271]. This was also achieved by the acquisition 

of already broken up limestone powder from road surfaces, as mentioned in the patent filed (Figure 65) 

[271]. Slaking the lime after the first calcination step would also achieve fine subdivision, increasing 

the interaction with the clay admixture [270]. 

Shrouded in secrecy and aided by the work of Joseph’s later disinherited son, William Aspdin, PC 

reportedly continued to improve. When the secret behind the successful manufacture of PC was finally 

independently discovered in 1845 by Isaac Johnson, modern analysis of period structures confirms that 

that W. Aspdin clinkered material at temperatures that allowed for a melt to form and the calcium-

silicate reactions to occur, producing what is recognised today as PC [270, 271, 274]. This breakthrough 

had allowed W. Aspdin to produce a material with strength characteristics almost twice that of ‘Roman’ 
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cement, as independently verified by Grissell & Peto in around 1844, and helped justify the much higher 

cost of PC in comparison to its competitors [273]. 

A prestigious name and a growing reputation for high performance allowed for PC to establish itself in 

the cements market dominated by ‘Roman’ cement. Potentially even more importantly, however, was 

the aggressive marketing by W. Aspdin (both of PC and of himself), who on occasion employed both 

lies and deception. Following the disinheritance by his father in 1841, William Aspdin moved to 

London where he acted independently, before entering into a partnership that led to the formation of J. 

M. Maude, Son & Co in 1843 [274]. Well aware of the difficulty of bringing a new product to market, 

W. Aspdin leant upon his association with his father and concocted a marketable story for both his 

partners and public consumption.  

W. Aspdin claimed that the use of his PC was prevalent in the north of England, which it was not, 

having been invented by his father decades earlier. J. M. Maude, Son & Co, according to this story, 

were able to make a deal with Aspdin, to secure William’s expertise and bring the renowned PC to 

London at a reduced price [274]. His most infamous deception, advertised several times in the trade 

periodical known as Builder, claimed that his father’s PC was used to plug the 1828 Thames Tunnel 

breach. Both Isambard Kingdom Brunel’s and Richard Beamish’s journals clearly state that they used 

sacks of clay to seal the breach, but the truth never got in the way of a good story [273]. So successful 

was this act of marketing, that it is still repeated to this day [275]. 

Whilst W. Aspdin’s dishonesty would eventually culminate in multiple acts of financial fraud, him 

fleeing to Germany, financial ruin, and premature demise; the promise of PC outshone its unscrupulous 

pioneer. In one of his last Germanic enterprises, Aspdin co-founded Edward Fewer & Co. in 1862, 

before being expelled in as little as 6 months by said named partner. This company would one day 

become part of the huge Swiss Holcim firm [273]. 

The uptake of PC, and how quickly its adoption spread, was also aided by how similar its manufacture 

was to the preceding cements of the time. Whilst the vitrified clinker material is much harder to grind 

than lime, which contributed to lime manufacturers’ willingness to dispose of it as it would greatly 
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increase the wear upon the mill stones, its production is an adaptation and progression of the original 

method. All of the materials required were also already readily available and prevalent within the areas 

where cement was being produced [271]. 

“Portland cement, as it is very absurdly called, is in fact nothing but an artificial hydraulic lime, but 

which resists the effects of salt water admirably if we may judge from so short an experience of 8 or 9 

years”. 

 – Uncredited engineer, 1874 [271].   

PC was initially met with some scepticism, not helped by cement manufacturing and usage being in its 

infancy and therefore unreliable. For example, calcium sulfate would not be used as a set regulator until 

1890, with the ball mill and rotary kiln being invented not long after (kilns before this time were 

therefore static) [270]. However, the final key to the uptake and market dominance of PC is the state of 

the market at the time. The UK was in a time of explosive infrastructural development and economic 

industrial boom. Much of the buildings and infrastructure laid around this time are still in use to this 

day, especially in urban centres such as London. A particularly ground-breaking example was the use 

of PC by the London drainage works, the first large scale and ultimately successful trial of PC in 1859 

as a material used for more than just the typical aesthetic and plastering works; a trial that “settled the 

question of its superiority” over ‘Roman cement’ [270]. Ambitious and extensive transport links were 

also installed around this time, bringing population hubs closer together than ever before. Following 

the grand opening of the Liverpool to Manchester railway in 1830, ‘railway mania’ struck Britain, with 

the length of the rail network expanding from 125 to over 13,000 miles between then and 1871 [276]. 

With such a demand came an ever-increasing appetite for cement and concrete construction, and with 

more demand came a drive for continued improvement in the quality control of PC [270, 277, 278]. 

To summarise the point; PC managed to penetrate the market and proved to be the superior cement 

product for a number of reasons: 

- Substantial improvements in performance over its predecessors, upon which it could justify its 

higher price. 
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- A progression of similar preceding systems, utilising the raw materials that were already 

employed and readily available. 

- Exposure and aggressive marketing during a time when civil engineering and infrastructure 

were in the public consciousness. 

- A considerable appetite for construction materials and innovative technology in the 

marketplace 

PC has not been the only cement to reach widespread usage. However, PC has been the only binder to 

retain its position as the dominant system. As described in Section 4.2. the BFS AAM binder system 

was employed for numerous construction projects where an abundance of that material was available, 

but its usage was tied directly to the availability of this material and the lack of PC cement. ‘Roman 

cement’ is another example of an alternative binder material to be widely adopted, but potentially the 

most significant example in recent times is described below. 

 

5.3. High Alumina Cement (HAC) 

(Law No. 233) “If a builder builds a house for someone, even though he has not yet completed it; if 

then the walls seem toppling, the builder must make the walls solid from his own means”. (Law No. 

229) “If a builder builds a house for someone, and does not construct it properly, and the house which 

he built falls in and kills its owner, then that builder shall be put to death.” (Law No. 230) “If it kills 

the son of the owner, the son of that builder shall be put to death.” – The laws of Babylon as decreed 

by Hammurabi, king of Babylon from 1792 – 1750 BC. Translated by Leonard W. King (1915) [279, 

280]. 

Brueckner & Lambert [279] list a number of cement systems for the benefit of identification and 

sympathetic restoration of structures by historians [279]. These include PC with a calcium chloride 

additive to speed up setting – although at the cost of accelerating the corrosion of embedded steel, PC 

blended with asbestos fibres for fire resistance, and the early iteration of AAM developed by Hans Kühl 

[228] which utilised some addition of PC to produce the necessary alkali conditions [228, 279].  These 
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PC additives have largely fallen out of favour, and AAMs have progressed to make more efficient use 

of their precursors. High alumina cement (HAC) is another example of a historic cement system which 

was once commonly employed but has since been banned from structural applications in the UK after 

a string of unfortunate high-profile failures. These failures were attributed to poor work practises and 

an insufficient understanding of the HAC system, but even now that industry and the scientific 

community are better informed, they have not been successful in lifting the ban on its use [281, 282]. 

HAC, or calcium aluminate cement (CAC), contains primarily monocalcium aluminate, produced using 

lime and a high alumina bearing material such as bauxite, with hydration producing calcium aluminate 

hydrates [283]. It was developed by Jules Bied in France, 1908, and mass-adopted in the UK for pre-

stressed beams in ambitious redevelopment projects following the extensive infrastructural damage 

suffered during World War II [279, 284]. HAC is a fast setting, high strength system, developed 

predominantly to be resistant to sulfate attack [279, 284]. Its higher heat of hydration allows it to be 

laid in a low temperature environment and HAC is particularly suited to flooring where it exhibits low 

shrinkage, resistance against acid attack of  pH < 4, thermal shock, and abrasion [283]. It is still 

employed as a refractory material, withstanding temperatures up to 2000 ℃ [281]. 

During the use of HAC in the UK, it was common practice to use a water to solid ratio as high as 0.6, 

whilst it is now advised that a limit of 0.4 should be used with HAC [279, 281]. The hydration reaction 

can form metastable phases dependent upon the environmental temperature, which can transition to 

form stable phases with increased temperature, humidity, as well as merely a prolonged timescale.  

CA +10H → CAH10    (Room temperature) 
(Eq. 5.1.) 

2CA + 11H → C2AH8 + AH3   (≤ 38 ℃) 
(Eq. 5.2.) 

3CA + 12H → C3AH6 + 2AH3    (≥ 40 ℃) 
(Eq. 5.3.) 
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The formation of these metastable phases could lead to occurrence known as conversion reactions. 

3CAH10 → C3AH6 + 2AH3  + 18H   
(Eq. 5.4.) 

3C2AH8 → 2C3AH6 + AH3  + 9H   
(Eq. 5.5.) 

This series of conversion reactions can increase the porosity of the system, as the density of the final 

stable phases are greater than that of the metastable phases, essentially allowing the porosity to grow 

[281]. This effect is exacerbated by high levels of water within the system, as the already increased 

porosity will increase further still potentially resulting in a noticeable loss of strength, and in this 

scenario it will not benefit from the release of water through further hydration that may offset the loss 

of strength [279, 281, 284]. 

Whilst the stable product is a system capable of all of the enhanced properties described, its poor 

implementation led to the failure and collapse of a number of buildings. Some examples given by 

Houghton [281] and Neville [282] are: 

• The partial collapse of a building roof, University of Leicester, (1973) 

• The collapse of the hall roof at Camden School for Girls, London (1973) 

• The roof collapse of a swimming pool at a School in Stepney, London (1974) 

Shortly following these high-profile failures, an investigation resulted in HAC being withdrawn from 

the Code of Practice for the use of structural concrete (CP 110, also in BS 8110) [284, 285]. HAC is 

still produced today, albeit limited to non-structural applications such as refractory structures, and in 

the UK, it has been unable to recover from the reputation that resulted from the 1970’s failures [281, 

284, 286]. 

