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Abstract 

UK policy for the management of intermediate level waste (ILW) employs processing via encapsulation 

in cementitious grouts to produce wasteforms suitable for safe long-term storage and disposal. These 

wasteforms are intended to provide a physical and chemical barrier to prevent the release of harmful 

radionuclides present within the ILW to the biosphere until decay to acceptable levels has occurred. 

This requires the cementitious grouts to be operational for potentially thousands of years in an 

extreme service environment involving exposure to radiation. The impact of high levels of radiation 

on these grouts, which are typically blends of Portland cement (PC) with high volume replacement by 

supplementary cementitious materials (SCMs), is not currently well understood. In order to allow 

appropriate design of a geological disposal facility (GDF), it is important to understand how the effects 

of radiation manifest in the encapsulation cements and what impact this may have on their 

performance.  

This thesis investigates the impact of gamma and alpha radiation on grout formulations commonly 

used by the UK nuclear industry; these consisted of PC with high volume replacement by blast furnace 

slag (BFS) or pulverised fuel ash (PFA). Four blends representative of the Sellafield formulation 

envelope for BFS:PC (3:1, 3.44:1, 5.67:1 and 9:1) were investigated, together with a single 3:1 blend 

of PFA:PC. The BFS:PC grouts were subjected to gamma irradiation, with increasing levels of total 

absorbed dose up to 20 MGy achieved. Analysis found elevated carbonation considered to be caused 

by irradiation in samples with increasing total absorbed dose, which was linked with variations to the 

structural characteristics of the C-A-S-H. Minor variations to the microstructure (such as increased 

micro-cracking) were observed with increasing total dose, as was decreased strength. The impact of 

incorporation of simulant waste species (CeO2) on gamma response and the subsequent leaching 

response of BFS:PC cement was investigated. Irradiated and control samples were subjected to 

leaching in simulant granitic groundwater using two different testing methodologies. The results for 

both samples showed the same response; development of a leached zone where decalcification of 

Ca(OH)2 and C-S-H occurred, and formation of a carbonate rim. 

Incorporation of powdered PuO2 in BFS:PC and PFA:PC grouts allowed the impact of -hradiation to be 

investigated. The presence of cellulose (common in many Pu-containing waste streams) within these 

cements was also assessed, and was observed to cause a limited amount of variation to the 

proportions of phases present in the hydrate assemblage. Limited reaction of the PuO2 was observed, 

however, variations to the phase assemblage were noted in the BFS cements containing PuO2. Further 

investigation of the impact of h-radiation on cement microstructure and phase assemblage was 
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completed using He2+ ion accelerator experiments, and although a colour change was induced due to 

He2+ exposure no significant chemical or textural damage zones were observed in the samples.  
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1 Introduction 

Management of many types of intermediate level nuclear waste (ILW) in the UK is achieved through 

encapsulation in cementitious grouts. These wastes contain levels of radioactivity exceeding the 

threshold values for low-level waste (LLW), but are not heat generating [1]. The cementitious grouts 

used for encapsulation are therefore subjected to high levels of radiation, which has the potential to 

alter the physico-chemical properties of the materials. Current UK guidelines for disposal of 

radioactive waste state that emplacement of a processed wasteform (i.e. cement encapsulated waste) 

in a geological disposal facility (GDF) should isolate harmful radionuclides from the biosphere for 

sufficient time to allow decay to non-harmful levels [2]. Given this, it is important to understand how 

the effects of radiation manifest in the encapsulation cements and what impact this may have on their 

performance. Only once we understand the interactions and subsequent impact to the wasteform, 

can these be incorporated into safety case assessments required for GDF construction.  

Radiation stability studies of cementitious grouts available in the open literature have focussed on 

pure Portland cement (PC) systems. However, waste encapsulation grouts in the UK comprise a wide 

formulation envelope of high volume replacement blends of PC with supplementary cementitious 

materials (SCM) such as blast furnace slag (BFS) and pulverised fuel ash (PFA). The specification of the 

powder supplies for the encapsulant grouts are also bespoke to the UK nuclear industry [3], and as 

such, the impact of high levels of ionising radiation on these cements is not well understood. 

In this thesis, the effects of gamma and alpha radiation on commonly used encapsulation grouts were 

investigated. This was intended to provide a more thorough understanding of how exposure affects 

the physico-chemical properties of these materials, and what implications this may have for the 

service life capabilities of cement encapsulants. The findings are provided as support for the GDF 

safety case moving forward.  

The aims of this project are to elucidate the effects of radiation on the cement systems currently used 

in the UK. This will involve:  

¶ 5ŜǎŎǊƛōƛƴƎ ǘƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŀƭ ŀƴŘ ŎƘŜƳƛŎŀƭ ƛƴŦƭǳŜƴŎŜǎ ƻŦ ŀƭǇƘŀ όʰύ ŀƴŘ ƎŀƳƳŀ όʴύ ǊŀŘƛŀtion 

ƻƴ ŎŜƳŜƴǘƛǘƛƻǳǎ ǿŀǎǘŜŦƻǊƳǎΣ ǿƛǘƘ ŀ ŦƻŎǳǎ ƻƴ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ǊŀŘƛƻƭȅǘƛŎ ǇǊƻŎŜǎǎŜǎ ŀǘ άƘƛƎƘέ 

doses (> 10 MGy). 

¶ Developing further understanding of the influence of radiation exposure on the capacity of 

cements to chemically condition radionuclides. 
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Chapter 2 presents a literature review outlining an introduction to nuclear waste and current UK waste 

management policy. A background to the use of cementitious materials for encapsulation purposes is 

presented. An assessment of relevant literature assessing radiation effects in cementitious materials 

and natural analogues is outlined, specifically focussing on gamma and alpha sources as they are 

considered to have a more pervasive effect than beta radiation.  

Chapter 3 describes the materials used throughout the thesis, and the experimental methods 

employed to analyse these materials. Formulations for the four blends of BFS:PC (ratios of 3:1, 3.44:1, 

5.67:1, 9:1) and single PFA:PC (ratio of 3:1) blend used throughout this thesis are outlined. 

Chapter 4 describes the typical characteristics of the blended cement grouts that are used for nuclear 

waste encapsulation in the UK. Characterisation of BFS:PC and PFA:PC samples outlined in Chapter 3 

was completed to allow a full evaluation of changes due to radiation exposure in subsequent chapters. 

The impact of SCM replacement on hydration behaviour was also outlined. The development of 

correlation curves between the ultrasonic pulse velocity (UPV) and compressive strength of BFS:PC 

samples for the four different BFS blends was outlined, to allow evaluation of the impact of radiation 

on these samples in later chapters. 

Chapter 5 addresses the impact of gamma radiation on cementitious grouts in order to evaluate the 

impact of radiolysis on the phase assemblage, microstructure and mechanical properties of BFS:PC 

samples. The four blends of BFS:PC outlined in Chapter 3 were exposed to increasing total absorbed 

dose (7, 14 and 20 MGy) allowing evaluation of both the increasing dose and increasing level of BFS 

replacement. Characterisation was completed using thermogravimetric analysis (TGA), X-ray 

diffraction (XRD), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), 

UPV, 29Si and 27Al magic angle spinning nuclear magnetic resonance (MAS-NMR) 

Chapter 6 presents the findings of a collaborative study with the National Nuclear Laboratory (NNL) 

investigating the effects of PuO2 on the physico-chemical behaviour of BFS and PFA blended PC. The 

presence of cellulose within these cements was also evaluated. The effect of PuO2 in terms of impact 

to the phase assemblage and microstructure were assessed using optical microscopy, SEM-EDX, XRD, 

and TGA.  

Chapter 7 outlines the potential impact external exposure to gamma radiation may have had on the 

PuO2 containing samples in Chapter 6. Using CeO2 as a non-radioactive surrogate for PuO2, samples 

using the same formulation of BFS:PC as in Chapter 6 were exposed to a total gamma dose of 1.2 MGy. 

This aimed to assess if the radiation would be attenuated differently from the samples in Chapter 5 

when the cement contained surrogate waste materials. In order to assess if increased attenuation 
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may decrease the ability of the cement encapsulant to effectively retain waste species, leach testing 

was completed on the samples. The irradiated and control samples were subject to two alternate 

leaching methodologies; dynamic testing imposed regular sampling and replacement of the leachate, 

whereas the leachate in static testing was not sampled until the end of the testing period. 

Characterisation of control and irradiated samples post irradiation and after leachate testing allowed 

assessment of the phase assemblage and microstructure. Leachate samples were analysed using 

inductively coupled plasma - optical emission spectroscopy (ICP-OES) to allow investigation of the 

solution chemistry. 

Chapter 8 shows the results of a novel experimental methodology to simulate alpha particle damage 

in cements. Ion accelerator experiments were used to investigate the interface between encapsulated 

alpha emitting species (such as PuO2, as analysed in Chapter 6) and the encapsulant cement. Post 

irradiation characterisation was completed to assess changes to the phase assemblage and 

microstructure. Collaboration with Oak Ridge National Lab (ORNL) allowed preparation of SEM 

focussed ion beam (FIB) sections to be prepared and analysis using transmission electron microscopy 

(TEM)-EDX to be completed.  

Chapter 9 summarises the research findings of the work presented in this thesis, and outlines the 

recommendations for further work related to this project. 
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2 Literature Review 

2.1 Nuclear power and waste management 

The first civil nuclear power station in the UK became operational at Calder Hall in 1956. This was the 

ŦƛǊǎǘ άMagnoxέ type gas cooled reactor, which subsequently were constructed at several sites across 

the UK [4], [5]. These reactors generated electricity for civil use together with plutonium for military 

purposes. The reactors were graphite moderated and CO2 cooled, with unenriched uranium metal fuel 

clad in a magnesium-aluminium alloy όффΦо ǿǘΦ ҈ aƎΣ лΦт ǿǘΦ ҈ !ƭύ ŦǊƻƳ ǿƘƛŎƘ ǘƘŜ ǘŜǊƳ ΩaŀƎƴƻȄΩ ƛǎ 

derived (Magnesium non-oxidising) [6]. Degradation of the alloy meant that reprocessing of the waste 

fuel was required prior to disposal. To allow this, Magnox fuel cladding was mechanically decanned 

ŀƴŘ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ΨǎǿŀǊŦΩ όǘƘŜ ǊŜƳŀƛƴƛƴƎ ŎƭŀŘŘƛƴƎύ ǿŀǎ Ǉrocessed as ILW. The waste fuel underwent 

reprocessing to separate residual uranium and plutonium in order to manufacture fresh mixed oxide 

(MOx) fuel using the PUREX (Plutonium Uranium Redox Extraction) process [7]. Further infrastructure 

was required to allow interim storage and reprocessing to be completed, which, together with the 

secondary wastes arising from the PUREX process, created additional waste streams that require 

management [8], [9]. Reprocessing activities are set to cease with the closure of the Thermal Oxide 

Reprocessing Plant (Thorp) in 2018 and the Magnox reprocessing plant in 2020, after which the UK 

will move towards an open fuel cycle [8]. 

Development of different reactor designs over the subsequent decades as nuclear power was used to 

generate electricity led to different materials being used as fuel, cladding, moderators and coolants 

[4], [10], [11]. This led to a diversification of wastes generated from both fuel reprocessing and reactor 

decommissioning, leaving a range of radioactive wastes which require safe disposal [8]. 

These radioactive wastes are defined as any materials containing levels of radioactivity higher than 

legislated threshold values [12]. The wastes are classified dependent on the level of activity they 

contain and potential for heat generation, as outlined in Table 2.1. If materials are classified as 

radioactive waste, they require management to isolate and contain the hazard.  

Civil nuclear power generation produces the largest volume of nuclear waste in the UK inventory, with 

additional minor contributions from research practices, military developments, medical and industrial 

activities [8]. Nuclear power generation produces waste at every stage of the fuel cycle, from mining 

uranium ore to fuel fabrication to decommissioning of power plants. The highest levels of radioactivity 

are generated from spent nuclear fuel (SNF) and reprocessing of this material, but this represents a 

small fraction of the total inventory volume at 0.07 vol. % (Table 2.1, Figure 2.1). Larger volumes of 
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LLW are generated but they contain proportionally smaller radiological burden; estimated as 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ ғ лΦллн ҈ ƻŦ ǘƘŜ ƛƴǾŜƴǘƻǊȅΩǎ ǘƻtal radioactivity. 

 

Table 2.1 Radioactive waste category classifications and reported UK waste volumes as of April 2016 including estimated 
future arisings to 2125. Figures taken from [8]  

Waste category Classification  Reported volume (m3) 

High level waste (HLW) 

җ 4 GBq per tonne h or җ 12 GBq per 
tonne ̡ κɹ ŀƴŘ ƎŜƴŜǊŀǘŜǎ ƘŜŀǘΤ ǘƘƛǎ 
is taken into account for design of 
storage and disposal facilities. 

1,150 

Intermediate level waste (ILW) 

җ 4 GBq per tonne h  or җ 12 GBq per 
tonne ʲκɹ ŀƴŘ ŘƻŜǎ ƴƻǘ ƎŜƴŜǊŀǘŜ 
heat. 

290,000 

Low level waste (LLW)* 
Radioactive material contained 
within this is below activity levels 
stated for ILW and HLW.  

1,350,000 

*Includes a subcategory of very low level waste which contains levels of radioactivity so low it can 
be disposed of with municipal, commercial or industrial waste.  

 

 

 

Figure 2.1 The relationship between the volume of each waste category versus the radioactivity it contains. Figure reproduced 
from [8]. 

 

In order to reduce the environmental and biological burden of these materials on future generations, 

they are managed using a variety of methods dependent on the waste streams. Increased 

understaƴŘƛƴƎ ƻŦ ǘƘŜ ŘŜǘǊƛƳŜƴǘŀƭ ƛƳǇŀŎǘ ƻŦ άŘƛƭǳǘŜ ŀƴŘ ŘƛǎǇŜǊǎŜέ ǇǊƻŎŜǎǎŜǎ ƘƛǎǘƻǊƛŎŀƭƭȅ ǳǎŜŘ ǘƻ 

ŘƛǎǇƻǎŜ ƻŦ ǿŀǎǘŜ Ƙŀǎ ƭŜŘ ǘƻ ŀ ǎƘƛŦǘ ǘƻǿŀǊŘǎ άŎƻƴǘŀƛƴ ŀƴŘ ŎƻƴŦƛƴŜέ ǎǘǊŀǘŜƎƛŜǎ [13]. Central to this has 
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ōŜŜƴ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ΨǿŀǎǘŜ ƘƛŜǊŀǊŎƘȅΩΤ ƳƛƴƛƳƛǎŀǘƛƻƴ ƻŦ ǿŀǎǘŜ ǇǊƻŘǳŎǘƛƻƴΣ ǊŜǳǎŜ ŀƴŘ 

recycling central to reduce reliance on disposal [8].  

Management of nuclear waste is typically achieved through conditioning of waste to create a 

wasteform. A wasteform is defined as a solid, stable and passively safe material that is designed and 

engineered to retain radionuclides in a disposal environment [13], [14]. This can be achieved via 

immobilisation or encapsulation of the radionuclides, and is dependent on the waste category 

classification and type material within the waste stream. 

LLW generated in the UK often undergoes supercompaction (where suitable) before placement in 

large containers that are filled with cement grouts prior to disposal at the Low Level Waste Repository 

(LLWR) facility. Bulk material within these waste streams currently comprises paper, plastics and scrap 

metal but will likely change dramatically during decommissioning of power stations; construction 

materials and soil will form the majority of the final volumes in these categories [8], [12]. 

Management of ILW and HLW is more complex due to the higher levels of radioactivity present (both 

categories have the same lower thresholds of radioactivity for classification, but are separated by their 

capacity for heat generation) and the variety of waste streams from which they arise. HLW is a product 

of the reprocessing of spent fuel and consists of concentrated nitric acid with soluble fission products, 

insoluble fission product residues, and items of processing plant that have become contaminated. 

HLW undergoes vitrification, which involves mixing calcined powdered waste with crushed glass and 

heating this in a furnace to produce a conditioned waste glass product [8]. The glass wasteform 

immobilises the radionuclides by incorporating them into its structure, reducing the overall waste 

volume and creating a durable material for disposal. The wasteforms are 150 L stainless steel canisters 

which are currently stored in temperature controlled vaults to ensure overheating does not occur [12]. 

ILW incorporates a much wider range of waste materials which are processed in several different 

ways. The majority of the wastes are metal (mainly steel and magnesium based alloys from fuel 

cladding and graphite from reactor moderators), ion exchange resins, flocs and sludges (from the 

treatment of liquid waste and contaminated storage materials), plutonium contaminated materials, 

and miscellaneous activated materials [8]. The preferred method of management of ILW in the UK is 

encapsulation in cementitious grouts. The grouts comprise Portland cement (PC) with high volume 

replacement by supplementary cementitious materials (SCMs) and are tailored for specific suitability 

to the waste materials by altering the SCM used, and the ratio of SCM:PC [8], [15]. The formation of a 

physical barrier to restrict the movement of radionuclides is a key objective of encapsulation, but the 

cement also forms a chemical barrier that can prevent mobilisation of radionuclides through the high 
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pH promoting insolubility, and through sorption/ionic substitution of radionuclides in hydration 

products [16], [17].  

Wasteforms produced from processing of ILW typically comprise 500 L stainless steel drums or 3 m3 

stainless steel boxes. Encapsulation processes used in the UK fall into three main categories; in-drum 

mixing of liquids or sludges, in-container grouting of solid waste items, and annular grouting of 

supercompacted waste pucks, which are demonstrated in Figure 2.2 [18].  

 

Figure 2.2 Examples of encapsulated ILW for solid waste items, liquids and sludges, and annulus grouting of supercompacted 
pucks. Image from [18] 

 

For certain waste streams (e.g. reactive metals), cementitious grouts have some drawbacks as 

conditioning materials; high alkalinity in cement pore waters is reactive with certain metals and can 

cause hazardous gas production, or pyrophoric species [19]. Encapsulation using low pH binders or 

other alternative cements (e.g. geopolymers) has been investigated for use in these instances [18]. 

 

2.2 Geological disposal 

UK policy for disposal of ILW and HLW follows the findings outlined by the Committee on Radioactive 

Waste Management (CoRWM), who in 2006 and 2013 [20], [21] stated that geological disposal 

together with safe and secure interim storage of higher activity nuclear waste was the best available 

approach for long term management of nuclear waste [22], [23].  

Geological disposal is the internationally favoured option for waste management, as it is deemed the 

safest long term management solution for highly active wastes [24]. The principle behind geological 
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disposal is that the construction of an engineered vault several hundred metres below ground will 

isolate and contain the harmful radionuclides away from the biosphere. This is referred to as the multi-

barrier concept, and is designed to prevent the release of hazardous radionuclides to the surface 

environment until they have undergone decay to near background levels (Figure 2.3) [8], [23]. Once 

closed, the GDF is designed to be passively safe, avoiding burdens on future generations [23]. 

 

Figure 2.3 Schematic of the multi-barrier system for ILW and HLW. Image taken from [23]. 

 

The multi-barrier concept refers to the implementation of physical, chemical and geological 

containment through carefully designed engineered barriers and placement of the facility in a suitable 

geological formation. The barriers consist of the waste form, waste container, local backfill / chemical 

buffer material (adjacent to waste), mass backfill (throughout the whole facility i.e. access tunnels and 

shafts) together with a tectonically stable, low permeability bedrock that has limited groundwater 

flow present [25].  Due to the high proportion of cemented wasteforms in the UK inventory, clay 

backfill materials of the types used in other countries are likely to adversely react [26], [27], and as 



9 
 

such a bespoke cementitious backfill has been designed. Nirex Reference Vault Backfill (NRVB) was 

developed to provide the high alkalinity and sorption capacity desired for chemical conditioning in a 

GDF situated in high strength crystalline rock [27], [28].  

Construction of a GDF has not yet begun in the UK. Safety and security of the facility are paramount, 

and unless regulatory bodies can be fully satisfied of the safety, security and environmental protection 

will be appropriate, construction will not occur. The UK government published a white paper in 2014 

ǘƛǘƭŜŘ άLƳǇƭŜƳŜƴǘƛƴƎ DŜƻƭƻƎƛŎŀƭ 5ƛǎǇƻǎŀl: A Framework for the long-term management of higher 

ŀŎǘƛǾƛǘȅ ǊŀŘƛƻŀŎǘƛǾŜ ǿŀǎǘŜέΣ ǿƘƛŎƘ ǎŜǘ ƻǳǘ ǘƘŜ ŀǇǇǊƻŀŎƘ ǘƻ ōŜ ǘŀƪŜƴ ŦƻǊ ǎƛǘƛƴƎ ŀƴŘ ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ŀ 

GDF [29]. This was updated in 2018 to include the work completed on national geological screening 

and working with potential host communities [23]. The voluntarist community approach being used 

requires that once the regulators are satisfied, a Test of Public Support is conducted to assess if the 

community within the proposed area is still willing to host the GDF given the proposed siting [23]. 

Although the layout and design of the GDF will be highly dependent on the host geology, key aspects 

of the layout are known and are shown in a schematic drawing in Figure 2.4. 

 

Figure 2.4 Schematic of a potential GDF layout for ILW and HLW. Image taken from [23]. 

 

ILW and HLW will be disposed of in separate areas due to the heat generation from HLW. Engineered 

vaults will be constructed for ILW and a system of tunnels will be used for HLW and SNF disposal [27]. 
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The depth of the GDF will be between 200 ς 1000 m, however the final design will be strongly 

dependent on the local geology of the disposal site and the risk of issues arising from 

geomorphological processes such as glaciation [23], [27]. Retrievability of the waste once the GDF has 

ceased its operational phase (i.e. has been closed) is not favoured (although not actively prohibited), 

with government and regulators agreeing that the purpose of a GDF is to dispose of, not store, waste 

[23]. 

