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Abstract

The UK nuclear industry uses cement encapsulation as the preferred treatment option
for intermediate level waste. The grout is a mix of Portland cement (10-25 wt. %) with
blast furnace slag (75-90 wt. %) and is required to conform to strict performance criteria
in order to achieve successful encapsulation. However, the supply of cement powder to
the nuclear industry has been inconsistent, causing changes in the performance
properties of the material over time. The supply of BFS changed from a unique powder
specifically designed for the UK nuclear industry to a set of commercially available

materials due to economic changes to the cement industry.

A significant difference between the commercial material and the cement powders used
historically, is the particle size. The particle size distributions of the commercial powders
are much narrower and finer (higher specific surface area). This affects the rheology,
fluidity, setting time, bleed and water demand of the cement grouts produced. In order
to broaden the particle size distribution of blast furnace slag, a coarse and fine fraction
with a similar chemical compositions were mixed together. By blending the two
materials, it was possible to produce cement powder blends with a lower specific surface

area that mimics the original specification powder.

This research investigates the effect of altering the ratio of fine and coarse materials by
monitoring the performance of the blast furnace slag in varying blends. The physical
properties were monitored using fluidity, heat of hydration, setting time and the yield
stress of the system. The ability of the cement pastes to infill around simulant nuclear
waste was also determined using high resolution tomographic analysis. Large scale trials
were also undertaken to simulate plant operations. The results found that each extreme
of the blend (i.e. at 100 wt. % of either the finer or coarser material), the cement pastes
do not conform to the required specification. This confirms the requirement for blending
the two materials to produce the ideal particle size for the optimum performance. This

will help future-proof the supply of cement powders to the nuclear industry.
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1 Introduction

1.1 UK Nuclear Waste

Every industry produces waste, and the nuclear industry is no exception. However, it can
be problematic to dispose of the waste produced from the nuclear fuel cycle. Nuclear
waste is categorised depending on its radioactivity and degree of heat generation; in the
UK there are four categories, which are high-, intermediate-, low and very low level
wastes [1]. As of the last UK inventory in 2016, there is estimated to be 4.7 million cubic
metres of radioactive waste either existing or forecast to be produced from current
facilities and planned future operations [2]. Less than 1% of this is high level waste, just
over 9% is intermediate level, and 90% is made up of low and very low level waste [3].
Low level waste (LLW) radioactive content must not exceed greater than 4 GBq per
tonne of alpha activity or 12 GBq per tonne of beta/gamma activity and is disposed of at
a near surface low level waste repository (LLWR) in Cumbria. Very low level waste
(VLLW) is a category within LLW with activity levels low enough to safely dispose of to
specific landfill sites. Intermediate level waste (ILW) and high level waste (HLW) both
exceed the activity levels to be considered as LLW (i.e. greater than 4 GBq/t of alpha or
12 GBq per tonne of beta/gamma) [2]. However, ILW (e.g. fuel cladding, sludges) does
not require heat to be taken into account during disposal, and the current favoured
method is encapsulation in 500 L stainless steel drums within a cement matrix [4]. HLW
contains material that is significantly heat generating due to its radioactive content (e.g.
long lived fission products), which is produced during reprocessing operations at the
Sellafield site. The disposal route for HLW is to immobilize the highly active liquor into
a molten glass matrix. This process is called vitrification and forms a stable glass

wasteform which in encased in stainless steel canisters [3, 5].

One of the biggest challenges faced by the nuclear industry is that although the wastes
are categorised according to their radioactivity, within those waste streams the waste
exists in a wide variety of different forms. ILW specifically has a broad inventory of waste
streams ranging from solid metals to sludge originating from different processes. As a
result, the waste has to be processed in slightly different ways whilst taking into
consideration safety, radiation stability, physical/chemical properties and long term
disposal [6, 7]. Cement grout encapsulation has been the favoured method of processing

ILW because it is generally well understood and cement has historically been readily



available, proved to be a durable material whilst providing good shielding, relatively

inexpensive, and acts as a diffusion barrier [8].

One of the cement grouts used in the UK for the encapsulation of nuclear waste is a blend
of Portland cement (PC) and blast furnace slag (BFS). This cement formulation has been
used for nearly 30 years [9]. However, during that period the sources of cement powders
have changed, which has in turn altered the performance properties of the cement grout.
The performance of the grout is essential in order to produce reliable and stable
wasteforms [4]. The waste is encapsulated within a 500 L stainless steel drum, as shown

in Figure 1.1.

Figure 1.1. Example of a typical wasteform containing ILW encapsulated in cement grout
[10].

1.2 Geological Disposal Facility

Once the waste has been processed, the wasteforms are stored in safe and secure interim
storage facilities until long term disposal becomes available. The current plan in the UK
is to dispose of the ILW and HLW in a geological disposal facility (GDF). The facility will
be highly engineered to isolate the radioactive waste within a multi barrier system to
provide protection for long term disposal. It is essential that the engineered design
works with the natural barrier that surrounds the GDF to prevent the release of

radionuclides into the surrounding environment which could cause harm to life. This
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barrier system will comprise of the initial wasteform itself, in which the waste is
encapsulated/immobilised into a durable container. The next ‘layer’ will be in the form
of a buffer, which will be cement-based for ILW and clay in the instance of HLW, before
the final geological setting of the host rock, which is deep below the surface [10, 11]. The
current plan is that the storage facility will be constructed at a depth of between 650 -
1000 m underground and will consist of a series of ‘vaults’ to store ILW, as shown in
Figure 1.2, with an array of tunnels to house the HLW [10]. The depth of the facility will
depend on the geology of the site, because at the time of writing, the location of the GDF
has not been selected. The footprint of the GDF is estimated to be around

10 - 20 square kilometers.

4400m

2600m

Drawing illustr nly, is not to scale and show underground disposal tunnels and vaults

Figure 1.2. Geological disposal facility concept design [10].

1.3 Project Aims

Cement encapsulation is the preferred disposal route for ILW waste in the UK. This has
been investigated and developed over a number of years, and the cement grout used has
to perform to very specific requirements in order to ensure the production of consistent
wasteforms. However, during this timeframe a number of different material sources
have been used due to economic challenges within the cement industry. As a result, this
change in cement powder source has affected the performance of the grouts produced.
The nuclear industry previously used a bespoke special grade of BFS material, but

unfortunately this has become unavailable. Alternative cement materials were



considered until a suitable source was found and introduced into the encapsulation
plants on a trial basis [12]. The replacement materials were readily available industry
standard cement binders and has been a successful alternative, but further optimisation

of the blend is required.

The issues with the supply have mainly been with the BFS, and particularly ensuring that
the powder being produced meets the Sellafield Ltd (SL) specification. The BFS currently
used at Sellafield is a blend of ground granulated blast furnace slag (GGBS) and a coarser
fractioned slag called Calumite [13]. The performance of Calumite in a blended format
has not been reported in the technical literature, although it is assumed to behave with
similar characteristics to a standard slag. The particle size of the cement powders used
contributes significantly to the performance properties of the cement matrices, but has
not been investigated in depth with regard to nuclear waste encapsulation. The reason
this is of high importance is that the powders investigated from different sources exhibit
a similar chemical composition but the particle size distributions of the materials differ
significantly. Further validation and optimisation of the blend of GGBS and Calumite is

required in terms of particle size.

The investigation of the effect of particle size distribution of the precursor cement
powders used for nuclear waste encapsulation is presented in this thesis. The aim of the
projectis to future proof the supply of cement for the UK’s nuclear cementation program.

This will be achieved by determining how the particle size of the cement powders affects:

o The fresh state properties of the grout

o The heat evolution of the cement pastes during the early stages of the hydration
reaction

e The infill process and wasteform production

o The scalability of the cement system from laboratory scale to 500 L plant scale

wasteforms



2 Literature Review

This literature review intends to introduce the research under discussion in this thesis.
However, further literature and discussion are also presented at the start of each chapter.
As a result, this chapter will familiarise the reader with the topic area and the following

chapters will complement and expand on the information presented here.

2.1 Cement Products

Cement has been produced for nearly 200 years and now dominates the global
construction industry [14]. The total UK consumption of cementitious materials is
estimated to be 10 million tonnes a year [15]. The most prominent cement used is
Portland cement but other supplementary materials have become popular as suitable
substitutes. Supplementary cementitious materials (SCM’s) are often industrial by-
products such as fly ash and slag cement and they contribute to the properties of the

cement product through hydraulic or pozzolanic activity.

2.1.1 Portland Cement
Portland cement (PC) is produced by the calcination of lime such as limestone or chalk

and silica/alumina such as clay or shale, at high temperatures of about 1450°C in a rotary
kiln [16]. Clinker is produced and is made up of four major phases called alite
(CasSi0s/C3S), belite (CazSi04/C.S), tricalcium aluminate (CazAl206/C3A) and a ferrite
phase (CazAlFeOs/C4AF). The clinker is combined with gypsum, which regulates the rate
of setting and prevents flash setting, before it is ball milled and finely ground to create
the final product, Portland cement. Of the four major phases, alite constitutes about 50-
70 wt. % of cement and contributes to the majority of the strength development at up to
28 days curing. However, the hydration of alite is a highly exothermic reaction causing a
high rate of heat evolution, which is an undesirable quality for the encapsulation of
radioactive waste, due to the increased risk of cracking of the wasteform i.e. the waste
and grout. The main hydration product from the alite reaction is calcium silicate hydrate
(C-S-H), along with portlandite [8, 16]. Belite (15-30 wt. % of the cement) reacts in a
similar manner to alite but at a slower rate enhancing longer term strength. The final
two phases, tricalcium aluminate (5-10 wt. %) and the ferrite phase (5-15 wt. %) react
with the gypsum forming ettringite  (CagAl2(S04)3(OH)12:26H20)  and
monosulphoaluminate (CasAlz(S04)(0H)12:6H20) [16].

Portland cement can be blended with supplementary cementitious materials (SCM) to

form a composite cement. This is a hydraulic cement (meaning that it hardens and



retains strength even under water as defined in BS EN 197-1 [17]), where the SCM
contributes to the hydration reaction causing a change in the hydration product.
Examples of SCMs include fly ash (FA), a by-product of coal power stations, other
pozzolans, limestone, and granulated blast furnace slag (GBFS) from the iron and steel
manufacturing industry. The substitution of Portland cement with SCMs has several
advantages: it reduces the CO; emissions produced, reduces energy consumption
associated with clinker formation because less material is needed, there is increased
performance associated with them such as; enhanced durability and improved rheology,

and the process utilises industrial wastes [16, 18].

Currently, the nuclear industry utilise composite cements for encapsulation of
radioactive waste. Portland cement is blended with either FA or GBFS to form grouts
with varying replacement percentages depending on the waste stream intended for
disposal [9]. Similarly to Portland cement, composite cements have several
characteristics that make them a suitable candidate for use during the encapsulation of

nuclear waste. These attributes are that they: [8]

o form a fluid grout suitable for encapsulation of unusual shaped wastes
e setand are durable in their hardened state whilst providing shielding
e modify the pore structure to further reduce transport of radionuclides
e have a lower pH than that of Portland cement to reduce hydrogen release from
any encapsulated aluminium or magnesium, whilst still maintaining a high pH to
sufficiently decrease radionuclide solubility
e can be processed relatively easily under remote handling conditions
e arereadily available and inexpensive
o limit the risk of thermal cracking by reducing heat evolution
2.1.2 Blast Furnace Slag
Blast furnace slag (BFS) is a by-product of iron-ore refinement, and is formed as a molten
liquid within a blast furnace. The composition of the BFS varies according to the raw
materials used but the key elements include calcium, magnesium, aluminium, and silicon
oxides, and sulphide [19]. There are three main types of BFS and these are categorised
by their method of cooling. Air-cooled BFS, which produces hard and dense slag suitable
for construction aggregate, pelletized BFS that is mainly used in light weight aggregate,
and granulated slag forms sand sized particles [20]. It is granulated slags that are of

interest in this project.