Such high-profile failures are difficult to resolve and amend, regardless of the advances made to a 

system, material, or technology. The adoption of a new cement system into structural applications, 

without fully understanding it, undoubtedly hindered the introduction of other novel cements into 

structural applications in the UK. 
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In another example, the introduction and later dominance of PC was helped by the high-profile failure 

of ‘Roman’ cement, in the Euston station collapse of 1848, wherein a wall collapsed which led to the 

death of two workmen [271]. The architect attributed this failure to the use of the cement in prohibitively 

cold weather and careless work practice, although William Aspdin took the opportunity to blame 

defective cement no less than a fortnight after the incident [271]. 

 

5.4. Understanding Heavy Industries 

“Heavy industry: the manufacture of large, heavy articles and materials in bulk.” – Oxford Lexico 

[287]. 

Heavy industry, much of which was pioneered in the UK during the industrial revolutions of the 18th 

century and thereafter, includes a great number of industries and processes. These include but are not 

limited to [288]: 

• Construction – Housing, infrastructure. 

• Manufacturing – Machining, forging, assembly. 

• Material production – Cement, chemical, metallurgical, glasswork. 

• Mining and logging – Mineral, wood, oil, and gas. 

• Transport – Aerospace, automotive, shipbuilding, locomotive works. 

Another defining feature of heavy industry is the prolific use of resources. Heavy industries typically 

require significant natural resources, infrastructure, land, personnel, and capital. The generation of, or 

gaining access to, the resources required is no mean feat. The required collaboration between large 

groups of investors, managers, workers, and governing body officials, makes starting a heavy industry 

operation an extremely difficult, labouring, and financially risky enterprise. For these reasons, heavy 

industry can generally be described as risk averse and conservative. 

The production of cement is one such industry that can be considered conservative. As mentioned in 

sections 1.1 and 5.2, the Portland cement industry has existed for nearly two centuries. At its core, it 
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has revolved around the production of calcium silicates within a kiln to produce a clinker [17]. The 

process has been refined throughout generations and it will prove difficult for the industry to move 

away from such a mature technology. There are many industries that make use of cement to produce 

forms of specialist concrete. As well as for radioactive waste immobilisation and encapsulation, cement 

is used to produce other specialist grouts, sealants, and ceramics. Two other notable examples of low 

volume use of cement are in dentistry (zinc phosphate cement for example) and the capping of oil wells 

using a concrete plug [79]. Most cement, however; goes into civil construction, which has similarly 

gone through an evolutionary development in balance between new available technologies, the trends 

of the time, what is practicable, and what is economically viable. 

The variables that go into decision making within heavy industry can broadly be simplified into what 

is available, what is desirable, and what is justifiable. The following section is a selection of examples 

from history, explaining where these variables have come into play in either the success or failure of a 

heavy industrial operation. 

The invention and improvement of PC was a huge development in the construction sector, as was the 

use of steel frames and the later evolution of steel rebar reinforced concrete. The advent of new 

technology allowed for more ambitious, desirable, and practical construction to go ahead. Skyscrapers 

and tower blocks were a product of rapid urbanisation, wherein people followed the employment 

available in the worlds growing cities. With this demand for urban accommodation came a rise in the 

value and desirability of land central to a city, and the appetite for bigger and more ambitious housing 

complexes. 

Dense urban populations have existed for millennia. Insula buildings were the apartment complexes of 

ancient Rome, rapidly constructed and economic housing blocks with multiple floors that would house 

several families of low social standing. Space was extremely limited for those financially tied to large 

urban cities, whether due to their employment in the case of sailors or labourers or merely to increase 

their likelihood of survival with access to food, with conditions being squalid. The construction height 

of insula was reportedly regulated and limited by the first Roman emperor Caesar Augustus to 
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approximately 70 feet, and later even decreased by subsequent rulers in order to decrease the occurrence 

of these buildings collapsing [289]. This is potentially one of the first example of an enforceable 

building regulation, and an acknowledgement of the limitations of cheaply built wood and masonry 

structures. This practicable limitation would largely remain until the development of more affordable, 

higher tensile strength materials that could surpass masonry construction. 

Crucible steel was the highest tensile strength steel available in Europe in its day. Independently 

discovered by Sheffield horologist Benjamin Huntsman around 1740, it was a resource intensive and 

very valuable commodity [290]. Sharp tools such as scythes would commonly feature only a crucible 

steel edge, with the remainder of the blade being wrought iron to reduce costs, such tools being known 

as edge tools [291]. Large masonry buildings of the time, such as the Ditherington flax mill and 

Arkwright mills, would employ cast iron pillars and beams to secure their internal structures, but were 

limited in their dimensions by heavy masonry. In the 1840’s, attempts were made in the UK to construct 

buildings utilising external cast iron structures, but these were met with scathing criticism on fire safety 

and architectural grounds, with cast iron banned from being used as part of a building’s main external 

structure by the 1844 London building code [292]. 

Whilst cast iron preforms well under compression, its approximate 3% carbon content with impurities 

makes it a brittle material [293]. The development of more ductile, very low carbon wrought iron began 

to improve iron structures as more efficient methods of production were developed, driving down costs. 

This continual development culminated in the Bessemer process of 1856, which not only gave far more 

control over the material composition, but also drastically increased the efficiency of the process. The 

crude molten pig iron from a smelter is subjected to an airstream, wherein oxygen is introduced into the 

melt and combines with carbon and other impurities, forming either a gas or the oxide slag that is 

skimmed from the top of the melt [294]. The end product was high quality and economically produced 

steel, pushing the envelope of what was practicable in terms of high-performance structures and making 

opportunities available for future construction projects. 
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“To these eager adventurers, the conversion of five tons of crude molten iron into cast steel, in a few 

minutes, was the realisation of the fabled philosopher's stone, that transmuted lead into gold.” – Sir 

Henry Bessemer, 1905 [295]. 

During the 1880’s, landowners were demanding taller buildings to be constructed in Chicago following 

its recovery from the great fire of 1871. The value of land in the city’s central business district had risen 

greatly in recent years and necessitated more efficient use of its occupying area. In 1885, the Home 

Insurance Company Building was completed, considered by many to be the first skyscraper in terms of 

height and the use of an iron and steel supporting structure merely clad in, and not supported by, 

masonry. This structure consisted of cast iron columns, supporting either wrought iron or the new 

revolutionary rolled steel beams, with the columns encased in brick or clay tile for increased fire 

protection [292]. 

Reportedly, this design was met with scepticism, with construction being halted by both the Home 

Insurance Company as well as the City of Chicago so that they could verify that the building was indeed 

structurally sound [296]. With the success of the Home Insurance Building, the design was repeated in 

Chicago, with the merits of this design being slowly incorporated into successive high density urban 

structures, eventually leading to high-rise buildings becoming common within urban landscapes. 

This chain of events is just one example of the behaviour of heavy industry, and its gradual evolution 

based upon what is available, desirable, and justifiable. As steel technology was independently 

developed, and the desire for comfortable, high density urban property increased, the pursuit for steel 

framed skyscraper buildings became justifiable. Materials that were both economically viable and met 

the performance requirements were available, meaning that the steel structures performance 

requirements were achievable. 

The way in which urban centres were being developed had matured, with a balance being met between 

city expansion and infilling. Infilling required the more efficient use of the land space in certain city 

districts, which the development of skyscrapers was perfectly suited to [297]. This was driven by the 

increased desirability of living in an urban centre, with more financial prospects and a higher quality of 
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living than many rural areas (suburban living would have to wait until mass transport became more 

available). The risks involved in such a development were therefore worth taking. 

To many in positions where innovation is desirable, such as those involved in research and development, 

the gradually paced adoption of innovative technologies and practises can be frustratingly slow. Even 

during the more relaxed regulatory environments of the 18th, 19th, and even 20th centuries, scepticism 

has always had an influential role in the behaviour of heavy industry. Iron workers in Sheffield were 

reportedly reluctant to accept the new Bessemer process at first, suspicious of its deviation from tried 

and trusted methods [295].  

“Sheffield wrapped itself in absolute security and believed that it could afford to laugh at the absurd 

notion of making five tons of cast steel from pig-iron in twenty or thirty minutes, when by its own system 

fourteen or fifteen days and nights were required to obtain a 40-lb. or 50-lb. crucible of cast steel from 

pig-iron. So, the Yorkshire town was allowed to stand aside while the more enterprising ironmaster 

gave the invention a trial, as far as bar-iron making was concerned. At this period, the ironmaster 

would never have dreamed of changing his trade to that of a cast-steel manufacturer, had such a thing 

been proposed to him.” – Sir Henry Bessemer, 1905 [295]. 

As mentioned previously, heavy industry requires a huge quantity of resources, personnel, and finance 

in order to operate. Quite unlike in other industries, all these assets are put at risk when a heavy industrial 

operation commences. Operators, personnel, and equipment are put physically at risk when carrying 

out a function. Users and consumers can also be exposed to physical risks when involved. Material 

resources can be spoilt, or the supply chain disrupted. Regulatory restrictions or legal proceedings could 

also disrupt operations, potentially as a direct result of another action within the industry. There also 

may simply not be the need or appetite for the product in question, or its marketing might not be 

effective. Potential risks need to be understood and mitigated in order to protect financial interests and 

continue operations, because new or developing technologies always present a risk with no guarantee 

of a return. 
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Availability, or accessibility, refers to whatever resources or technology can be used. Firstly, materials 

availability is especially important to large scale manufacturing processes that rely upon bulk to operate 

within a slim profit margin, such as the manufacture of cement. The availability of sufficient limestone 

or chalk is of paramount importance to economically viable PC production, as importation over any 

great distance is likely to write off any profitability [9]. The quality or grade of a material is also as 

important as its availability. 