The UK Government strongly favours an approach where one GDF will manage higher activity wastes 

(ILW/HLW) from the national waste inventory (with LLW being disposed of in the LLWR). However, at 

this stage no site investigations of potential locations have occurred, and as such it is unclear if any 

host community has a large enough volume of suitable rock to accommodate the whole inventory 

[23], [29]. The timescale for finding an appropriate site for the GDF is anticipated to be approximately 

15 ς 20 years. Construction, operation and closure of the facility is estimated to take >100 years [23].  

 

2.3 Cementation of ILW 

Cementation was adopted in the UK in the 1980s following investigations into waste conditioning 

options [30]ς[32]. As outlined in Section 2.1, the preferred conditioning route for ILW is via 

encapsulation in cementitious grouts formed of blends of PC with high levels of replacement by SCMs 

[15]. Typically the SCMs are either blast furnace slag (BFS) or pulverised fuel ash (PFA), and they are 

added to improve the material characteristics of the grout, most notably by lowering the heat of 

hydration of PC which is highly exothermic [33], [34]. This route was adopted due to the widespread 

availability and understanding of the raw materials, inexpensive and uncomplicated processing, 

simple remote handling processes, and ease of adaptability for various waste streams [35]. The 

resulting wasteforms: 

¶ Produce dense products with minimal free liquids, low porosity, voidage and permeability 

together with adequate compressive strength, 

¶ Are tolerant to a range of chemical constituents, radiation exposure and temperature 

environments, 

¶ Provide chemical containment to reduce the flow of radionuclides into groundwater; 

radionuclides can sorb / exchange into cement hydrate phases, and the long-lasting high pH 

can decrease radionuclide solubility and lead to insoluble phase formation. [18], [33]. 

The resultant wasteform must comply with specifications relating to radiation dose rates, heat and 

gas generation, mechanical properties (strength, voidage and homogeneity, mass transport), accident 
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performance (fire resistance, impact response), as well as performing the physical and chemical 

containment required [36], [37]. These properties must be maintained for a period of 150 years, with 

an aim that they should be maintained for 500 years [37]. It is considered that the 150 year timescale 

will cover interim storage and movement of wasteforms into a GDF facility, and as such the wasteform 

specifications will ensure safe transport and operation of the GDF [37].  

After disposal in a GDF, the wasteform properties will evolve due to external and internal conditions 

together with aging effects. The impact of dimensional changes, corrosion, radiation, temperature 

variations and microbial activity need to be considered to assist development of safety cases for long 

term management. 

Waste components including organics (such as cellulose in waste including paper, wood and cotton), 

sulfates, and nitrates can deleteriously interact with cement, initially causing setting issues and 

dimensional changes at greater ages. Corrosion of metallic wastes results in a net increase in waste 

volume and generation of H2 gas which could cause expansion and cracking within the matrix. 

Although the effects can be somewhat mitigated through controlling waste loadings, over the 

timescales for which the wasteforms are required to be operational, the impact on durability requires 

consideration.  

The cemented wasteforms will also be subject to temperature variations through the period of interim 

storage, transport and different stages of disposal. This will be due to external factors and radiogenic 

heat generation from radionuclide decay within the waste. The temperature variations will cause 

changes to hydration rates and phases, pore water content and corrosion rates that will also impact 

on dimensional stability. The average assumed temperature for above ground ILW storage across the 

UK is approximately 20 °C [19], [38]. This is anticipated to increase to 35 °C when the waste is first 

placed in the GDF, followed by a short term peak at 80 °C after the NRVB backfill is emplaced. Post 

closure of the GDF, temperatures are not expected to exceed 50 °C and are anticipated to continue 

stabilise at  40 °C, approximately 40 years post closure [19], [38]ς[40].  

Currently a major problem facing nuclear industry is the security of cementitious powder supplies. 

Changes in construction needs have led to alteration from historic PC and SCM powder specifications, 

moving to material characteristics that do not always comply with the nuclear iƴŘǳǎǘǊȅΩǎ ƴŜŜŘǎΦ DƛǾŜƴ 

this, a bespoke specification for all PC and SCMs used for encapsulation was designed by Sellafield Ltd 

[15]. However, as the SCMs used are industrial by-products, changes in manufacturing and market 

demands have limited the availability and consistency of supply [3], [15]. This alteration has partly 

been driven by the shift to cheaper renewable energy and closure of coal fired power plants in the UK 

and across Europe, reducing accessibility to PFA. Similarly, the downturn in steel manufacture across 
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the UK has led to Sellafield having to switch BFS supplies three times since 1990 due to plant closures 

[15]. A supply shift from a historical, relatively coarse, BFS to a finer product named in the industry as 

Ground Granulated Blast-furnace Slag (GGBS) in 2003 necessitated the powder to be mixed with a 

coarse blend BFS product to fulfil the bespoke requirements [3]. 

2.4 Portland cement and SCMs 

2.4.1 Portland cement 

PC is a hydraulic binder that was initially advertised as an aesthetically similar alternative to Portland 

stone, and as such was patented under this name in the 1820s [34], [41]. PC is manufactured from 

processing limestone (CaCO3) with clay/shale/sand (as sources of Al2O3, SiO2, and Fe2O3) in rotary kilns 

at temperatures of approximately 1400 °C. This forms a product called clinker that contains a specific 

set of calcium silicate and aluminate minerals [42]. British standards state that the clinker must be 

compoǎŜŘ ƻŦ άŀǘ ƭŜŀǎǘ ǘǿƻ ǘƘƛǊŘǎ ōȅ Ƴŀǎǎ ƻŦ ŎŀƭŎƛǳƳ ǎƛƭƛŎŀǘŜǎ Χ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀƭǳƳƛƴƛǳƳ 

ŀƴŘ ƛǊƻƴ ŎƻƴǘŀƛƴƛƴƎ ŎƭƛƴƪŜǊ ǇƘŀǎŜǎ ŀƴŘ ƻǘƘŜǊ ŎƻƳǇƻǳƴŘǎέ [43]. Alteration of the ratio of clinker phases 

can allow Portland cement to be tailored for use in specific applications or service environments. To 

produce Portland cement, clinker is ground to a fine powder along with gypsum; the gypsum aids 

grinding, and helps to control the initial set and strength gain of the material when mixed with water 

[42]. Impurities from the fuel used to heat the kiln can be observed as contamination within the 

clinker, but standardised thresholds for composition together with the ratios of clinker phases in the 

cement regulate composition [34], [41].  

There are four main clinker phases in PC: alite, belite, aluminate and ferrite, details of which are 

outlined in Table 2.2. As all the phases are oxides, it is common practice in cement chemistry to 

abbreviate the oxide phases in order to simplify notation, as seen in Table 2.3. 

 

Table 2.2 PC clinker phases, ideal oxide composition of each and oxide abbreviated shorthand form. 

Phase Chemical name Oxide composition Abbreviated form 

Alite Tricalcium silicate 3CaO·SiO2 C3S 

Belite Dicalcium silicate 2CaO·SiO2 C2S 

Aluminate Tricalcium aluminate 3CaO·Al2O3 C3A 

Ferrite Tetracalcium aluminoferrite 4CaO·Al2O3·Fe2O3 C4AF 
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Table 2.3 Cement chemist oxide abbreviated notation 

Chemical formula Abbreviation 

CaO C 

SiO2 S 

H2O H 

Al2O3 A 

Fe2O3 F 

SO3 3 

 

Mixing of Portland cement with water allows hydration of clinker phases; the powder undergoes 

dissolution and new solid hydrate phases precipitate from the saturated solution in a series of highly 

exothermic reactions producing a hardened paste [33], [34], [42]. Alite is the most dominant reacting 

clinker phase, and is the major contributor to the heat produced during the onset of hydration and 

the development of initial material properties. The initial set of the cement is controlled by the 

reaction of aluminate, which undergoes rapid reaction that requires moderating through the addition 

of gypsum to slow the rate of hydration and avoid flash setting [34]. Belite reacts at a much slower 

rate comparatively, and contributes to later age strength development. Ferrite is also thought to react 

slowly in the presence of gypsum, however faster reaction has been observed in some instances, 

especially in the presence of BFS [44]. Hydration is controlled by the products formed, their rate of 

formation, and their morphology and growth into available space. Thermodynamics and kinetics are 

responsible for these factors. The physicochemical characteristics of the clinker material are therefore 

central to the hydration process of the cement; particle size, morphology and crystallography will 

dictate the speed at which products form, which in turn will impact on the proportions of products 

present and their situation and morphology [44]. 

Dissolution of clinker phases leads to supersaturation of mixing water with respect to hydrous solid 

minerals, allowing these hydrate phases to form via precipitation, and chemically binding water into 

their structure. As hydration progresses, the solution becomes less supersaturated but still includes 

ions from the dissolved clinker. This mixture is termed the pore solution, and is retained in the matrix 

throughout hydration. This allows lower permeability to be achieved, as later hydration products fill 

the remaining pore space. Given the formation of later age hydration products requires water, the 

availability of moisture during the curing process is essential. Curing conditions such as temperature, 

humidity, and time are critically important and have large implications for the material properties. 

Hydration of PC results in a characteristic phase assemblage, and the most common reaction products 

are shown in Table 2.4. 
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Table 2.4 Typical hydration products of PC 

Cement notation Chemical formula Phase name 

C-S-H approximately 1.6CaO·SiO2·1.8H2O Calcium silicate hydrate 

CH Ca(OH)2 Portlandite 

AFt Ca6Al2(SO4)3(OH)12·26H2O Ettringite 

AFm 
[Ca2(Al,Fe)(OH)6]·X·nH2O where X: OH-, Cl-,  

½ SO42-, or ½ CO32-, and n җ 2 
Hydrocalumite-like 

 

Hydration of alite and belite leads to the formation of portlandite and a disordered calcium silicate 

hydrate phase (C-S-H) with variable composition; this makes up the bulk of the hydrate assemblage. 

The gypsum added to the clinker modifies the reaction of aluminate to ensure the formation of 

ettringite, a sulfoaluminate hydrate phase. Once sulfate becomes depleted, a secondary stage of 

ettringite formation is typically observed [45]. As sulfate depletion continues, the ettringite becomes 

unstable and breaks down, allowing further hydration to form AFm phases which contain at most 1 

mole of calcium sulfate per mole of C3A, instead of the 3 moles per mole of C3A found in ettringite 

[34]. 

 

2.4.1.1 Calcium silicate hydrate 

The C-S-H is the main hydration product and strength giving phase in hydrated PC. It has a poorly 

crystalline nature which makes determination of its structure difficult. It is typically described as being 

formed of disordered layers of silicate chains joined to a central calcium oxide sheet. Structural models 

based on naturally occurring calcium silicate hydrate minerals such as jennite and tobermorite have 

been proposed as potentially similar, however the highly variable calcium, silicon and water content 

in cement hydrates can change the structure. Richardson provides a detailed analysis of the different 

proposed models [46], however classification of structure based on the molar ratio of Ca/Si allows 

categorisation into two broad structures [42], [47], [48]. It has been postulated that in PC systems 

where Ca/Si ratios are high (>1.5), a disordered jennite-like phase will form, termed C-S-H(II). Where 

Ca/Si ratios are reduced, as when blended with SCMs, a tobermorite-like structure is formed, termed 

C-S-H(I) [47]. However, the structure of C-S-H is still an active research area due to its poorly crystalline 

nature, and there are also structural models which state a tobermorite-like structure also prevails at 

Ca/Si ratios >ͯ 1.4 [49]. The change in Ca/Si has been attributed to the presence of interstratified 

calcium hydroxide, which may be structurally bound to the tobermorite-like layers [49], [50]. 
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The silicate tetrahedra make chains with a repeating kinked pattern, where every third connected 

tetrahedron is not in contact with the calcium oxide layer forming a typical dreierketten unit (Figure 

2.5).  Description of chemical environment of the Si tetrahedra is typically expressed using the Qn 

notation, where Q represents the Si tetrahedron and n designates the number of bonded tetrahedral 

units. In the dreierketten unit, the first two tetrahedra are termed paired sites (Qn
p in Figure 2.5), 

whereas the kinked tetrahedra are referred to as bridging sites (Qn
b in Figure 2.5). The length of the 

silicate chains, and the resulting C-S-H structure, is a function of the Ca/Si ratio, and low calcium 

systems typically produce longer mean chain lengths (MCLs) as increased silicon is incorporated into 

the structure [46]. The interlayer space present between the chains permits the pore solution to 

interact, which allows charge balancing by alkali cations and can cause local differences in the 

environments of the silicon species [51]ς[53].  

Cross-linking of the chains across the interlayer can occur via the bridging silicon tetrahedron in each 

dreierketten unit. This connectivity is reduced at high pH, as is the interaction of the charge balancing 

alkali ions [52], [54], [55]. 

 

Figure 2.5 Schematic C-S-H structure. Qn (where n= 1, 2, 3) species relate to chemical environment of the Si nuclei, where Q is 
the Si tetrahedron and n is the number of bonded tetrahedral units. Paired (Qn

p) and bridging (Qn
b) Si tetrahedra are 

represented by blue and green triangles, Ca is represented by red circles, and orange circles represent charge balancing alkali 
cations. The purple triangle represents Al substitution in silicate chains, as discussed in Section 2.5. Adapted from [56], [57]. 
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There is a textural difference between areas of C-S-H formed within the space that was originally 

occupied by dissolved cement grains and the C-S-H formed in the originally water filled space, and 

these are described as inner product (IP) and outer product (OP) respectively [58]. Formation within 

hydrating alite and belite grains results in a texturally fine, homogeneous C-S-H product, whereas the 

morphology of the outer product is much more diffuse and highly dependent on the available space, 

but often displaying directional, fibrillar textures [58], [59]. The chemical compositions of IP and OP 

have also been observed to differ, although the difference in composition was observed to reduce 

over time as degree of hydration increases, and little variation in Ca/Si ratio is anticipated between IP 

and OP at later age [34], [59], [60].  

The water/solid (w/s) ratio used in the cement formulations, and the curing conditions, have a large 

effect on the microstructural evolution of the C-S-H, especially in the development of outer product 

morphology. Water which has not been bound into the growing crystal hydrate phases remains 

present in the system through the pore space. This refers to all space not occupied by hydration 

product or unreacted solids, however this description does little to illustrate the complexity of cement 

pore systems, or of the effect the pore system has on both the chemical and physical properties [44]. 

The different types of porosity within cement pastes can be broadly split in to 3 categories by size:  

¶ Air voids, which can be anything between several µm to a few mm in diameter, and are 

normally produced through mixing of the paste.  

¶ Capillary porosity refers to the parts of hardened cement paste which are not hydrated phases 

or unreacted precursor, and are typically on the order of > 10 nm to a few µm.  

¶ Gel porosity is an intrinsic part of C-S-H on the nm scale, and represents the smallest pore 

population within cement [61]. 

The capillary porosity is therefore formed through the interconnectivity of the OP, with the spaces 

between the fibrils constituting the capillary porosity. Given this, the capillary porosity is of major 

importance for durability as it controls the permeability of the materials [59]. 

A separate differentiation between types of C-S-H was outlined by Tennis and Jennings [62], 

separating C-S-H into low density and high density product based on results of nitrogen absorption. 

These differentiations likely correspond to inner and outer product. Constantinides and Ulm [63] 

furthered this idea, and using nanoidentation of C-S-H postulated that the dense IP displays different 

nanomechanical behaviour from low density OP. This was attributed to the differences in particle-to-

particle contact forces rather than chemical variations.  
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2.4.1.2 Portlandite 

Portlandite (crystalline Ca(OH)2) has a layered lattice structure where Ca layers are bonded to OH 

layers, with a hexagonal unit cell and Pσm1 space group. Formation occurs through hydration of alite 

and belite clinker phases, which react to form C-S-H and portlandite [34]:  

σ#Á/Ͻ3É/ σ ά ὲ(/ᴼὲ#Á/Ͻ3É/ Ͻά(/ σ ὲ#Á/( ςȢρ 

ς#Á/Ͻ3É/ ς ά ὲ(/ᴼὲ#Á/Ͻ3É/ Ͻά(/ ς ὲ#Á/( ςȢς 

Ideal crystallization conditions produce hexagonal plates with weak hydrogen bonding and an overall 

Ca(OH)2 layer composition. Crystals with euhedral habits are observed in young samples, however as 

hydration increases massive, blocky deposits form [42]. Portlandite is relatively highly soluble 

compared to other cement hydration products, and is the primary buffer for the high pH of PC pore 

water, which is typically pH 12.5 [42], [64]. 

2.4.1.3 Calcium sulfoaluminates (AFt and AFm) 

Initial formation of ettringite occurs during hydration of C3A in the presence of gypsum, which provides 

an excess of sulfate to the system. Ettringite is the most prominent of the AFt type phases in cement, 

which have the general form C3(A,F)·3CX·nH2O, where X is a double charged ion (e.g. SO42-) or two 

single charged anions (e.g. OH-) [65]. Hydration of aluminate with gypsum in an idealised system forms 

ettringite through the reaction described in equation 2.3 [34]: 

ὅὃ σὅὛӶὌ ςφὌᴼὅὃὛӶὌ ςȢσ 

The AFt structure consists of hexagonal, prismatic crystals with an acicular habit, composed of column 

and channel components. The columns are formed of [Al(OH)6]3- octahedra linked via edge-sharing 

CaO polyhedra, and the channels contain sulfate to allow charge balance, and water [65], [66]. 

Naturally occurring ettringite is observed in calcium rich alkaline environments, where iron 

substitution for the aluminium has been observed [67]. Although this could occur in cement systems 

through hydration of the ferrite phase in the clinker, the formation of the iron-containing phase is not 

typically observed as its formation is much slower than for aluminium-containing ettringite [42], [65], 

[66]. As hydration persists and sulfate depletion occurs, the stability of the ettringite decreases and 

breakdown occurs [34]: 

ὅὃὛӶὌ ςὅὃ τὌᴼσὅὃὛӶὌ ςȢτ 

allowing formation of AFm type phases, where the m designates mono(sulfate,-hydroxide etc) 

compared to the tri-sulfate designation of AFt [42].  
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AFm minerals are structurally related to hydrocalumite, with a base structure similar to the layered 

lattice of portlandite. However, in this structure every third divalent calcium atom is replaced by a 

trivalent species (mainly aluminium, with minor iron) which introduces imbalance in the layer charge. 

Charge balancing of the layers is rectified by the introduction of anions into the interlayer ς typically 

sulfate (SO42-), but substitution by carbonates (CO3
2-) and hydroxides (OH-), among others, can occur 

[68], [69]. The charge imbalance results in much greater interlayer spacing than is observed in 

portlandite, with the actual distance dependent on the nature of the interlayer anion and the amount 

of interlayer water present. The charge balancing anion is initially dictated by the composition of the 

cement, but can also be influenced by the service environment [68]. The variations in incorporation 

of both Al3+ or Fe3+ in the sheet structure and the difference in charge balancing anions can create a 

solid solution as shown in Table 2.4 [42], [70]. The main AFm phases identified in hydrated PC are 

monosulfoaluminate, monocarboaluminate and hemicarboaluminate.  

 

2.4.2 Supplementary cementitious materials 

SCMs are routinely added to cement clinker and concretes for civil / structural purposes in order to 

tailor material behaviour and reduce costs; a more recent driver to use SCMs is the effort to reduce 

CO2 emissions, which are inherent from the processing of CaCO3 in clinker manufacture [71]. 

SCMs commonly obtained as industrial by-products are generally at most weakly cementitious; they 

are cheap, widely available and more acidic than PC. SCMs encompass a large range of materials that 

have a variety of chemical compositions and physical characteristics, with commonly used materials 

including limestone, pulverised fuel ash (PFA, also called fly ash), blast furnace slag (BFS), calcined 

clays, and naturally occurring pozzolans (Figure 2.6 A) [72].  

 

Figure 2.6 CaO-Al2O3-SiO2 ternary diagrams showing A: PC composition and that of different SCMs, and B: hydrate phases 
formed dependent on composition. Reproduced from [71]. 
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Whilst many SCMs do not readily react with water to form cementitious materials, some are able to 

do so (e.g. BFS). However, for most SCMs the rate of hydration is much slower than for PC and is largely 

affected by the chemical composition and physical properties such as fineness. The materials typically 

requirŜ ΨŀŎǘƛǾŀǘƛƻƴΩ ōȅ ƳƻǊŜ ŀƭƪŀƭƛƴŜ ŎƻƳǇƻǳƴŘǎΣ ōǳǘ ǘƘŜƴ ǳƴŘŜǊƎƻ ǘƘŜ ǎŀƳŜ ǘȅǇŜ ƻŦ Řƛǎǎƻƭǳǘƛƻƴ κ 

precipitation reactions as PC and become part of the matrix. Cements used in nuclear waste 

encapsulation are generally blends of PC with BFS or PFA to improve the material characteristics; this 

primarily relates to reduction in the heat of hydration to prevent any cracking of the wasteform that 

may occur as a result of large thermal excursions [16], [35]. Other factors which make SCM blended 

cements suitable for ILW encapsulation include a lower amount of water required to achieve a 

workable grout, and lower porosity in the wasteform. Whilst the pore solution would be less alkaline 

than in PC, the alkalinity of the pore solution would be sufficient to allow chemical conditioning of 

radionuclides [35]. 