Granulated BFS is only produced if the molten BFS is cooled relatively rapidly to
temperatures below 800°C. This is achieved by spraying the molten BFS with high

6



pressure jets of water, forming a wet and sandy material which when dry, can be ground
and typically contains over 95 % glass. Although the composition changes depending on
the plant of origin, a general overview of the major components are shown in Table 1

[16].

Table 2.1. Blast furnace slag oxide composition [16].

Component Weight %
MgO 1-18
Al03 5-33
Si0; 27-42
Ca0 30-50

The grinding technique used significantly influences the BFS cement properties, and a
number of studies have investigated the effect of using different methods [21-23]. Many
types of grinding mills have been developed such as ball mills, vertical roller mills,
airflow mills and high pressure grinding rolls to name a few. Tubular shaped ball mills
have traditionally been used for grinding cement either in open or closed circuits [22].
The use of different grinding methods has an effect on the particle size, geometric
characteristic and shape of the GGBS produced. Therefore, it is possible for the GGBS to
have the same surface area but due to method of grinding, could potentially have
different performance characteristics. It is reported that GGBS produced via ball mill
grinding has the widest particle size distribution (PSD). It was also found that although
some grinding methods produced GGBS with predominantly spherical particles, the ball
mill method produces anomalous shaped particles with edges and angles [23]. A typical
example of GGBS that has been ground using a ball mill is shown in Figure 2.1. The
majority of the GGBS material under investigation in this project is ground in a closed-
circuit ball mill. Once it has been through the grinding process, it is then passed through
a separator segregating GGBS that conforms to the powder specification from material

that does not. The ‘rejected’ GGBS is then sent for grinding once again [12].
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Figure 2.1. SEM IMAGE OF GGBS GROUND IN A BALL MILL [11].

A cementitious system where blast furnace slag (BFS) is combined with ordinary
Portland cement (OPC) is used in the UK as a grout for the encapsulation of intermediate
level radioactive waste (ILW) [24]. The hydration of the OPC releases alkaline and sulfate
components that activate the BFS, forming a fluid cementitious grout [25]. A major
advantage of using a BFS/OPC system is the low heat of hydration it offers, which means
that heat development is a slower process (compared to a pure OPC system), reducing

the risk of thermal cracking [19].

2.1.3 Calumite
Calumite is produced from granulated blast furnace slag and has been reportedly been

used for over 25 years, predominantly in the manufacture of glass [26, 27]. Information
about Calumite is not widely reported, especially in terms of use for cement grouts. The
composition of Calumite is 99 wt. % glassy in nature and is seen as an alumina source
but also contains all the major oxides required for glassmaking. The use of Calumite in
the manufacture of glass is claimed to lower energy costs and improve the quality of the
finished product [26]. The manufacture of Calumite requires a rigorous processing
method to maintain quality control and produce a stringent specification. Calumite is
processed in a similar manner to GGBS, but instead of grinding the material, it is crushed
to less than 0.7 mm [28]. Calumite is used in this project in blends with GGBS, to modify

the particle size of the BFS fraction used during encapsulation.



2.1.4 Chemistry of BFS/PC cement

The hydration of PC is complex because it is a multi-component system and a series of
reactions occur successively and in parallel, creating an evolution of heat. The rate of
hydration depends on the quantities of the four main phases alite, belite, tricalcium
aluminate, and ferrite. However, during the hydration of a Portland cement-granulated
slag mix it is even more complex because both materials will react with water. The
hydration plot of rate vs time for blended BFS/PC systems replicates that of a standard
Portland cement. The typical 4 stages of cement hydration are 1) the initial period, 2)
the induction period, 3) acceleration period and 4) the deceleration period [29, 30]. To
begin with, there is very little reaction observed between the water and the slag as it
does not contain CsS (tricalcium aluminate) or other fast-reacting hydraulic components.
It is for this reason that PC becomes a crucial contributor to the reactivity of the cement
grout. BFS with water alone does not tend to harden but when finely ground and mixed
with an activator, BFS reacts at ambient temperature. PC behaves as the activator for the
BFS by releasing hydroxide such as Ca(OH),, resulting in the formation of strength
developing calcium silicate and calcium aluminate compounds [31]. The hydration
kinetics of slag is slower than that of PC clinker and requires an alkaline environment
which is produced as a result of clinker dissolution [32]. Therefore, the presence of slag
in blended cements retards the acceleration period resulting in a lower peak heat. This

consequently reduces water consumption during hydration.

The hydration properties of BFS affects the microstructure and phase assemblage of the
cement product. In a Portland cement system the main hydration product is C-S-H.
However, during slag hydration the C-S-H product incorporates aluminium and becomes
a C-A-S-H gel and other products include a hydrotalcite like phase and stratlingite [33-
35]. The C-A-S-H product in BFS is more amorphous than the C-S-H in PC. BFS/PC
blended systems have a high pH is caused by Ca(OH). which results in accelerated
dissolution of the glassy phases in the slag and the formation of C-S-H. This helps reduce

permeability of the hardened cement.

The characteristics discussed with regards to slag hydration are beneficial for ILW
encapsulation because a lower heat of hydration reduces the risk of the cement matrix
cracking in the wasteform and also results in a lower water demand minimising
corrosion. The effect that BFS has on the hydration products is also advantageous due to

a decrease in radionuclide solubility once the wasteforms in produced.



2.2 Properties of Blast Furnace Slag

2.2.1 Effect of Particle Size Distribution
As previously mentioned, the grinding of BFS has a significant impact on the particle

shape, size and geometry, and in turn this affects the reactivity and performance of the
grout produced from the cement powder. GGBS is ground to manufacture a certain
specific surface area powder, and X-ray fluorescence spectroscopy has been used pre-
and post-grinding to determine whether this process would cause separation of
chemical fractions. This separation could lead to the enrichment of certain components,
but the outcome showed that grinding the product does not affect the chemical
composition of the material [9, 36], which would suggest the change in performance is

instead caused by the change in size or shape.

Itis easier to determine the performance of finer and coarser cement powders once they
are mixed with water to form cement pastes or grouts. The finer a powder is, the higher
the specific surface area, which increases the water demand [37]. As the water content
increases, a greater water to cement ratio is achieved and this can cause a bleed. Bleed
is caused due to the settlement of solid particles, which forces an increase in the
water/solids (w/s) ratio at the top of the sample and a decrease at the bottom, forming
a thin layer of water at the surface [16]. The formation of additional water is not
desirable in the nuclear industry because it becomes a secondary waste to have to
control and will need to be treated, as the waste acceptance criteria for the GDF states
no free liquids are permitted [38]. In terms of particle size, there has been no firm
relationship determined between the bleed of a grout and the particle size distribution

(PSD) of the powder [25].

The fluidity of cement grouts is significantly affected by the particle size of the
precursors used. As mentioned above, an increased surface area causes an increase in
water demand. This means that if the water content remains unchanged, as the fineness
of the GGBS powder increases, the fluidity of the cement system decreases. If the
alternative is considered, as the fineness of the GGBS powder decreases, it will reach a
point where segregation of cement powder and water could be observed. This confirms
the requirement to control the particle size of the cement powders used during
encapsulation [9, 39]. Fluidity of the system is a crucial performance requirement for

the encapsulation of nuclear waste [40].

A finer powder is favoured in terms of strength and durability as it has been found that
a narrower PSD produces higher strength [36]. This is important in terms of nuclear

waste encapsulation because the wasteforms are required to be durable for long term
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storage and for handling purposes. Alongside this, the compressive strength of BFS
cement is improved with increased fineness [36]. It is reported that to obtain an effect
on strength up to 28 days, the slag must be ground to less than 40 pm as the finer
particles contribute to the early development of the hardened cement resulting in
increased strength [37]. The coarser fraction of BFS is significant because it affects the
strength development after 28 days [36]. An optimum balance is required between
coarser and finer particles so that voids are minimised to avoid a loosening effect

because this could affect the particle packing density [41].

Overall, a lower fineness provides an improved performance according to the criteria
needed by the nuclear industry, which is why the Sellafield specification GGBS has a

lower fineness than the typical British standard [9].

2.2.2 Rheology

The rheology of cement pastes relates to the yield stress of the material and its
workability in processes such as transporting, pumping, compaction and pouring [31].
Factors for consideration that affect rheology include flow, segregation, settlement and
the water content requirement [42]. Measuring the rheology of fresh cement can help

predict the properties and performance of the grout or paste produced.

The mixing procedure for cement has a significant impact on the rheological properties
of cement. High shear rates during mixing can break down the cement powder
agglomerates, increasing the surface area and therefore the water demand resulting in
an increased water demand that changes the fluidity of the material [43]. The fluidity of
cement grout can be measured using the slump test method [44]. This method is widely
used in the construction industry and consists of filling an upturned cone of specific
dimensions with a cement grout before lifting the cone up vertically. The distance the
cement grout travels under gravity is recorded by measuring either the height or the
area of the ‘slump’ [45]. The Bingham model is used as an analysis methodology to
describe the flow of cement by defining two parameters which are yield stress and
plastic viscosity [46]. The Bingham model, presented in Equation 2.1, is a simple tool
where 7 is the shear stress, u is the plastic viscosity, y is the shear rate and 7, is the yield

stress.
T= T+ Uy (2.1)

The yield stress of cement is measured at very high viscosity and at low shear rate in
order to determine the shear stress at which flow starts/stops. Yield stress can be

measured by rotational rheometers where the shear stress to initiate flow is measured
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[42]. The rheological behaviour of cement pastes is affected by the PSD of the initial
powder due to changes in the packing density with variation in particle size. With
improved particle packing, a more dense material is produced which has lower porosity,
allowing increased water availability to act as a lubricant for better fluidity [37].
Therefore, it has been concluded that there is a positive relationship between the

packing density of a cement system and its rheological properties [41].

A recent study considered the relationship between the width of a Rosin-Rammler PSD
and yield stress in ternary and binary systems. The model published predicts the yield
stress using the PSD width, the water/solid ratio and a series of assumptions. Over 90
mixes were investigated by comparing experimental and calculated data [47]. Details of
this model are presented in Chapter 5, where the model was used to estimate an optimal
PSD in order to see whether it can be used to achieve the best performance properties
for the ternary system under investigation. Understanding the rheology of the cement
system is essential in order to achieve successful pumping and encapsulation of nuclear

waste without the segregation of water and cement.

2.3 Cement Encapsulation

Cement is used for encapsulation of intermediate level waste on the Sellafield Ltd. site.
Cementitious matrices provide an inexpensive and readily available method of treating
waste streams whilst providing radiation shielding [8].

2.3.1 Intermediate Level Waste

There is an estimated total volume of 290,000 m3 of intermediate level waste in the UK
[3]. The ILW is made up of different materials producing different waste streams which
require different treatment methods [48]. The two waste streams of interest in this study

are Magnox swarf and THermal Oxide Reprocessing Plant (THORP) hulls.

The Magnox name is derived from MAGnesium Non-OXidising and is an alloy consisting
of 99.2 wt. % magnesium and 0.8 wt. % aluminium. The waste arises from Magnox clad
uranium metal fuel rods (Figure 2.2) that were used in Magnox nuclear reactors. In order
to reprocess the uranium fuel, the Magnox cladding must be removed by mechanical
decanning, which strips the cladding away from the fuel rod, shown in Figure 2.2. The
decanning process produces the Magnox swarf which is then encapsulated in cement for

final storage [40].
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Figure 2.3. Image of the decanning process carried out in the Magnox Encapsulation Plant
[49].

The waste stream containing THORP hulls arises from reprocessing of nuclear fuel
assemblies used in both Light Water reactors (LWR) and Advanced Gas-Cooled reactors
(AGR). The fuel assemblies consist of fuel pellets or pins enclosed within tubing made
from either stainless steel or zircaloy. During reprocessing, the fuel is dissolved out of
the tubing leaving it hollow before it is chopped up into smaller pieces of approximately

50-75 mm long. These sheared fuel pin cases are known as THORP hulls.
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Figure 2.4. Images of typical Magnox swarf and THORP hulls; the wastes that are
encapsulated at Sellafield [50].