Historically, coal was the main driver of industry in the UK, and its proximity would have considerable 

impact upon a locations heavy industry. For example, the city of Sheffield was ideally suited for the 

production of iron, and as a result became a hub of metallurgical innovation and expertise [298]. The 

river Don has many fast-flowing tributaries as they come off the surrounding moorlands, powering 

watermills and their equipment such as bellows and hammers. Ironstone, a sedimentary iron oxide-

containing sandstone, is prevalent within the region, as is wood from the neighbouring valleys [299]. 

The availability of bituminous coal, however, was crucial to the steel making success of the region 

[300]. Bituminous coal is of intermediate energy density compared to other grades at approximately 24 

MJ/kg and a carbon content up to 86% [301-303]. It is the main ingredient of coke, wherein bituminous 

coal is heated in the absence of air to drive off volatiles and moisture, producing a hard and energy 

dense material yielding approximately 30 MJ/kg, suitable for stoking blast furnaces and producing iron 

and steel [302, 304]. 

The area became synonymous with metallurgy, with generations of workers becoming skilled craftsmen 

and operators. The availability of labour and expertise is another vitally important resource to heavy 

industry, which allowed for operations to not only continue, but improve and innovate. Later, but to 

some degree analogously, the Sellafield nuclear facility, formerly the Windscale and Calder sites, 

required a considerable amount of labour and expertise to transform the former ordinance factory into 

a pioneering nuclear facility. In 1947, the neighbouring village of Seascale became a dormitory 

community for those with ties to Sellafield, with the UK Atomic Energy Authority financing the 

construction of housing and facilities for the residents to develop and encourage the growth of the 

community [305]. 
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Without the availability of these resources, these industries would not have been able to start or develop 

and therefore make up a significant part of whether an enterprise is available or justifiable. These 

variables will shape heavy industry and change its course, albeit often gradually. Business decisions 

such as beginning or moving operations are not taken lightly and come with considerable operational 

upset and financial investment. The most mobile of these resources are personnel, who may be willing 

to relocate if infrastructure and financial incentives are provided, such as in the case of Seascale. 

In times of economic stagnation, such as the 1970’s, the UK government heavily incentivised businesses 

to set up heavy industries in areas of high unemployment. Two examples of this initiative are the Rootes 

Group factory in Linwood, Scotland, building the Hillman Imp economy car, and the DeLorean factory 

in Dunmurry, Northern Ireland, building the DMC-12 sports car. The DeLorean Motor Company was 

founded by automotive industry veteran John DeLorean, producing its first cars in January 1981. The 

Dunmurry site was chosen as so to benefit from $117 million of UK taxpayer funding in 1978, equating 

to approximately £534 million in 2023 [306]. 

Whilst this incentive was a considerable financial boost to help establish production facilities, the vast 

majority of the workforce were not skilled in manufacturing or industrial management, and intensive 

training was required at all levels of the fledgling company. When completed cars were exported to 

their respective dealerships, primarily spread across the United States, the build quality of cars was such 

that quality assurance centres had to be established in order to rectify cars before sale. Poor reliability 

and prolific build issues quickly tainted the reputation of the DMC-12, which compounded the financial 

pressures the company was experiencing, eventually leading to bankruptcy in December 1982 [306, 

307]. 
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Figure 66: An epitaph written within one of the controversial gullwing style stainless steel doors by members of the Dunmurry 

workforce during the final days of DeLorean DMC-12 production [308].  

The Rootes Linwood factory had similar issues, despite the financial incentives that facilitated 

production start-up. Unlike DeLorean, Rootes was an established manufacturer that was set up primarily 

in Coventry and the Midlands. Whilst Hillman Imp pressing, casting, and final assembly operations 

would take place at Linwood, engine block machining for example had to be undertaken in Coventry, 

necessitating a nearly 700-mile round trip of road transport in order to cast, machine, and install that 

engine block. This inherent inefficiency, that could only be resolved by yet more costly financial 

investment in the area, never allowed for the Linwood facility to meet its potential [309, 310]. 

At the other end of the process, it is important to review the ability of a market or consumer base to do 

business with. For example, a cement manufacturer will need to be placed in close proximity to both 

quarries and concrete merchants, as well as the infrastructural projects that will require it. Electrical 

power generation will ideally be placed nearby infrastructure, so as to minimise the grid infrastructure 

required and the efficiency losses through transport. In relation to city planning, large housing projects 

need to be constructed in either well populated or rapidly growing population centres. There is a delicate 

balance between city infill and expansion, with an excessive amount of either risking a drop in property 

demand, its value, and potentially a huge amount of vacant or even abandoned property [297]. 
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Currently in China, there is a large amount of vacant housing. In 2017, reportedly around 65 million, 

or >10% of all homes were unoccupied [311]. In a mismatch between supply and demand, excessive 

urban expansion has led to large areas of unfinished or merely unoccupied developments. China’s 

economic growth is tied significantly to real estate, with it being the single largest contributor to China’s 

gross domestic product at 29% [312]. The sale or leasing of land to developers reportedly accounted for 

$4.3 trillion of income in China, highly incentivising the expansion of cities [313]. Residential 

properties are also typically sold or leased before construction is completed, with the liquidity allowing 

for the project to be completed. With rampant urbanisation predicted in line with previously reported 

rates, investment in housing led to rising prices and even more investment, with many purchasing 

multiple properties. This rapid growth has proved to be unsustainable, with many unwilling to move 

into newly built areas with minimal established infrastructure and employment opportunities [314]. 

Second or third homes bought as investments are vacant, with so called ‘ghost cities’ becoming 

infamous. In 2022, China’s second biggest property developer reached a debt of over $300 billion, and 

unfinished or vacant tower blocks are reportedly being demolished [312, 313, 315]. 

Finally, even if all of the necessary resources and technology is available, and that the end product is 

desirable, change within heavy industry must be justified. Desirability and justifiability are directly 

linked and overlap in many circumstances; however, justifiability covers more as to what is practicable, 

as opposed to merely marketable or considered beneficial. 

An example of this difference took place during the 1960’s and 70’s with the development of hovertrain 

technology. At the time, rail transport was in significant decline with the mass adoption of personal 

transport and more efficient and faster highways taking away both passengers and freight work. Much 

of the national and international rail network had been established in the 19th century, and as a result 

was inefficiently laid with tortuous routes compared to modern high-speed standards. Rail traffic was 

also suffering from speed restrictions due to antiquated signalling and issues such as hunting oscillation. 

This is where the conical wheel sets would not remain central and balanced between the parallel rails 

at speed, instead riding up one rail and then the opposite side, causing the wheel set to sway from side 

to side and potentially causing derailment on even straight track [316]. 
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Figure 67: A diagram illustrating the movement of hunting oscillation and its detriment to railed transport, as depicted in 

Mazilu [316]. 

A solution was proposed by French engineer Jean Bertin, wherein the rails and wheels would be 

replaced by a concrete track and a cushion of air [317]. A vehicle would produce lateral and vertical 

thrust, both propelling and lifting the vessel, so that it may glide utilising the low drag aerodynamic 

ground effect. This is a highly efficient means of producing lift and forms the basis of all ground-effect 

machines or vehicles, such as hovercraft or the ill-fated ekranoplan [318]. The result was fast transport 

that was cheap to build, with the concrete beam or T-shaped track being far easier and more cost 

effective to build and maintain than a railway, with far less groundwork necessary. The Aérotrain was 

deemed such an innovation that the technology was adopted all over Europe and North America. In the 

UK, the technology was developed to produce the RTV31, replacing the gas turbine engine design 

employed by the early Aérotrain with a linear induction electric motor, significantly reducing operating 

noise and pollution [319]. The US High-Speed Ground Transport act of 1965 culminated in a similar 

linear induction motored design developed by ROHR Inc, that ran its near 6-mile Pueblo test track at 

145 mph in 1974. The French Aérotrain I-80 would break the classes world land speed record later that 

year [320, 321]. 
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Figure 68:The ROHR Inc tracked air cushion vehicle (TACV) in Pueblo, Colorado. Driven by a linear induction motor to 

145 mph, with a seating capacity of 60 in airline style comfort [320].  

Plans were made and contracts signed for major links between airports and metropolitan areas in each 

respective country, the most significant outcome being the construction of 18 km of track that would 

form a transport link between Paris and Orléans. By the end of the 1970’s, however; funding was 

withdrawn internationally, and none of the plans ever came to fruition. Economic pressures experienced 

during the 1970’s led governments to reassess their funding for innovative projects. In 1975, the French 

government announced its plans for the TGV ‘train à grande vitesse’ high speed train, which featured 

the latest in conventional-style rail transport technologies [321]. 

The British government had also recently brought its APT-E advanced passenger train experiment into 

service, the first iteration of the tilting train cornering technology used today [319]. The decision was 

made to invest into existing infrastructure and foundational technologies, as opposed to chase new, 

radical departures from what had already been established as conventional. Incremental improvements 

were made instead to the production of rails, wheel sets, and signalling, allowing for older infrastructure 

to be updated and new rail sections or lines to be integrated into it. More investment would also go into 

highways, with pressure mounting from continually increasing road traffic. Despite its promise and 

long-term benefits, it was not practical to construct an entirely new system to be put into place when 

the existing one was still practical and could still be improved upon. In 1972, it was estimated that the 

RTV31 project would not be ready for deployment until 1985 [319]. 
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Figure 69: The remains of the abandoned Paris to Orléans Aérotrain link as can be seen currently [320]. 