2.4.2.1 Blast furnace slag 

Blast furnace slag (BFS) is a calcium aluminosilicate glass waste, formed as a by-product of the steel 

industry (Figure 2.6). Initially formed through high temperature reduction of iron from its ore, the 

liquid product undergoes rapid quenching to obtain a glassy material containing high levels of Ca, Si, 

Mg, and Al, although small crystalline fractions are often observed. If slow cooling occurs, the BFS 

formed is highly crystalline and possesses no cementitious properties. The amorphous phase formed 

through rapid cooling has a disordered glass structure and relatively high calcium content. This 

amorphous material is latently hydraulic and so undergoes reaction with water at room temperature, 

albeit at a very slow rate. The greater the amorphous content of the BFS the greater the reactivity, 

and so although BS EN 197: 2011 states a requirement for BFS to be composed of at least two thirds 

glass, typically it contains <10 % crystalline components [17], [43]. It is also specified that the chemical 

composition should be two thirds CaO, SiO2 and MgO, with the ratio of (CaO + MgO) / SiO2 being 

greater than 1.0 [43]. Chemical composition has been broadly linked to slag reactivity, with higher 

levels of calcium and magnesium linked to increasing reactivity. However, assessment of performance 

through calculation of basicity ratios does not show a clear overall correlation [73]. 

The exact chemical composition of BFS is source-dependent, and will be affected by changes in ore 

composition and differences in furnace parameters and fuel type over time. Given this, although 

consistency from a specific source may be achieved over the short term, longer term uniformity is 

more difficult to achieve [15].  
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Powder fineness also exerts an important influence on reactivity. Different BFS products with very 

different particle sizes are formed depending on the cooling method used, and the BFS used in 

production of ILW grouts is ground granulated blast furnace slag (GGBFS). This is a very fine powder 

product, and the high surface area allows improved slag reactivity. Whilst this is a desirable property 

for general construction purposes, it is undesirable for ILW encapsulation as it increases the heat of 

hydration (which is limited by the Sellafield specification to Җ 180 kJ/kg after 24 h at 35 °C [3]) and 

reduces performance in terms of fluidity and bleed [3]. The addition of a coarser BFS fraction with the 

same chemical composition is undertaken to reduce the reactivity and improve the performance 

issues [15]. 

2.4.2.2 Pulverised fuel ash 

PFA is a glassy aluminosilicate waste product from coal powered power stations. During the high 

temperatures reached during burning of coal, the mineral components present melt and form small 

droplets that form spherical glassy particles under rapid cooling.  

The composition of PFA varies greatly dependent on coal type and differences in combustion and 

collection methods, however two broad categories have been outlined; calcareous (ASTM C618 class 

C) PFA and siliceous (ASTM C618 class F) PFA [74]. Siliceous materials tend to be more widely used in 

cements, as they are more abundant and more quality-controlled [34], [71]. For use under BS EN 197-

1, the proportion of reactive calcium oxide and silicon dioxide in siliceous PFA must be < 10 % and 

җ 25 % by mass respectively [43]. PFA can also include relatively high levels of alkalis (with more 

potassium than sodium typically observed), and unburnt carbon [34]. The Sellafield specification 

states that PFA must also conform with BS EN 450-1, Category S FA [75] and undergo beneficiation 

processes in order to refine the material through removal of unwanted components including unburnt 

carbon and magnetite [3]. PFA can contain mineral phases such as quartz, mullite, magnetite and 

hematite that were present within the coal or formed through thermal conversion. In siliceous PFA, 

these typically represent an unreactive proportion of the material, and in general, the higher the 

amorphous fraction the greater the reactivity [34]; calcareous PFA can contain reactive crystalline 

phases such as free lime and C3A, and so the same statement is not always applicable [71]. 

PFA is a pozzolanic material, and so the silicon dioxide and aluminium oxide react with water and 

calcium hydroxide formed through hydration of the PC. Given that the reaction of the PFA requires 

calcium hydroxide in order to proceed, initially the PFA acts as an inert filler which provides nucleation 

sites for the hydration products of PC. The onset of the pozzolanic reaction requires a very alkaline 

environment, and varies considerably dependent on factors such as temperature and w/s ratio, 

meaning that the pozzolanic reaction can take many weeks to initiate in some systems [34], [42]. 
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2.4.3 Impact of SCMs on phase assemblage and microstructure 

Addition of SCMs to PC clinker changes the chemical system and affects the hydration of the materials 

and the phases that are formed. Figure 2.6 shows ternary diagrams depicting the characteristic 

compositions of common SCMs together with PC, and it is clear that both BFS and PFA represent much 

lower-calcium systems with higher silicon and aluminium contents. As such, hydration results in a 

different phase assemblage to that seen from pure PC hydration [71].  

PFA-containing systems generally contain phase assemblages similar to those of pure PC systems, 

however portlandite contents are initially higher (per cement mass) and then drop over time as the 

pozzolanic reaction of PFA proceeds. The hydration of the PFA increases the alumina content of the 

system; reaction of this with sulfate (from gypsum) forms ettringite and AFm minerals including 

monosulfoaluminate, and, if sufficient Al2O3 is present, strätlingite (a silicate-containing AFm phase, 

C2ASH8) may also form. The relative proportions of ettringite to AFm will decrease as PFA hydration 

and alumina content increase and sulfate levels become depleted [71], [76], [77].  

The high silica and alumina content of SCMs has a distinct effect on the C-S-H formed in PFA- and BFS-

containing cements. The Ca/Si ratio decreases compared to pure PC, and the mean chain length 

increases. The amount of PFA present and the degree of hydration strongly affect the amount of silica 

that can form chains in C-S-H. The increased presence of alumina leads to partial replacement of silica 

in the dreierketten unit, creating a C-A-S-H phase. Current understanding indicates that replacement 

into a paired site is thermodynamically unfavourable, and as such alumina is assumed to be present 

in bridging sites (Figure 2.5) [49], [53]. Aluminium has been found to substitute into the silicate chains 

to give Al/Si Җ 0.1, with concurrent formation of aluminium rich AFm phases such as strätlingite at 

higher Al/Si ratios [56].  

The aluminium incorporated in the silicate chains has been observed to primarily occur as 

tetrahedrally coordinated species Al(IV). Increased Ca/Si ratios result in a decrease in the proportion 

of Al(IV), with more octahedrally coordinated Al(VI) present. This is thought to correspond to 

formation of amorphous aluminium hydroxide or calcium aluminate hydrate at the C-S-H surface [56], 

[78]ς[80]. Pentavalent Al(V) coordinated species are present regardless of the Ca/Si ratio, and act as 

a charge balancing species in the interlayer [79]. 

The alkali content of the system can affect the ratio of Al(IV)/Si in the dreierketten units. The 

substitution of Al(IV) into the silicon site introduces a charge deficit, and this can be balanced through 

absorption or bonding of alkali cation species such as Na+ and K+ in the interlayer. The presence of 

these charge balancing ions can significantly increase the proportion of Al present within the silicate 

chains [81]. 
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Cements containing BFS commonly possess lower levels of portlandite than pure PC systems, however 

unlike in PFA systems, portlandite is anticipated to persist in the phase assemblage due to the higher 

calcium content in BFS unless very high levels of replacement are used [71], [82].  

The increased levels of magnesium and aluminium in BFS-containing cements leads to the formation 

of a hydrotalcite-like phase, a layered double hydroxide where the generic layer formula is 

[(M2+
1-xM3+

x)(OH)2]x+. This results in an overall positive charge which is balanced by anions (such as 

CO3
2-, SO4

2-, Cl-, and OH-) between the layers. Although pure hydrotalcite has the formula 

Mg6Al2(CO3)(OH)18·mH2O, cement systems more commonly contain a phase with Mg/Al ratios closer 

to 2, similar to quintinite (Mg4Al2(OH)12CO3·4H2O) [60].  

The interdependency between magnesium content and therefore potential formation of hydrotalcite-

like phases on the composition of the C-S-H phase has also been investigated, with Ben Haha et al. 

[83] proposing that the formation of a hydrotalcite-like phase makes incorporation of aluminium in C-

A-S-H less likely. Formation of a hydrotalcite-like phase has been observed to occur in alkali-activated 

slag binders where MgO content is > 5 %, and Bernal et al. [51] proposed that this promoted formation 

of C-S-H as the hydrotalcite preferentially takes aluminium from the system. The presence of 

hydrotalcite-like hydrates and the alterations to the C-S-H phase were observed to improve the overall 

performance with respect to carbonation.  

The capacity of Mg-Al layered double hydroxides to immobilise radionuclides within cements has yet 

to be fully investigated, although it is established that these phases contribute to retention of Cl- and 

CO3
2- [84]. Sorption of various actinides to hydrotalcite was investigated by Altenhein-Haese et al. [85], 

and results were found to be highly dependent on the ionic concentration and speciation. The high 

affinity of hydrotalcite for CO32- has been stated as a limiting factor for its use as an anion absorber, 

and studies by Angus and Glasser found that low sorption rates were found in batch trials with I-, likely 

for this reason [16], [86].  

BFS contains sulfide which is released into the pore solution as hydration occurs. This will not readily 

form hydrate phases, but can exert influence on the poising (redox buffering) capacity of the cement 

if present in sufficient concentrations, i.e. the presence of BFS containing 1 % sulfide may reduce the 

redox potential from +200 mV in PC pore solutions to -300 mV, creating a poising reserve [87]. This 

can result in a decrease in the redox potential of the system via complex interactions of sulfate (from 

gypsum) reacting with sulfide and thiosulfate (from reaction of sufate and sulfide in an alkaline 

environment), which may have the capacity to reduce specific radionuclides into less soluble species 

[17].  



23 
 

The degree of hydration and level of replacement by the SCM will have a distinct impact on the 

differences observed in the microstructure, as the extent of the modification to the C-S-H is controlled 

by the Ca/Si and Al/Si ratios. However, lower Ca/Si ratios and higher Al/Si are typical, resulting in 

longer silicate chains with some aluminium substitution. Although lower Ca/Si ratios were observed 

with increasing levels of SCM replacement, no difference in the Ca/Si ratio was observed between 

inner and outer product for BFS/PFA systems [60], [77], [88], [89].  

There were strong differences in the morphologies of inner and outer product formed dependent on 

Ca/Si, however, as increased replacement by SCM causes the fine fibrillar morphologies to convert to 

less directional foil-like textures. The coarseness of the foils appears initially dependent on space 

constraints, however over time as hydration progresses the textures become increasingly fine as 

capillary porosity is reduced [60], [88].  

Refinement of the pore structure over time leads to improved material properties such as compressive 

strength and a reduction in diffusion potential, which decreases the potential ingress of species such 

as chloride, sulfate and carbonate that could deleteriously affect the cement [34], [44], [71]. 

As outlined in Section 2.1, encapsulant grouts used by the nuclear industry in the UK are tailored for 

use with specific waste streams. This means the cements vary in terms of the level of SCM replacement 

and w/s ratio dependent on the type of waste being managed, creating a diverse formulation 

envelope. For example, the Magnox Encapsulation Plant (MEP) at Sellafield uses 3.44:1 BFS:PC 

formulation with 0.35 w/s ratio to manage waste streams such as 2D24: Magnox Cladding and 

Miscellaneous Waste [90], which are predominantly solid materials. However, the Waste 

Encapsulation Plant (WEP) uses higher volume replacement blends (4.5:1 ς 9:1 BFS:PC) to treat solid 

waste and sludges [3]. The impact of the range of formulations on the cements and their response to 

radiation will be further discussed throughout this thesis.  

 

2.5 Radiation damage in ILW  

ILW contains significant levels of radioactivity as a result of nuclear fission and waste processing; 

threshold levels of activity within these waste streams are by definition the same as for HLW. Some 

examples of the average activity and radionuclides in UK ILW waste streams are shown in Table 2.5. 
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Table 2.5 Examples of UK ILW waste streams, average specific activity levels and key radionuclides present. Data modified 
from [90], [91] 

Waste Stream Identifier 
Average specific activity (TBq/m3) Key radionuclides within 

waste Total h  Total ̡ κɹ 

Waste Stream 2D24: Magnox 

cladding and miscellaneous 

solid waste 

3.79 1.79 x 102 

60Co, 63Ni, 85Kr, 90Sr, 137Cs, 

147Pm, 238Pu, 239Pu, 240Pu, 

241Pu, 241Am 

Waste Stream 2D03: Plutonium 

Contaminated Materials; Drums 
1.00 1.21 x 101 

238Pu, 239Pu, 240Pu, 241Pu, 

242Pu, 241Am 

 

Radioactive species have a higher number of neutrons than their stable isotopes, and as such undergo 

decay through emission of alpha, beta and gamma radiation to lower the N:Z ratio, promoting 

increased stability [92]. The process of decay is dependent on the radionuclides present within the 

waste, and will affect the surrounding materials in different ways.  

Alpha (h ) decay involves the parent nucleus emitting a particle comprising two protons and two 

neutrons, resulting in formation of a daughter species. Alpha recoil particles have high mass and low 

velocities, and can be stopped by several centimetres of air [92]. In the cemented wasteform examples 

given in Table 2.5, the radionuclides are which contribute the most alpha activity are residual fuel 

fragments composed of plutonium (with some residual uranium) and decay products related to this, 

including 241Am. 

Beta (̡ ) decay results in a change of charge through the emission of electrons or positrons, and less 

commonly through electron capture. Beta radiation is more penetrative than alpha, but can be 

stopped with e.g. 3 mm of aluminium plating [92]. Significant proportions of beta emitting species 

(such as 137Cs and 90Sr) are present in some ILW waste streams, as they are fission products from 

uranium and plutonium decay. Emission of alpha and beta particles can leave the nucleus energetically 

excited, and gamma (ɹ) radiation dissipates this energy through the emission of high energy photons, 

which requires several centimetres of lead, or up to several metres of concrete, for shielding [92]. 

Gamma emitting species in the ILW waste streams previously outlined include a 60Co, 137Cs, 240Pu, and 

241Am; these are also some of the highest contributors to radiogenic heating in the ILW packages [36]. 

The highly penetrative nature of gamma radiation means that wasteforms have the potential to be 

exposed to the decay products of adjacent waste packages, dependent on GDF design, package 

spacing and backfill material [18].  
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Cement wasteforms can be affected by radiation through: 1) radiolysis of the aqueous phase or of the 

waste components, 2) atomic displacements, and 3) heating from absorbed radiation energy [36]. 

Radiolytic effects arise from alpha, beta and gamma radiation, and as gamma is the most penetrative, 

the bulk of studies focus on this. However, the impact of the >10,000 ionisation events per cm of travel 

of alpha particles [93] is of particular interest in this thesis (for comparison, beta particles produce 

>100 ionisation events per cm travel [93]). Likewise, atomic displacements are most likely to result 

from interactions of alpha decay, rather than gamma or beta. Given this thesis aims to investigate 

radiolytic impact and radiation damage associated with this, the effect of gamma and alpha radiation 

will be focused on.  

Much of the existing research on these areas has focussed on pure PC used in concretes, as these are 

used for structural and biological shielding purposes [94]ς[96]. The cements used for encapsulation of 

ILW comprise SCM blends which have very different chemical and microstructural characteristics from 

more calcium-rich pure PC matrices. The alterations to the chemical and physical properties of the 

cement are expected to alter the response to radiation exposure. These waste-encapsulating grouts 

are subject to high levels of ionising radiation throughout their service life, and although some 

investigation of how these systems react to radiation exposure has been published, the effects are not 

currently well understood.  

 

2.5.1 Radiolytic degradation 

Due to the high water content of cementitious materials, a primary concern related to their use as 

encapsulation materials is that the water present is liable to undergo decomposition through 

radiolysis. This could cause increased internal pressure through gas production, which may result in 

cracking that reduces wasteform durability.  

Radiolysis will occur from exposure to all ionising radiation, however highly energetic gamma radiation 

has the greatest penetrating strength and as such it will have a significant radiolytic effect on the 

ŎŜƳŜƴǘΦ !ƭǘƘƻǳƎƘ ƎŀƳƳŀ ƛǊǊŀŘƛŀǘƛƻƴ ǎǘǳŘƛŜǎ ƘŀǾŜ ōŜŜƴ ǘƘŜ ŦƻŎǳǎ ƻŦ ǎŜǾŜǊŀƭ ǎǘǳŘƛŜǎ ǎƛƴŎŜ ǘƘŜ мфулΩǎ 

to support waste management, these were often on pure PC systems. Also, few of the findings are 

published in open literature, and where they are, limited characterisation of the cement post-

irradiation had been completed [30]ς[32]. The effects of alpha radiolysis have not received as much 

attention, likely due to the more demanding experimental requirements (requirement of alpha-

containing gloveboxes) and licensing requirements to hold radionuclides appropriate for testing (i.e. 

uranium or plutonium).  
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Interaction of gamma radiation with materials can result in Compton scattering, photoelectric effects 

or pair production; regardless of the mode of interaction, electrons are ejected which go on to interact 

with more material [97]. This cycle continues until the energy of the ejected electron is below the 

ionisation energy of the material. The collisions of the emitted electrons create electronic excitations 

which can destroy covalent bonds due to an increase in their vibrational energies, which has been 

observed to cause decomposition of the SiτO bonds present in the Si-tetrahedra of the C-S-H phase 

in cement [94], [98]. 

Radiolysis of water in an alkaline medium generates H2, e-
aq, Hω, OH-, H2O, H+, OH and H2O2 as primary 

products, which can react with solutes in the interstitial liquid producing further reactive 

intermediates [99]. These can participate in additional reactions within the pore fluid or interact with 

the cement hydrates [99]. These secondary reactions should in principle lead to the production of O2, 

however Bouniol and Aspart reported disappearance of oxygen from the gaseous phase in gamma 

irradiated samples [100]. This was attributed to the primary yield of H2O2 reacting with calcium 

present in the cement hydrates, leading to the formation of calcium peroxide octahydrate (CaO2·8H2O) 

which preferentially carbonated to form CaCO3 in the grout. This mechanism for O2 removal was later 

queried by Bouniol and Bjergbakke [101] whose simulations showed that formation of CaO2·8H2O was 

not systematic, but that the phase must be present if oxygenated species are present. Oxidation of 

organic additives or iron from the cement grinding process were highlighted as potential causes [101], 

[102].  

Comparatively, the effects of alpha radiolysis may be anticipated to be lesser than those of gamma 

radiolysis due to the limited zone of influence, as emitted alpha particles have much shorter ranges in 

material. However, the emitted alpha particle has high linear energy transfer and will initially lose 

ŜƴŜǊƎȅ ǘƘǊƻǳƎƘ ŜƭŜŎǘǊƻƴƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ŎǊŜŀǘƛƴƎ ƻǾŜǊƭŀǇǇƛƴƎ ΨǎǇǳǊǎΩ ŎƻƴǘŀƛƴƛƴƎ ƛƻƴƛsed and excited 

species along its path, resulting in formation of a residual column of densely packed ionisation events 

[103]. This can lead to the proportion of molecular products formed being proportionally higher, as 

the formation of many radicals in close proximity could result in more reactions forming molecular 

products [103]. Should an increase in molecular products occur in the zone in which the alpha particle 

has deposited its energy, this may cause localised increased pressure as the surrounding matrix may 

not allow efficient removal of the gaseous products [104]. 5ǳŜ ǘƻ ǘƘŜ ƻǾŜǊƭŀǇǇƛƴƎ ΨǎǇǳǊǎΩ ǘƘŀǘ ǊŜǎǳƭǘ 

from the alpha particles as they travel through the material, the resulting molecular gas yields 

(thought to cause higher localised pressure) may be greater than those observed from an equivalent 

dose of gamma exposure where the ionisation events occur over a greater distance, i.e. the gas 

generation from a 4 MGy alpha dose would be greater than from a 4 MGy gamma dose. This would 

be exacerbated in materials with high levels of closed porosity as there would be no preferential 
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pathway for the gas to be removed, and so may lead to cracking, chipping, spallation and reduction in 

compressive strength becoming more prevalent. 

Only a handful of gas evolution measurements of hydrogen yields from alpha radiolysis of cements 

have been reported in the open literature. Bibler reported values of G(H2)= 0.63 molecules 100 ev-1 

for an PC/gypsum cement at w/s = 0.7 [104]. Crapse et al. reported hydrogen yields from a cement 

sample (of unspecified composition) containing 1 wt. % PuO2 and 16.5 wt. % water to be 0.15 

molecules 100 ev-1 [105]. The impact of radiolytically generated species interacting with the cement 

hydrates, and the creation of a potentially chemically distinct region, has not been investigated in the 

open literature.  

The presence of metastable calcium peroxide octahydrate has been linked to an increase in 

carbonation and alteration to pore size distributions in gamma irradiated cement [100], [106]ς[108]. 

Vodak et al. [109] speculated that microcracking due to radiolytic dehydration provided a mechanism 

for ingress of CO2, which consequently reacted to form CaCO3 in PC systems. Mobasher et al. [110] 

also observed microcracking in gamma irradiated BFS:PC blended grouts, attributed to the combined 

effect of radiolysis and heating caused by irradiation exposure. Irradiation-induced carbonation was 

not observed in the samples analysed in that study; it was speculated that the reduced proportion of 

Ca(OH)2 in the system may have minimised formation of calcium peroxide octahydrate, inhibiting the 

carbonation process. 

Drying of the grout via radiolytic dehydration has been linked to a reduction in compressive strength. 

However, there have been limited studies specifically looking at the compressive strength of irradiated 

concrete and cement, and the available data show no specific trends [94], [110]ς[113]. Soo and Milan 

stated that in PC samples using dose rates of 31 Gy/hr, a threshold dose of 105 Gy was required to 

enable this effect, however the concurrent impacts of carbonation and hydration were not assessed 

and may impact the findings [112].  

Robira et al. [114] investigated the impact of low dose gamma irradiation on PC systems, where 

marked differences in irradiated samples were found. Reduced compressive and bending strength was 

observed for dry, humid and carbonated samples, although the effect was smaller in carbonated 

samples. Changes in the pore size distribution were also seen, and correlations between decreased 

median pore diameter and decreased strength made, speculated to be the result of changes in the 

C-S-H. 