2.3.2 Encapsulation Plants
In the 1980’s, the main UK storage option for ILW was reaching capacity and as such,

alternative options were investigated. The store had already been extended and it was
decided that an additional expansion was not a long term solution. This is when the need
for onsite encapsulation plants was considered. The initial design was to construct a
single plant to encapsulate all ILW, including the inventory in storage and that produced
from future processing. However, the lead-time for the construction and operation of
this plant was not a suitable option as it would have meant that processing of Magnox
swarf would have to cease temporarily, which was not desirable. An alternative option
was presented where the concept for the single plant would be divided into three

encapsulation plants [40]. These were:

e EP1: for Magnox swarf
e EP2: for THORP hulls and slurries, and enhanced actinide removal plant (EARP)
flocs

e EP3: for in-store ILWs

The development for EP1 would be the priority in order to maintain the processing of
Magnox swarf. The design originally proposed that EP2 would have two encapsulation
lines capable of meeting needs for processing THORP hulls, THORP slurry wastes and
EARP flocs, and it was also intended to encapsulate Magnox swarf as a back-up line to
EP1. After a series of discussions and considerations, the final conclusion was that EP2
would have one encapsulation line. The feeds for consideration for EP2 were THORP
hulls, slurry wastes, and retrieved ILW sludge wastes. EP1 remained the plant that would
encapsulate Magnox swarf while the EARP flocs would be treated in a separate plant

called the Waste Packaging and Encapsulation Plant (WPEP) [51].
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Once the strategy for the different plants was decided, it was necessary to develop the
encapsulation technique. As a result, the Product Evaluation Task Force (PETF) was set
up to develop the encapsulation techniques for ILW streams. They had three objectives
which were to determine the characteristics of the ILW waste streams, to optimise the
matrix used for encapsulation, and to produce a database that included this information,
i.e. the waste stream and the selected suitable matrix [40, 51]. The PETF were
responsible for the development of the ‘acceptance test’ and the performance
specification that the cement systems have to adhere to (to be discussed in section 2.4.3).
The PETF also took into consideration what would happen to the cement system if there
was a delay before it was used. As such the cement grout must still conform to
specification after a 150 minute ‘hold-up’, where essentially the material will be kept
agitated in the cement mixer until plant is ready to use the cement grout. This extended
mixing time was incorporated into the acceptance test, and monitored during small scale

testing.

EP1 was named the Magnox Encapsulation Plant (MEP) and was commissioned in 1990
[40]. EP2 became the Wastes Encapsulation Plant (WEP) and was commissioned in 1994
[52]. Both of these plants use the cement system under investigation in this project
during the encapsulation process. The two plants have small differences in the grout
formulation needed for the different types of waste, but the cementitious system is the

same and the powders supplied for both originate from the same sources.

2.3.3 Wasteform Production
A significant amount of development was carried out over a number of years by the PETF

team to develop the optimum method and process for the production of ILW wasteforms.
In the nuclear industry the wasteform is defined as the waste and cement grout, whereas
a waste package consists of both the wasteform and outer container. The final wasteform
produced from both MEP and WEP consists of a 500 L stainless steel drum that is filled
with the respective waste streams. The cement grout is then pumped into the drum and
the product is then vibrated. This process is called vibrogrouting and is to enable the
cement grout to flow freely during the infill process. Vibrogrouting encourages the
displacement of air with grout to achieve minimal voidage in the product. The wasteform
is then cured for approx. 24 hrs to allow the cement to set and develop strength before
a lid is added and transported for storage [4, 40, 53, 54]. One of the biggest challenges
during the whole process is that it is necessary for the whole encapsulation method to
be carried out under remote handling conditions. This is necessary to maintain

containment of radioactive material.
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2.4 The Sellafield Ltd BFS Story

2.4.1 History of Supply

Over the past 20 years Sellafield have been faced with a number of difficulties and
challenges in regard to the supply of cement powders for the encapsulation of
radioactive waste. Although cement has been used in other industries for over two
hundred years in various forms [31], it is still a relatively new technology for the nuclear
industry. Using cement powders for the encapsulation of nuclear waste has been
successful, and proved to be the favoured route for disposal [8]. However, due to changes
in the cement industry such as plant closures, the supply of cement powder has not been
consistent to the nuclear industry. This has caused additional and continual
development of the cement powders used for encapsulation due to the unique

specification needed for the encapsulation grouts [9].

A significant amount of research and development has gone into future proofing and
decreasing the risk to cement powder supply in the UK nuclear industry [24]. The
original BFS used at Sellafield was manufactured by Castle Cement at Ravenscraig
steelworks and at their Coatbridge works. However, the steel works closed in 1992,
causing the granulate supply to originate from the Redcar steelworks, but the material
was still processed (ground) at the Coatbridge works. When the Coatbridge works finally
closed, the grinding of the Redcar BFS was transferred to Castle Cement’s Ribblesdale
works based in Clitheroe [55]. The supply was changed again in 2003 after development
work confirmed the viability of using Redcar BFS supplied by the North East Slag Cement
works located in Redcar. The testing programme found that the Redcar BFS achieved the
Sellafield specification in both small and full-scale trials. This was advantageous as it
removed the need for transport between plants and the potential for contamination with
PC because Ribblesdale is a Portland cement works [56]. In 2008, the availability of
supply by Redcar Steelworks was promised for 10 years, but due to mothballing of the
steelworks, production was ceased in February 2010 with notice of only three months

[55].

It was decided between NNL, SL and Hanson Cement that, due to the significant risk to
the supply and considering the very short timescale available to identify a suitable
replacement, Hanson’s Scunthorpe Cement works BFS would be the best option [12].
This conclusion was made based on research which demonstrated the GGBS had the
properties required for the encapsulation of ILW [39]. Following the initial investigation
into the suitability of Hanson’s Scunthorpe supply, further development work was

carried out. NNL reported a series of experimental trials which discovered that the
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Scunthorpe BFS was finer, i.e. fell out of the desired 210-310 m2/kg of the Sellafield Ltd.
specification [39], causing low fluidity. To address the increased fineness, Hanson
Cement had to modify their production process to incorporate a coarse fraction of
partially ground BFS. This coarser BFS fraction was known as ‘grits’ and this was blended
with their construction industry grade (BSEN 15167-1 [57]) product known as Ground
Granulated Blastfurnace Slag (GGBS). This blended material was compared to the
previous Redcar supply by assessing the performance of BFS/OPC grouts over a 10-week
sampling period. Although the performance criteria were achieved by the blended
material, a number of observations were raised such as variability within the ‘grit’
granulate, and that it seemed to hydrate quicker than the Redcar equivalent. One benefit
from using the Scunthorpe GGBS/‘grit’ blend was the facility to change the blend, giving
the ability to change the performance of the material such as bleed and flow relatively
easily [12]. The Scunthorpe GGBS is a finished product that Hanson supply to the
construction industry but the modification in their production process required in order
to produce the ‘grit’ was quite significant. It soon became apparent that it was not a
viable option for Hanson to continue to produce the ‘grit’ and it became unavailable after
February 2010 [12]. As a result of this development, a second coarser fraction known as
Calumite was proposed by Hanson Cement as an alternative and is currently used on the

Sellafield Ltd site.

2.4.2 Development Work on Current Supply

Once Calumite was identified as a possible alternative to the ‘grits’ previously tested,
NNL carried out work to determine how it would perform as part of the BFS fraction
within the encapsulation grouts. A similar development programme to that of the
GGBS/’grits’ assessment was carried out on the alternative GGBS/Calumite system [28].
This programme again consisted of a 10-week sampling period of both the GGBS and
Calumite and was carried out in two stages. In stage one, each sample of GGBS (i.e. week
1-10) was mixed and tested with each Calumite sample to monitor their properties. The
performance of each grout (i.e. water and cement with no added aggregate) was
measured using designated product quality tests such as; compressive strength and
dimensional stability. Stage two of the testing was designed to investigate the sensitivity
of the blended powder ratio by mixing both materials in increments of 10 wt. %. Grout
acceptance tests were carried out on each of the blends including fluidity, bleed and
setting times. It was found that the GGBS/Calumite blend ratio should be between 60/40
- 50/50 wt.% because these grouts gave the most favoured results and closest
consistency with previous data. While the previous programme had focused on

achieving the required fineness, this series of trials concentrated on the grout
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performance such as; fluidity, bleed and setting times. It was considered that if the
cementitious systems were achieving the required properties and the variety in fineness
was within an ‘acceptable envelope’, the material was deemed satisfactory. This meant
that any blended powder that had a fineness within the range of 260 + 50 m2/kg was
considered to be suitable [58].

As expected, this development work showed that the finer a material is, the more
reactive it will be, resulting in a faster setting time and quicker strength development
[28]. It can also cause increased rates of hydration which reduces workability, but this
can be a benefit because it decreases grout bleed. Bleed can be defined as the formation
of a layer of water at the top surface of a cement sample as a result of the sedimentation
of particles [31]. Some issues that surfaced during this programme involved the process
of measuring the fineness of Calumite. It was found to be too difficult to produce a
compact powder bed needed in the standard Blaine air permeability apparatus,
therefore the Calumite fineness was only able to be assessed using stacks of sieves [28].
Useful information to consider in future trials would be that, as the BFS blend moved
towards a high Calumite content, the samples without a hold up (after mixing for an
initial 20 minutes and considered as t=0) experienced increased bleed up to >10 vol. %.
Historic Redcar data [12] state that bleed values up to 5 vol. % at t=0 are acceptable but
above this they are classified as non-conforming. This development work concluded that
blends containing 10/90 and 20/80 wt. % GGBS:Calumite were declared to be non-
conforming because they generated bleeds in excess of 5 vol. % at t=0. Equally, high
GGBS content caused issues with fluidity and therefore a 90/10 wt. % GGBS/Calumite
blend was also determined to be non-conforming. As a result of these findings defined

the conforming blends to range from 80/20 - 40/60 wt. % GGBS/Calumite [28].

2.4.3 The Current Material and Specification
At the project start in 2013, the cement powders used on the Sellafield site was a blend

ratio of 65:35 GGBS:Calumite wt. %, which was in operation since the end of 2012 [59].
These materials were used throughout this project as the baseline cement grout.
However, by the end of the EngD project, the GGBS fraction of the BFS material was
substituted for a very similar slag cement powder supplied by Hanson from their Port
Talbot steelworks. This powder had been tested previously[13, 39] and showed
promising results. Further development into the suitability of the Port Talbot cement
powder as a replacement GGBS supply was carried outby NNL in 2016 [60]. The powder
and performance of the materials used appeared in testing to be the same regardless of

their source.
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As previously mentioned, the PETF were responsible for producing a performance
specification for the matrix intended for use during encapsulation and the requirements
needed by the slag to make it a suitable option. The performance criteria consider
fluidity, bleed, setting time and the heat of hydration. Optimisation of these criteria is
crucial to achieve successful encapsulation. The fluidity of the matrix needs to be fluid
enough to infill fully and flow through the plant, but not too much that it forms bleed or
segregation and that it still sets efficiently. A low heat of hydration is important to
prevent cracking within the waste form. In order to achieve the desired performance
criteria, the powders have to conform to a specification defined by Sellafield that state
limits for the chemical composition, density, fineness and glass content. The use of GGBS
for encapsulation is beneficial because it lends itself to the specification requirements by
containing a low alkali content to maintain a lower pH, whilst the chloride limits are
defined in order to minimise Magnox and stainless steel corrosion and in turn the drum
integrity.

Table 2.2.2. Additional requirements for the Sellafield Ltd specification [61] compared to

the British Standard for construction.

Property Sellafield Ltd Specification British Standard

Fineness There is no fineness limit. The specific surface

determined shall not be

less than 275 m?/kg.
Chemical Shall have the following chemical | The only exception is
composition limits (these are not controlled by | chloride as detailed

the  British and  European | below:
Standard):
Fe203<1.0 wt. %
Al;03 <15 wt. %
Na;0 < 0.6 wt. %
K20 <1.0 wt. %
Chloride < 0.05 wt. % Chloride < 0.10 wt. %

Density The material shall have a dry | Notspecified
relative density of 2.80-3.00 g/cm3.