To summarise from these historical examples given, it can be determined that in order to change the 

direction of heavy industry there must be a great deal of support in terms of the maturity of the 

technology, the accessibility of resources, an appetite for the product, and whether the change can 

practically be applied in a timely and straightforward manner without great disruption or detriment. 

These factors steer heavy industry to a more conservatively led development. 

 

5.5.  Disrupting Heavy Industry 

In the preceding section, the more natural behaviour of heavy industry was discussed, where gradual 

and incremental development is favoured over more radical technologies, and those within the terms of 

what was achievable, justifiable, and desirable. This more conservative behaviour can, however, be 

disrupted by circumstance either suddenly or more gradually. 

In this instance, a sudden change is categorised as an event that unfolds in a couple of days. The outcome 

might be positive, like the unexpected discovery of a resource such as an oil field. In such a short 

timescale however, and given that the event is unplanned, sudden disruption is more often than not in 
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the form of failure or catastrophe. Undoubtedly one of the most severe and far-reaching disasters of 

modern Britain is the Grenfell Tower fire of 2017. 

Completed in 1974, Grenfell Tower is a residential tower block designed in the 1960’s as part of the 

Lancaster West scheme. Its exterior is made up of pre-cast concrete spandrel panels, the tower being 

supported primarily by reinforced concrete columns and reaching 25 storeys or 67 m tall. Between 2012 

and 2016 the tower block was refurbished, updating many heating and other pipework systems, but 

critically it involved upgrading the building insulation, windows, and exterior aesthetic [322]. The 

exterior of the building was clad in foam insulating panels and a rain screen, a composite comprised of 

0.5 mm aluminium sheets sandwiching 3 mm of highly flammable polyethylene (Figure 70) [323]. 

Several factors contributed to the scale of the tragedy. The use of flammable material in the renovations, 

selected as part of a cost saving exercise that amounted to £293,000, allowed for the fire to spread 

rapidly and unpredictably [324]. The rain screen aesthetic panels, Reynobond PE 55, carried an 

acceptable fire resistance rating in riveted panel form, but proved to be highly flammable when used in 

cassette form and screening applications (Figure 70). This result was supressed internally by the 

manufacturer, and even after eventually being reclassified, the revised flammability was not 

communicated to customers by the sales team [325].  
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Figure 70: Diagram from the phase 1 Grenfell Tower fire report showing the insulation and cladding structure attached to 

the original concrete tower exterior (image top). This shows the composite cassettes hung upon the exterior of the building, 

with the void which accelerated the fire’s spread [322].  

The severity of the blaze was amplified by the lack of a sprinkler system and the ‘stay put’ fire procedure 

still in place, where it was advised that residents remain in their flats as the concrete structure was once 

deemed fire retardant enough to protect them, avoiding the possibility of a crush incident occurring on 

the stairwell [322, 324]. The consequences of the Grenfell Tower fire were, and still are, far reaching. 

Cladding has become extremely commonplace upon buildings greater than 2 storeys, in order to 

increase the aesthetic appeal of their steel and concrete based construction and meet thermal efficiency 

targets. The tragedy became a catalyst for safety reform within the industry. In 2018, the external wall 

system safety certificate (EWS1) was introduced in order to reassure lenders that residential buildings 

that employed cladding carried a low risk of fire so that valuers would allow for mortgages to be 

obtained [326]. 

EWS1 required all buildings over 6 storeys or 18m tall with cladding to be assessed by a fire safety 

officer, irrespective of any other fire safety certification [326-328]. The EWS1 form would then be 



156 

filled out, clarifying its compliance or outlining improvements that are required, which in England 

certifies that building for 5 years [329]. The rapid introduction of this measure helped to reaffirm the 

urban property market, but also led to further uncertainty as in 2019 the EWS1 criteria were revised to 

cover all buildings that employed cladding irrespective of height, only to be reversed again a year later 

[326]. For many people to sell their properties, a fire safety officer had to have carried out the EWS1 

certification so that a potential buyer could obtain a mortgage; however, an extensive backlog quickly 

formed, with waiting times still estimated at between 6 – 12 months as of 2023 and reportedly as high 

as 48 months initially [330, 331]. There are also concerns that EWS1 may be putting fire safety officers 

and consultants at risk of liability claims, as they can only go so far as to assess whether the use of 

combustible materials still allows for a reasonable level of fire safety [332]. The polyethylene composite 

panels were eventually banned in revised building regulations published in December of 2022 [333]. 

This event therefore drastically changed the construction and property market within a short timeframe, 

with long lasting effects that have yet to be fully resolved. 

Material availability is the linchpin of heavy industry, that can be disrupted gradually through the 

phasing out of a material or process, or via a sudden event that can cut off supply, such as political 

turmoil or a natural disaster. The declining availability of a consistent supply of pulverised fuel ash 

(PFA) and blast furnace slag (BFS) is one of the main driving forces that has led the UK nuclear industry 

to explore alternative cement systems. Coal is a fundamental component in both the manufacturing of 

steel using a blast furnace, and in coal fired power stations that have produced the supply of PFA for 

use in concrete and cementitious grouts for many decades. Coal has been gradually phased out in the 

UK since towards the end of the 20th century, which although a necessary movement away from the 

UK’s reliance on coal for electricity, this has proven problematic in areas where a smaller quantity of 

high-quality coal is extremely beneficial [206]. 

Ffos-y-fran in South Wales is the biggest opencast coal mine left in the UK [334]. Originally set to 

cease mining operations in September 2022, many industries that used the Welsh metallurgical and 

steam coal began to explore alternative fuel sources [335]. With UK sources dwindling, a suitable 

alternative was found in a similar grade of Russian coal [336]. The importation of Russian coal abruptly 
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came to a stop with the Russian invasion of Ukraine in February 2022, although at this time Ffos-y-fran 

remained open [337]. In March of 2022, the coal washing plant which removes non-combustible 

impurities failed, which suddenly cut short the supply of Welsh coal [336]. With the impending closure 

of the site only 6 months away, there was debate as to whether repairing the wash plant was 

economically viable. As retained coal supplies dwindled, industries once again rushed to source a 

suitable alternative, with trials of Polish and Colombian coal currently being conducted [337]. 

 

Figure 71: Aerial view  of Ffos-y-fran open cast coal mine, the largest left in the UK [334]. 

Opening in 1865, the Talyllyn railway on the Welsh coast served the former slate mining quarries. This 

narrow-gauge railway is a local attraction today, one of many heritage railways running steam 

locomotives for tourists. The Talyllyn railway consumes just 95 tons of coal per year, however; the 

quality of the coal is subject to stringent requirements [336]. The volatility of the coal must produce a 

long, sustained heat, so as not to burn up too quickly (a volatility of 24%), and the coal must also 

produce enough ash to lay a stable, heat retaining bed for the fire without smothering it (4% ash content) 

[336]. Poorer quality coal that produces more ash and clinkers may also require more firebox 

maintenance and repair work, and may also produce substantially more smoke, which has been noted 

in many imported coal alternatives [336]. The requirement for high quality material at low capacity for 

a relatively niche application is a similar situation that the UK Nuclear industry has found itself in with 
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regards to its cementitious material needs. As is the case with UK Nuclear, operators of steam driven 

machinery have looked to alternative sources.  

Aside from other coals that can be imported or blended, with the negative attributes worked around as 

best as possible, the price of coal has also been a driving force in trailing alternative fuelling. Even with 

Ffos-y-fran coming online once again towards the end of 2022 with the coal washing plants repaired, 

albeit delayed again due to a landslide, the price of coal has increased from £150 – 200 per ton in 2021, 

to £300 – 600 per ton in 2022 [336, 338]. 

 

Figure 72: Oilseed meal briquettes [339]. 

Two alternative products being trialled by Talyllyn, as well as other locations like Stainmore and 

Apedale, are e-coal and rapeseed briquettes [336, 338, 340]. E-coal is a coal-based product from 

Sheffield of approximately 50% coal or coke and 50% biomass, with the biomass content consisting 

within the region of 30% crushed olive stones and 20% molasses (Figure 72) [341]. This product is sold 

as a low smoke fuel for home open fire heating, with a higher energy density than standard coal or kiln 

dried wood, it has been used successfully in steaming trials [340]. Rapeseed briquettes, or oil seed logs, 

are made entirely out of compacted meal from oilseed rape production and are a waste product from the 

biofuel industry [339]. The total heat released is directly comparable to that of Welsh steam coal, 

although the rate of that release is twice as high, and the fuel must not be allowed to become wet [338]. 

Both materials are therefore usable alternatives to conventional coal products, with both products 

having once exceeded the price of coal, but now being in more direct competition [336]. 
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Disruption of heavy industry occurs more gradually with societal changes, which is often the driving 

force behind many other secondary changes or limitations, such as material availability, legal standards, 

or taxation. One significant societal change within the UK is its change of economy type from 

manufacturing to service based. A 2023 study by the House of Commons found that between July and 

September of 2022, service based industry accounted for 82% of all employment within the UK [342]. 

In 1948, 46% of employment was service based, with 42% involved in manufacturing (Figure 73) [343]. 

 

Figure 73: A comparison between the percentages of those employed in service, manufacturing, agricultural, and construction 

industries in the UK, separated by 65 years. Study and image by the Office of National Statistics [343]. 