Maruyama et al. [115] completed a comprehensive study investigating the effects of gamma exposure 

on the carbonation behaviour of PC pastes. They found that while control samples predominantly 
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contained the calcite polymorph of CaCO3, production of vaterite and aragonite was observed in the 

irradiated samples. This was mainly attributed to the rapid drying under gamma exposure artificially 

preserving the less stable carbonate phases, but precipitation of calcium peroxide octahydrate was 

thought to have formed additional vaterite. The distribution of the carbonate phases was found to 

affect the bending strength of the samples, with vaterite formation in the small pores around the 

C-S-H preserving the structure and increasing strength compared to the non-irradiated carbonated 

sample. 

It should be noted that the carbonation process will vary depending on the atmospheric conditions to 

which the samples are exposed, and the initial chemistry of the system. In the above scenario, based 

on previous studies the anticipated process of atmospheric carbonation is as follows. Initially, Ca(OH)2 

is decalcified in the presence of carbonate (present as CO3
2- in the pore solution of undamaged 

cements) forming amorphous calcium carbonate on surface of crystals. Concurrent carbonation of the 

C-S-H occurs, although more rapid dissolution of portlandite results in faster carbonation of this phase 

[55]. Although it is metastable, vaterite formation is favoured in the presence of imperfectly crystalline 

portlandite [116], [117]. Similarities between the calcium oxide layers in calcium rich C-S-H and the 

calcium octahedral sheets of portlandite have been outlined as a potential reason for the formation 

of vaterite on their surfaces [49], [115], [116]. As carbonation progresses, decalcified C-S-H produces 

amorphous hydrated silica which undergoes co-precipitation more easily with aragonite than calcite 

[115], [118]. If carbonation were to progress in hydrated systems, as vaterite and aragonite are 

metastable, they would evolve to calcite according to a dissolution-precipitation process [119]. The 

carbonation products formed are highly dependent on the initial Ca/Si ratio of the system, relative 

humidity, water content, and pH of the cement [116], [118]. 

Changes in the C-S-H due to dehydration (reducing the interlayer water) and carbonation (potentially 

altering the structure of the C-S-H) are likely to reduce the viscous response of the material under 

sustained load. This change in creep behaviour is key to understanding how the mechanical behaviour 

of cements and concretes is altered under irradiation. Gamma irradiation has been observed to reduce 

the creep response in PC systems, with significant decrease observed after exposure to 257 kGy using 

a low dose rate of 8.5 Gy/hr [120], [121].  

Gamma exposure studies of PC pastes that have undergone pre-drying show that radiolytic 

breakdown of chemically bound water can occur, albeit to a low extent (1.5 % at 200 MGy) [111], 

[122]. The progressive breakdown of hydrates and decomposition of clinker phases was observed at 

<130 MGy in PC systems containing PFA and silica fume. Distinct changes in microstructure indicative 

of phase transformations and densification were observed when the dose reached 290 MGy [107].  
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Bouniol et al. [123] recently investigated the impact of sulfide species on radiolytic H2 production using 

a combination of experimental and simulation based techniques. The sulfide present in the pore 

solution from hydration of BFS was expected to increase the lifetime of reducing radicals such as e-
aq 

and Hω, which at high pH can react to form H2. The findings showed an initial increase in H2 production 

in cements containing high levels of replacement of PC by BFS. However, this was found to be a 

temporary increase due to initial oxidation of the sulfide and increase in pH, which allowed reaction 

of Hω with H2S. Over time, the anoxic conditions in the system and high liquid saturation within the 

porosity allow very efficient recycling of H2, leading to the net production of H2 reducing towards zero 

[123].  

Richardson et al. [124] investigated the effects of gamma radiation on the microstructure of BFS:PC 

grouts containing 75 ς 90 % replacement of PC by BFS, and observed increased ettringite formation 

after gamma exposure. This was considered to be due to an increased rate of oxidation in the sulfide 

present within the BFS. Such a reaction would be analogous to external sulfate attack on cement due 

to formation of ettringite at the expense of monosulfate and portlandite, which is widely believed to 

be the cause of physical damage due to the expansive nature of the reaction [125]. However, post 

irradiation characterisation of samples containing 80 % replacement of PC by BFS in the Bouniol et al. 

study showed no alteration to the phase assemblage, despite oxidation of the sulfide [123].  

2.5.2 Atomic displacements 

As outlined in Section 2.5, cement wasteforms can be affected by radiolysis and atomic displacements. 

Atomic displacements refer to damage to the crystal structure of hydrates and unreacted solids in 

materials, which can result from elastic scattering interactions with the incoming particles. 

Beta/gamma radiation is typically too low in energy to produce displacement of atoms from their 

lattice positions, however alpha decay is sufficiently energetic to create displacements. Alpha decay 

of actinides produces a high energy (4.5 ς 5.5 MeV) helium nucleus which is emitted from the 

radionuclide, and a resulting daughter recoil nucleus with energy of approximately 70 ς 100 keV [92], 

[126]. As the particles travel through materials, they will slow down by losing energy to the 

surroundings interacting via elastic and inelastic stopping. Elastic interactions refer to nuclear 

stopping, where energy is removed from the incident atom via ballistic impact. Inelastic interactions 

refer to electronic stopping, where energy is removed from the incident atom through transfer to the 

electronic structure.  

The stopping type that predominates is mainly dependent on the energy of the particle, however mass 

does also have an effect. Electronic stopping dominates for high energy particles, whereas nuclear 

stopping is more prevalent for low energy particles. In alpha decay, the high-energy emitted helium 
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nuclei (hereafter referred to as alpha particles) will have contributions from both electronic and 

nuclear stopping powers. Initially, electronic stopping will be dominant, but once enough energy is 

lost to ionisation events nuclear stopping will prevail and cause knock-on displacement at the limit of 

the particle range, creating Frenkel defects (vacancy-interstitial pairs) [126]. The loss of energy 

through electronic interactions is referred to as the linear energy transfer (LET). The daughter recoil 

nucleus, having a high mass and low energy, will interact via nuclear stopping, creating thousands of 

atomic displacements along its path [126].  

The amount of damage caused to the structure is typically expressed in terms of displacements per 

atom (dpa). This is a calculated value estimating the number of times each atom has been moved from 

its lattice site on average for every atom in the system, so a dpa of 1 indicates every atom in the system 

has, on average, moved once [126], [127] 

Sources of alpha radiation in UK ILW include isotopes of uranium and plutonium including 236U, 241Pu, 

together with decay products of these radionuclides such as 241Am [128]. These are found in wastes 

ƘŀƴŘƭŜŘ ǘƘǊƻǳƎƘ {ŜƭƭŀŦƛŜƭŘΩǎ aŀƎƴƻȄ 9ƴŎŀǇǎǳƭŀǘƛƻƴ tƭŀƴǘ όa9tύ ŀƴŘ Waste Treatment Complex (WTC), 

which process waste streams for Magnox cladding (i.e. waste stream 2D22) and plutonium 

contaminated materials (i.e. waste stream 2D03) respectively [128], [129]. During initial product 

evaluation testing for cementitious encapsulant grouts, the dimensional stability of cement 

wasteforms after exposure to alpha radiation was evaluated by doping BFS and PFA systems with 

plutonium dioxide or radioactive PCM incinerator ash [32], [130]. The compressive strength decreased 

with increased alpha dose, however the dimensional stability was observed to vary between studies, 

with zero change and breakdown of monolithic samples recorded [32]. This variation is likely a product 

of the different total doses and dose rates used in the various testing campaigns. No characterisation 

of the phase assemblage or microstructure was published as part of these investigations.  

There is currently a gap in knowledge relating to the effects of alpha radiation on cementitious 

materials, specifically on the interactions of alpha particles with the hydrate assemblage. The 

mechanisms by which they interact and the resulting effect on the chemistry and phase assemblage 

of the system is of great interest with regard to nuclear waste disposal. 

In cemented wasteforms, the alpha containing waste will likely be present as fuel fragments or within 

other material (supercompacted drums for PCM) which will then be surrounded by cement [18]. This 

is different from glass or ceramic wasteforms, where alpha-emitting species are directly incorporated 

into the host crystal structure. It is considered that radioactive inclusions in minerals may provide a 

natural analogue for the potential interactions of alpha species with cement encapsulants, especially 

given that there are similarities in structure between phyllosilicates with layered TOT structures 
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(tetrahedral-octahedral-tetrahedral, where sheets of silica tetrahedra enclose metal rich octahedral 

layers) and cement hydrates [42], [88], [131]. However, it is important to note that whilst these 

similarities exist the structural and chemical differences in cement hydrates, together with the 

heterogeneous nature of cement paste, mean that the exact response will be different. Rather, it is 

intended that natural minerals may give examples of the types of processes which will occur in 

cements and how these effects may manifest. 

The development of radiohaloes around actinide-bearing inclusions (e.g zircon, monazite) has long 

been observed as a petrographic feature of phyllosilicates [132]. Formation of radiohaloes is 

attributed to the interaction of alpha particles emitted from the inclusion, with little impact from the 

recoil nucleus which predominantly effects the host lattice. Radiohaloes refer to concentric rings of 

discolouration surrounding alpha emitting inclusions, with the radius of each ring representative of a 

discrete alpha particle energy. As such, in well-defined radiohaloes it is possible to infer the isotopes 

responsible for formation of the feature [132], [133].  

The mechanisms responsible for the discolouration are debated in the literature. Radiation-induced 

point defects have been outlined as a potential cause by Nasdala et al. [134] who attributed limited 

impact from ionisation and saw no variations in colour centres across the radiohalo. However, the 

impact of ionisation was found to be more significant by Pattrick et al. [135], where reduction of iron 

across the radius of the radiohalo was interpreted to be a result of radiolytic breakdown of OH groups 

producing reductive species. Bower et al. [136] found that structural damage did not correspond 

directly with discolouration in a range of silicate minerals, and suggested that ionisation mechanisms 

may be predominantly responsible, also noting that dark radiohaloes appear only in hydrated mineral 

phases.  

The structural damage within radiohaloes is of interest as they represent changes to physical 

properties and chemical reactivity [137]. Radiohaloes represent the onset of metamictisation, the 

process through which crystalline materials become amorphous [138]. Despite contradictory 

literature on chemical variation within the features at time of analysis, there is agreement that 

structural damage in these areas increases susceptibility to later chemical alteration [136], [138].  

 

2.6 Summary 

It has been displayed that cementitious grouts are a suitable option for encapsulation of several varied 

waste streams, especially when formed from mixtures of SCMs and PC. The addition of BFS and/or 

PFA successfully lowers the heat generated through hydration of PC and improves fluidity and bleed 
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issues, allowing formation of a monolithic wasteform with good stability that provides physical and 

chemical containment of radionuclides. There are distinct differences between pure PC systems and 

SCM-blended systems, with key differences in the phase assemblage in blended cements clearly 

impacting the chemical and structural properties.  

The anticipated service life for these materials in nuclear waste immobilisation is extraordinarily long 

by the standards of applications for cements. The duration of integrity of the wasteform itself must 

exceed 500 years, and there is a requirement to retain radionuclides until decay to levels similar to 

those of normal background is achieved. The grouts will be exposed to ionising radiation throughout 

this time. Although bulk response to radiation appears tolerant for these materials, there are many 

unknowns specifically related to ageing and degradation through radiation exposure which require 

further investigation. 

Although significant research has been completed on the impact of gamma radiation on cementitious 

systems, these have predominantly focussed on pure PC and/or concrete materials, which are not 

representative of the encapsulant grouts used in the UK. Currently there is little open literature 

addressing systematic characterisation of the effect gamma exposure has on the bespoke 

cementitious grouts used by the UK nuclear industry, which include formulations with very high levels 

ƻŦ ǊŜǇƭŀŎŜƳŜƴǘ ōȅ {/aǎΦ !ǎ ǎǳŎƘΣ ǘƘŜǊŜ ƛǎ ŀ ǊŜǎŜŀǊŎƘ ƎŀǇ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ άƭƛŦŜǘƛƳŜ ŘƻǎŜǎέ 

of gamma exposure on the phase assemblage, microstructure and mechanical properties of these 

materials.  

There is also currently a gap in knowledge relating to the effects of alpha radiation on cementitious 

materials, specifically on the interactions of alpha particles with the hydrate assemblage. The 

mechanisms by which they interact, and the resulting effect on the chemistry and phase assemblage 

of the system, are of great interest with regard to nuclear waste disposal. Radiolysis and atomic 

displacement may impact the chemistry of the system through redox alterations and charge balancing, 

or through structural impacts causing defect formation (vacancies, interstitials and creation and 

migration of these). This work aims to elucidate on the impacts of these processes in terms of long 

term nuclear waste management. 
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3 Materials and methods 

3.1 Materials  

The cement used in this study was Portland cement conforming to Sellafield Ltd (SL) specification [15], 

supplied by Hanson Cement as Ketton coarse ground PC. BFS conforming to UK nuclear specifications 

was also obtained from Hanson Cement, as Scunthorpe GGBS blended with Calumite (a coarse ground 

material produced from granulated blast furnace slag) in a 70:30 weight ratio [139]. PFA was from the 

CEMEX Drax plant and conformed to BS EN 450-1 [75] as well as the SL specification regarding 

performance in a pre-prepared grout mix. The oxide compositions of the powders used throughout 

this study are provided in Table 3.1, together with a summary of the Blaine fineness [140], and particle 

size distribution (PSD) obtained through laser diffraction. 

Table 3.1 Composition of raw materials determined by X-ray fluorescence (XRF) and represented as oxides, Blaine fineness, 
and PSD analysis.  

Oxide  PC (wt. %) BFS (wt. %) PFA (wt. %) 

SiO2 21.6 36.1 52.9 
Al2O3 5.1 11.4 24.8 
Fe2O3 2.6 0.4 8.4 
CaO 64.9 39.4 2.5 
K2O 0.8 0.7 3.1 
MgO 1.0 8.4 1.6 
Na2O 0.2 0.4 1.2 
TiO2 0.4 0.9 0.9 

Mn2O3  0.6 0.1 
MnO 0.1 0.6  
SO3 2.6 - 0.1 
S2- - 0.8  
Cl- 0.1 0.0 0.1 

SiO2+Al2O3+Fe2O3 - - 84.6 
    

Glass count - 97  
Blaine fineness 436 m2·kg-1 357 m2·kg-1  

Residue on 0.045 
mm sieve (%) 

  9.1  

PSD D10/µm 2.4 3.5 - 
PSD D50/µm 18.7 130 - 
PSD D90/µm 59.2 1288 - 

 

 

Figure 3.1 shows the particle size distribution plots for the BFS and PC materials. The PC contains a 

monomodal particle size distribution, whereas the BFS data clearly show a bimodal distribution due 

to the intermixing of finely-ground slag (termed GGBS by the UK nuclear industry) with Calumite. The 

GGBS particle size fraction is all lower than 90 µm, whereas the Calumite particle size range is between 
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100-3000 µm. The coarser grained Calumite fraction has the same chemical composition as GGBS, and 

was introduced in order to regulate the heat of hydration and bleed of the grouts as generic GGBS 

specifications have progressively reduced the particle size to suit construction industry needs [15].  

 

Figure 3.1 PSD data for GGBS:Calumite mix, and Ketton PC, demonstrating the bimodal and monomodal distributions 
respectively.  

 

3.2 Formulations 

Cement blends were identified for analysis by reference to the published Sellafield upper and lower 

replacement limits of PC by SCM, together with the most commonly used blend ratios [15]. Details of 

the precise grout formulations used are outlined in Table 3.2. 

Table 3.2 Blend ratios of the grout formulations used throughout this study. 

SCM:PC w/s BFS (g) PFA (g) PC (g) H2O (g) 

3:1 
0.35 375.0 - 125.0 175.0 

0.43 - 375.0 125.0 215.0 

3.44:1 0.35 387.4 - 112.6 175.0 

5.67:1 0.35 425.0 - 75.0 175.0 

9:1 0.35 450.0 - 50.0 175.0 

 



35 
 

Small volumes (<200 g) of cement were manufactured using the following method. Dry powders were 

initially hand mixed to combine them prior to water addition, after which they were stirred by hand 

for 3-6 minutes to ensure full incorporation of the dry powders. The pastes then underwent 10 

minutes of machine mixing using a Heidolph RZR2020 overhead stirrer, or a Kenwood benchtop mixer 

for larger volume samples. Combination of the dry powders was completed on low power for 2 

minutes, water was added whilst mixing continued for a further 2 minutes, followed by mixing on high 

power for 4 minutes. Samples were poured into centrifuge tubes or 50 x 50 x 50 mm steel cube 

moulds, sealed, and placed in a controlled environmental chamber at 20°C and 95 % relative humidity. 

A vibration plate was used to remove air bubbles from centrifuge tube samples prior to sealing, and 

cube moulds were repeatedly tapped on a hard surface to replicate this effect. Cube samples were 

demoulded after 24 hours and cured in sealed plastic bags under the same conditions. These curing 

conditions were selected to provide baseline characterisation. Temperature variations during 

irradiation exposure were unavoidable, and for each experiment control samples were cured in similar 

heating environments where possible. These conditions are detailed in the relevant results chapters.  

Where analysis was required at a specific curing age, and the quantity of free water was not of interest 

in the analysis, hydration was halted on samples by removing unbound water from the capillary pores 

of the paste. Solvent exchange was utilised for all hydration stoppage, as this has been shown to cause 

less damage to the microstructure than direct drying techniques [141]. Acetone was used for solvent 

exchange in this study. Acetone has been shown to interact with hydrate phases, causing increased 

weight loss in TGA due to aldol condensation. This process forms mesityl oxide, which can react with 

Ca(OH)2 to form CaCO3, causing under- and overestimation of these phases respectively [142]. No 

significant impact on other analytical methods were noted from acetone usage, and as hydration was 

not commonly stopped prior to testing by TGA here, this method was deemed suitable for this study.  

 

3.3 Analytical methods 

3.3.1 Particle size distribution 

Particle size variation can alter the kinetics of hydration of PC and BFS, and may thus result in different 

reaction rates and microstructural alterations which are undesirable in terms of process control (e.g. 

shorter setting times causing blockages in piping infrastructure) and the anticipated properties [44]. 

Differences in porosity, heat generation, and strength development may be caused by particle size 

distribution variations. The particle size distribution of the powders was assessed using a dry dispersal 

method in order to prevent dissolution of the particles in a liquid suspension. The analysis was 

completed using a Mastersizer 3000 PSA and Malvern instruments analytical software with the 
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following parameters: 2 bar pressure, 30 % feed rate, 1.25 aperture, and refractive indexes of 1.73 

and 1.63 for PC and BFS respectively [139], [143]. 

 

3.3.2 Isothermal calorimetry 

Isothermal calorimetry is used to monitor the hydration of the cement through measurement of heat 

evolution. As hydration of cement is a highly exothermic reaction, the heat evolution from a sample 

that is held under isothermal conditƛƻƴǎ Ŏŀƴ ōŜ ǊŜŎƻǊŘŜŘΣ ŀƴŘ ŎƻƳǇŀǊŜŘ ǘƻ ŀ ǊŜŦŜǊŜƴŎŜ όƻǊ ΨōƭŀƴƪΩύ 

sample running in parallel that has a similar heat capacity [144]. The measurements were obtained 

using dual channel TAM Air equipment from TA Instruments, with water used as the reference. 

Cement pastes were hand mixed before 20 g was placed into the glass testing ampoule, which was 

sealed and placed in the calorimeter. Testing was completed at 20 °C for 14 days. 

 

3.3.3 Selective dissolution via EDTA solution 

The degree of hydration of the BFS fraction in blended cements is commonly determined through 

selective dissolution, as the amorphous nature of BFS means that methods used for evaluating 

crystalline PC systems such as Rietveld refinement are unsuitable [145], [146]. There are 

disadvantages to using the selective dissolution method, including ineffective dissolution of hydrate 

phases (outlined by Kocaba et al. [147], [148]) which can lead to underestimation of the degree of 

reaction. That being said, a recent round robin study comparing inter-laboratory results for techniques 

used to assess SCM degree of hydration found problems relating to all commonly used techniques 

[149]. The main advantages of using the selective dissolution method is that it is a simpler, less 

analytically intensive and a well- documented technique. The widespread use of selective dissolution 

using EDTA solution in the literature demonstrates that the method provides sufficiently reliable 

results [82], [145], [146], [149], [150], which together with the simple methodology meant this 

technique was determined suitable for the needs of this study. 

This study used the selective dissolution method outlined by Luke and Glasser [146], which provides 

quantitative evaluation of the degree of hydration of BFS by dissolving hydration products and residual 

anhydrous PC. The remaining residue is considered to be the unreacted BFS fraction. The solution 

required for this method was made via dissolution of 93.0 g of EDTA·2H2O in a solution of 250 mL of 

triethanolamine and 500 mL of water. This mixture was transferred to a volumetric flask, where 173 

mL of diethylamine was added. Water was then added to make the solution up to 1000 mL. 
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For each dissolution test, 50 mL of the solution was pipetted into a beaker and diluted to 800 mL with 

water. This solution was brought to a temperature of 20 ± 2 °C and 0.5 g of dried sample, ground to a 

particle size < 63 µm and weighed to the nearest 0.1 mg, was sprinkled over the surface of the solution. 

The mixture of the solution and the ground sample was stirred at constant temperature using a 

magnetic stirrer for 120 ± 5 minutes. After this, the solution was filtered under vacuum through a 

90 mm diameter Whatman GF/C filter which previously had been washed with 100 mL of water, dried 

at 105 °C for 1 hour and weighed to the nearest 0.1 mg. The residue was washed 5 times with 10 mL 

of water, dried at 105 °C for 1 hour and then weighed to the nearest 0.1 mg.  