Glass Content Shall comply with BS EN 15167-1
(267 wt. %).
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The Sellafield Ltd powder specifications for BFS comply with the British Standard BS EN
15167-1 [57] and BS EN 15167-2 [62]. There are a few additional limits/differences to
the BS EN standard detailed that the SL specification BFS has to adhere to, as shown in
Table 2.2.2.

Historically, the limits stated in the Sellafield Ltd specification for fineness were that the
BFS powder should be within the range of 260 + 50 m2/kg, as determined using air
permeability apparatus [58]. However, due to the changes in the material used for
cement encapsulation, these limits were deemed not appropriate for a BFS produced by
blending a coarser and finer material. As such, there is no current fineness limit and the
acceptability of the powder is defined by the performance in the grout trials and
development work. The additional chemical powder parameters are not absolute limits,
but are used to identify any powders that should be monitored on plant for grout
performance. The limits associated with the density were originally adopted to ensure
consistency of the slag produced from the blast furnace, and that excessive iron was not

carried over in the material [61].

The blend of BFS is then mixed with Sellafield specification ordinary Portland cement
(OPC) at a ratio of 3:1 BFS:OPC with a water/solids ratio of 0.35. This is a baseline
formulation used for acceptance testing and the grouts produced with this blend must
conform to the Sellafield Ltd specification shown in Table 2.2.3. The laboratory scale
acceptance tests have been designed to measure ‘critical grout properties’, but in reality

and on plant the materials used will be more fluid, ensuring acceptable grouts [58].

When the acceptance test method was initially developed by the PETF, the plant set
points were not established and they decided that a 75 wt. % replacement of Portland
cement with BFS would be a reasonable starting point. A significant amount of
development work was carried out at this BFS:PC ratio, which was found to produce
promising and consistent data. As a result of this initial experimental programme, the
acceptance test used today (20-30 years later) is still based on a 3:1 BFS:PC ratio. On-
site, WEP operates at a target grout ratio of 4.5:1 BFS/OPC with a water/solids content
of 0.35:1 [53], whereas MEP operates at a target grout ratio of 3.44:1 BFS/PC withaw/s
content of 0.35:1 [40, 54]. This means that the grout used in WEP has a higher BFS
content than MEP, this is due to the different types of waste processed in either plant
and the different mixers used. At MEP a high shear, 250 L SD10 ‘off the shelf mixer
supplied by Colcrete [40] is used. The mixer used at WEP is a bespoke 500 L, mid-shear
design produced specifically for BNFL [53].
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Table 2.2.3. Sellafield Ltd specification for physical properties of the BFS/OPC grout [58].

Physical Properties Test Method Technical Requirement

Flow Colflow test at 20 + 5°C * | To have minimum Colflow > 200
mm at 150 minutes after total

initial high-shear mixing period.

Initial and Final Set Vicat test Grouts should not undergo initial
setin less than 4 hours or final set
in greater than 24 hours. (the
time should be measured from
the end of the initial high-shear

mixing period)

Heat of Hydration Approved method of | Grouts should not have a

Isothermal Conduction | cumulative heat output of greater

Calorimetry than 180 k] /kg of blended cement
powder after 24 hours of
hydration at 35°C

Bleed 100 mL samples Grout should have bleed of less
contained in a sealed than 2 vol. % after 24 hrs

100 mL measuring

cylinder cured at 20+5°C

* The Colflow test developed by Colcrete Ltd where a specific amount of grout is released
into a channel of specific dimensions and the distance the grout travels is recorded. This
method has been used historically by Sellafield Ltd to measure the fluidity of cement
grout.

2.4.4 Alternative Powder Sources
It has been established that the supply for cement powders to the nuclear industry is

changeable. All of the suppliers considered so far have been from the UK, but there is
scope to import cement powders from other countries if the supply is at risk from UK
sources. Development work at NNL have considered some alternatives and identified

that a Czech Republic Calumite could be a suitable replacement coarser fraction [13, 39].

2.5 Summary

The reported literature and industrial reports provided by the sponsors, indicate the
importance of understanding the performance criteria of the cement grouts used during

the encapsulation of intermediate level wastes. The literature highlights that the particle
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size of the cement powders used has a significant effect on the resulting cement matrix
and in turn on the wasteform produced. As such, investigation is needed into how the
particle size distribution of the GGBS:Calumite:PC system affects the rheological
behaviour, performance properties and the infill process during encapsulation. By
varying the particle size of the formulation used, it should be possible to optimise the
blend of BFS and PC to achieve the most desirable properties required for the

encapsulation of nuclear waste.
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3 Materials and Methods

3.1 Materials

All of the precursor materials used were supplied by Hanson Cement. The ground
granulated blast furnace slag (GGBS) was sourced from Hanson’s Scunthorpe works and
complies with BS EN 15167-1:2006 [57]. The Calumite was produced by Calumite Ltd,
also from the Scunthorpe works. The Portland cement (PC) used was a Sellafield Ltd.
grade powder that conforms to the nuclear industry specification [58] as discussed in
Chapter 2, from Hanson'’s Ribblesdale works.

3.1.1 Characterisation of Raw Materials

X-ray fluorescence (XRF) was used to determine the chemical composition of the cement
powders. The XRF analysis was conducted externally by AMG Analytical Services using

the fused-bead method, and the results are shown in Table 3.1.

Table 3.1. Oxide composition of the raw materials measured by XRF analysis.

Element/Compound GGBS (wt. %) Calumite OPC
(wt. %) (wt. %)
Na:0 0.35 0.5 0.58
MgO 8.1 7.9 2.3
Al;03 11.6 11.3 49
SiO; 36.3 38.3 20.1
P20s <0.05 0.06 0.16
K20 0.64 0.78 0.77
Ca0 39.0 38.9 63.4
Fe20s3 0.4 0.3 2.5
SOs3 0.53 0.31 3.6
Total 96.97 98.35 98.31

When the elemental compositions of the GGBS and Calumite materials are compared, it
is possible to see that although the values are not identical, they are very similar. This is
to be expected because they are sourced from the same blast furnace as noted above. It
also suggests that both materials would react in a chemically similar manner, subject to

particle size effects.
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The density of the precursors was measured using a Micromeritics AccuPyc 1340
instrument. The samples were analysed after 200 purges, 30 cycles and with helium as
the analysis gas, with a fill pressure of 44.8 kPa. Powder fineness of the raw materials
was measured by using the Controls 62-L0041/A Blaine air-permeability apparatus in
accordance to BS EN 196-6:2010 [63]. These results are presented in Table 3.2. There is
no Blaine measurement for the Calumite material because it was not possible to form a
compacted bed of powder, which is needed to carry out the test. This is due to the
presence of very large particles (several hundred microns) and therefore the low surface
area of the material. The Brunauer-Emmett-Teller (BET) method [64] was used to
measure the surface area of the precursor materials using a Coulter SA 3100 instrument

with nitrogen as the adsorptive on approximately 2 grams of sample.

Table 3.2. Characterisation of precursors using pycnometry, Blaine fineness and

BET surface measurements.

Density Blaine (cm2/g) BET
(g/cm3) (cm?/g)
GGBS 3.15 5978 34400
Calumite 2.87 - 27500
OPC 291 4359 27700

The particle size distribution (PSD) was measured via laser diffraction using a Malvern
Mastersizer 3000 particle size analyser with a dry powder dispersion unit. A refractive
index of 1.629 was used for the GGBS and Calumite materials and a value of 1.7 for the

OPC powder [65]. The results are shown in Table 3.3 and Figure 3.1.

Table 3.3. Particle size parameters of raw materials as determined by PSD

analysis.

D1o Dso Doo

GGBS 1.5 10.4 32
Calumite 232 553 1003
OPC 2 16 51
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Figure 3.1. Particle size distribution data for GGBS and Calumite.

It is clear from Figure 3.1 that the GGBS and Calumite fractions have very different
distributions: all of the GGBS material is sub-100 pm, but the majority of the Calumite
particles are larger than 100 pm. Due to the broad distribution recorded for the Calumite
material, and the limited reported literature (and therefore minimal knowledge)

associated with this material, further investigation was carried out.

Figure 3.1 shows Calumite to have particles ranging from approximately 40 - 1800 um
which is a very broad range and possibly difficult to measure accurately with this
instrument. Therefore, in order to understand how this is established, the Calumite
powder was sectioned via sieve analysis into a series of fractions. A 200 g sample was
separated into 6 sections (shown in Figure 3.2) and then each particle size range was
analysed via laser diffraction once again. Fractionating the material highlighted that the
particle size of the Calumite ranges from 67 to 1800 um with nearly 34 of the sample

larger than 250 um. The largest fraction by weight was the range from 425 - 710 um.
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Figure 3.2. Weight percentage of the 6 Calumite fractions.

Thus, any blend of these two materials would create a bi-modal distribution with very

few particles between 100 - 200 pm, which suggests the blast furnace slag (BFS)
produced would be a gap graded powder.

Q - Quartz

Ca - Calcite

A - Akermanite
M - Merwinite

Calumite

5 10,15 .20 25 .30 - 35 40 45 .50 .55 -60
20 degrees

Figure 3.3. XRD data for the precursors GGBS and Calumite.

The X-ray diffraction patterns (method detailed in section 3.3.5) of the two BFS fraction
are shown in Figure 3.3. Both materials produced almost identical diffuse scattering
centered at 32° 26, which indicates that they are glassy materials, and a small amount of
calcite (CaCOs3) at 29-30° 26, which is likely due to atmospheric carbonation of calcium
oxide. Although additional minor crystalline phases (akermanite - Ca;Mg(Si»07) and

merwinite - CazMg(Si04)2) can be observed for the GGBS, both diffraction patterns show
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very similar results. The combination of XRD and XRF results validates the similarity

between the two materials, suggesting their chemical reactivity would be the same.

3.2 Mix Design

The formulation used was designed to replicate those specified by the nuclear industry
standard acceptance testing [58]. A blend of 3:1 BFS:PC by mass, at a water/solids (w/s)
ratio of 0.35, was used as a baseline mix throughout this work as per the NNL standard
[39]. The BFS fraction was made up of varying GGBS:Calumite ratios which ranged from
100 wt. % GGBS through to 100 wt. % Calumite. In total, ten different blends were used
(see Table 3.4), including 65:35 GGBS:Calumite which was the original blend in use on
plants MEP and WEP (previously described in Chapter 2). Two additional w/s ratios
(0.33 and 0.37) were also analysed in order to monitor the effect of water content on the

cement systems.

Table 3.4. Blend ratios of GGBS:Calumite comprising the BFS fraction of the

system.
Mix GGBS:Calumite Ratio (wt. %
ratio)

P100 100-0
P80 80-20
P72 72.5-27.5
P65 65-35
P58 58.5-41.5
P52 52-48
P42 42.25-57.75
P32 32.5-67.5
P22 22.75-77.25
PO 0-100

3.3 Experimental Methods

3.3.1 Mini-slump

The mini-slump method was used to measure the workability of the cement grouts and
is based on work reported by Kantro [66]. The technique is based on a scaled-down

Abrams slump test, which is widely used in the construction industry [67], and consists
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of filling an upturned cone (poly(tetrafluoroethylene) with cement paste. The cone, with
a height of 57 mm, a 19 mm top diameter and a 38 mm base diameter [66], is then lifted
vertically from a base plate (poly(methylmethacrylate)) and the cement paste is left to
flow. The distance the sample travels under gravity is measured by recording the area
covered by the grout using a 2x2 cm grid marked on the base plate. This was achieved
by taking a photograph of the final slumped pat from directly above the sample (Figure
3.4), and the area was then calculated using the Image] software [68]. The flow areas
reported are based on the average of 3 measurements of the samples, which were

conducted in triplicate.

Figure 3.4. Mini slump - a) equipment set up b) example of sample slump pat for

analysis.

Sample Preparation

The dry components were combined before the addition of water, and were hand
mixed for two minutes. When the water was added, the pastes were subjected to a
further 10 minutes of mixing on a high shear Heidolph RZR2020 bench top mixer at

1650 rpm to achieve a homogeneous paste.