A service-based industry delivers non-tangible value, such as education, healthcare, entertainment, 

consultancy, legal work, or retail [344]. Whilst this transition is seen as the natural progression of a 

more developed economy, with standards of living undoubtedly improving significantly since 1948, 

there are some drawbacks [345]. A service-based economy is a consumer of goods, and the 

infrastructural and material needs of that society will only increase as it becomes more developed. The 

manufacturing needs of that society therefore must be fulfilled by other, arguably less developed 

economies, with material being imported from international suppliers [346]. This has always been a 

fundamental element of the global economy, and national economies that isolate themselves from the 

global community become insular and rarely thrive [347]. Importing goods also gives a breadth of 

choice, from world leading producers of materials or technology, and access to a wealth of knowledge 

and experience [348]. 
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An international supply chain, however, offers significantly less control, and might leave a nation with 

supply shortages or at the mercy of foreign policy and international relations [346, 348]. The risk of 

disruption to the supply chain is therefore much higher. Within the duration of this thesis research, the 

blockage of the Suez Canal and the disruption of fossil fuel supplies as a result of the conflict in Ukraine 

and aggression towards Europe are two particularly important examples [349, 350]. Once again 

bringing up the subject of coal, disruption in the coal supply chain has led to the re-exploration of 

opening an underground coal mine in the mid-Copeland coalfield of Cumbria, in order to secure a 

supply of metallurgical coal [351]. The UK is unwilling to completely surrender its remaining steel 

producing capabilities. This transition also leads to a change in a community’s skillset. Workington in 

Cumbria produced steel for 130 years and was famously adept at the production of the rails which make 

up the track and point infrastructure of the world’s railways [352]. With the dissolution of this industry 

at the beginning of the 21st century, this knowledge and skillset was lost, as the chain of skill sharing 

from one generation to the next was broken. As mentioned previously, the availability of expertise is a 

vitally important resource when developing heavy industry. 

Whilst the change of economy is undoubtedly an important factor in the gradual disruption of heavy 

industry, perhaps proving to be the underlying cause of a more immediate disruption to industrial 

operations, arguably the most significant societal change within the past half century is the exponential 

concern surrounding climate change. 

 

5.6.  Climate Change 

“Everything we've achieved in the last 10,000 years was enabled by the stability during this time. Our 

burning of fossil fuels, our destruction of nature, our approach to industry, construction and learning 

are releasing carbon into the atmosphere at an unprecedented pace and scale. We are already in 

trouble. The stability we all depend on is breaking.” – Sir David Attenborough, speaking at 26th United 

Nations Climate Change Conference (COP26),  Glasgow, 2021 [353]. 
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What began as an apathetic concern has increased exponentially to become a constant anxiety, as the 

environmental repercussions of modern living became harder to ignore at the dawn of the 21st century 

[354]. In 2022, a United Nations (UN) report to the general assembly stated that “human-induced 

climate change is the largest, most pervasive threat to the natural environment and societies the world 

has ever experienced, and the poorest countries are paying the heaviest price” [355]. In December of 

2015, the United Nations Framework Convention on Climate Change (UNFCCC) established the Paris 

agreement which dictates a 2˚C Scenario (2DS) [356, 357]. This agreement sets national targets, or 

Nationally Determined Contributions (NDC), in order to give a 50% chance of global average 

temperatures being increased to 2˚C above preindustrial levels in 2100 [357]. In the UK, the NDC 

requires that net carbon emissions are reduced to 68% of the level produced in 1990 by 2030, with net 

zero to be achieved by 2050 [358]. 

The 2018 Chatham House report compiled by Lehne & Preston [6] states that in order to remain within 

the Paris agreement, the global cements industry needs to reduce its emission level by 16% before 2030, 

with an estimated 8% of global CO2 emissions currently being attributed to the production of Portland 

cement [6]. Aïtcin [9] describes this as a significant undertaking, achievable through a combination of 

fuel switching, increased operational thermal efficiency, a reduction of the clinker component of a 

cement, and more innovative technologies [9]. It is noted that the reductions that can arise at this time 

from fuel switching and increased thermal efficiency are marginal, as the production of PC is a mature 

and well-honed process with the only modest improvements available from older production facilities 

[9].  

Clinker substitution is an effective means of lowering attributed CO2 per tonne of cement produced 

[359, 360]. This is a technique currently employed to a varying degree dependent upon the cement 

specification in force (e.g. BS EN 197-1:2011 in the UK) [86]. Over 80% of supplementary 

cementitious materials (SCM) employed are either BFS, PFA, or limestone, with standard limestone 

generally only applicable up to 10% before having a negative impact on the strength of the product 

[361]. The implementation of BFS and PFA is already essentially at full capacity, but other materials 
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such as calcined clays as well more reactive limestones are being explored as viable alternatives [147, 

361-363]. 

The International Energy Agency (IEA) in 2009 published their low-carbon trajectory for the cements 

industry, concluding that commitment to the best currently available techniques, alternative fuelling 

and clinker substitution was not sufficient for “meaningful reduction of CO2”, and that there is a 

requirement for innovative new technologies such as carbon capture and storage (CCS) and new types 

of cements  [364]. This position was clarified in 2018, as the IEA published their updated report 

outlining the clear benefits of CCS for the cement industry, given that CO2 emissions are concentrated, 

allowing for recovery from both the raw material and the fuel [365, 366]. In order to meet the 2DS 

scenario, CCS solutions will begin to come online before 2030, and by 2050 will capture and store 25 

– 29% of directly generated CO2 emissions [365]. This has put a significant amount of pressure upon 

the development of CCS in a way that is effective, practicable, and financially viable. Currently, it is 

debatable as to whether CCS is on track to meet this requirement, with the IEA report for cement in 

September 2022 stating that the cements industry is not currently on track to meet its goals, and that 

CCS deployment needs to increase dramatically over the next decade [6, 19, 367-369]. This represents 

a huge disruption for the cements industry, in a timeframe that does not represent the usual progression 

of heavy industry. 

With the perceived reliance of these policies upon CCS technology for the reduction of CO2 emissions, 

more attention has been paid towards alterative binder technologies, with these receiving more emphasis 

in more recent reports [6, 365, 370, 371]. In addition to carbon taxes, Baylin-Stern & Berghout [372] 

estimate that CCS technologies could cost between $60 – 120 per ton of CO2 removed from the cement 

manufacturing process, which increases the financial viability of, and incentivises the production of, 

lower-CO2 cements [372].  
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Figure 74: Figure from the 2018 Chatham House report compiled by Lehne & Preston [6], showing the required trajectory, 

split into individual technologies, required to achieve the 2DS scenario by 2050. Also shown are the beyond 2DS and reference 

technology scenarios [6]. 

Climate change is undoubtedly driving change and disruption of the cements industry, and as a result 

is also driving innovative approaches and cutting-edge research [373, 374]. Whilst a significant 

challenge for the global community, change does present the opportunity to improve the sustainability 

and operations of modern heavy industry. Scepticism of climate change is still an issue at all institutional 

levels, encouraged through motivated reasoning, political followership, and disinformation [375]. This 

most often comes in the form of resistance towards disruption and may be best exemplified though the 

lobbying for the retention of thermal coal power. For example, the Lignite Energy Council (LEC) is a 

lobbying group established to “protect, maintain and enhance development of our region’s abundant 

lignite resource”, lignite being a low grade of coal used primarily for power generation due to its poor 

energy density [376-378]. The lignite mining industry has been a primary source of employment for the 

rural communities of North Dakota, with the local population fearing that the dissolution of this 

industrial practise could lead to an economic downturn and destabilise the reliability of the electricity 

grid. 

The LEC, along with along with other similar organisations throughout the United States, Australia, 

and historically the United Kingdom, like ‘Friends of Coal’ and ‘Count on Coal’, fund (or have funded) 
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advertising campaigns and education seminars persuasive to the reasoning that coal use should be 

maintained to ensure the stability of communities [379-381]. The LEC in particular directly funds 

educational programs in schools, as well as other forms of school sponsorship and educational awards 

[380, 382]. One argument put forward by the LEC argument is that CCS would allow for the continued 

operation and advancement of coal processes, and therefore justifies continued investment in the 

industry [383]. 

 

Figure 75: Lignite Energy Council advertising their award as part of their sizable funding towards local high schools in the 

North Dakota area [379, 382]. 

risk 

Figure 76: Billboard erected by the Lignite Energy Council to promote their ‘Thank a Coal Worker’ campaign, where 

individuals can submit praise online via their website in regards to the coal industry [384]. 
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Figure 77: Propaganda from the lobbyist group ‘Count on Coal’, published in March 2023, in reference to Germany being 

forced to turn back to thermal coal power due to gas shortages as a result of the war in Ukraine [350, 377, 381]. 

In the context of climate change, it is vitally important to be aware of the resistance towards the 

disruption that advances in sustainable policy and practices cause to entrenched industries. Climate 

concern, however, is still accelerating, with increase pressure and activism towards industries and 

institutions that have the power to make meaningful changes. In December of 2022, a reported 200 

climate change activists stormed the Lafarge-Holcim Marseille Cement Plant, sabotaging infrastructure 

and destroying product in protest of local air pollution concerns [385]. This extreme event is 

symptomatic of the ever-increasing public perception of climate change, and their concerns that not 

enough is being accomplished. 