Testing was completed on the anhydrous precursors in order to account for the small levels of BFS 

which undergo dissolution, and the residual levels of PC which do not dissolve. The residual amounts 

were found to be 85.3 % and 0.3 % for BFS and PC respectively. Corrections were applied to the results 

from hydrated samples to reflect these values. A correction was also applied to account for 

hydrotalcite-group minerals, assuming all MgO from the BFS hydration forms quintinite-like 

Mg4Al2(OH)12CO3·4H2O, which does not readily dissolve in the EDTA solution [82], [146], [150]. This 

process is outlined in equations 3.1 to 3.4: 
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Where HTm is the maximum amount of hydrotalcite-group mineral formed from complete hydration 

of the BFS (25.34 g), mMgO is the mass of MgO in the BFS, mMgO/HT is the mass percentage of MgO within 

Mg4Al2(OH)12CO3·4H2O (33.14 wt.%), HTs is the mass of Mg4Al2(OH)12CO3·4H2O created based on the 

amount of slag reacted, R is the residue after dissolution including corrections for PC and BFS, D is the 

corrected degree of hydration, and I is the calculated initial residue. Equations 3.2 ς 3.4 were solved 

iteratively, replacing R with D each time. The actual degree of hydration of the slag was determined 

through minimisation of the sum of squared errors between the iterated initial residue and calculated 

initial residue. 
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3.3.4 Compressive strength testing 

Cement strength was tested at 28 days, then at 4 or 8 weekly intervals on triplicate 50 mm (± 0.5 mm) 

cube samples [151]. Each cube was placed between two parallel planes (but not the uppermost cast 

face) in a Controls Automax 5.0 machine and compressed under a loading rate of 0.25 MPa/s until 

failure occurred. The reported results correspond to the average of the triplicate tests, and the 

standard deviation of these was used to display errors. 

3.3.5 Ultrasonic pulse velocity testing 

Ultrasonic pulse velocity (UPV) is a commonly used non-destructive testing technique which allows 

information on the homogeneity of a material to be gained through the generation, transmission and 

detection of longitudinal P-waves over a known path transit length. The pulse velocity is calculated 

using the following equation: 
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Where V is the pulse velocity in m/s, L is the path length in m, and t is the time taken to traverse the 

path length in s. Defects within the material (cracks or voids) cause retardation of the pulse [32], [152], 

allowing estimation of relative material quality and changes in properties [153]. Changes in pulse 

velocity can be caused by the presence of aggregates (if present), changes in temperature, and 

moisture content.  No aggregates were used in this study. Changes in moisture content causing 

different curing environments may lead to chemical variations within the cement leading to variation 

in pulse velocity. Shorter duration changes in ambient humidity or temperature may lead to the 

removal of free water from voids which could also impact the pulse velocity; saturated concrete is 

reported to increase pulse velocity by 5% [154], [155]. It should also be noted that the orientation of 

defects within material may affect the pulse velocity results [155]. These factors need to be considered 

when interpreting the results of pulse velocity to provide material properties. 

Pulse velocity is independent of the test object dimensions provided that no reflection of waves 

interferes with arrival time measurements. ASTM C567-мс ǎǘŀǘŜǎ ǘƘŀǘ ά¢ƘŜ least dimension of the test 

ƻōƧŜŎǘ Ƴǳǎǘ ŜȄŎŜŜŘ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ƻŦ ǘƘŜ ǳƭǘǊŀǎƻƴƛŎ ǾƛōǊŀǘƛƻƴέ [153]. Testing was completed using a 

Pundit Lab instrument equipped with 150 kHz transducers, designed to investigate fine grained 

materials with a maximum grain size of approximately 12 mm [156]. The wavelength generated from 

the transducers is 24.7 mm and therefore a minimum lateral path length of 25 mm is required. Zeroing 

of the equipment was completed before each use using the provided calibration rod (Figure 3.2 B). 

TŜǎǘƛƴƎ ǿŀǎ ŎƻƳǇƭŜǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨŘƛǊŜŎǘΩ ƳŜǘƘƻŘΣ ǿƘŜǊŜ ǘƘŜ ǘǊŀƴǎŘǳŎŜǊǎ ŀǊŜ ŀƭƛƎƴŜŘ ƻƴ ƻǇǇƻǎƛǘŜ ŜƴŘǎ 

of the specimen (Figure 3.2 C & D). Measurement of the specimen path length was completed to ± 1 
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mm using digital callipers. Transducers were coupled onto surface of the samples using Proceq 

coupling gel. 

 

Figure 3.2 UPV testing equipment and procedure A) Testing equipment and calibration bar, B) calibration of transducers, C) 
schematic of direct transmission testing setup, D) setup for testing of sample. 

 

Assessment of UPV and compressive strength will be completed to clarify if UPV measurements can 

provide approximate compressive strength estimations in Chapter 4, and these relationships will be 

used to provide assessment of the impact of gamma radiation on grouts in Chapter 5. 

 

3.3.6 Mercury intrusion porosimetry  

Mercury intrusion porosimetry (MIP) analysis allows investigation of the pore structure of cement 

based materials, with pores broadly defined in three categories dependent on their size and situation. 

Air voids resulting from poor placement are mm ς µm in scale, capillary pores represent areas which 

are not occupied by hydration product or unreacted raw material and are µm ς nm in scale, and gel 

pores are the nanoscale (nm) porosity present within C-S-H gel [157]. Characterisation using MIP 

involves the intrusion of mercury into samples of cement. As mercury is a non-wetting liquid, the 

surface angle is not favourable for liquid intrusion [158]. External pressure is required to achieve 

infiltration into the pore network; this is termed the pore pressure (P) and is related to the pore radius 

using the Washburn equation: 
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where ɹ  = surface tension of the mercury, ̒ = contact angle and r = meniscus curvature (i.e. pore entry) 

radius [42], [159]Φ ¢Ƙƛǎ ǘŜŎƘƴƛǉǳŜ ƳŜŀǎǳǊŜǎ ǇƻǊŜ ŜƴǘǊȅ ǎƛȊŜ ŀƴŘ ƴƻǘ ǇƻǊŜ ǾƻƭǳƳŜΣ ŀƴŘ ŀƴ Ψƛƴƪ ōƻǘǘƭŜΩ 

effect can lead to under-representation of the pore volume; high volume pores and interconnected 

networks may only be accessible through narrow openings. Information relating to the total 

percolated pore volume, the critical pore entry radius and the threshold pore entry radius can be 

identified from this analysis. The threshold pore entry radius is interpreted to be the minimum 

geometrically continuous radius throughout the sample; this threshold marks the change between 

very minor mercury intrusion, and the highest levels of mercury intrusion. The threshold pore entry 

radius corresponds to the intersection between two tangents of the cumulative intrusion curve (Figure 

3.3). The critical pore entry radius represents the steepest slope of the cumulative intrusion curve, 

and is mathematically defined by the inflection point of main intrusions derivative curve (Figure 3.3) 

[158].  

 

Figure 3.3 Example of MIP cumulative and derivative curves indicating how critical pore entry radius and threshold pore 
entry radius are calculated. 

  

Samples for MIP consisted of material with a total mass of 0.9 ς 1.1 g and analysis was completed 

using Micrometrics Autopore V equipment. A contact angle of 130 ° and surface tension of 0.485 N/m 

was applied [160], [161], and the analysis mode was continuous. 
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3.3.7 Thermogravimetric analysis with mass spectrometry  

TGA analyses the phase assemblage of systems through monitoring of sample weight during 

progressive heating, either in an inert atmosphere or air. Decomposition of mineral phases will occur 

at characteristic temperatures (dependent on the crystal structure), allowing identification of the 

assemblage [162]. It should be noted that decomposition and dehydration of different mineral phases 

can occur at similar temperatures, and may overlap dependent on the testing parameters (heating 

rate, gas flow), so often TGA is used in combination with mass spectrometry (MS) or X-ray diffraction 

(XRD) [163].  

Analysis was completed using a Perkin Elmer Pyris 1 TGA 4000 in conjunction with a HPR-20 QIC 

Benchtop Gas Analyser System. Hydration was not stopped on material intended for TGA. Specimens 

ǿŜǊŜ ƎǊƻǳƴŘ ǳǎƛƴƎ ŀƴ ŀƎŀǘŜ ǇŜǎǘƭŜ ŀƴŘ ƳƻǊǘŀǊ ŀƴŘ ǇŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ со ˃Ƴ ǎƛŜǾŜΣ prior to 40 mg 

samples undergoing testing. Samples were heated from 30 ς 1000 °C in an alumina crucible at a rate 

of 10 °C/minute, under a nitrogen atmosphere with a flow rate of 40 mL/min. 

Weight loss due to the decomposition of Ca(OH)2 and CaCO3 occur over distinct temperature ranges 

which do not overlap with other phases, allowing quantification of the amounts of portlandite and 

CaCO3. Free water loss was assessed as the percentage weight loss between 30 ς 105 °C. The amounts 

of portlandite and carbonate in the pastes were quantified from the weight loss between 400 to 

500 °C, and 550 to 800 °C, respectively, using the tangential method [163] and calculated according to 

Eqns. (3.7) and (3.8): 
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where the portlandite and carbonate wt .% are expressed relative to starting mass, and M is the molar 

mass. The relative error of these measurements is ± 5-10% [77], [163]. 

3.3.8 X-ray diffraction 

X-ray diffraction (XRD) allows identification of crystalline phases through diffraction of incident X-rays 

by the crystal structure of the material iƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ .ǊŀƎƎΩǎ [ŀǿ όŜquation 3.9). Generation of 

a monochromatic X-rays is achieved by bombardment of a metal target (e.g. Cu or Mo) with high 

energy electrons. This excites inner shell electrons, which causes a higher energy electron to be 

demoted into the vacancy, and the excess energy is emitted as a characteristic X-ray [164]. When the 

X-rays interact with a sample, the X-rays are scattered by the atoms present in the lattice planes, which 



42 
 

are defined by Miller indices, hkl. Constructive interference occurs when the X-rays reflected from 

different lattices are in phase, and this produces a characteristic diffraction intensity which can be 

used for identification [165], [166]. This can be seen in diffraction patterns, where the reflection 

location (diffraction angle) is determined by the wavelength of the X-ray (˂ ), the incident angle of this 

( )̒ and the spacing between the crystallographic planes (d) (equation 3.9, Figure 3.4): 

ὲ‗ ςὨÓÉÎ— σȢω 

Identification of phases from diffraction patterns is completed by reference to databases containing 

known patterns for specific phases [42], [165].  

 

Figure 3.4 Derivation of Bragg's Law (equation 3.9) 

 

Diffraction patterns for anhydrous PC, BFS and PFA are shown in Figure 3.5. Hydration was arrested 

on samples for XRD, which were ground using an agate pestle and mortar and passed through a 63 

˃Ƴ ǎƛŜǾŜ ǇǊƛƻǊ ǘƻ ŀƴŀƭȅǎƛǎΦ 5ŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ǿŀǎ ŎƻƳǇƭŜǘŜŘ ǳǎƛƴƎ ŀ .ǊǳƪŜǊ 5н tƘŀǎŜǊ ǿƛǘƘ /ǳ ό˂ Ґ 

мΦрпмуп )ύ ǊŀŘƛŀǘƛƻƴΣ ŀƴŘ ǎŎŀƴ ǇŀǊŀƳŜǘŜǊǎ ŎƻƳǇǊƛǎŜŘ ŀ ǎǘŜǇ ǎƛȊŜ ƻŦ лΦлн ϲнʻ ǿƛǘƘ ŀ н ǎ ŘǿŜƭƭ ǇŜǊ ǎǘŜǇΦ 

Low background sample holders were used for powder samples and front loading of these was 

completed. Care was taken not to press the sample into the holder during sample loading, which is 

known to induce preferred orientation of platy and acicular crystals. In hydrated cements this can 

particularly affect the peak intensities observed for portlandite, hydrotalcite, AFm, and AFt phases 

[165]. The distinct reflections in the PC pattern represent the crystalline phases present within the 

clinker, together with the additional cement constituent materials gypsum and calcite. The PFA 

diffractogram shows diffuse scattering between 7 ς 50° 2ʻ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ŀƳƻǊǇƘƻǳǎ Ǝƭŀǎǎȅ ǇƘŀǎŜΣ 

with inclusions of quartz, mullite and magnetite creating strong crystalline peaks. The BFS diffraction 
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pattern shows predominantly diffuse scattering between 18 ς 37° 2ʻ ŘǳŜ ǘƻ ǘƘŜ ŘƛǎƻǊŘŜǊŜŘ ǎǘǊǳŎǘǳǊŜΣ 

but small crystalline inclusions of calcite, melilite and merwinite were observed.  

For data in Chapter 8, polished monoliths were analysed after ion implantation using the same 

equipment and parameters as described above.  

 

Figure 3.5 X-ray diffraction patterns for a) PC, b) PFA and c) BFS. A: alite, B: belite, F: ferrite, a: aluminate, ὅӶ: calcite, ὛӶ: gypsum 
M: mullite, Q: quartz, Mag: magnetite, Ml: melilite, Mw: merwinite 

 

3.3.9 Fourier-transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy provides information relating to the structure of a 

compound by creating a vibrational response in a molecule, which when absorbed causes stretching 

or bending of the covalent bonds. The molecules absorb the infrared radiation generated (between 

4000 ς 500 cm-1) at characteristic frequencies, allowing identification of the same bonds in a range of 

materials [167]. As the technique does not require the sample to possess long range order, it is 

particularly useful for cement analysis.  
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An infrared beam is generated and passed through a beam splitter to create two perpendicular beams. 

The deflected beam is reflected off a mirror at a fixed distance, whereas the incident beam is reflected 

off a moving mirror creating many different wavelengths within the beam. Both beams converge at 

the beam splitter creating a single beam termed the interferogram, containing constructive and 

destructive interferences. The beam then passes through the sample, the wavelengths corresponding 

to the frequencies characteristic of the sample are absorbed, and the remaining beam continues to 

the detector. The signal is processed using a Fourier transform and the absorbed frequencies are 

extracted, creating the FTIR spectrum. This spectrum plots the transmittance (%), which describes how 

much infrared radiation was transmitted by the sample, as a function of wavenumber [167].  

FTIR data were obtained using a Perkin Elmer Frontier FTIR spectrometer equipped with a deuterated 

triglycine sulfate detector and KBr beam splitter optical system. Samples underwent scanning 16 times 

at a resolution of 4 cm-1 between 4000 ς 400 cm-1. Samples were prepared using the KBr pressed pellet 

method, where 2 mg of ground sample is mixed with 200 mg of KBr powder. Prior to measurement of 

the samples a background reading was taken to remove contributions from atmospheric CO2 and 

water vapour.  

 

3.3.10 Optical microscopy 

Optical microscopy allows evaluation of textural and microstructural development of materials, 

together with evaluation of characteristics such as colour variations which may not be visible at hand 

specimen scale or through SEM analysis [168]. Reflected light microscopy was completed using an 

Olympus CH-2 binocular microscope with 50, 100 and 200× magnification. Samples were mounted in 

epoxy resin and were prepared for analysis by successive grinding using 240-1200 SiC grit papers 

ōŜŦƻǊŜ ǇƻƭƛǎƘƛƴƎ ƻƴ ŎŀǎƘƳŜǊŜ ŎƭƻǘƘ ŎƻŀǘŜŘ ǿƛǘƘ ǇǊƻƎǊŜǎǎƛǾŜƭȅ ŦƛƴŜǊ όс ˃Ƴ ς лΦнр ˃Ƴύ ŘƛŀƳƻƴŘ 

suspensions, with isopropanol as a lubricant. 

 

3.3.11 Scanning electron microscopy  

Examination of cementitious materials using scanning electron microscopy (SEM) provides valuable 

information regarding the microstructural development of cementitious systems. Micrographs are 

produced through elastic and inelastic interactions that occur when an electron beam collides with 

the sample surface.  

¢ƘŜ ƛƴƛǘƛŀƭ ŜƭŜŎǘǊƻƴ ǎǘǊŜŀƳ ƛǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ŀƴ ΨŜƭŜŎǘǊƻƴ ƎǳƴΩ ŀƴŘ ǳƴŘŜǊƎƻŜǎ ŦƻŎǳǎǎƛƴƎ ǘƻ ŦƻǊƳ ŀ 

beam by acceleration through a series of electromagnetic lenses; condenser lenses demagnify the 



45 
 

electrons forming a beam, and the objective lens focusses the beam on the sample surface. Scan coils 

then move the beam across the sample [58], [168]. The region within which the electron beam 

penetrates the sample is termed the interaction volume, and many electron interactions happen 

within this zone. Different signals are generated depending on the type of interaction, including 

generation of secondary electrons, back scattered electrons (BSE) and characteristic energy dispersive 

X-rays (EDX) (Figure 3.6) [168]. Examination of BSE and characteristic X-rays are used for 

characterisation of materials in this project.  

 

Figure 3.6 Schematic of the interaction volume of an incident beam in a sample, and the zones from which the signals are 
generated: secondary electrons, backscattered electrons and characteristic X-rays. Adapted from [168]. 

 

BSE signals can distinguish materials by atomic number. BSE are the result of elastic collisions and 

typically have energies similar to the incident beam. Brightness in BSE images is a product of the 

intensity of electrons, therefore higher numbers of electrons result in brighter images. This is 

proportional to atomic number and material density; higher density and larger atomic mass mean an 

increased chance of electron interaction. The interaction volume size can prove a limiting factor with 

this technique, and it is important to note this will change dependent on the beam energy. At higher 

energies contrast differences may result from interaction with a sub-surface phase that is not visible. 

Suitable sample preparation is imperative to obtain good compositional contrast, and inadequate 

surface preparation can lead to erroneous results, especially if the surface of the sample is rough [58], 

[168].  
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3.3.11.1 Energy dispersive X-ray spectroscopy 

Evaluation of characteristic EDX energies can provide semi-quantitative compositional analysis that is 

typically used in conjunction with BSE micrographs. When an incident electron displaces an electron 

from the inner shell of an atom, movement of higher energy electrons to fill the vacancies produces 

X-rays with characteristic energies for different atomic species. The resulting spectra can be displayed 

as elemental maps, linescans, or point analysis data. Because these X-rays can travel much greater 

distances through the sample than electrons, the sampling volume is of the same order as the 

interaction volume, as highlighted in Figure 3.6 [168].  

SEM samples were mounted in epoxy resin and prepared using the same method used for optical 

microscopy outlined in section 3.3.10. Samples were carbon coated and the sides were painted with 

silver conductive paint to prevent charging.  

Data displayed in Chapters 4, 5, and 7 were collected using a FEI Inspect F50 SEM and a 15 kV 

accelerating voltage at a working distance of 8.5 to 9 mm. EDX was completed using an Oxford X-Max 

80 mm2 SSD-EDX detector, with elemental maps collected for 600 s and point analysis for 60 s. 

Data displayed in Chapters 6 and 8 were collected using a Hitachi TM3030 SEM and a 15 kV 

accelerating voltage at a working distance of 8.5 to 9 mm. EDX was completed using a Bruker Quantax 

70 detector and software to provide elemental maps that were collected for 600 s. Point analyses 

were taken from the mapped data. 

 

3.3.12 Solid state magic angle spinning nuclear magnetic resonance spectroscopy 

Solid state nuclear magnetic resonance (NMR) spectroscopy allows investigation of the local chemical 

environment of specific nuclei, allowing information on the local structure of crystalline and 

disordered materials to be determined. Given the complex nature of cement systems and the 

presence of poorly crystalline phases, such as C-A-S-H, this is an especially useful analytical technique. 

NMR can only be used to probe specific nuclei, as they must have intrinsic magnetic moments, i.e. an 

odd number of protons, neutrons, or protons plus neutrons, such as 27Al and 29Si. Suitable nuclei are 

exposed to a strong static magnetic field which orients the magnetic moment either parallel or anti-

parallel to the magnetic field. This brings about Zeeman splitting, which is a difference in energy levels 

of a nucleus. A pulse of radiofrequency radiation is then applied to the nucleus and causes precession 

of the spin, inducing transition of the spin states to higher energy states. The electromagnetic signal 

that is produced as the nuclei relax back to the equilibrium spin state is recorded, and this is converted 
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to a spectrum using a Fourier transform. The results are reported as a chemical shift ()ɻ that relates 

to the local structural environment of the nuclei [169]. 

Line broadening effects can be observed in recorded spectra, a result of interactions of the spin nuclei 

due to dipolar broadening, quadrupolar interactions and chemical shielding anisotropy. These effects 

are more significant in solid samples than in liquids, and so solid state NMR uses magic angle spinning 

(MAS) to reduce this. The sample is rotated around a fixed axis relative to the static magnetic field. 

Due to the geometric dependence of the internal spin interactions, the line broadening can be reduced 

by spinning the samples at the magic angle of 54.74° [53], [169]. The presence of paramagnetic species 

such as Fe within cements can cause further complications, as they will influence the relaxation and 

chemical shift of nearby nuclei, altering and dampening the NMR signal. 