3.3.2 Particle Packing Density

Centrifugation of the grout formulations was used to measure the maximum particle
packing density achievable for the different cement pastes. The equipment used was a
Heraeus Biofuge Primo Centrifuge (Thermo Scientific, UK). The cement paste (prepared
with water) was poured into a centrifuge tube (15 mL) and then subjected to 30 minutes
of centrifugation at 4000 rpm [69, 70]. The volume of supernatant above the centrifuged
bed of solids within each sample was calculated by taking a photograph and analysing

the image using Image] [68], and thus the maximum particle packing density obtained.
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Sample Preparation
Samples were prepared as described in section 3.3.1 and the tests were conducted in

triplicate.

3.3.3 Isothermal Calorimetry
Isothermal conduction calorimetry analysis is used to measure heat evolution from

cement samples [71]. The principle of this technique is to measure the heat released
from a sample that is held at a constant temperature. It is compared to a reference
sample, which has a similar heat capacity to the measured sample, so that any heat flow
external to the reaction can be subtracted, and the temperature associated with each

sample is recorded.

Isothermal calorimetry was conducted using an isothermal calorimeter (TAM Air, TA
Instruments) on the cement formulations stated in Table 3.4. The instrument was re-

equilibrated for each temperature for 24 hours prior to running the analysis.

Sample Preparation

The dry components were combined together in a sealed plastic container before the
addition of the required amount of water required and were hand mixed for two minutes.
Each sample, of approximately 20 g, was poured into a plastic ampoule and placed into
the instrument for 14 days. An amount of water equivalent to the total water content of
each sample was used as a reference. The same experimental procedure was used for
cement samples hydrated at 25, 35 and 60 °C.

In addition to the standard formulations, calorimetry was carried out for additional
samples with quartz as a substitute for the Calumite fraction. For these samples, all of
the formulations were renamed whereby P was replaced by Q (i.e. P100 became Q100).
The material used was a standard quartz sand supplied in individual 1 kg bags. The
quartz was ground and sieved into fractions, before blending the correct contributions

from each PSD range to mimic the Calumite particle size distribution.

3.3.4 Semi-Adiabatic Calorimetry
The main principle of semi-adiabatic calorimetry is to determine the adiabatic

temperature profile of a cement sample through achieving minimal heat loss by
surrounding the specimen with insulation [72]. The insulated calorimeter is maintained
at room temperature externally, but this is not necessarily the temperature inside, and
can be calibrated for heat loss [73]. Semi-adiabatic calorimetry was carried out on the

formulations described in Table 3.4, using 500 g batch sizes. Each mix was poured into
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one of a series of identical 500 mL vacuum flasks with a T type thermocouple inserted in
the centre of each sample, as shown in Figure 3.5. The temperature change was
monitored using the thermocouple via a Pico Technology USB TC-08 data logger, which

was set to record data points at 1 minute intervals for 14 days.

Figure 3.5. Semi-adiabatic experimental set up.

Sample Preparation

The dry components were combined before the addition of water and were hand mixed
for two minutes. The samples were mixed for a further 10 minutes using a high shear
Silverson L4RT mixer at 3500 rpm. A 500 g batch was used due to the need for a larger

sample size for the method and is also a better replication of larger plant mixes.

3.3.5 X-ray Diffraction
X-ray diffraction (XRD) is a technique that can be used for identification of crystalline

phases within materials. X-rays, referred to as monochromatic X-rays, are generated by
bombarding a metal target with high energy electrons and as the electrons come into
contact with the metal they generate radiation. Within the metal, the incident beam
collides with electrons in the inner shells of the atom causing an electron of higher
energy to drop into the vacancy and the excess energy is emitted as an X-ray photon [74].
When the X-ray is exposed to the sample, the incident X-ray interacts with the crystal
structure in planes, known as crystallographic planes which are characterised as the

Miller indices (hkl) [75]. The parallel planes are regarded as semi-transparent mirrors
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and the distance between them is defined as d spacing. The Bragg’s Law (nA = 2d sin 6)
models crystals as stacks of reflecting lattice planes which makes it easy to calculate the
angle at which the crystal must make to the incoming incident X-ray. The path length
differs and depends on the glancing angle (6) and to satisfy Bragg’s Law, the reflected X-
rays must be in phase and interfere constructively. For constructive interference to
occur the distance between two incident X-rays (i.e. on two different planes) is a whole
integer. High intensity peaks form a diffraction pattern by detecting the diffracted X-rays,
which is then plotted against the diffraction angle (20) and this can be used to gain
structural information about the crystalline phases [74].

Sample Preparation and Analysis

Samples were cured for 28 days when the on-going hydration was stopped using acetone,
the hardened material was dried, crushed and ground using an agate mortar and pestle
and passed through a 63 pm brass sieve prior to XRD analysis. Data were collected
between 5° < 20 < 60° using a Bruker D2 PHASER desktop diffractometer with a Ni
filtered Cu Ko (1.5418 A) source operating in reflection mode, using a step size of 0.02°
and time per step of 4 s. The reflections were analysed using DIFFRAC.EVA V3.1 software
provided by Bruker.

3.3.6 Rheology

The rheology of the cement systems was measured at two different stages of the

experimental program using two different instruments.

3.3.6.1 Haake Viscometer

During the small laboratory scale trials (approx. 500 g), a Haake Viscotester 550
supplied by Thermo Scientific was used with a FL100 6 blade vane tool attached. The
sample was subjected to a 60 second ramp up from a shear rate of 0 to 100 s'1, 5 second
rest time and finally followed by a 60 seconds ramp down. These trials were conducted

at The University of Sheffield.

Sample Preparation
Samples were prepared as described in section 3.3.1 and the tests were conducted in

triplicate.

3.3.6.2 Lamy Rheometer

During the 3 litre mixes, a Lamy Rheology RM200 rheometer supplied by Meritics was
used. Two different blades were used, the first was a FL100MB3 6 blade vane tool and
the second was a MS-R2 anchor shaped paddle. The sample was subjected to a 60 second

ramp up from a shear rate of 0 to 100 s followed by a 60 seconds ramp down. The
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samples were measured using both the vane tool and the paddle attachment and were

conducted at NNL’s Workington facility.

Sample Preparation

The cement grouts were prepared according to the method described in section 3.3.7.

3.3.7 3 Litre Acceptance Mix
Mixes of 3 litres of grout were conducted for the blend ratios stated in Table 3.4. The PC

was added to the water, followed by the BFS fraction, and mixed in a standard 5 L. Hobart
mixer for 5 mins before stopping the mixing to scrape down the edges of the bowl. The
grout was then mixed for a further 5 minutes using the Hobart mixer before transferring
to a Silverson high shear mixer for 10 minutes at 6000 rpm. Performance properties of

the grouts were measured after the conclusion of mixing.

3.3.7.1 Setting

The time it takes for a cement paste to set was measured using two methods; one is a
manual check according to BS EN 196-3:2016 [76] and one is an automated system. A
Vicat needle (1.13 mm diameter) is used to measure the initial set of a sample, and the
Gillmore needle is used to assess the final set [77]. For the manual Vicat, the sample was
prepared by pouring the mixed cement paste into a container to a depth of 40 mm, and
penetration measurements were taken for samples with no holdup time and with 150
minutes hold up time (i.e. t=0 and t=150). The samples were placed in a humidity cell at
20 °C for overnight and checked using both needles. The setting time was also recorded
automatically using an ELE Vicotronic instrument, where a Vicat needle free falls under
gravity onto the sample at 30 minute intervals. For this test, the cement paste was
poured into a 70 mm sample holder mounted onto a Perspex plate and tested repeatedly

over a 24 hour period under ambient conditions.

3.3.7.2 Bleed Measurement

The formation of a water layer on the top of a hardened cement paste is known as ‘bleed’,
and can be caused by the settlement of solid particles. This forces an increase in w/s
ratio at the top of the sample and a decrease at the bottom forming a thin layer of water
at the surface [16]. UK nuclear industry specifications require that grouts show very
minimal bleed. In order to determine the surface bleed of grout samples, a plastic
measuring cylinder was filled with 100 mL of grout and sealed for 24 hours in a humidity
cellat 20 = 1 °C and >90 vol. % RH. After 24 hours, the amount of water that had settled
at the top of the sample was measured and calculated as a percentage of the total sample

mass. Aliquots of sample were collected on the conclusion of mixing and at 30 minute
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intervals, i.e. t=0, 30, 60, 90, 120 and 150 minutes, in order to analyse the bleed

measurement at 24 hours respective of when the sample was taken.

3.3.7.3 Dimensional Stability

The chemical shrinkage of cement can be measured by analysing the dimensional
stability. This is achieved by casting prisms of cement grouts, curing the products and
finally de-moulding each prism before individually wrapping each sample in polythene
to minimise drying. The change in length is then monitored using the method and
apparatus stated in ASTM C490 [78] and an Invar reference bar as a starting point.
Standard prism moulds were prepared according to ASTM C490 [78] and pre-coated
with Febstrike (a chemical release agent for moulds). The moulds were infilled with
cement grout and tapped/shaken in order to remove entrapped air. The cast prisms
were stored in a humidity cure cell at 20 °C for 2 days before de-moulding and analysis

was carried out at 2, 7, 14, 21, 28, 42, 56, 70 and 90 days.

3.3.7.4 Colflow

The Colflow test was developed by Colcrete Ltd. and is routinely used by the nuclear
industry in order to measure the flow character of cement grouts, due to its simplicity
and the ability to execute the test with ease on plant. The principle of the test is that 1
quart (1.14 L) of grout is allowed to fall under gravity from a cone into a channel with
specific dimensions (Figure 3.6). The distance the grout travels along the channel is

measured.

Figure 3.6. Colflow test apparatus.

In order to carry out the test method, the cone (tundish), Colflow channel and quart jug

are thoroughly coated with water for 60 seconds before leaving to drain for an additional
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60 seconds. The Colflow channel is set up on a flat designated area before placing the
tundish, containing a plug, on one end of the channel. The quart jug is filled with grout
and the sample is poured into the tundish before withdrawing the plug in a smooth
motion. The grout is allowed to stop flowing before measuring the distance and
therefore the flow of the material. If an uneven grout ‘front’ is produced, and average of
the distance is recorded and measured using the method shown in Figure 3.7. The
Colflow was measured at the conclusion of mixing, and after a hold up time of 2.5 hours,

i.e. t=0 and t=150 minutes.

Figure 3.7. Method of obtaining an average measurement for an uneven grout flow during
the Colflow method.

3.3.8 Plant Scale Trials

Two large scale trials were carried out to mimic wasteforms produced on plant. A 500 L
mix was prepared using a mixer specifically developed by British Nuclear Fuels Ltd
(BNFL) for use in encapsulation processes as used at WEP. The dry components were
weighed out into a large Solibin container and lifted into place ready for mixing. Prior to
the addition of the powders, the correct amount of chilled water (ca. 9 °C) was poured
into the mixer. Once the water was added, the powders were vibrated and transferred
into the mixer via a screwfeed system at a rate of 55 kg/min. The grout was mixed for a
total of 20 minutes at an impeller speed of 460 rpm. After the mixing time elapsed, the
speed of mixing was lowered to an impeller speed of 180 rpm in order to maintain
agitation during infill. The grout was pumped in situ into the 500 L stainless steel drums,
containing THORP hulls simulant, at an infill rate of 30 litres/min. The simulant waste
used consisted of stainless steel tubing that was cut and partially crimped into 50 mm
sections. Thermocouples were inserted into the drum at various points prior to infill, to

enable monitoring of the temperature profile of the sample. The bleed, setting times and
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Colflow of the samples were tested using the methods stated in 3.3.7. The samples were
cured at 25 °C for 7 days. The compressive strength of the grout used was also monitored

at 2, 7,28 and 90 days.
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4 Fresh State Properties and Measuring Yield Stress

4.1 Introduction

It is important to understand the rheological behaviour of the cement system in its fresh
state to underpin the science behind how different formulations can affect the
performance of the material. More specifically, it is essential to understand how the PSD
of the system changes the physical properties, and in fact controls how the cementitious
matrices perform in a practical sense. The rheology of fresh cement systems can be
analysed by using a variety of methods such as the slump test, flow tests and viscosity
measurements [79]. In the majority of these tests the shear rate is the variable
parameter, which can impose different shear stresses depending on time and the mass
and geometry of the sample [80]. Associated with shear stress is the yield stress; the
yield stress of cement is defined as the minimum amount of stress required in order to
initiate flow [45, 81]. There are two types of yield stress that can be measured. The first
is known as static yield stress, and describes the viscoelasticity of a material, so is the
stress required to initiate flow. The second yield stress is referred to as dynamic yield
stress, and is the stress that occurs as the viscous flow stops, taken on the downwards
ramp [82, 83]. This is the yield stress measured here during the rheology and slump tests.
Yield stress is historically very difficult to measure in a fully reproducible way, and
therefore results are generally only compared when they are collected from the same

method.