 

Figure 78: Climate activists sabotaging the Lafarge-Holcim Marseille Cement Plant in December of 2022 [385]. 
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5.7.  Innovation, the Chasm of Adoption, and the Technology Readiness Level assessment  

Dewald & Achternbosch [386] raise the question of why more sustainable and innovative cements have 

failed to penetrate the cements market (prior to their publication in 2016) [386]. Three small scale 

alternative startups are accessed, among which as of 2023, the two more conventional applications are 

seemingly still being pursued over a decade after their inception [387, 388]. As evidenced by the 

European Technical assessments (such as ETA-13/0417) the more technologically inclusive standards 

being set in the UK (BS EN 197-5, BS 8500-2 clause 4.4.3, PAS 8820:2016 for AAM), and the sourcing 

of commercially available alternative binders in the aforementioned studies (chapters 3 and 4), 

innovative cement products are now available on the cements market [198, 199, 369, 389]. The mass 

market adoption is still near-insignificant in comparison to the market share of PC, which will inevitably 

represent the vast majority of cement for the foreseeable future, aided by SCMs, CCS, and other 

improvements in production efficiency [369, 370]. Further pragmatic adoption of alternative binder 

systems, such as those discussed in chapters 3 and 4, represents an obtainable reduction in CO2 

emissions and the potential improvement of capability for specialist applications [359, 365, 370]. 

Introducing innovation into a market, especially a conservative one, is difficult as discussed in the 

preceding sections of this chapter. The difficulty encountered by an innovative product accruing an 

increasing market share can be represented by the technology adoption curve, which involves the 

concept of ‘crossing the chasm’ [390]. First proposed by James & Warren Schirtzinger in 1989, the 

chasm concept represents the difficult transition into the more conservative marketplace, where a 

product must win over the pragmatic [391, 392]. The full model illustrates the general uptake of new 

technology to market and shows the uncertainty in establishing a product [393]. When a new product 

enters the marketplace, its first users are the early adopters or backers; these are those that are invested 

in technology early on [392]. In the case of an alternative binder product, this represents the scientific 

community, niche product development by cement firms, and its use in experimental or explorative 

applications.  
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As time progresses after the early adoption and the product begins to be rolled out to the open market, 

it is met by a chasm. The chasm is where promising ideas fail to achieve their market potential, typically 

through the inability to change their marketing strategy to appeal to a wider, less enthusiastic consumer 

base [392]. 

 

Figure 79: Representation of the first half of the technology adoption profile, showing the theoretical chasm between the early 

adopters and the pragmatic. 

 

Figure 80: The original drawing of the technology adoption profile, shown in 1989 [392]. 

Crossing this chasm is made much easier when the new technology is sufficiently incentivised. An 

excellent example of this happening in the last decade or so is the adoption of the electric car, which 

has progressed significantly in the UK even through the 4-year duration of this PhD project [394]. 

Historically, the steam engine, the jet engine, and the internal combustion engine are all examples of 

radical new technologies that presented huge advantages and were set to change their industry forever, 

and yet it took years if not decades for them to finally be adopted and start to become the norm [395, 

396]. Towards the end of the 19th century, it was decided that horse drawn transport was becoming a 
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problem in built up areas due to the vast quantities of manure being produced [395]. Horseless carriages 

were seen to be the answer, with three variants rising in a race to become the accepted means of 

transport: steam cars, cars with an ICE (Internal Combustion Engine), and electric cars [397]. After a 

couple of decades, the ICE became the norm, due in no small part to the convenience of being able to 

simply fill a fuel tank in a matter of minutes to extend their range, whilst steam cars required solid fuel 

and water, and a carefully maintained and well stoked fire [398]. 

Electric cars were held back by the crude battery technology available at the time, being laden with 

slow charging and extremely heavy lead-acid batteries to power inefficient electric motors [397, 399]. 

Whilst initially popular as taxi cabs, it has taken the electric car in excess of 100 years to become a 

viable alternative to their ICE driven counterparts [395, 397, 398]. Electric cars, or electric vehicles 

(EV), would remain an area of research throughout the 20th century, with prototypes and small batches 

being produced, such as with the Lucas electric vehicle program [400]. Battery technology would 

continue to progress, with the first lithium-ion batteries being developed throughout the 1970’s and 

1980’s [401]. The EV was arguably eventually popularised and brought to the mass market through 

both the Toyota Prius hybrid technology, which gave the mass market its first taste on EV benefits in a 

real-world environment, and then the Tesla Roadster of 2008 with its unprecedented advertised single 

charge range of 245 miles [402-404]. Adoption steadily grew with government grant incentives, 

improved battery and charging technology, and increased investment in national charging 

infrastructure. In the UK, pure battery EV car sales accounted for 16.6% of new car sales in 2022, 

surpassing diesel to become the second most popular powertrain [394]. 

With increasing mainstream adoption, the perceived value of a mass market product such as an 

innovative cement will improve, adding value to a project and reassurance against uncertainty. This 

cannot happen without standardisation and approval, such as the aforementioned European technical 

assessments which aid to introduce and regulate innovative products [198, 199]. Proven safety and 

reliability records are crucial for pragmatic adoption, followed by expert and operator familiarity which 

will aid in the adoption by the later majority. In the work of Giesekam et al. [405], when reviewing the 

opinions of leaders in the construction industry, highlighted points included concerns about high costs, 
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ineffective allocation of responsibility (such as in the case of the Grenfell disaster, section 5.5), security 

of supply, and the poor availability of data [405]. It was surmised that actions that could be taken to 

better address these concerns include more proactive engagement of industry along the supply chain, 

availability of whole  life costing (considering the approximate average building life of 50 years), as 

well as more accommodating contract and tenders for low carbon material implementation [405-407]. 

When contemplating the introduction of new technology, a technology readiness assessment, also 

known as the technology readiness level (TRL) or innovation readiness level (IRL), is useful for the 

quick comprehension as to how ready a technology is to be implemented or quantifying it for 

comparison against another potential technological route [408]. The TRL was first developed by the 

National Aeronautics and Space Administration (NASA) in 1974 as a management system to assess 

technological maturity for their projects [409]. Since then, the defined scale has been adopted by many 

multidisciplinary industries across the globe [369, 410]. The scale operates like a ladder, where in order 

to move up and achieve a TRL, all of the current and preceding achievements must have been met [409, 

411]. For example, both Hills et al. [368] and the IEA have made TRL assessments for CCS [368, 412]. 
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Figure 81: TRL assessment as adopted and used by NASA [409]. 
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Table 13: TRL defined scale, based upon the descriptions by Hills et al. [368] which itself is based upon the NASA adopted 

scale [368, 409].  

TRL Description of Level Achievements 

1 Basic principles observed and reported 

2 Technology concept and/or application formulated 

3 Analytical and experimental critical function and characteristic proof of concept 

4 Component and system validation in a laboratory environment 

5 Laboratory-scale similar-system validation in a relevant environment 

6 Engineering and pilot-scale prototypical system demonstrated in a relevant environment 

7 System prototype demonstrated in a plant environment 

8 Actual system completed and qualified through test and demonstration in a plant environment 

9 Actual system operated over the full range of expected conditions 

 

Table 14: TRL evaluation conducted by Hills et al. [368] for a number of innovative carbon capture technologies [368]. 

CCS Technology 2015 TRL 2020 TRL (estimate) Estimated Availability 

Amine gas treating 5 - 6 6 2025 

Calcium looping 5 - 6 7 2030 

Full Oxy-fuelling 4 4 2035 

Partial Oxy fuelling 6 6 2030 

Direct Capture 4 - 5 7 2025 

 

The IEA have adopted an 11 tier TRL to account for the greater levels of maturity that would help 

establish a novel technology such as CCS into conservative heavy industry [412]. The 2020 conclusions 

brought about from both studies yield very similar results, with a significant push still to go for full 

implementation within the next decade [368, 412]. 
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Figure 82: TRL scale adopted for use by the IEA, adapted to feature 11 different levels so as to account for greater levels of 

maturity demanded by conservative heavy industries [412]. 
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Figure 83: Conclusions drawn by the IEA in 2020 for the progress and TRL of CCS technologies, utilising the 11 tier system 

defined in Figure 79 [412].  
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 Future Directions 

6.1.  Introduction 

Unlike many other areas of heavy industry throughout the UK and continental Europe, the cements 

industry has maintained its presence whilst largely consolidating to form a number of mega-

corporations [29]. This is likely a combination of the uneconomical position for the import or export of 

PC across long distances, the excellent availability of raw materials locally, and as seen in Figure 73, 

the construction industry has remained a constant large-scale employer [9, 343]. With cement remaining 

a titan of industry within the UK and the EU, it has undoubtedly retained its expertise in the 

manufacturing of cement. When also bolstered by the cutting-edge research conducted by some of the 

top universities and institutions in the world, this puts the UK and the EU at the forefront of innovation 

with regards to adopting alternative binder cement technology. 

In the following chapter, both CSA and metakaolin geopolymer systems are evaluated in terms their 

current technical maturity, industrial application and adoption, and their suitability as a future 

encapsulant for radioactive waste streams. 

 

6.2.  Calcium Sulfoaluminate 

The CSA family of cements has enjoyed considerable interest during the past couple of decades, 

warranting European technical assessments (ETA) and notably large-scale implementation on the 

western coast of the United States  [173, 198, 199]. Buzzi Unicem of Italy has submitted a number of 

European technical assessments, the first to be approved being ETA-13/0417 which granted it 

conformational CE marking upon a CSA product containing >45% ye’elimite content, which was again 

renewed in 2018 [389]. Similarly, historic French cement manufacturer Vicat achieved the approval of 

ETA-16/0850 for a similar >45% ye’elimite CSA cement in 2016 [199]. This is representative of the 

higher ye’elimite CSA cements being more mature than other types, having been developed first and 

used extensively in regions such as China as their third series cement [175]. The recognition of higher 
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ye’elimite CSA does, however, make it significantly easier for all other types of CSA to be adopted. In 

2020, cement producer CTS from the USA secured ETA-19/0458 for a 58% belite CSA (BCSA) [198]. 