29Si and 27Al SS MAS NMR have been used in this study to provide information relating to the chemical 

composition of the disordered C-A-S-H phase, together with information on the degree of hydration 

of PC and BFS. All spectra were acquired on a Bruker Avance III HD 500 spectrometer at 11.7 T with a 

4.0 mm dual resonance CP/MAS probe, producing Larmor frequencies of 99.35 MHz and 130.32 MHz 

for 29Si and 27Al, respectively. During initial experimental setup, measurement of the appropriate delay 

for full relaxation of both 29Si and 27Al was completed during optimisation. The 29Si spectra were 

collected at a spinning speed of 12.5 kHz, with a minimum of 256 scans, a pulse width of 4 ˃ǎ and a 

relaxation delay of 40 s. 27Al spectra were collected at a spinning speed of 12.5 kHz, with a minimum 

of 512 scans, a pulse width of мΦт ˃ǎ and a relaxation delay of 5 s. The chemical shifts of the 29Si and 

27Al nuclei were referenced to external samples of pure tetramethylsilane (TMS) and 1.0 M aqueous 

Al(NO3)3 respectively. All data were processed using Bruker TopSpin 4.0.6 software [170] 

Deconvolution of the 29Si MAS NMR spectra allows quantitative information on the structure of the 

sample to be established. Deconvolutions were completed using Gaussian curve fitting to generate a 

best fit relationship that allowed comparison of the experimental data with the fitted model. Analysis 

of the anhydrous PC and BFS material was undertaken, and the spectra together with the 

deconvolutions are shown in Figure 3.7. The spectra for the anhydrous PC used 8 fitted peaks 

corresponding to alite, with a single peak for belite identified at -71.3 ppm [171]. The BFS spectrum 

shows a broad resonance from -57 to -95 ppm. 
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Figure 3.7 Deconvolutions of 29Si MAS NMR spectra for A) PC: i) experimental data, ii) deconvoluted fit, iii) alite spectrum, iv) 
belite spectrum; and B) BFS: i) experimental data, ii) deconvoluted fit. 

 

In the deconvoluted spectra, the chemical environments of the Si nuclei are generally expressed using 

the Qn notation where 0 Җ n Җ 4, Q represents the Si tetrahedron and n designates the number of 

bonded tetrahedral units. Al incorporation into the silicate chains is shown by Qn(mAl), where m 

indicates the number of bonded Al tetrahedra and therefore m Җ n (See Figure 2.5 in Chapter 2 for 

diagram illustrating Qn notation). Using this notation, Q0 represents isolated tetrahedra and Q1 

represents dimers or the ends of silicate chains. Q2 are mid chain species in the C-A-S-H product, and 

Q2(1Al) indicates that one of the adjacent tetrahedral sites is occupied by Al. Q3 and Q4 species indicate 

that cross linking of the silicate chains has occurred, and this is commonly associated with lower Ca 

content in the C-A-S-H chains and formation of an amorphous Si phase, often as a product of 

carbonation [53], [54]. In cementitious materials, resonances between -60 and -120 ppm for Si sites 

are expected. Chemical shifts determined from previous literature were used to guide the assignment 

of Q species in this work and are outlined in the relevant chapters. The 29Si spectral deconvolutions 

were used to calculate the structural characteristics of the C-A-S-H, including the MCL (equation 3.10), 

Si/Ca (equation 3.11) and Al/Ca (equation 3.12) using equations 3.10-3.12 [46], [82]: 
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In the 27Al spectra, resonances at chemical shifts >50 ppm are typical of tetravalent coordinated Al(IV), 

at 20-50 ppm of pentavalent Al(V), and at <20 ppm of octahedral Al(VI) [53]. Al incorporated in the C-

A-S-H chains resonates in the tetrahedral region, as does Al present in BFS and C3A [53], [82], [172]. 

AFt and AFm produce resonances in the octahedral region, together with TAH and the hydrotalcite-

like phase [42], [53], [80]. Interlayer charge balancing Al resonates in the pentavalent region [53], [82]. 

3.3.13 Gamma irradiation facilities 

DŀƳƳŀ ƛǊǊŀŘƛŀǘƛƻƴǎ ǿŜǊŜ ŎƻƳǇƭŜǘŜŘ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ aŀƴŎƘŜǎǘŜǊΩǎ ό¦ƻaύ 5ŀƭǘƻn Cumbrian 

Facility (DCF) using a Foss Therapy Services Inc. model 812 self-contained irradiation facility with 60Co 

source (Figure 3.8). Dual rod assemblies each containing 3 sources generated activity of approximately 

535.4 TBq. Samples were required to be below 27 mm in diameter, in order to fit the sample holders 

within the equipment [173]. All samples, regardless of dimensions, were demoulded from curing 

centrifuge tubes and wrapped in aluminium foil prior to irradiation in order to minimise moisture loss.  

             

Figure 3.8 A) Photograph of 60Co irradiator and B) schematic showing dimensions of the irradiation chamber. Adapted from 
[173] 

Due to the long nature of the testing required to reach the desired total dose, irradiations were 

completed in non-continuous batch sessions. Typically, this comprised placing the samples in the 

irradiator overnight and on weekends until the required dose was met. Temperature within the 

irradiator was regulated to approximately 35 °C by using an air pump for the data presented in Chapter 

5, but this was not possible for the data presented in Chapter 7.  

Experiment-specific parameters such as sample dimensions, total dose, average dose and irradiation 

temperature will be outlined in the relevant chapters.  

A 

B 
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3.4 Concluding remarks 

This chapter outlines the main experimental and analytical techniques used by the author throughout 

this thesis, however, additional specific analytical techniques used by collaborators are outlined in the 

relevant chapters. The following chapters utilise these methods to characterise the cementitious 

materials, referencing back to this chapter for further information when required.  
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4 Characterisation of nuclear specification Portland cement blends 

This chapter describes the typical characteristics of blended cements that are used for nuclear waste 

encapsulation in the UK. The majority of cement encapsulated waste is contained within BFS:PC 

blends, however as PFA:PC blends are specifically used for annulus grouting of PCM and are 

investigated in Chapter 6, an overview of both grout types is provided below. This serves to provide 

an overview of the hydration, phase assemblage and microstructure of the pastes that are produced 

using UK nuclear industry specified precursor materials and to enable full evaluation of radiation-

exposed samples in Chapters 5, 6, 7 and 8. As the powder specifications for use in nuclear 

encapsulation applications vary from those of construction industry standards, evaluation of the 

potential differences from previous literature is required. 

4.1 BFS:PC 

The bulk of UK cemented nuclear waste is encapsulated in BFS:PC materials. Although this is a well 

characterised material system, the large formulation envelope used and changes in material supplies 

over time have led to the creation of a product quality envelope to ensure acceptability. As such, 

baseline characterisation of the blends currently being used was completed. The formulations used 

are representative of the range used by Sellafield Limited in their waste encapsulation plants and full 

details of the mix formulations are provided in Chapter 3, Section 3.2.  

4.1.1 Hydration 

The heat flow from all blends of BFS:PC was recorded using isothermal calorimetry at 20 °C. The 

measurements were taken for 14 days and results from the initial period are shown in Figure 4.1. The 

isothermal calorimetry trace shows the major thermal events of hydration. Initially, the rapid 

dissolution of ions and reaction of C3A is observed at < 1 hour, followed by a period of low heat 

evolution (dormant phase, 1 ς 2.5 hours). The main hydration begins as the acceleration period is 

entered after 1.7 ς 2.5 hours, where the heat flow increase is associated with the reaction of C3S [45], 

[174], [175]. Formation of both C-S-H and portlandite begin during this phase, reaching a maximum at 

the peak. Between 6.5 and 9.5 hours, the formation of a sharp shoulder to the main hydration peak 

indicates that secondary ettringite formation occurred in all the blends [176]. A broad peak of low 

heat flow was observed between 15 ς 25 hours corresponding to AFm formation [42]. Hydration 

continues at later ages as shown by the slow, continuous heat output after 25 hours, indicative of 

belite and BFS reaction. There are few studies investigating the kinetics and mechanisms of later age 

hydration, although the decreasing amount of space available for hydrates to occupy as hydration 

continues is well established [177]. 
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Figure 4.1 A: Isothermal calorimetry and B: total heat evolution of BFS:PC systems with varying BFS content. 
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All the cements analysed can be considered very low heat cements under European standard 

classifications, which reports a value of 220 J/g as low heat cement [178]. All blends were within the 

limits of the Sellafield Ltd. specification, which state that blended cement pastes should not exceed a 

cumulative heat flow of 180 kJ/kg in the first 24 hours of hydration at 35°C (Figure 4.1 B) [3]. The 

maximum heat flow recorded was 0.9 mW/g (3:1 BFS:PC), which is lower than pure Portland cement 

by a factor of ͯ 5.5 [175], [179]. It might have been anticipated that the reduction in maximum heat 

flow would mirror the replacement level i.e. the maximum heat flow for 3:1 BFS:PC would be 3x lower 

than for pure PC samples. However, this was not the case, which is postulated to be a product of the 

relative coarseness of the Sellafield specification PC used [15]. As the BFS fraction increases the 

maximum heat flow falls, with a 40 % reduction observed between the 3:1 and 9:1 systems from 0.9 

mW/g to 0.5 mW/g respectively. The maximum heat of hydration observed in all blends was lower 

than for equivalent systems using only GGBS, which can range between 1.5 ς 3.6 mW/g [175], [180], 

[181]. This is due to the distinct bimodal PSD of the BFS:Calumite blend used here, as discussed in 

Chapter 3, which results in a lower reactivity of the total BFS fraction compared to using only GGBS 

[176], [181]. The overall reaction of the BFS fraction was investigated by Sanderson et al. [181] who 

found that the Calumite behaved as an inert filler with little contribution to the initial reaction, 

whereas reaction of the fine grained GGBS fraction contributed to the peak heat of hydration.  

Figure 4.1 shows that increased replacement of PC by BFS results in the maximum heat of hydration 

being reached earlier (observed by a shift to lower time values as the BFS fraction increases). An 

increase and acceleration of the peak attributed to secondary ettringite formation was also observed 

as the BFS fraction increased. The presence of SCMs has been shown to enhance the hydration of 

clinker components, with the particle size of the SCM impacting the rate of reaction, due to a process 

ǘŜǊƳŜŘ ǘƘŜ ΨŦƛƭƭŜǊ ŜŦŦŜŎǘΩ όǿƘŜǊŜ ǘƘŜ {/a ŀŎǘǎ ŀǎ ǘƘŜ ΨŦƛƭƭŜǊΩύ. The overall enhancement of hydration 

ŘǳŜ ǘƻ ǘƘŜ ΨŦƛƭƭŜǊ ŜŦŦŜŎǘΩ ƛǎ ǿƛŘŜƭȅ ŀŎŎŜǇǘŜŘ ǘƻ ōŜ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǇƻǘŜƴǘƛŀƭ ƴǳŎƭŜŀǘƛƻƴ ǎƛǘŜǎ 

together with an effective increase in local w/s ratio [157], [182]ς[185]. Berodier and Scrivener 

demonstrated that the increase in surface area resulted in fairly low levels of nucleation comparative 

to the available area, however they showed a clear link between the interparticle distance and 

hydration kinetics, attributed to shearing between particles which increases as interparticle distance 

decreases [186].  

It has been stated that the reactivity of the SCM material itself has often been overlooked when 

addressing the contribution to the filler effect [175], [187], and studies have shown that the SCMs 

provide an increase in potential nucleation sites for hydrates which in effect cause the acceleration of 
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hydration [185], [186]. However, in these samples the high proportions of BFS is considered to cause 

ǘƘŜ ΨŦƛƭƭŜǊ effectΩ, providing conditions conducive to enhance nucleation and allowing extra space for 

hydration of the clinker phase. The limited reaction of the BFS fraction (particularly the Calumite 

component) at these early ages (as stated above) is not considered to have a significant contribution.  

The broad peak attributed to AFm formation also appears to have an earlier onset in blends with 

higher levels of slag replacement. The conversion of AFt to AFm is likely to occur earlier in systems 

containing less sulfate, as sulfate depletion will occur more rapidly. This is therefore to be expected 

with decreasing levels of gypsum [34], [69] , which is added as part of the PC but is not present in this 

BFS. The slag replacement resulting in earlier onset of the main hydration peak would also support 

the earlier conversion of AFt, as increasing the rate of reaction of the PC will hasten the sulfate 

depletion.  

 

4.1.2 Phase assemblage  

XRD diffractograms of the samples after 28 days are shown in Figure 4.2, and show that the phase 

assemblage contains ettringite (PDF# 41-1451), hemicarboaluminate (PDF# 014-0221), hydrotalcite 

(PDF# 14-0191), monocarboaluminate (PDF# 36-0377), portlandite (PDF# 04-0733), and C-A-S-H, 

together with unreacted belite (C2S, PDF# 29-0369), and BFS (identifiable from the diffuse scatter at 

25°<2̒ <35° and small melilite reflection at 31.3° 2 )̒.  
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Figure 4.2 XRD diffractograms of hydrated BFS:PC blends at 28 days. E: Ettringite, HC: hemicarboaluminate, HT: hydrotalcite, 
Mc: monocarboaluminate, P: portlandite, Ml: melilite, B: belite (C2S). 

 

The varying level of BFS within the blends is seen to have a marked effect on the hydration products 

in the assemblage. Peak intensities for portlandite and ettringite reduced as BFS content increased. 

The predominant reflections identified in the 3:1 and 3.44:1 blends are C-A-S-H and portlandite. In the 

5.67:1 blend, portlandite reflections were less prominent, and in the 9:1 blend AFm and hydrotalcite-

like phases were dominant together with C-A-S-H. Although preferred orientation of the hydrate 

phases is likely to have occurred to some extent, the overall changes in peak intensities observed for 

the systems are considered representative of bulk variations caused by the level of BFS replacement 

[188].   

Figure 4.3 shows the distribution of AFm phases in the different blends. Ettringite was identified in all 

the blend ratios, whilst monosulfoaluminate (PDF #-83-1289) was mostly absent; a small reflection 

was observed in the 5.67:1 blend at 9.9 °нʻΣ ŀƭƻƴƎ ǿƛǘƘ ǎƭƛƎƘǘ ōǊƻŀŘŜƴƛƴƎ ƻŦ ǘƘŜ ƭŜŦǘ ǎƘƻǳƭŘŜǊ ƻŦ ǘƘŜ 

ƘŜƳƛŎŀǊōƻŀƭǳƳƛƴŀǘŜ ǊŜŦƭŜŎǘƛƻƴ ŀǘ млΦу ϲнʻΦ ¢ƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ƳƻƴƻǎǳƭŦƻŀƭǳƳƛƴŀǘŜ ƻǊ ƻǘƘŜǊ ǇƘŀǎŜǎ ƛƴ 
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the AFm solid solution (AFmss, discussed in Chapter 2, Section 2.4.1.3) was not observed in the other 

samples, indicating that the SO3/Al2O3 ratio of the systems had not reduced sufficiently to allow 

transformation of ettringite, either through hydration of the BFS or depletion of gypsum [69], [82], 

[125]. The presence of calcite in the precursor materials favours the stabilisation of 

hemicarboaluminate as the dominant AFm phase, which inhibits monosulfoaluminate formation and 

indirectly stabilises ettringite [189]. The broad peak between 11.2 ς 11.9° 2ʻ ǊŜǇǊŜǎŜƴǘǎ ƻǾŜǊƭŀǇǇƛƴƎ 

reflections for the hydrotalcite-like phase and monocarboaluminate phases. Given the small volumes 

of calcite observed in the clinker and BFS (Chapter 3, Figure 3.4) and the strong reflections identified 

for hemicarboaluminate, it is considered that this peak is predominantly associated with the 

hydrotalcite-like phase. This phase forms a solid solution where the crystal structure is dependent on 

the Mg/Al ratio [42]. As such, the basal reflection peak has been observed between 11.2 ς ммΦсϲ нʻ 

[190], with a shift to lower angles when Al incorporation is higher. The MgO content of the BFS is 8.4 

wt. % (Chapter 3, Table 3.1) and so the basal reflection is expected to be at higher angles, therefore 

the reflection position of 11Φрϲ нʻ ƛƴ ŀƭƭ ōƭŜƴŘǎ ƛǎ ŀƭǎƻ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŀ ƘȅŘǊƻǘŀƭŎƛǘŜ-like phase rather 

than monocarboaluminate [191]ς[193].  

 

Figure 4.3 XRD diffractograms of hydrated BFS:PC blends at 28 days (subsection of Figure 4.2). E: Ettringite, Ms: 
monosulfoaluminate, HC: hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate. 
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The TGA results, together with mass spectrometry data for H2O and CO2, are displayed in Figure 4.4. 

The primary phases identified were: ettringite, C-S-H, AFm phases, hydrotalcite-like phase, portlandite 

and carbonates, showing good agreement with XRD results. The weight losses associated with free 

water (> 100 °C) are within 0.5 % of each other for the lower BFS replacement blends, whereas in the 

9:1 blend the loss is increased by 1ͯ.1 %. Given the low levels of PC in this system and the slow 

hydration kinetics of BFS, a greater proportion of free water is to be expected. The results of the 

isothermal calorimetry (Figure 4.1) support this, given the prolonged induction period and low thermal 

maximum recorded. Weight loss below 400°C is due to the decomposition of ettringite, C-S-H, AFm 

phases, and hydrotalcite-like phases, with weight loss between 400-450°C due to portlandite. Minor 

carbonate decomposition was observed from 5ͯ50°C [162], [194]. 
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Figure 4.4 TGA and MS results of hydrated BFS:PC blends at 28 days. E: ettringite, HT: hydrotalcite, P: portlandite, C: 
carbonates. 

Quantification of the TGA results is compiled in Table 4.1; see Chapter 3, Section 3.3.7 for details of 

methodology. The amount of BFS within the blends impacts the proportions of hydrates present 

within the assemblage, supporting the results from XRD (Figure 4.2). The portlandite content observed 

in the 9:1 blend was 77 % lower than in the 3:1 sample, due to the reduction of the clinker component, 

as well as the increased consumption of portlandite formed, via the reaction of BFS. The quantities of 

portlandite observed are considered representative comparative to similar systems [188]. The CO2 MS 

response between 300 ς 400 °C is due to the decarbonation of the hydrotalcite-like phase, whilst the 

peak centred at approximately 620 °C is representative of calcite. However, this weight loss peak 
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associated with carbonates is fairly broad (between 550 ς 700 °C) and so is likely to represent 

decomposition of a mixture of carbonates of different particle sizes [163], [194], [195].  

Table 4.1 Quantification of the free water, portlandite and carbonate content of all BFS:PC blends at 28 days. 

BFS:PC Free water (%) Ca(OH)2 (%) CaCO3 (%) 

3:1 9.1 3.9 2.6 

3.44:1 9.3 3.5 2.3 

5.67:1 8.6 2.0 1.7 

9:1 10.4 0.9 2.0 

 

SEM-EDX data for all blends is displayed in Figure 4.5. Unreacted BFS was observed in all samples, 

identifiable by the light grey regions in the backscattered electron images with angular appearance; 

the larger grained Calumite fraction was observed in Figure 4.5 A and D. Remnant clinker (bright and 

mottled grey in appearance) was also observed, together with zones of portlandite (light grey) 

commonly located adjacent to clusters of small BFS or larger BFS particles. Limited hydration rims 

were noted in the samples but distinct layered darker rims of BFS adjacent to portlandite were 

observed (label 1 in Figure 4.5 A) and this is considered likely to be a hydrotalcite-rich layer [60]. 

Distribution of Al through the matrix suggests incorporation within C-S-H, as expected from the level 

of BFS replacement in these blends [49], [56], [82], [196]. No distinct areas of AFm or AFt were 

identified at the resolution of these images, with mapping showing the high concentrations within 

residual clinker and adjacent matrix. Residual iron from BFS was observed within unreacted particles 

and in the matrix, identifiable through their high relief in BSE images and through EDX mapping (Figure 

4.5 B,C,D).  
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Figure 4.5 Micrographs and EDX maps of BFS:PC blends at 28 days A: 3:1, B: 3.44:1, C: 5.67:1, D: 9:1. BFS: blast furnace slag, 
C: clinker, P: portlandite. Region 1 in 4.5 A is discussed in text. 

 

Point analysis on the samples further demonstrates the chemical variations in the phase assemblage 

with the increasing proportion of BFS in the system. Figure 4.6 A shows the variation in C-A-S-H 

chemistry between the samples. The average Ca/Si ratio was observed to be similar for the 3:1 and 

3.44:1 blends (Ca/Si ͯ1.4-1.5) but appeared to increase slightly in the 5.67:1 sample (Ca/Si 1ͯ.7) and 

was significantly higher in the 9:1 blend (Ca/Si 1ͯ.9). These levels are comparable with pure PC 

systems, where Ca/Si ratios tend to sit in the 1.5 ς 2.1 range  [42], [168]. This increase in Ca/Si with 

increased BFS replacement can be seen in Figure 4.6 A as the data points for 5.67:1 and 9:1 samples 

shift to the left of the plot compared to the 3:1 and 3.44: sample data.  

Higher levels of replacement by SCMs have typically been identified to lead to a decrease in the Ca/Si 

ratio of C-S-H, as the hydration of the SCM leads to an increase in the available Si content [71]. Given 

that the reverse trend is seen here, it appears that in the blends with the highest proportions of BFS, 
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limited reaction of this material has occurred at 28 days, so the hydration products are dominated by 

PC reaction at this age. The dominance of PC related hydration products may be a result of the filler 

effect (as discussed in Section 4.1.1) and limited reaction of the BFS fraction at 28 days.  