In this chapter, the results of a series of tests carried out on fresh state cement pastes
are presented. The first test method reported is the mini-slump test. The slump test was
originally developed for use in the mining and construction industries using large
samples, but it has been developed into a much smaller benchtop format for use on the
laboratory scale [66, 84, 85]. The full-sized slump test has become a widely accepted
method, but this is not necessarily the case with the mini-slump test. However, it is being
utilised more and more within the cement research field, as a method of measuring the
rheological features of a material [45, 67, 86]. The connection between slump testing and
yield stress works on the assumption that the material will flow until the shear rate is
equal or smaller to the yield stress, and consequently the spread achieved by the
material is linked to the yield value. It is possible to calculate the yield stress of the
cement pastes using the results from the mini slump tests, by Equation 4.1. Originally
reported by a group in Japan[87] this equation has been reported to be used for

estimating yield stress with success [67, 81, 88].
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Where p is paste density, g is the acceleration due to gravity, V. is the conical volume,
and Ds is the final slump diameter. The equation relates the yield stress to the cone
volume and the paste slump diameter. The equation was developed based on a few
assumptions such that only the material’s own weight is considered, the sample must be
representative of the mixture, the thickness of the material must be five times the size of
the largest particle, and the inertial and surface tension effects must be minimal [81, 87-

89].

Understanding the rheology of the cement system is essential in order to achieve
successful pumping and encapsulation of nuclear waste. The plastic viscosity and yield
stress of the different cement systems were measured here using the vane method,
which is reported to be the most reliable form of rheological analysis for cement systems
as it enables the operator to minimise slip [90]. The rheology of a specific material can
also be affected by the agglomeration of particles, either previous to mixing or during
that process, which is why high shear mixing is essential. Conventional laboratory
viscometer test methods, that use a cup and bob attachment or where the material is
sheared in a narrow space, are not suitable for the materials investigated here such as

the coarse Calumite because the larger particles can get stuck in the narrow gap [79].

It is well established that particles within BFS materials are not spherical, and this will
affect how the particles pack together. Figure 4.1b illustrates a cross-section of a
tomographic reconstruction of a sample of dry Calumite powder, and it is very clear that
the particles are irregularly shaped and variable in size, and this is also true for the GGBS
material (Figure 4.1a). The images demonstrate the significant difference in particle size
between the two powders. They also highlight some internal porosity within the
Calumite particle and although this may not influence the reactivity of the powder,
because the external surface area remains the same, it will affect the density of the
material. The data were collected by the National Nuclear User Facility at NNL’s central
laboratory using a Bruker Skyscan 1172 high resolution desk-top micro-CT. A detailed

discussion of tomography methodology in general will be given in Chapter 7.
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Figure 4.1. Image of one slice from a tomography scan of anhydrous a) GGBS and b)
Calumite powder.

It is fair to say that a blend of these two materials could be unpredictable in terms of
packing due to the wide particle size distribution. In order to gain some insight into the
effect of PSD on the system, a series of particle packing tests were carried out on the
various blends. The method used is very similar to that reported in the literature as being
used for monitoring consolidation of materials [69, 91]. Centrifugation was used as
described in Chapter 3, to consolidate the solid material within the cement paste, which
allows re-arrangement and compaction of a bed of particles to achieve maximal packing

densities.

4.2 Results and Discussion

4.2.1 Mini-slump
The fluidity and workability of the cement grout used on plant for waste encapsulation

are crucial. Due to the nature of the encapsulation plants, the cement pastes require a
long enough working time and high enough flow to be processed via remote handling
without causing any issues in the production of wasteforms. The mini-slump test that
was used is a simple but useful method of measuring workability of the cement
formulations at benchtop scale. It also highlights the effect of water on the properties of
the system at each blend ratio. Figure 4.2 show the results for all 10 blends at 3 different

water/solids ratios.
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Figure 4.2. Slump areas for the 10 GGBS:Calumite blend ratios at 3:1 BFS:PC ratio and at
0.33,0.35 and 0.37 w/s ratios.

As expected, a higher w/s ratio creates a larger area slump for each blend. However,
simply increasing the water content is not a suitable solution to improve flow
characteristics because it can cause the formation of a bleed water layer on the top of the
hardened cement paste and also results in detrimental effects on physical properties
such as strength and stability. Any bleed water released, in the context of nuclear waste
disposal, would then become an unwanted secondary waste which would need

additional processing, as free liquids are not permitted in wasteforms for disposal [38].

An interesting observation from this series of experiments is that as the surface area of
the material decreases the slump area increases, but only up to a point. The P32 and P22
blends evidently reach the point where the balance between large and small particles is
no longer favourable for increasing fluidity because the PO blend falls out of trend.
Another consideration is that gap graded powders are known to present a low water
requirement [92, 93], and the results here suggest that the bimodal PSD of the blend of
BFS powders also reaches an optimum with regards to water content. This suggests that
there needs to be an optimum contribution from both the GGBS and Calumite materials
to enable good flow, and also verifies the basis of the powder fineness requirement in

the Sellafield specification [58].

The yield stress of the cement pastes was calculated from the spread of each respective
mini-slump test, and the results are detailed in Table 4.1. Overall, the tests achieved the
required conditions for Equation 4.1 to be applied correctly and the results show that as

the Calumite content increases the yield stress decreases. This is reasonable result
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because as the Calumite content increases the fluidity of the systems increases (as shown
in Figure 4.2), and therefore a lower yield stress would be expected. This is also true if
the w/s content of the systems are compared. With the exception of the extremities of

the blend ratio, as the water content increases the yield stress decreases.

Table 4.1. Yield stress values obtained from the mini-slump areas, for the ten blends of
GGBS:Calumite in Table 3.4, at 0.33, 0.35 and 0.37 w/s ratios.

Mix Yield Stress (Pa)
0.33 0.35 0.37
P100 344 188 286
P80 256 189 93
P72 180 85 66
P65 100 44 21
P58 40 17 10
P52 18 10 7
P42 10 6 3
P32 6 4 2
P22 3 3 1
PO 4 6 3

The P100 sample does not follow the trend shown by the others, which could be due to
the increased water demand caused by a high surface area of GGBS producing a very stiff
material with a firm consistency making it difficult to take a reliable measurement. The
PO blend also falls out of trend which could be because of segregation of materials prior
to release of the cement paste from the cone. This is likely due to the low surface area
resulting in excess water, which has caused saturation of the Calumite particles, and has
resulted in a higher yield stress than the previous blend. These attributes suggest that
the P100 and PO systems do not fulfill the assumptions needed to apply Equation 4.1 to
obtain the yield stress of the systems.

4.2.2 Vane Rheometry

Shear rate-shear stress measurements were recorded using a Thermo scientific Haake
Viscotester 550 viscometer for each of the 10 formulations at 3:1 BFS/OPC and 0.35 w/s;
pastes were tested in triplicate using a fresh batch for each measurement, and the results

are presented in Figure 4.3.
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Figure 4.3. Viscometry data for all 10 GGBS:Calumite blends at a 3:1 BFS:PC ratio and a
0.35 w/s content.

From Figure 4.3, the results show that all 10 blends follow the Bingham model fairly well.
However, as the Calumite content increases the results tend to deviate from the linear
part of the model, this is especially obvious in the PO blend. The measurement of the PO
system failed due to the centrifugation of particles and segregation within the material,
and as such the data for this formulation are not included in Figure 4.3. This formulation
also falls out of the trend of decreasing yield stress with increasing Calumite content;
this is likely due to centrifugation of the larger particles within the material caused by
the paddle of the instrument. Measurements were also tested at 0.33 and 0.37 w/s in
order to understand the effects of water content (Figures 4.4 and 4.5); these results show

very similar trends to the 0.35 w/s content data.
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Figure 4.4. Viscometry data for all 10 GGBS:Calumite blends at a 3:1 BFS:PC ratio and a
0.33 w/s content.
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Figure 4.5. Viscometry data for all 10 GGBS:Calumite blends at a 3:1 BFS:PC ratio and a
0.37 w/s content.

The yield stress for each of the ten pastes was calculated at three w/s ratios (0.33, 0.35
and 0.37) by fitting of the Bingham model, shown in Table 4.2. Blends P32 and P22 start
to achieve apparent negative yield stress values, and the PO system completely falls out
of trend as discussed above. These unusual results confirm the yield stress data obtained
from Figure 4.2 in Table 4.1; as the Calumite content increases the yield stress decreases.
However, the cement pastes start to diverge from the Bingham model, which means that
these unphysical negative yield stress values are a result of the model being

inappropriate. It is also widely reported that low yield stresses are inherently difficult to
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measure [90], and it is possible due to the increased fluidity of the cement pastes
containing higher volumes of Calumite, that the yield stresses of these systems are just

too low to obtain data for them using the vane rheometry method that was used here.

Table 4.2. Yield stress values measured by extrapolation of the Bingham model for the
ten GGBS:Calumite blends (Table 3.4) at 3:1 BFS:PC and a 0.33, 0.35 and 0.37 w/s ratios.
Values in italics are considered unphysical or unreliable.

Mix Yield Stress (Pa)
0.33 0.35 0.37
P100 121.9 94.9 80.6
P80 89.2 65.2 51.2
P72 73.2 54.5 411
P65 51.2 371 30.1
P58 40.5 30.2 23.1
P52 28.1 20.4 13.2
P42 13.5 8.2 1.99
P32 2.04 -3.03 1.49
P22 -3.28 -5.94 -0.21
PO 112.9 161.3 33.6

Yield stress is historically very difficult to measure and generally results can only be
compared within the experimental method being used. Here, although the numbers do
not exactly match, a comparison can be made between the yield stress values obtained

during the mini-slump tests and the rheology tests, shown in Figure 4.6.
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Figure 4.6. Comparison between yield stress values obtained via the mini-slump and
viscometry methods.

Considering the simplicity of the mini slump test versus the sophistication of the
rheology lab equipment used, it is significant that the values obtained are within the
same order of magnitude of each other and have a positive correlation if the ‘failed’ tests
are ignored. The ‘failed’ data points are due to the PO blend, highlighted in red in Figure
4.6, showing that this mix consistently displays anomalous behaviour across various test
methods. As previously reported [88], when comparing values for yield stress obtained
via the mini-slump method and from vane rheometry, the lower yield stress values
appear to be more accurate. At higher yield stress values the correlation starts to deviate

but still shows a comparable relationship.

4.2.3 Particle Packing
Centrifugation of the 10 blends (Table 3.4) produced a compact material with a

supernatant that collects above the compacted material as shown in Figure 4.7.

Figure 4.7. Cement paste before (a) and after (b) centrifugation.
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The particle packing density of each cement system was calculated by monitoring the
volume of supernatant produced above the bed of solids within each sample following
centrifugation, and the results for the 0.33, 0.35 and 0.37 w/s content ratios are shown
in Figure 4.8. The P100 blend has the highest packing density and this is due to the PSD
of the GGBS. If the GGBS is considered as an individual material, the PSD of the cement
powder ranges between 0.1 - 100 um and the data illustrate that this distribution
contains a sufficient amount of smaller and larger particles in order to compact well
together. However, the use of GGBS as an individual powder is not possible, because it
does not achieve the fluidity specifications required for waste encapsulation. As the PSD
of the cement changes, i.e. the GGBS content is altered, the particle packing density is
affected. In general, as the Calumite content increases the packing density decreases, and
this caused by the larger Calumite particles. It is also likely that the porosity of the
Calumite particles visible in Figure 4.1, will make this powder less dense than the GGBS

material and will in turn affect the packing density of the blended BFS systems.
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Figure 4.8. Particle packing density of the 10 blends at a 3:1 BFS:PC ratio at three w/s
ratios (0.33, 0.35 and 0.37).
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Figure 4.9. Particle packing density of the 10 blends at 3.44:1 and 4.5:1 BFS:PC ratios, ata
w/s ratio of 0.35.