CTS has also succeeded in producing CSA products conforming to both ASTM C845 as an expansive 

additive for PC, and ASTM C1600 ‘Standard Specification for Rapid Hardening Hydraulic Cement’ in 

the form of a BCSA [413, 414]. 

As stated by Harrison et al. [192] and Scrivener et al. [370], the main limiting factor for the mass 

adoption of CSA is the supply of alumina bearing raw material [192, 370]. Primarily this has been 

bauxite, which is a material in high demand for other applications including the production of 

aluminium metals [415, 416]. China is a region rich in alumina bearing material, and less so in 

limestone, which greatly encouraged the development and adoption of CSA in many applications [192]. 

In the context of global industry wide adoption, minimising the alumina content is a pathway which 

makes CSA a more viable option to many nations, potentially favouring the belitic branch of CSA 

cements [184]. BCSA has been shown to perform admirably in a range of operations where the 

characteristic properties of a CSA are advantageous and would not be considered inferior to higher 

ye’elimite content  CSA cements in typical construction applications [185, 193, 417]. 

By lowing the alumina requirement in CSA, which for example according to Scrivener et al. [370] is 

approximately 16% Al2O3 in a belite ye’elimite ferrite system (BYF), the opportunity to employ low 

grades of alumina material, such as bauxite residues, red mud, and industrial waste materials increases, 

with options available to lower that amount further [176, 370, 418]. Currently, there is no clear and 

standardised distinction between BCSA and BYF, such as upon the ferrite (C4AF) phase content. In the 

UK, during the mass adoption of HAC in the post WWII period, red mud and aluminium dross (slag 

type waste from the aluminium smelting process) were employed to achieve the required approximately 

40% Al2O3 content during a period of bauxite shortage [284]. BCSA types therefore appear to be a 

promising avenue for the incorporation of alternative binders into the wider cements market, with a 

significant CO2 saving and desirable characteristics for certain applications which may offset their 

higher price, which would help to encourage their adoption by conservative heavy industries  [185, 187, 

370, 419].  
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The UK nuclear industry wishes to consider employing CSA with a ye’elimite majority, to maximise 

the potential benefits for radioactive waste encapsulation [88]. Whilst the wider cements industry 

appears to be heading in the direction of more belitic CSA types, this is likely to remain to the benefit 

of other forms of CSA. As previously discussed, PC is certain to remain as the primary cementitious 

material in the 21st century, bolstered by SCMs, post-process CCS technologies when available, as well 

as alternative binders and additives [365]. CSA was originally developed as a PC additive, and with 

increasing familiarity with the CSA family of systems and the sustained dominance of PC, it would 

seem logical that higher ye’elimite CSA would remain in production to lower the attributed CO2 of a 

PC based binder and incorporate advantageous CSA characteristic properties [182, 420]. In terms of 

the needs of the nuclear industry, a small but consistent supply of high-quality material is all that is 

required for encapsulation operations, which can likely be fulfilled by high ye’elimite CSA binders 

even if they are manufactured primarily as a PC addition. 

There are, however, some further resistances to the wider adoption and availability of CSA. Firstly, as 

outlined in Table 9 (section 3.2.), the naming conventions of CSA binders has been inconsistent for 

many years, and yet still it can continue to be difficult to differentiate between, for example, CSA and 

BCSA in literature, as well as occasionally HAC [176]. The lack of a clear universal naming convention 

may confuse the more pragmatic or sceptical adopters of this technology. There is also a lack of general 

user guides, and easily accessible large scale experimental trials aimed at demonstrating the robustness 

of the material in an application (an area that this thesis aims to contribute to). Publications showcasing 

effective use are, inevitably, far more numerous and accessible for PC. The adoption of CSA, as well 

as all other alternative binder systems, could be undermined by CCS solutions if the industry decides 

to fully commit to CCS as the primary solution to achieve the reduced emission targets. There may be 

some resistance to adopting multiple means of addressing the problem, instead opting for a one-size-

fits-all approach in an attempt to minimise disruption within the industry [421]. This is also a tactic 

used to delay change and keep a business as usual route, as demonstrated by thermal coal groups in the 

United States [383]. This rather drastic approach seems unlikely, as much of the international expertise 
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within the cement industry and associated research groups are well aware of the needs for a multifaceted 

approach to addressing such a serious issue as climate change [365, 373, 374]. 

The option of addressing some of the associated carbon emissions from cement manufacture by 

introducing CSA as an alternative binder option, does offer a number of advantages for the cements 

industry. The manufacturing of CSA is extremely similar to the process of manufacturing PC, allowing 

for infrastructure to be re-used and retrofitted with minimal investment [187, 191, 417, 422, 423]. 

Similarly, the handling and usage is also very similar to PC, or any other hydraulic binder, so that it can 

be implemented into a construction environment with a low training requirement and minimal changes 

to safety procedures [193].  

The availability of CSA is steadily increasing, as is the national technical expertise and those familiar 

with the system, both peripherally and directly. Multiple European, American, and Asian suppliers are 

now offering CSA as part of their catalogue of cementitious materials [103]. Many of the characteristics 

of CSA are desirable for the nuclear industry, but the unique advantageous characteristics of CSA, 

namely the shrinkage compensation as well as its early strength, are admirable and unique selling points 

that can help justify its inclusion into the wider cements market [176]. The requirement to produce more 

sustainable building materials and reduce the cement industry’s contribution to global greenhouse gas 

emissions also justify the position of introducing more sustainable alternative binder systems [373, 

419]. 

The NDA estate uses a TRL scale similar to that adopted by NASA, using nine tiered levels in order to 

assess the maturity of a technology [409, 410]. Whilst the descriptions of these categories are specific 

to the implementation of technology into radioactive environments, to assess the TRL of these 

alternative binder systems the original system proposed by NASA shall be used, allowing for a degree 

of compatibility.  
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Table 15: TRL assessment for the CSA family of cements, as based upon the NASA criteria [409] 

TRL Justification 

1 The CSA family of systems has achieved the proof-of-concept phase. The key 

hydration mechanisms are well understood, and the phase assemblage can be 

clearly defined and identified. 

2 

3 

4 The CSA family of systems has also achieved the small-scale experimental phase. 

A large number of small-scale experiments have been undertaken, providing 

results that validate its progression into larger scale and real-world trials. 

5 

6 

7 A number of real-world applications have now been completed successfully. 

8 The material has received technical approval for both CSA and Belitic-CSA. 

9 System is available commercially and is being applied commercially, although 

not widespread internationally as of yet. 

TRL Verdict: 8 – 9 

There is still some discussion in regard to the long-term performance of CSA, and whether it can be 

applied in structural applications, such as for pre-stressed beams similar to how HAC was 

employed in the mid-20th century. For that reason, the technology has not quite reached its full 

maturity as yet, but with interest having seemingly accelerated even during the timescale of this 

project, it would appear that this technology is likely to reach maturity. 

 

If accounting for the IEA 11 tier TRL, a level of between 8-9 is still appropriate as CSA has yet to 

achieve a secure commercial footing  [412]. For this to be accomplished, the following need to be 

established on the international stage: 

• A consistent nomenclature and definition of systems, such as what separates BYF from BCSA. 

• Decisions need to be made as to whether CSA is going to be produced to conform to existing 

PC materials standards, such as BS EN 197-1, and compatible to experimental test standards 

such as ASTM G109 (Determining Effects of Chemical Admixtures on Corrosion of Embedded 

Steel Reinforcement in Concrete Exposed to Chloride Environments), or if standards have to 
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be modified and new standards created [86, 424]. The latter would allow for a better evaluation 

of the performance of CSA without tying it to the behaviour of PC, such as its much-improved 

chemical attack resistance, but requires significant legal work to establish. 

• The commercial suppliers need to decide which systems are to be sold as a PC additive and 

which are to be sold as standalone systems. 

• If a large-scale commercial product is finalised, such as a BCSA, how suitable are material 

supplies for a commercial expansion and how will it be priced against PC. 

The mass adoption scale of a CSA is not paramount to its suitability of application in radioactive waste 

encapsulation, although this would likely benefit both its security of supply and its economic viability. 

A relatively low, but steady volume production, such as that seen currently with HAC, is appropriate 

for the powder quantities required for UK operations. This means that the UK nuclear industry has a 

choice between perusing the likely higher ye’elimite CSA additive for PC to compensate for shrinkage, 

or the potentially higher volume produced BCSA products if they are adopted by more international 

markets with a larger supply chain. CSA as an additive for what can be known as Type K cements 

seems likely to remain as a useful addition to the wide range of PC additives, a market that will increase 

as PC specifications are modified to comply with restriction upon associated carbon emissions. The 

result will be a material more expensive than PC, limited in terms of volume and price by the availability 

by the alumina bearing material that the manufacturer sources [182]. 

BCSA is potentially still subject to compositional change, as potential suppliers alter products to 

achieve the performance and economic viability desired. BCSA such as BYF and BCT (Table 9) could 

still be selected as the best option for mass market appeal, which in turn means that its price must remain 

attractive to large volume buyers. An increase in price compared to PC is justifiable if the product is a 

more niche, higher performance alternative to PC, but it must still remain competitive. 

The choice between each system could be justified based upon their security of supply, merit of 

rheology, performance, and chemistry, as well as cost. A high ye’elimite content may increase the 

beneficial ettringite content, but a reduction may also be beneficial in lowering the heat of hydration. 
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Each system carries the benefits discussed previously in section 3.3, including that of reduced free water 

in the pore structure and a lower pH, which would both help reduce the corrosion rate of amphoteric 

metals, such as aluminium fuel cladding used in the Windscale Piles [74]. A type of CSA could prove 

to be a beneficial and viable alternative to PC, and if implemented effectively could allow for increased 

waste loading and therefore fewer waste packages. 