Prentice et al. found the degree of hydration of BFS to be between 15 % and 20 % for 9:1 and 3:1 

BFS:PC grouts respectively [82], for systems that contained no Calumite, and so those values are likely 

to be higher than achieved in this study. Estimations of Ca/Si ratios from deconvolutions of 29Si MAS 

NMR spectra produced values significantly lower [82] than observed from point analysis completed 

here. However, it is acknowledged that estimation of Ca/Si ratios using this method has inherent 

limitations [49]. The variations observed between this study and those in the literature are considered 

to be a product of the difference in degree of hydration of the BFS fraction and the methods used to 

calculate the Ca/Si ratio. Higher proportions of portlandite were observed by Herterich [197] to 

indicate a reduced degree of hydration of BFS in systems with lower w/s ratios. Lower reactivity of 

SCM with increasing replacement level was observed by several studies [82], [145], [188], [197], [198], 

as was reduced reactivity of SCM with lower w/b ratios [145], [198], [199]. The lower reactivity of BFS 

is supported by the lower Mg/Ca ratios observed as the BFS fraction increases (Figure 4.6 B). Where 

Mg/Ca ratios are below 0.06, the relationship to Al/Ca ratio appears different; the Al/Ca increases 

more rapidly. This is likely due to the level of intermixing with C-A-S-H as opposed to analysis of less 

intermixed hydration rims [148].   

No large variation in the sulfate balance of the systems was apparent with increasing BFS fraction 

(Figure 4.6 C). Despite the presence of ettringite in XRD results for all samples, little supporting 

evidence was found from the EDX analysis. This may be a product of the level of intermixing of the 

hydrates within the matrix. 
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Figure 4.6 EDX point analysis from BFS:PC blend samples at 28 days. Each point sample was taken from a region that 
visually appeared to be binder rather than residual anhydrous phases. Composition of anhydrous BFS shown in A by      

symbol. Tie lines link to the other prominent hydrate phases; CH: portlandite; AFm: monosulfoaluminate; AFt: ettringite; 
and HT: hydrotalcite. 

 

As hydration continues with extended curing time, variations to the phase assemblage will occur. 

However, this analysis serves to show how the initial hydration of the system is affected by the 

proportion of BFS within the system.  

 

4.1.3 Microstructure  

The microstructure of the grout is altered depending on the level of replacement by BFS. This provides 

beneficial properties such as reduced accessible porosity compared to pure PC systems at later age 

[42], [157]. As hydration continues over time, the microstructure densifies due to additional hydration 

formation and the overall porosity drops (as was outlined in Chapter 2, Section 2.4.1.1).  

Examples of the visible variation in microstructure over time for a 3:1 BFS:PC system are shown in 

Figure 4.7. At 28 days (Figure 4.7 A,B) regions of sparse outer matrix can be observed (Figure 4.7 B, 

A B 

C 
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region 2) and limited reaction of the BFS fraction was seen (Figure 4.7 B, region 1). Unreacted BFS and 

clinker are observed and cracking of the sample was noted ς this is likely a product of sample 

preparation on a low strength material. The matrix was much denser in the 24 week samples (Figure 

4.7 C,D) and no cracking was observed. Almost full hydration of clinker grains was observed in region 

2 in Figure 4.7 C, and region 1 shows hydration of small BFS particles. Zones 1, 2 and 3 in Figure 4.7 D 

indicate BFS grains which have undergone varying degrees of hydration; angular dark zones of the 

matrix are fully hydrated BFS grains, whilst the dark rims present on remaining slag grains show the 

hydration front. Portlandite was present at both ages, forming discrete zones in the matrix. These are 

often adjacent to BFS particles. However, as hydration of the BFS increases, the portlandite is 

separated by the BFS reaction rim. 

 

Figure 4.7 BSE micrographs of 3:1 BFS:PC A, B: 28 days, C, D:  24 weeks. C: clinker, P: portlandite. Labels 1, 2, 3 discussed in 
text. 

 

The effect of the proportion of BFS on the microstructure can be assessed by comparison of Figure 4.7 

and Figure 4.8, which shows 9:1 BFS:PC at the same ages. The matrix was less dense initially in the 

higher replacement blend, with large amounts of porosity apparent (black in the BSE images). Region 

1 in Figure 4.8 B represents porosity created by a removed BFS particle which acted as a nucleation 
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site for the remaining matrix products. The matrix texture in the 9:1 at 24 weeks has many similarities 

to the 3:1 blend at 28 days: a dense matrix has formed, small BFS particles have undergone hydration 

(region 1, Figure 4.8 D) and small amounts of unreacted clinker are present in the matrix.  

 

Figure 4.8 BSE micrographs of 9:1 BFS:PC A, B: 28 days, C, D: 24 weeks. Labels in figure are discussed in text.  

 

The analysis of MIP results (Table 4.2) indicates that the overall porosity of the system increased as 

the BFS fraction increases. The critical pore entry and threshold pore entry radii (for definitions see 

Section 3.3.6) similarly increase as the proportion of BFS increases.  

Table 4.2 Summary of porosity of cement samples containing different amounts of BFS at 28 days. 

BFS:PC Total accessible 

pore volume (%) 

Critical pore entry 

radius (nm) 

Threshold pore 

entry radius (nm) 

3:1 29 ± 2 16 25 

3.44:1 33 ± 2 18 30 

5.67:1 31 ± 2 23 40 

9:1 43 ± 2 33 60 
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The increase in threshold pore entry radius indicates that the minimum pore radius that is continuous 

throughout the sample is larger as the BFS fraction increases, i.e there are wider continuous pores. 

The critical pore entry radius shows the fastest rate of mercury intrusion, and so if this shifts to higher 

pore sizes indicates there is also a higher proportion of larger pores present with increased BFS 

replacement. The overall increase in porosity and the changes in the pore size distribution are 

considered to be a product of the limited BFS reaction that has occurred, as supported by the SEM-

EDX results (Figure 4.6). 

The results of the MIP analysis support the visual findings from SEM. The analysis of pore structures is 

important for this thesis because the increased porosity observed in higher BFS replacement pastes 

may result in differences in the response to radiation, specifically in the impact of carbonation on the 

systems. Carbonation due to radiation exposure has been observed to reduce the overall pore volume 

in pure PC systems [109]. From current analysis, the interconnectivity of the pore volume is unknown, 

which may have implications for mass transport in these systems. The interconnectivity of the pore 

volume may also be impacted by the carbonation of the paste.  

 

4.1.4 Mechanical properties 

Gamma radiation has been found to impact on the mechanical properties of cementitious grouts and 

their components. Whilst the design criteria for cemented wasteforms do not specify empirical 

ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ ǇǊƻǇŜǊǘƛŜǎ ǎǳŎƘ ŀǎ ǎǘǊŜƴƎǘƘ όάŀŘŜǉǳŀǘŜέ ǎǘǊŜƴƎǘƘ ŦƻǊ ƘŀƴŘƭƛƴƎ ǇǳǊǇƻses must be 

achieved [18]), it is necessary to know how the materials perform so that in a GDF scenario the 

separate barriers can be appropriately engineered. Non-destructive testing methods for estimation of 

compressive strength are well established in the construction industry, with methods for developing 

ultrasonic pulse velocity ς compressive strength relationships outlined in European and American 

testing standards [153], [200]. UPV was selected as it analyses the bulk properties of the material 

being tested. Previous investigation of the impact of gamma irradiation on mechanical strength in high 

volume replacement BFS:PC pastes found increased compressive strength in samples that had been 

exposed to gamma radiation despite an increase in microcracking and porosity [110]. Due to size 

constraints of the irradiation facility used in the Mobasher et al. study [110], and in this current work, 

the testing was completed on small monoliths, leading to a large standard deviation among the 

triplicate tests completed. The use of UPV testing in this study aims to provide an alternative testing 

method to further investigate the relationship between irradiation and mechanical properties. It was 

considered that the non-destructive nature of the testing would enable replicate measurements of 
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the same test specimen, potentially reducing the inherent error whilst also allowing ageing effects to 

be investigated.  

The relationship between UPV (ὺ) and compressive strength was estimated through the relationship 

to the elastic modulus as follows: 

ὺ
Ὁρ А

” ρ А ρ ςА
τȢρ 

where E = dynamic modulus of elasticity, µ Ґ ŘȅƴŀƳƛŎ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ  ́= density. This relationship 

allows estimation of the strength despite the lack of a direct physical relationship between these 

quantities. This relationship is generally assumed to be non-linear, as the elastic modulus and strength 

of the material increase at different rates as it ages; the elastic modulus increases more rapidly than 

strength at early ages, and lower at later ages, leading to an exponential style relationship typical 

expressed as: 

ὅ ὥz ὠ τȢς 

where C = compressive strength, V = ultrasonic pulse velocity, and a and b are constants related to the 

fitted curve. The non-linear nature of the relationship can result in a loss of sensitivity in this technique 

in older cements [153], [155].  

To produce correlation curves for UPV and compressive strength for each of the formulation of BFS:PC 

outlined in Chapter 3, Section 3.2, multiple sets of triplicate 50 mm cubes were made to allow 

compressive strength testing in accordance with a modification of ASTM C109 [151]. Testing was 

completed at 4 or 8 week intervals, dependent on the blend, and continued to 32 weeks for all blends 

except the 3.44:1 samples which were tested until 65 weeks. At each test point, UPV readings were 

taken across two transects of each cube (the top surface was not flat enough to permit testing) and 

underwent destructive testing to measure the compressive strength.  

In order to create a correlation of UPV with strength, the procedure outlined in ACI 228.1R-03 was 

followed [155]. For each test age, the average values for the compressive strength and UPV were taken 

as a single data pair. Regression analysis was completed on the natural logarithms of the data pairs to 

ascertaiƴ ǘƘŜ ōŜǎǘ Ŧƛǘ ǊŜƭŀǘƛƻƴǎƘƛǇΦ aŀƴŘŜƭΩǎ ǊŜƎǊŜǎǎƛƻƴ ǇǊƻŎŜŘǳǊŜ [155], [201] was applied to the data 

instead of ordinary least squares analysis (OLS). This was to attempt to minimise uncertainty in the 

strength relationship, as OLS analysis assumes no error in the X value and that the standard deviation 

of Y remains constant, where neither of these conditions is true for the data analysed here. The results 

of the fitting for each blend can be seen in Figure 4.9. 
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Figure 4.9 Data for UPV-Strength relationship for all BFS:PC blends. A: 3:1 BFS:PC, B: 3.44:1 BFS:PC, C: 5.67:1 BFS:PC, D: 9:1 
BFS:PC. 

 

A summary of the defined relationship parameters for the compressive strength ς UPV relationship 

for each blend is provided in Table 4.3. 

 

Table 4.3 Fit parameters for UPV - Compressive strength relationships shown in Figure 4.9 

BFS:PC Identifier in Figure 4.9 Correlation equation R2 value 

3:1 A C = 9.64×10-18*V 5.29 0.99 

3.44:1 B C = 2.65×10-15*V 4.61 0.95 

5.67:1 C C = 2.22×10-11*V 3.47 0.85 

9:1 D C = 2.05×10-18*V 5.47 0.91 
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The relationship between compressive strength and UPV for all blends was observed to be good, with 

R2 values > 0.85 observed. This is in accordance with the findings of DemirborƐa et al. [202], who 

investigated the relationship between UPV and compressive strength of concretes containing varying 

levels of PFA and BFS replacing PC. The decrease in UPV and compressive strength that was observed 

with increasing replacement by BFS in Figure 4.9 agrees with the findings of previous studies [202], 

[203]. This was unsurprising as increased BFS content in grouts is known to reduce early age strength 

but can contribute to higher overall later strength compared to PC systems depending on the fineness 

and reactivity of the BFS fraction [34]. The heat of hydration has also been proposed as a cause for 

early age low strength of BFS replaced cements, providing another link between the reactivity of BFS 

and strength development [203]. BFS addition lowers the heat of hydration (Section 4.1.1) because it 

does not react as rapidly as PC, and so there are less exothermic reactions occurring. This slower rate 

of reaction is also responsible for the slower strength development, as if the BFS is not reacting, not 

hydrate phases responsible for strength are forming. The testing of all blends at 32 weeks showed a 

42 % reduction in average compressive strength between the 3:1 and 9:1 blend and a fall of 10 % in 

the recorded UPV. At 4 weeks, the difference was 37 % for strength and 6 % in UPV. The overall rate 

of increase in compressive strength was 27 % greater in the 3:1 BFS:PC blend compared with the 9:1 

blend.  

The overall goodness of fit for the strength correlation relationships (Table 4.3) decreased with 

increasing BFS replacement. This may be due to the increased scatter in the compressive strength data 

at increased UPV values in the higher replacement blends. Previous research found that the increase 

in UPV plateaued after 28 days of curing [202]. Although this was not observed to the same extent in 

this data set, this effect is expected in all compressive strength-UPV correlations due to the elastic 

modulus and strength increasing at different rates as the material ages [155]. 

To ascertain the precision of the technique, the standard deviations of the UPV and compressive 

strength at each testing point were determined. No discernible trends were observed with increasing 

mean values (Figure 4.10 A,B). To provide a direct comparison, the coefficient of variation (COV) was 

calculated for each testing point, and the cross plot for this is shown in Figure 4.10 C. 
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Figure 4.10 Standard deviation at each test point for A) UPV, B) compressive strength and C) coefficient of variation from A 
and B. Key shows colour variations for each BFS:PC blend. 

 

The COV was observed to be much larger for the compressive strength testing than the UPV, indicating 

that the reproducibility of UPV testing was much higher. Data from the 5.67:1 blend show very high 

COV for the compressive strength values, which may be the cause of the low R2 value observed in the 

correlation relationship.  

For all levels of replacement by BFS, the relationship between compressive strength and UPV appears 

to fit the exponential style relationship found for similar materials in other studies [152], [155], [202]ς

[205]. However, the need for separate correlation relationships dependent on the level of BFS 

replacement within the cement is clear from these data, unlike the work of DemirbƻỆa et al. [202]. 

The overall correlation relationships determined are considered suitably robust for the assessment of 

the impact of gamma radiation on the bulk properties of these cements, which will be presented in 

detail in Chapter 5.  

 



70 
 

4.2 PFA:PC 

/ŜƳŜƴǘƛǘƛƻǳǎ ƎǊƻǳǘǎ ŎƻƴǘŀƛƴƛƴƎ tC! ŀǊŜ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ŀǎ ΨŎŀǇǇƛƴƎΩ ƳŀǘŜǊƛŀƭǎ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǿŀǎǘŜ 

which is encapsulated in alternative materials [15]. However, they are also used as the main 

encapsulant for less common waste streams e.g. ferric flocs [8], [18], and at the Dounreay cementation 

plant for raffinates and flocs [3]. The formulation envelope used by the UK nuclear industry is fairly 

limited when compared to formulations based on BFS. Given this, a single formulation of PFA:PC (3:1, 

0.43 w/s) was chosen to provide characteristic microstructural and phase assemblage information 

prior to the initiation of irradiation testing.  

4.2.1 Hydration  

The isothermal calorimetry data for the initial 150 hours of hydration for the PFA:PC system is shown 

in Figure 4.11. The isotherm shows the same main thermal events of hydration outlined in Section 

4.1.1: initial rapid dissolution with high heat flow, low heat evolution during the dormant phase, and 

a subsequent increase in heat evolution corresponding to main hydration and sulfate depletion. The 

dormant period appears extended in this system compared to the 3:1 BFS:PC, which has the same 

level of replacement, as highlighted in Figure 4.11. This extended dormant period is due to the reaction 

of PFA in cement being pozzolanic, and as this reaction is very dependent on a highly alkaline 

environment, in water activated pastes this can be very slow (see Section 2.4.2.2). The rate of heat 

evolution attributed to the main hydration event also appears to be slower than in the BFS containing 

systems, although the sharp shoulder representing secondary ettringite formation is much more 

prominent in the PFA containing system.  
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Figure 4.11 A: Isothermal calorimetry and B: total heat evolution data for the 3:1 PFA:PC system. Dashed line shows 
comparison with same level of replacement by BFS. 



72 
 

 

The overall heat evolution of the system is lower than the maximum evolved heat from any of the 

BFS:PC systems as described in Section 4.1.1, therefore complying with the European standards and 

Sellafield specifications [15], [178].  

Differences in early age hydration kinetics for PFA-containing blends have long been noted, with 

directly opposing results often seen. Richardson et al. [206] investigated the impact of PFA on 

hydration and compared new results with data from several other studies, finding that the slower 

initial hydration results in lower cumulative heat evolution. However, it was acknowledged that the 

impact of PFA on hydration is complex and the variable impact on the silicate and aluminate hydration 

rates observed in other studies may be attributed to differences such as the physical and chemical 

nature of the PFA and PC, mix ratio, and the w/s ratio.  

The extension of the dormant period (between 2 ς 5 hrs) in Figure 4.11 may be a product of the higher 

w/s ratio (in line with the Sellafield specification [3], [15]) of w/s 0.43 used in the 3:1 PFA:PC blend 

compared to the 0.35 w/s used for the BFS:PC cements. However, it is considered that the slower rate 

of heat evolution for main hydration peak is not solely a product of this change in w/s ratio [186]. 

Deschner et al. [77] observed longer induction periods in systems doped with PFA compared to the 

same levels of replacement by quartz, showing that the change in kinetics cannot only be due to 

dilution. An alternative cause for the prolonged induction period and the slower initial rate of 

hydration suggests that calcium ion adsorption on the PFA particle surface causes retardation of the 

silicate reaction [77], [207].  

There is an increase in heat flow associated with the secondary ettringite formation peak (centred at 

18 hrs) in Figure 4.11. This may be a product of the finer particle size of PFA compared to BFS (part 

comprised of Calumite) creating different seeding effects and increasing the overall filler effect. 

Dittrich et al. [207] observed an increase in aluminate reaction due to the increased nucleation sites 

provided by a finer particle size, increasing the reaction of C3A leading to quicker precipitation of 

ettringite. The sulfate content of the PFA was also observed to impact the overall kinetics of formation 

and the total amount of ettringite formed. However, given the low sulfate content of the PFA (0.1 

wt.%, Chapter 3, Table 3.1) used in the current study, it is considered that the particle size is the 

controlling factor.  

4.2.2 Phase assemblage 

Analysis of the phase assemblage was completed using XRD, TGA and SEM-EDX techniques. The XRD 

diffractogram of the sample after 28 days is shown in Figure 4.12, and shows the phase assemblage 



73 
 

contains ettringite (PDF# 41-1451), hemicarboaluminate (PDF# 014-0221), portlandite 

(PDF# 04-0733), and calcite (PDF# 01-0837) along with residual mullite (PDF# 79-1453), quartz 

(PDF# 85-0335) and belite (PDF# 29-0369). The diffuse scatter observed between 10-35ϲ нʻ ƛǎ ŘǳŜ ǘƻ 

the contribution of unreacted PFA. The diffuse peak located between 10.4-ммΦнϲ нʻ Ƴŀȅ ƛƴŘƛŎŀǘŜ ŀƴ 

AFm solid solution (AFmss) of hemicarbonate and highly OH- substituted monosulfoaluminate [69]. The 

poor crystallinity of these phases typically produces broad peaks which makes certainty around the 

presence of solid solution problematic.  

 

Figure 4.12 XRD diffractograms of hydrated 3:1 PFA:PC at 28 days. E: Ettringite, HC: hemicarboaluminate, M: mullite, 
P: portlandite, Q: quartz, C: calcite, B: belite (C2S). 

 

The TGA results from 7 and 28 days are displayed in Figure 4.13, together with mass spectrometry 

data for H2O and CO2. The primary phases identified are ettringite, C-S-H, portlandite and carbonates, 

showing good agreement with XRD results. The weight loss associated with free water (>100 °C) was 

significantly reduced in the 28 day sample as hydration had increased and the formation of a distinct 

shoulder was observed at approximately 100 °C as a result of the water loss and increased ettringite 

formation [194]. Portlandite presence was confirmed from the weight loss at 420 °C, and carbonate 
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decomposition was observed between 500 ς 700 °C. Increased CO2 emission from the samples at 

> 800 °C was thought to be due to oxidation of elemental carbon [77]. 

 

Figure 4.13 TGA and MS response from 3:1 PFA:PC at 7 and 28 days. E: ettringite, P: portlandite, C: carbonates. 

 

Quantification of the proportions of portlandite and carbonate in each sample are shown in Table 4.4 

(see Section 3.3.7 for quantification details). The onset of portlandite consumption was observed, with 

an overall reduction of approximately 48 % in the relative proportion between the 7 and 28 day 

samples. This was due to the pozzolanic reaction of the PFA as hydration continues [34]. The carbonate 

content of the 28-day old sample was increased, indicating that carbonation of the system at the 

expense of portlandite may have occurred, also contributing to the reduction in portlandite content.  

 



75 
 

Table 4.4 Quantification of free water loss, portlandite and carbonate content from 3:1 PFA:PC at 28 days 

Age Free water (%) Ca(OH)2 (%) CaCO3 (%) 

7 days 20.8 4.6 2.0 

28 days 12.3 2.4 5.8 

 

SEM-EDX showed unreacted Si and Al rich PFA particles, within a hydrate matrix comprised of open 

textured C-S-H (Figure 4.14). The chemical composition of PFA is highly variable, and Fe content was 

especially inconsistent, with particles rich in Fe containing little Si and Al [208], [209]. To provide an 

overview of the hydration of the PFA as a whole, a large representative area was subjected to chemical 

mapping to show overarching relationships. Zones of portlandite were still present, and unburnt 

carbon and residual iron were identifiable. Sulfur rich zones were identified through EDX mapping 

(labelled AFt in Figure 4.14), likely to represent ettringite given the XRD results.  

 

Figure 4.14 SEM EDX of 3:1 PFA:PC at 28 days. Labels mark AFt: ettringite, P: portlandite, U-C: unburnt carbon and PFA. Red 
dashed circle indicates residual iron. 
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Point analysis was carried out on zones of the outer matrix product with minor areas of inner product 

from hydrated clinker grains or PFA rims (Figure 4.15) to allow estimation of the approximate 

composition of the C-S-H. Ca/Si ratios of between 1.25-1.55 were observed, with a mean value of 1.41 

± 0.3. These are similar to literature values for systems with slightly lower volume replacement by PFA: 

Deschner et al. [77] observed Ca/Si ratios of 1.3 ± 0.2 for blended systems with 50 % fly ash, and with 

increased PFA content in the samples in Figure 4.14, the Ca/Si ratio should be reduced [71]. The 

estimation of chemical composition from SEM should be approached cautiously, as the intimate 

intermixing of hydrates within the matrix means that the area of the EDX spot size and resulting 

interaction volume is greater than the length scale of individual hydrates and may include analysis of 

PFA particles and/or hydrates beneath the sample surface. This is the cause of the distribution of 

points outside the anticipated C-S-H envelope and hydrate compositional points [168], [210], [211]. 