Figure 4.8 shows the data for the 3:1 BFS:PC blends at 3 water ratios, these results were
also collected for the two other BFS:PC ratios (3.44:1 and 4.5:1 shown in Figure 4.9) ata
0.35 w/s ratio. Although there were minor differences, very similar trends were seen for
the two additional BFS:PC blend ratios. The effect of w/s ratio on the cement systems
can be seen from the data collected, which show that with additional water the particle
packing density decreases. This suggests that the water in the system creates greater
voids and therefore reduces the compaction of the material. This is particularly
problematic in the P22 and PO systems, with over 15 vol. % difference between the
packing density observed for the 100 wt. % Calumite samples when comparing w/s
ratios of 0.33 and 0.37. In terms of waste encapsulation, high particle packing density is
desirable in order to minimise the formation of voids within the wasteform, because this

will reduce porosity.

4.3 Conclusions

Overall, across all three fresh state test methods, there is a recurring pattern where the
majority of the 10 GGBS:Calumite blends follow a clear trend, both from a PSD
perspective and in terms of w/s content ratios. As the GGBS content increases the yield
stress and the packing density of the blend systems increased, whilst the fluidity
decreased. The exception to this is the PO (i.e. 100 wt. % Calumite) blend, which

consistently falls out of trend and is unpredictable or under performs. This is because of
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the high proportion of large particles in the material, and strongly highlights the
importance of incorporating the finer GGBS powder to achieve a balanced PSD. As the
w/s ratio was increased the yield stress and particle packing density decreased, whilst

the fluidity increased.

The mini-slump results highlight the influence that finer particles have on the
workability of the cement pastes. This is also true for the coarser fraction, and therefore
it is important to have a balanced mix of particle sizes in order to achieve the optimum
flow. The slump area results provide the values required to predict the yield stress of
that material and the method used was in general very reliable. When the yield stress
values are compared to those obtained using the vane method, there is a positive
correlation. However, the PO system falls completely out of trend causing a very unusual
result, because the material does not fulfill the requirements for the yield stress equation.
It is also possible that the vane method is not suitable for measuring this coarse material

because it causes centrifugation of the larger particles.

With regard to the centrifugation tests, it is possible to achieve reasonable particle
packing with the addition of the Calumite, but it is more favourable to maintain a higher
GGBS content within the BFS fraction. As the Calumite content increases, it causes an
unfavourable balance between small and large particles. These experiments also
provided information on the maximum packing volume fraction of each of the cement
formulations. These data will be used in Chapter 5 as part of a modelling study carried

out in parallel to complement the results found in this chapter.
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5 Modelling Yield Stress

5.1 Introduction

As discussed in Chapter 4, measuring the yield stress of a material can be particularly
problematic. Once experimental yield stress measurements are obtained via methods
such as the mini-slump or viscometry tests, it is necessary to use equations or models to
extrapolate the data in order to obtain the yield values. However, previous studies have
reported models that are capable of predicting the yield stress of a material based on the
particle size distribution of the precursor powder. In this chapter, to complement the
experimental data collected during the mini-slump tests and rheology work,
mathematical modelling has been used to attempt to predict the yield stress of the
systems. Two different models have been applied to the formulations used in this project,
and all of the values will be compared to conclude whether the prediction tools are
reliable for these cementitious blends. The aim of the study is that irrespective of the
cement powder used, as long as the chemical composition is similar, it is hoped that it
will be possible to predict the yield stress and therefore optimum performance

behaviour based solely on the PSD of the cement system.

The first model applied to the GGBS:Calumite:PC system in this chapter was presented
by Kashani et al. [47] and was based on the ability to predict yield stress of ternary
cement-slag-fly ash pastes from particle size distribution (PSD) parameters. Although
the ternary system in this project does not contain fly ash, there are still three
components (PC, GGBS and Calumite) with varying PSD contributions. The model of
Kashani et al. [47] was developed to relate the paste yield stress to the width parameter
of the Rosin-Rammler PSD and water/solid mass ratio (w/s). Their study applied the
model to 30 mixtures and assumed that PSD and w/s were the most important
parameters determining yield stress at early age. The PSDs of the main precursors were
quantitatively compared using the Rosin-Rammler function [94, 95]. The Rosin-
Rammler model uses a plot of logio[log10(100/Rp,)] vs logD,, where Rp, is the cumulative
percentage of particles with diameter greater than D, (um), to calculate n which is the
slope of the plot and describes the width of the distribution. In the original
implementation of the Kashani model, this was calculated for each of the precursors, and
scaled in a ratio for each mix proportional to the mix design. It was found that some of
the PSDs of their materials did not follow the Rosin-Rammler relationship [47], so to
resolve this issue the smallest 5 wt. % of the particles were removed from the plot for all

mixtures in this chapter. The n values were plotted against experimentally measured
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yield stress values for each of the 30 mixes at 3 different w/s ratios. The lines for each
w/s ratios converged to a single point of n = 0.68, suggesting that if the PSD is broad
enough (n < 0.68) the yield stress can approach zero, and that its value can be predicted
from the PSD of a mixture.

This can be used to predict the linear relationship between ‘n’ and the paste yield stress
through Equation 5.1.

T, =2 n>bh (5.1)

Based on the point of convergence where n = 0.68 and to = 0, b was determined to be
0.68 and it was found that 1/a is related to the w/s ratio. The slope obtained as a result
of plotting these values provided the relationship between 1/a and w/s. This was
incorporated into Equation 5.1 to produce Equation 5.2, which can be used to predict the

yield stress of mixtures based on the PSD width parameter n and the w/s of the paste.
7, = (n — 0.68)[1470 — 3141(w/s)],n > 0.68 (5.2)

The calculated yield stresses were then compared to the previously measured yield
stress values and this paper found the two match fairly well [47]. In this model the PSD
and w/s mass ratio are taken to be the only parameters that contribute to the
determination of yield stress at an early age. This is a simplified view of the system,
because as described in other models, other parameters can contribute to the flow
properties such as: particle shape, particle surface charge, and inter-particle forces.
However, this simplified approach was not meant to be a truly universal expression and
has produced effective outcomes across the ternary system investigated in the reported

study.

In this chapter, this model has been applied to the GGBS:Calumite:PC system under
investigation, to analyse if this could be used as a viable method of predicting the

performance of the cement paste from the PSD.

The second model utilised in this chapter is based on the Yield Stress model (YODEL) for
concentrated particulate suspensions, which incorporates microstructural parameters
such as: particle size distribution, volume fraction of solids and inter-particle forces, and
was developed by Flatt and Bowen [96]. The motivation for developing this model was
the ability to predict the rheological behaviour of cement based systems, therefore once
the model was developed for concentrated suspensions it was then applied to

cementitious materials. Understanding the contribution of inter-particle forces is
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important because the dispersion of the powder within the cement system produces
increased flow with a minimum water requirement. This model discusses the particle
size distribution and the interparticle forces between spherical particles and was
validated by experimental data published by Zhou et al. [97] which were fitted very well.
However, the model does not fully agree with experimental results with regards to
particle diameter reported by Zhou et al. [97]. The model shows that the variation of
yield stress for a suspension is inversely proportional to the particle diameter, but the
experimental data do not show this dependency. Therefore, the dependence of yield
stress on the particle size is described in terms of radius of curvature and the volume
fraction of solids [96]. Bowen and Flatt went on to extend the application of the YODEL
model to multimodal distributions [98] which, as established from the PSD data
presented in Chapter 3, would be required to describe the materials used within this
study. The key parameters needed to develop the model for multimodal systems are the
PSD and the maximum packing fraction of the precursor powder mixtures provided by
using the de Larrard compressive packing model [99]. The physical parameters used in
the YODEL model incorporate geometrical considerations which allow the model to

account for agglomeration within the particle packing of the material.

The model uses a yield stress function, Equation 5.3, to predict the yield stress of a
material [98].

¢(¢_ q)O)z (53)

=m
TO 1 ¢max(¢max‘ ¢)

Where ¢max is the maximum packing fraction of the powders, ¢o is the percolation
threshold and m; is a pre-factor that accounts for inter-particle forces, particle size and
particle size distribution. The pre-factor m; is dependent on inter-particle forces, and the
authors who developed the model assumed that contact points between particles have a
fixed average radius of curvature, a* [98]. This implies that the radius does not change
or scale with different particle size, such as with smooth spherical particles. Therefore,

m1 can be presented as Equation 5.4.

18 . fs,
my = pury Gmax @ Uk ( A) (5-4)

R%,SO
Where, R,E,SO is the volume mean radius, and G4, is the maximum attractive inter-
particle force and is calculated using Equation 5.5.

Ao

Gmax = 12 (5.5)

~

50



Where H is the minimum separation distance and Ao is the Hamaker constant of the
particles. Zhou et al. showed that the minimum separation distance can be treated as
equal for all powders [97]. The particle size distribution is taken into account by the

function f, » and is derived using Equations 5.6 - 5.10 as part of the YODEL model [98].

+ 1 ym m As Ak 1
fa,A_ ok k=1¢k Zl:lsa,l A, b}% (bﬁ+blz) (5-6)

u
Where b; is the particle radius (a;) normalised by the mean volume radius Ry so, and ¢x
is the volume fraction of particles of size bk in the size interval k.

As _ 2(bi+ bg)

Ac - by+ bi— \/bg (b+2by) (5.7)
_ __$u/b
Sa1 = Y2 bi/b; (5-8)
Avk’l = 4‘7T(bkbl)(bk + bl) (59)
16
Uk = —2_:/% (5.10)

Both the Kashani and YODEL models were applied to the GGBS:Calumite:PC cement

systems and the results are presented here.

5.2 Model Implementation

5.2.1 Kashani Model

The Kashani model was applied to the ternary grout systems studied in this project. In
the original model implementation, n was calculated for each precursor and then scaled
with the ratio of the precursors in each blend. However, in this study n values were
calculated for each mix from individual PSD data to eliminate the requirement for scaling.
The n values obtained from the PSDs here are plotted in Figure 5.1 against the yield
stress determined from the mini-slump tests, in section 4.2.1 for the ten blends of
GGBS:Calumite:PC at 3:1, 3.44:1 and 4.5:1 BFS:PC formulation with 0.33, 0.35 and 0.37
w/s ratios (90 mixes in total). The data points with an n value between 0.9 and 1,
represent the P100 blend mixes. The other blends all achieve an n value of between 0.5
and 0.7. This is due to the unimodal nature of the P100 system which produces a much
better slope fit. The n value describes the width of the PSD and as the ratio of
GGBS/Calumite changes, it causes the slope fit to deviate suggesting that the model is

not suited to materials with a bimodal distribution.
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Figure 5.1. Yield stress values of the 30 mixes at 0.33, 0.35 and 0.37 w/s ratios and their
corresponding n values. Dashed lines are linear trendlines fitted to the data at each w/s
ratio.

For these ternary mixes, the point of convergence of the trendlines in Figure 5.1 was
found to be 0.46. Therefore for this system, b = 0.46 in Equation 5.1 and is used in the
final equation. The slope (1/a) for the data set at each w/s ratio (Figure 5.1) depends on
the w/s mass ratio. By plotting these two values (Figure 5.2), the linear relationship

provides the Kashani yield stress equation parameters.
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Figure 5.2. Values of 1/a (calculated for each line in Figure 5.1) against w/s mass ratio.
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The yield stress equation for the mixes in this project therefore becomes equation 5.11.
T, = (n — 0.46)[3378.5 — 7927.5(w/s)],n > 0.46 (5.11)

Equation 5.3 was used to calculate the predicted yield stress values for the 90
formulations from Chapter 4, and compared against the values calculated from the mini-
slump tests, Figure 5.3. A general trend is observed whereby as the surface area becomes
larger, and therefore water demand increases, the yield stress values increase, which is
to be expected. Unfortunately, although some of the data points have a reasonable
relationship to the equation, some of the values deviate too far from the X=Y line (dashed
diagonal line in Figure 5.3) to consider this a viable model to use with the GGBS-
Calumite-PC ternary system. The calculated values were also validated by working the
model backwards for the yield stress calculation. Using the ‘smallest predicted’ value of
yield stress, the model calculated that the slump spread would need to be over a metre
in diameter to produce the predicted yield stress. This spread was not replicable in the

lab and as such, these results are considered to be unreliable.
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Figure 5.3. Relationship between calculated (Kashani model) and measured yield stress
values for the 30 cement paste mixtures at 0.33, 0.35 and 0.37 w/s ratios. The orange
dashed line indicates equivalence of the model and measurements.