 

6.3. Metakaolin Geopolymer 

Geopolymers are a departure from traditional hydraulic binders. Whilst not as familiar to the cements 

industry as PC, or even CSA, geopolymer research and technology has made significant advances in 

the past couple of decades [136]. This departure from more conventional systems may allow for 

engineering problems to be addressed using a new perspective. The geopolymer system can allow for a 

degree of autonomy, allowing for unique regional materials such as industrial by-products or local 

aluminosilicate minerals to be utilised [14, 425, 426]. Whilst less of a concern for the UK and Europe, 

which host areas rich in limestone, this could be extremely beneficial in areas where this is not the case 

such as South Africa [9]. Metakaolin, the calcined form of kaolinite clay, is a material commonly used 

in the production of porcelain and to whiten paper [427]. Kaolin is widely available in the UK and 

Europe, with the UK mining 1.36 million dry tons of  kaolinite clay (also known as China clay) as of 

2008, down from a peak of 2.78 million dry tons in 1988, and with 88% of kaolin being exported in 

2008 [139]. 

In 2012, an estimated 250,000 tons of metakaolin were reportedly produced, with more than half going 

in to the production of concrete primarily as a SCM [428, 429]. Metakaolin is typically expensive, 

estimated at around $300 per ton [139]. With a wide availability of precursors, the activating solution 

may have a greater impact upon the adoption of metakaolin geopolymers [430]. Turner & Collins [431] 

estimate that the production of sodium hydroxide leads to the release of 1.915 kg of CO2 equivalent 

emissions per kg produced, and 1.514 kg of CO2 equivalent emissions per kg for sodium silicate 

manufactured [431]. These are notable contributors to the overall emissions for a geopolymer, however 
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the true total emissions for a geopolymer system are entirely based upon the required alkali activator 

concentration, the precursor and any required precursor, allowing for considerable CO2 reduction in 

comparison to PC [241, 432]. The alkali activating solutions made for laboratory experiments typically 

employ reagent grade materials, which are expensive but highly commercialised and obtainable. 

 

Figure 84: Illustration depicting the manufacturing processes for sodium hydroxide and sodium silicate, commonly used for 

the production of geopolymer alkali activator solutions, as depicted by Turner & Collins [431]. 

Material availability for the UK nuclear industry is therefore good. Geopolymer mixes also allow for 

complete control over the mix, as the alkali solution and precursor are sourced separately and the 

reactions occurring at the time of the mix, unlike PC where the material undergoes a clinkering process. 

The defining point will be the reactivity of the sourced metakaolin [146, 433, 434]. The on-site mixing 

does however present challenges in more typical construction environments, as the techniques for 

employing a geopolymer are significantly different to that of a typical hydraulic binder [134]. This is 

less of an issue in a controlled environment, such as in the production of pre-cast concrete elements or 

in nuclear waste immobilisation, but otherwise the activating solution presents a chemical hazard to its 

operators in a way unlike that in PC usage. The activating solution would require handling training, 

chemical storage facilities, and revised health and safety procedures to protect the workforce and the 

surrounding environment. 



182 

There is also a reduced awareness of alkali activated materials by more pragmatic or sceptical adopters, 

who would likely prefer more conventional solutions. This is not helped by confusion related to what 

is classed as an alkali activated material, or geopolymer, and the multitude of overlapping names that 

are highlighted in section 4.2 [14]. Understandably too, for a material that is the subject of so much 

active research, there is not nearly the wealth of knowledge and experience available when compared 

to most hydraulic binder systems. There is also a degree of hype behind elements of alkali activated 

material research. Geopolymers can be diversely produced to incorporate many potential excellent 

properties, however some publications can depict geopolymers as being able to simultaneously perform 

an extensive range of impressive properties, as opposed to being a material that can be designed to 

perform a select function much like a grade of steel is.It after all would be counterintuitive to publish 

research claiming that a newly developed cement is merely adequate or mediocre. Duxson et al. [136] 

gives a list of potential properties, including high compressive strength, low shrinkage, fast or slow 

setting, acid resistance, fire resistance, low thermal conductivity, but describes that although these 

properties may not be mutually exclusive, not all geopolymer formulations will benefit from high 

performance in every characteristic [136]. Whilst geopolymers are a more unconventional alternative 

binder system, the host of potential properties would be advantageous to the cements industry if it is 

willing to expand its range to accommodate more novel technologies. 

The availability of the required materials for a geopolymer mix is good, and the UK and Europe are 

particularly well placed with abundant technological expertise, as well as research and development 

being conducted in the near vicinity [370]. If the industry does wish to take advantage of this diverse 

range of potential properties, then the geopolymer system will be desirable, especially if it can be used 

in an application that makes use of industrial by-products or overcomes a particularly challenging 

engineering problem, which in turn will justify its exploration and use [239, 241, 426]. Its potential to 

make use of waste products to produce a highly sustainable product is particularly compelling [241, 

435]. The highly customisable performance will make introduction slower than other alternative binder 

systems, however if more of this class of materials begin to be adopted by the mass market, it will 

undoubtedly make it easier for the geopolymer system to be more widely adopted. 



183 

 

Table 16: TRL assessment for geopolymers, based upon the NASA criteria [409]. 

TRL Justification 

1 Key geopolymer formulations have achieved the proof-of-concept phase. The 

mechanisms behind their formation are increasingly better understood, and the 

phase assemblage can be clearly defined and identified. 

2 

3 

4 Geopolymers have also proved capable at the small-scale experimental phase. A 

large number of small-scale experiments have now been undertaken, providing 

results that validate its progression into larger scale and real-world trials. 

5 

6 

7 A number of real-world applications have now been completed successfully. 

8 Recognition of AAM in standardisation is beginning to occur. 

9 The materials required to produce geopolymers are commercially available. 

TRL Verdict: 7 – 8 

This diverse range of materials still requires some more time to mature, requiring a greater number 

of large-scale, real-world applications, and more experience when it comes to using geopolymers. 

All materials to produce geopolymers are available, and with the growing recognition and 

standardisation for AAM, geopolymers are likely to eventually be incorporated into that explored 

area. In terms of the requirements of the UK nuclear industry, the TRL is adequate for continued 

exploration, with the enhanced level of control and the availability of the required materials 

allowing for more direct control over its formulations. 

 

This level of between 7 – 8 is the same when accounting for the expanded TRL as used by the IEA  

[412]. Both the reactive metakaolin and the alkali activator are relative expensive materials when 

compared to the PC and BFS or PFA components currently employed by the UK nuclear industry. 

Unlike BFS and PFA however, metakaolin is not a waste material the production of which relies upon 

the separate operation of another heavy industrial process, offering a much greater security of supply. 

If another acceptable source of metakaolin is identified, such as a specification used for the production 
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of ceramics, the production of a metakaolin geopolymer for radioactive waste encapsulation purposes 

could be achieved separately from the cement and concrete industry. With the current interest in 

calcined clays as a supplementary cementitious material to lower associated carbon emissions, to source 

metakaolin from a large volume cementitious material supplier is likely to be the competitive and cost-

effective route. 

The unique phase composition and gelation chemistry may offer significant benefits for diverse 

radioactive waste streams, such as a highly modifiable system pH and the use of its closed porosity 

system to encapsulate oil-based wastes. If correctly baselined and understood, the control achievable 

over the formulation through the adjustment of the alkali activator of a geopolymer system might allow 

for the encapsulation of a greater variety of waste streams at higher waste loading than can currently be 

achieved. Whilst geopolymers and other AAM may take longer to become adopted into the cements 

industry, being far less well defined in both understanding and standardisation, the way in which 

geopolymer formulations work allows the nuclear industry a degree of autonomy not achievable with 

other cement systems. 

  



185 

 Conclusion 

In the preceding chapters, two extensive experimental procedures have been undertaken to evaluate 

two commercially available CSA and metakaolin geopolymer systems in the context of ILW 

encapsulation and implementation by the UK nuclear industry. Following this, a discussion was held 

on the conservative behaviour of heavy industries, such as those involved in construction and cement. 

Although heavy industries are typically slow and somewhat resistant to change and the adoption of 

innovative technologies, throughout the duration of this project (2018 – 2023), there has been a 

noticeable acceleration in terms of climate change awareness, the willingness to adopt more 

unconventional solutions, and the quantity of exciting and forward-thinking publications in this area 

of research. To not take on the challenge of combating climate change with a multifaceted approach 

that also introduces a range of potential benefits, could prove to be a missed opportunity. 

Even at their current low levels of adoption, both CSA and metakaolin geopolymers objectively 

appear to be in a position that supports the decision to explore these systems for radioactive waste 

encapsulation applications. Heightened industry interest and perception of these systems suggests that 

the availability of these systems will increase over the coming decades, offering an enhanced security 

of supply over materials produced by declining industries. Whilst Portland cement, in one form or 

another, will remain the dominant system throughout the 21st century, given the relatively small bulk 

volume requirement for cement for grout encapsulation purposes it is practicable to consider other 

systems that seem likely to remain commercially available. Chapters 2 and 3 have shown that both 

systems have produced acceptable wasteform products, which when combined with rheological and 

physical property data, will contribute significantly to setting a baseline expectation for what these 

systems can achieve and how they behave, strengthening their technological readiness for future 

consideration. As highlighted, a number of future considerations need to be made before these 

alternative binder systems can be adopted, however, the current industrial climate and the results of 

these experimental programs have shown that there may well be substantial benefits in the use of 

alternative binder systems, and an appetite to do so.  
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