The clustering of points around the tie lines in Figure 4.15 A shows that both ettringite and AFm-type 

phases were present and the fine intermixing of these phases within the matrix results in the spread 

of points. Figure 4.15 B gives a clearer division of the sulfate balance within the system, and the 

majority of points lie within the AFm-type region indicating that the diffuse peak identified between 

10.4 ς ммΦнϲ нʻ ƛƴ ǘƘŜ ·w5 ǊŜǎǳƭǘǎ όFigure 4.12) is likely representative of an AFm solid solution of 

hemicarbonate and highly OH- substituted monosulfoaluminate [69], [77].  

 

Figure 4.15 EDX point analysis from 3:1 PFA:PC A: Al/Ca versus Si/Ca, B: (Al+Fe)/Ca versus S/Ca. Each point sample was taken 
from a region that visually appeared to be binder rather than residual anhydrous phases. Tie lines link to the other prominent 
hydrate phases; CH: portlandite; AFm: monosulfoaluminate; and AFt: ettringite. 

Overall, the phase assemblage was found to be consistent with literature findings for systems 

containing similar levels of replacement of PC by PFA.  

 

A B 
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4.2.3 Microstructure  

To provide an overview of the microstructural characteristics of this paste, SEM micrographs of the 

3:1 PFA:PC at 28 days with increasing levels of magnification are shown in Figure 4.16. Open porosity 

and sparse zones of outer matrix were observed, especially compared to the dense portlandite areas 

identifiable by the lighter greyscale appearance. The matrix was texturally varied between zones and 

some rim features were present on the surface of PFA (Figure 4.16 B, C, D). This may indicate initial 

reaction of the materials, or their role as nucleation sites for hydrates, or may be due to the chemical 

variation of PFA. Areas of residual clinker (Figure 4.16 B) and hydration rims around the edge of PFA 

particles (Figure 4.16 B, D) were observed. In Figure 4.16 D region 1, fine fibres assumed to be C-S-H 

were observed radiating from PFA particles. A thin dark rim was observed between this and the PFA 

particle, indicating inner product formation through PFA hydration. The more porous structure of the 

outer product can be seen adjacent to AFm rich zones (labelled 2, Figure 4.16 D). MIP measurements 

on the sample produced a total accessible pore volume of 43 ± 1 % with threshold pore entry radii of 

below 0.4 µm.  
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Figure 4.16 SEM micrographs of PFA:PC after curing for 28 days at increasing magnification. P: Portlandite, Cl: clinker. Regions 
1 and 2 in 5 D discussed in text. 

 

4.3 Conclusion and discussion of baseline parameters  

Addition of Sellafield Ltd. specification SCMs to PC systems causes distinct changes to hydration, phase 

assemblage and microstructural development dependent on the SCM used and the level of 

replacement in the grout. These changes are predominantly in line with those observed in systems 

using generic SCMs, however, variations were noted.  

The heat of hydration of BFS cements was lower than observed in literature studies that included 

similar replacement levels of BFS due to the addition of Calumite to regulate the BFS reactivity. 

Nevertheless, the phase assemblage and microstructure were not different to those seen in literature 

where no Calumite fraction was used. In PFA systems, the heat of hydration was lower than in BFS 

systems and the hydration kinetics were altered due to the fine particle size of the PFA. However, the 

overall phase assemblage remained comparable to those in literature. 
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The average Ca/Si ratio for grouts with the same level of replacement by SCM was found to be 

comparable: approximately 1.4 for both of the 3:1 systems. The Ca/Si ratio increased with increasing 

SCM replacement i.e. the 9:1 sample Ca/Si = 1.9, whereas in the 3:1 sample Ca/Si = 1.4. The higher 

Ca/Si ratio indicates very little reaction of the lower-Ca BFS and PFA material at increased replacement 

level, and so indicates that at 28 days the phase assemblage is primarily composed of PC hydration 

products. This indicates the slow rate of hydration of the Calumite fraction causes the chemical 

behaviour to be similar to that of grouts with lower levels of replacement by SCMs. The similar Ca/Si 

ratio observed in the BFS and PFA cements also indicates a low level of reaction of the SCMs, as PFA 

tends to react more slowly than BFS; this is because PFA requires a very alkaline environment to 

initiate the pozzolanic reaction. 

In terms of radiation effects at young ages in these systems, this means that work completed on pure 

PC systems may provide relevant information even given the high levels of replacement in these 

cements. Despite this, the effects of radiation are still unknown for these materials at increased ages, 

where increased hydration of the SCM fraction will have occurred, altering the physico-chemical 

properties. Other factors such as the impact of temperature differences experienced by the 

wasteform through interim storage and disposal will also impact the hydration products and phase 

assemblage of the grouts (see Chapter 2, Section 2.3), and although this is not investigated here, it is 

touched upon in Chapter 7.  

PFA systems contained higher porosity than BFS systems with equivalent replacement levels. 

Increased replacement by BFS resulted in higher total porosity with larger pore entry distribution. 

Correlation of UPV with compressive strength was completed for all levels of BFS replacement. 

Exponential style relationships used in previous studies apply well to these materials. The goodness 

of fit was observed to be high for all fitted relationships. However, with higher levels of BFS 

replacement, compressive strength and UPV were reduced and increased variation in the fitted 

relationship was observed. This variation was likely a product of compressive strength testing, as the 

UPV results generated highly reproducible data.  

It is considered that the UPV testing method is appropriate to generate semi-quantitative data on how 

radiation impacts compressive strength. This can only be done using the blend-appropriate correlation 

relationships outlined in Section 4.2.4. 

BFS systems have been selected to take forward as the focus of this study, as they are used to 

encapsulate the bulk of ILW and demonstrate more range in the formulation envelope used. 



80 
 

5 Gamma stability of BFS:PC systems 

In this chapter, the range of BFS:PC samples characterised in Chapter 4 were exposed to increasing 

total doses of gamma radiation. Post irradiation characterisation was completed and the results 

compared to control samples of the same age that had undergone similar curing conditions. 

Assessment of the impact of gamma exposure as a function of dose and BFS replacement level on the 

phase assemblage, microstructure and mechanical properties was completed.  

As outlined in Chapter 2, Section 2.5, radiation damage via radiolytic degradation is a primary concern 

for the evolution of cementitious wasteforms. The formation of hydrogen gas through the radiolytic 

breakdown of pore water could lead to overpressure within the pore space that could cause cracking 

of the wasteform [18]. Alterations to the microstructure via changes in pore size distribution have 

been observed, often linked to increases in carbonation [106], [109], [114]. Irradiation-induced 

carbonation has been observed, postulated to arise via formation of calcium peroxide octahydrate, 

CaO2·8H2O [107]ς[109], [115]. In terms of mechanical properties, gamma exposure has been 

associated with increased and reduced strength compared to control samples [110]ς[113]. Drying of 

the paste through radiolytic dehydration is often linked with decreased compressive strength, 

whereas increased carbonation has been associated with maintaining or improving strength [115], 

[212], [213]. The role of sulfur in gamma-irradiated BFS-containing systems is also debated in the 

literature, with potential oxidation of sulfide proposed as leading to later-age ettringite formation 

which may be analogous to internal sulfate attack [124].  

There are limited available gamma irradiation studies which have investigated the impact of gamma 

ƛǊǊŀŘƛŀǘƛƻƴ ƻƴ ŎŜƳŜƴǘǎ ŎƻƴǘŀƛƴƛƴƎ .C{ ǊŜǇƭŀŎŜƳŜƴǘ ƭŜǾŜƭǎ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ {ŜƭƭŀŦƛŜƭŘΩǎ ŜƴŎŀǇǎǳƭŀǘƛƻƴ 

formulation envelope. Richardson et al. [124] investigated the phase assemblage and microstructure 

of 3:1 and 9:1 blends and Mobasher et al. [110] assessed the impact on 9:1 samples. However, no 

systematic assessment of the impact of gamma exposure with increasing gamma dose on samples 

which include the coarse grained Calumite fraction have been completed. The impact of irradiation at 

varying levels of BFS content will be assessed here. The use of non-destructive testing methods to 

assess changes in the mechanical properties of irradiated samples as they age will provide novel 

insights into radiolytically induced damage and any potential recovery as curing continues. The effect 

of total absorbed dose on these systems will be evaluated at 7 MGy, 14 MGy, and 20 MGy, far 

exceeding the anticipated lifetime dose of 10 MGy estimated for ILW packages, to provide contingency 

for GDF safety case planning [36].  
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In order to investigate the long term effects of anticipated lifetime doses of gamma irradiation on the 

materials, accelerated testing methods are required. The dose rates produced by the 60Co irradiator 

used in this chapter were much higher than the dose rates experienced in wasteforms, allowing the 

total lifetime dose to be exceeded in the timeframes required for laboratory study. The use of 

accelerated testing is commonly employed to assess the radiation response of materials in this 

manner, although it is still a matter of some debate whether accelerated testing can be used to 

extrapolate degradation effects to lower fluxes [94]. Kontani et al. [214] found that within certain 

limits the rate of H2 production scales linearly in gamma-exposed cements, potentially validating the 

use of accelerated testing. The increased dose rate may induce changes that are more severe than 

observed in the waste containing materials, however it is considered that this will provide a 

conservative estimation of the impact on the cementitious materials.  

5.1 Experimental setup 

The samples were synthesised and cured using the method outlined in Chapter 3, Section 3.2 for small 

volumes of materials. The grouts were cured in sealed 50 mL centrifuge tubes for 8 days after which 

the samples were demoulded, sectioned into cylindrical monoliths approximately 25-30 mm in length 

and wrapped in aluminium foil to minimise moisture loss and atmospheric carbonation. Half the 

samples were sent to the UoM DCF for testing using the facilities outlined in Chapter 3, Section 3.3.13. 

Details of the samples and the irradiation conditions are summarised in Table 5.1. 

 

Table 5.1 Summary of gamma irradiation conditions. See Appendix Section 10.1 for dose rate variations with time. 

BFS:PC 
Average gamma 
dose (kGy/hr) 

Total dose 
(MGy) 

Irradiation 
temperature 

(°C) 

Sample age at 
start of 

irradiation (wks) 

Sample age at 
end of 

irradiation 

3:1 
13.2 (± 0.05) 
12.9 (± 0.10) 
12.3 (± 0.19) 

7 (± 0.02) 
14 (± 0.11) 
20 (± 0.31) 

35 °C* 

9 
16 
30 

16 
28 
58 

3.44:1 
13.8 (± 0.08) 
13.4 (± 0.27) 
12.5 (± 0.56) 

7 (± 0.03) 
14 (± 0.28) 
20 (± 0.92) 

9 
16 
30 

16 
28 
58 

5.67:1 
12.2 (± 0.07) 
11.9 (± 0.09) 
12.0 (± 0.53) 

7 (± 0.03) 
14 (± 0.10) 
20 (± 0.88) 

9 
16 
30 

16 
28 
58 

9:1 
13.2 (± 0.07) 
12.9 (± 0.10) 
11.8 (± 0.70) 

7 (± 0.03) 
14 (± 0.12) 
20 (± 1.18) 

9 
16 
30 

16 
28 
58 

*Temperature was regulated through use of an air pump to minimise heating of samples. 
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The irradiations were initiated with the 7 MGy samples, after which the 14 and 20 MGy samples 

underwent irradiation successively. The average dose rate achieved at each subsequent stage of 

testing is observed to decrease ς this is due to the natural decay of the 60Co pellets within the irradiator 

and could not be altered within the scope of this experiment.  

Due to the timescales required for the total doses to be reached, the cement samples were different 

ages immediately post-irradiation. Initial TG, XRD and SEM analysis were completed as soon as the 

samples were received back from UoM DCF, with further analysis of all samples completed at 80 weeks 

to remove variations due to ageing. The data in this chapter are from the characterisation at 80 weeks, 

with the exception of TGA results; these are taken at 22, 39, and 80 weeks for 7 MGy, 14 MGy, and 

20 MGy samples respectively.  

5.2 Irradiation to 7 MGy 

Irradiation of these samples began 9 weeks after the samples were made. The time taken to reach 7 

MGy was approximately 5 weeks, and so the samples were 16 weeks old when exposure ceased. 

5.2.1 Phase assemblage 

5.2.1.1 XRD 

XRD diffractograms of the irradiated and control samples are shown in Figure 5.1. The phase 

assemblage is broadly as described in Chapter 4, Section 4.1.2, however ettringite is no longer 

observed and monosulfoaluminate (PDF# 83-1289) is present. The difference patterns indicate a 

potential increase in the proportion of this phase in all the blends after 7 MGy gamma exposure and 

also show the disappearance of hemicarboaluminate. The majority of the control samples have 

greater peak intensities for portlandite; however, in the 3.44:1 blend (Figure 5.1B) the opposite trend 

is observed. Overall, no large scale alterations to the phase assemblage were observed after 

irradiation. 

The alterations in peak intensities for portlandite and monosulfoaluminate may be a product of 

preferred orientation, rather than an effect of gamma radiation. If a decrease in the proportion of 

portlandite had occurred as a result of gamma exposure, an increase in calcium carbonate-containing 

phases might be anticipated via radiolytically generated formation of metastable calcium peroxide 

octahydrate (discussed in Chapter 2, Section 2.5.1) [100], [115]. However, no associated increase in 

carbonate phases was observed in these samples, which calls into question any apparent decrease in 

portlandite content.  

The differences in the AFm phases observed in the irradiated samples compared to the controls 

indicate destabilisation of hemicarboaluminate. This could be the result of shifts in temperature that 
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were greater than anticipated/experienced by the control sample, as hemicarboaluminate is not 

stable at temperatures > 25 °C [69], [82]; given this, it is interesting that this phase persists in any of 

the samples. Changes in the pH of the pore solution due to radiolysis may also destabilise 

hemicarboaluminate; SO4-OH-AFm has been shown to becomes more stable at pH >13.5 [215]. 

Changes in the carbonate concentration in the pore solution have also been shown to reduce the 

stability of hemicarboaluminate, with an increase in CO3
2- ions in pore solution stabilising 

monocarboaluminate [69], [216]. 

 

Figure 5.1 X-ray diffractograms of hydrated BFS:PC blends irradiated to 7 MGy and the corresponding control (Ctrl). BFS:PC 
ratios corresponding to each data set are: A: 3:1; B: 3.44:1; C: 5.67:1; D: 9:1. Ms: monosulfoaluminate, HC: 
hemicarboaluminate, HT: hydrotalcite, Mc: monocarboaluminate, P: portlandite, B: belite (C2S), C: calcite. 

 

The increased peak intensities observed for monosulfoaluminate in these samples is to be expected 

compared to the results shown in Chapter 4, given the increased age of the samples shown in Figure 

5.1 (80 weeks versus 28 days in Chapter 4). The results in Chapter 4 showed minor proportions of 

monosulfoaluminate, with hemicarboaluminate and ettringite noted as primary hydration products. 
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Formation of ettringite is favourable at young ages due to the initial high concentrations of sulfate; 

however, as sulfate depletion occurs and dissolved aluminium concentrations increase as hydration 

continues, monosulfoaluminate increases at the expense of ettringite (Chapter 2, Section 2.4.1.2). 

The reduction in hemicarboaluminate over time (compared to the results from Chapter 4) destabilises 

the ettringite formed at early ages; initially, the formation of hemicarboaluminate stabilises ettringite 

as it removes aluminium and carbonate from the pore solution, keeping the sulfate content high. As 

hemicarboaluminate breaks down increased aluminium and carbonate concentrations in the pore 

solution will reduce the sulfate concentrations [69], [189]. The ongoing hydration of BFS will also lead 

to a reduction in SO3/Al2O3 ratio over time. Given this, there is potential for the formation of increased 

amounts of monosulfoaluminate due to hydration of BFS increasing the dissolved aluminium 

concentration of the pore solution; although not observed in BFS systems, this has been seen in pore 

solution studies of PFA blended samples [217]. 

5.2.1.2 TGA 

Results from TGA are shown in Figure 5.2, which shows that the major variation between the 7 MGy 

and control samples is the reduction in free water observed in the irradiated samples (indicated by 

grey arrows in Figure 5.2). Samples were approximately 22 weeks old when analysed. Quantification 

of the TGA results is shown in Table 5.2.  
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Figure 5.2. TGA data for 7 MGy and control (Ctrl) BFS:PC samples. BFS:PC ratios corresponding to each data set are: A: 3:1; 
B: 3.44:1; C: 5.67:1; D: 9:1. The apparent shift in the portlandite (P) peak observed in B is due to equipment undergoing 

repair and recalibration between testing of the two samples shown here. Mc: monocarboaluminate, Ms: 
monosulfoaluminate, HT: hydrotalcite, P: portlandite. 

 

Table 5.2 Quantification of free water, portlandite, and calcium carbonate content of 7 MGy irradiated and control BFS:PC 
samples. 

BFS:PC 
Free water (%) Ca(OH)2 (%) CaCO3 (%) 

7 MGy Ctrl 7 MGy Ctrl 7 MGy Ctrl 

3:1 4.5 6.3 6.0 6.3 4.5 3.5 

3.44:1 5.1 5.2 6.8 6.2 4.3 6.0 

5.67:1 4.0 5.8 3.8 3.3 3.6 2.2 

9:1 5.2 6.0 2.4 2.7 2.5 2.6 

 

Irradiation has caused minor changes in the both the free water quantity and phase assemblage 

proportions. The free water content in the four irradiated samples is reduced by between 10 ς 31 % 

from the amount present in the respective control samples. No overall trend was identified between 

the quantity of free water identified and the proportion of BFS replacement, indicating that the 

radiation response is not severely affected by high volume substitution for this dose. The proportion 

of portlandite was broadly similar in irradiated and control samples. Slight increases in the portlandite 

quantities in the irradiated samples are considered to be insignificant given the errors associated with 

quantification [77], [163]. The overall trend in the control samples shows a decreasing portlandite 

quantity with increasing slag fraction, as observed in Chapter 4, Section 4.1.2.  

There is no trend between the portlandite contents and variations in carbonate quantities of the 

7 MGy irradiated samples, which, given the small differences observed and errors associated with 

quantification (discussed above) is to be expected. Carbonate quantities in the 7 MGy samples 
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decrease with increasing BFS fraction, but this is not observed in the control samples which display 

more variation. In both instances, carbonate quantities would be anticipated to be lower in the 

samples with increased BFS replacement. The lower proportions of clinker mean less carbonates from 

the precursor and the lower calcium content means lower Ca/Si in C-S-H and less portlandite which 

are thermodynamically favoured routes for carbonation in cements [195]. 

These minor variations indicate that the radiation response is not significantly affected by the different 

levels of BFS replacement at a dose of 7 MGy. The findings of the TGA results support the XRD results 

and indicate that preferred orientation of portlandite is not solely responsible for the reduced peak 

intensities observed in Figure 5.1, however the variations are minor. The differences in carbonate 

content observed are not linked to variations in portlandite quantities, perhaps indicating that 

carbonate products are being formed at the expense of an alternative phase; potentially, some limited 

decalcification of C-S-H is occurring. However, this may be a result of the heterogeneous nature of the 

samples. Given that the relative error of quantification measurements between samples has been 

observed to be between 5 ς 10 %, the small variations observed for portlandite and carbonate 

quantities between samples here do not appear to represent any significant bulk effect caused by 

exposure to radiation [77], [163].  

  



87 
 

5.2.1.3 SEM-EDX 

SEM-EDX data for all 7 MGy irradiated and control samples are shown in Figure 5.3. Identification of 

unreacted precursor materials (BFS and clinker) and hydration products (portlandite) from greyscale 

intensity information shows that similar phases are present to those identified in Chapter 4, Section 

4.1.2. 
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Figure 5.3 SEM images and corresponding EDX elemental maps (for selected elements as marked) for different BFS:PC blends, 
exposed to 7 MGy and respective control samples: A: 3:1 7 MGy; B: 3:1 control; C: 3.44:1 7 MGy; D: 3.44:1 control; E: 5.67:1 
7 MGy; F: 5.67:1 control; G: 9:1 7 MGy; H: 9:1 control. 

 

No significant variations were observed in the distribution of elements from EDX mapping after 

gamma exposure compared to the respective control samples; areas of portlandite are still stable 

within the microstructure and aluminium distribution indicates the formation of C-A-S-H. Sulfur is 

observed at low levels, with higher concentrations observed in hydrated matrix frequently in zones 

adjacent to unhydrated clinker and BFS. The sulfide that is provided to the system through hydration 

of BFS does not appear to have caused any variations in the local phase assemblage connected to 

7 MGy irradiation and, as seen from the XRD and TGA results, no bulk alterations to the AFm/AFt 

balance were seen in the phase assemblage. 
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Figure 5.4 EDX point analysis data for all BFS:PC blends, for 7 MGy irradiated  and control samples. A, C, E: 7 MGy; B, D, F: 
control. Each point sample was taken from a region that visually appeared to be binder rather than residual anhydrous 
phases. Composition of anhydrous BFS shown in A, B by      symbol. Tie lines link to the other prominent hydrate phases; CH: 
portlandite; AFm: monosulfoaluminate; AFt: ettringite; and HT: hydrotalcite. 

 


























































































































































































































































































