If the Kashani model had been applicable to these systems, it should have been possible
to predict the optimum PSD of the GGBS:Calumite:PC mix that would produce the best
workability. The optimum n value for the GGBS:Calumite:PC cement system was

calculated to be 0.46, and by using this value in the model it should in theory predict
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mixes with the optimum PSD. The optimum PSD for the best workability was predicted,
this was determined by varying the PSD contributions from the GGBS, Calumite and PC
materials. The workability of the grouts produced using the predicted PSD values were
tested via the mini-slump test method to obtain experimental yield stress data. The
actual PSD values were also applied in the yield stress model to obtain theoretical values.
The correlation between the measured and calculated values did not show a reliable
relationship, suggesting that the model cannot be used in this manner. Although they
predict similar n values, the model does not take into consideration the actual flow of the
slump. This statement was validated by inputting the calculated yield stress values back
into Equation 4.1 discussed in Chapter 4. The slump was predicted to have a diameter

of over 1 metre, which would be physically impossible with the quantity of material used.

[tis reasonable to conclude that the Kashani model does not work well for the gap graded
powder, and that the Rosin-Rammler distribution width parameter is not sensitive
enough to use as the sole characteristic value for these materials in predicting yield

stress.

5.2.2 Validation of the YODEL Model implementation
To validate the correct implementation of the YODEL model and confirm full

understanding, before applying it to powders in this project, the model was applied to
published data [100]. A PSD extracted by hand from a printed version of the paper by
Stuer and Bowen (because the exact figures were not available) was input into the
developed interpretation of the YODEL model. The parameter values stated in the
publication were used to validate the implementation of the model by reproducing their

data, as shown in Figure 5.4.
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Figure 5.4. Experimental and modelled yield stress curves as a function of volume
fraction for Mg* and Y3+ at 0.0044 M. Results reported by Stuer and Bowen comparing
experimental values and YODEL model calculated data [100].

By setting the percolation threshold and minimum separation according to the two
dopants in the model calculations here, it was then possible to produce yield stress

values for a series of volume fractions. The validation data are shown in Figure 5.5.

Considering that the PSD values used in Figure 5.5 were obtained manually from a
published graphic, the results achieved were in very close agreement to those reported
by Stuer and Bowen. This confirmed and validated that the YODEL model

implementation was correct and could be applied with confidence to the powders in this

project.
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Figure 5.5. Reproduction of data reported by Stuer and Bowen to validate the YODEL
model implementation.

5.2.3 Application of the YODEL Model
The YODEL model was therefore applied to the ten blends of GGBS:Calumite:PC system

at 3:1 BFS:PC formulation with 0.33, 0.35 and 0.37 w/s ratios (30 mixes in total), by
producing a PSD for each formulation. These individual PSDs and corresponding volume
fractions were then translated into the YODEL model in order to calculate f,; 5 for each
powder blend. G,,,, was calculated using a Hamaker constant of 7.8 x10-21, reported by
Lomboy [101] which was specific to slag materials and therefore was a reasonable fit for
use in this study. The minimum separation distance H was calculated using an equation
from the original YODEL paper, H = ho ( 9.5exp (-4.5¢)) [96]. A value of 24 A was used
for the surface separation (ho) which was originally used for oxide particles and taken
from the paper by Zhou et al. [97]. Although the GGBS:Calumite:PC particles will differ in
chemistry and surface charge to those used by Zhou et al.,, more specific data was not
available and so this value was adopted. The f,; , function and Gy, values were used to
calculate my, using an a* value of 50 nm, which was chosen as a reasonable estimate
based on information provided from the original YODEL model that states that it should
be between 20 and 80 nm [96]. Finally, the m; value was used to determine the yield
stress in Equation 5.3. However, the results reported during the development of the
YODEL model, were obtained using maximum packing values theoretically calculated
using a packing model. This was not necessary for the GGBS:Calumite:PC system,
because experimental maximum packing values for each individual formulation were

obtained using the particle packing density method reported in Chapter 4. Consequently,
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these values were used directly in the model. As with the Kashani model, the calculated

values gained from the YODEL model were plotted against the measured yield stress

values from the mini slump and rheometer tests, shown in Figure 5.6.
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Figure 5.6. Relationship between calculated (YODEL model) and measured yield stress

values for the 30 cement paste mixtures at 0.33, 0.35 and 0.37 w/s ratios. Note the

differences in axis scaling to highlight a) the full data set and b) the lower yield stress

values.

Figure 5.6 illustrates the biggest difference between these results, is that the calculated

values all sit within a narrow range of 10 to 20 Pa compared to the broad distribution of

data for the measured yield stress. Although there is a general trend with the YODEL

data, that as the Calumite content increases, the yield stress values decrease slightly. The

output values from the model were dissimilar to yield stress values that the
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experimental results show. The data also highlighted the difference between the two
experimental methods, mini-slump and rheometer. The yield stress values obtained
from the mini-slump method range from 0 to 400 Pa, compared to the rheometer results

which peak just below 200 Pa.

The sensitivity of the model was explored by altering some of the parameters such as:
the surface separation, the radius curvature and the maximum packing one at a time.
This was achieved by changing the values by + 10 % for the P65 system at a 0.35 w/s.
This showed that with a 10 % increase in the surface separation (hy) the yield stress
decreased by 17 %. However, a 10 % decrease in hy produced a 24 % increase in yield
stress. A similar trend was seen regarding the maximum packing value, where a 10 %
increase produced a 26 % decrease in yield stress and an increase of 45 % was observed
with a 10 % decrease in max packing fraction. The initial range considered for the radius
curvature (a*) was stated as 20 - 80 nm [96], and a value of 50 nm was used for the
GGBS:Calumite:PC. However, when the extremes of the suggested range (20 and 80 nm)
were considered, the model predicts that as a* increases, the yield stress increases by +
60 %. The variation of results found by altering the parameter input values highlight the
sensitivity of the model and the errors that are likely to be due to some of the

assumptions made for the application of YODEL.

The range of predicted yield stress values gained from the YODEL model is far too
narrow to feel confident that the model is producing reasonable results for the
GGBS:Calumite:PC system, especially considering the wide range of fluidities observed

in Chapter 4.

5.3 Summary

The aim of this chapter was to determine if it was possible to predict the yield stress and
in turn the workability of the GGBS:Calumite:PC system using previously published
models. These results were then compared to yield stress values that were collected

experimentally in Chapter 4.

The Kashani model produced values that followed the same trend and in the same order
of magnitude when compared to the experimental data. However, some of the data
points were varied, suggesting that the model is not reliable enough to predict the yield
stress of the gap graded powder used in this study. A reasonable assumption is that the
Rosin-Rammler distribution is not a sensitive enough sole parameter to use for

characterising this material.
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The YODEL model was then applied, following some validation trials of the method, to
the GGBS:Calumite:PC powder system due to its published claims of suitability for
multimodal systems. However, the model predicted a very low and narrow range of yield
stress values for the formulations. Working with the cement pastes during the
experimental testing in Chapter 4, it is clear that some of the formulations were very
fluid and others were very stiff, suggesting that they would have wide ranging yield
stress values. Therefore, the results predicted by YODEL would contradict the
experimental results. The YODEL was designed to describe suspensions of a single type
of non-reacting material, whereas the systems investigated here have particles with two
types of chemistry, and reactivity, and an extremely broad PSD. The YODEL is,

unfortunately, not suitable for these cements.

Neither of the two models applied to the powder system under investigation provided
consistent and reliable results. The Kashani model predicted the most comparable
results to the experimental values, but unfortunately the results do not correlate well

enough to use it further as a predictive tool for this project.
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6 Heat of Hydration

This chapter is adapted from the two following published papers authored by R. A.
Sanderson et al.:

- R A Sanderson, G. M. Cann, |. L. Provis, The effect of blast-furnace slag particle
size on the hydration of slag-Portland cement grouts at elevated temperatures,
Advances in Cement Research, 2018, 30: 337-344.

- R.A. Sanderson, G. M. Cann, J. L. Provis, Comparison of calorimetric methods for
the assessment of slag cement hydration, Advances in Applied Ceramics, 2017,

116: 186-192.

6.1 Introduction

One of the key performance parameters required by the nuclear industry is the
capability to control the heat evolution of cement wasteforms. The waste packages
produced are required to be durable and safe, therefore a need for low heat evolution
from the cement is essential to minimise cracking and reduce problems with the waste
packages during storage and emplacement, as well as in situ in the GDF. The semi-
adiabatic temperature rise during cement hydration is thus a key performance

parameter, and must be monitored and predicted accurately.

This requirement to be able to measure the heat release during hydration of blended
cementitious materials straightforwardly and with consistent, reliable results was one
of the main drivers of this chapter. Currently, there are two standard methods in the UK
for measuring the heat of hydration of cement: solution calorimetry at 7 days (BS EN
196-8), and semi-adiabatic calorimetry measured at 41 hours (BS EN 196-9), which are
claimed to give equivalent results [102, 103]. In solution calorimetry, the cement is
hydrated at a constant temperature and this is therefore essentially an isothermal test.
However, the measurement involves dissolving the hydrated cement into a highly
corrosive and hazardous mixture of nitric and hydrofluoric acids, making it an
unattractive method to use routinely in a laboratory or field setting. Semi-adiabatic
calorimetry consists of preparing a freshly made sample and measuring the heat emitted
[104]. This method requires insulated flasks in order to have the lowest heat loss
possible, calibrated against a reference flask and with known rates of heat loss to the
environment to enable calculation of heat evolution rates from the temperature history
in the sample flask, and uses quite a large sample (1575 g of fresh mortar in BS EN 196-
9). The British and European Standards (BS EN 197-1) classify a low heat cement as a
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cement that ‘shall not exceed the characteristic value of 270]/g’ determined using either

of the above methods [17].

Isothermal conduction calorimetry can also be used to measure the heat production rate
of small cement samples and would be a useful method to classify ‘low heat cements’.
This method has been extensively used and reported, and is being considered at pre-
standardisation levels across Europe [105] but is still not a standard technique for the
measurement of heat of hydration in Europe. Isothermal calorimetry is used as a
standard method in other parts of the world as stated in ASTM C1679 and C1702 [106,
107]. Wadso6 and Arndt [71] reported a study carried out in 2003 to evaluate the use of
isothermal conduction calorimetry as an appropriate method for the determination of
the heat of hydration of cement at 3 days. They concluded that it is more precise than
traditional methods for Portland cement, but did not perform as well for slag-based
cement. In this chapter the method is applied to slag based cements which are used by

the nuclear industry.

The thermal behaviour of the cement grout used during nuclear waste encapsulation
impacts on the stability and durability of the wasteform produced. It is reported that in
mass concrete structures, the heat produced during the cement hydration reaction can
result in a large rise in temperature in the first few days after casting. This is due to
exothermic hydration reactions, and can result in cracking as the concrete cools to
ambient temperature [108]. Any thermal gradients within the wasteform could also
cause microcracking, altering the microstructure and porosity. Thermal stresses could
be controlled by releasing any excess pressure in the system. However, this could be
hindered by the presence of the metallic wastes [6, 109], therefore it is important to

understand how the cement pastes behave at higher temperatures.

In this chapter, isothermal and semi-adiabatic calorimetric methods for measuring the
heat evolution from cement grouts that contain a high slag content were analysed and
compared. The semi-adiabatic method was used to determine the maximum
temperature rise during hydration rather than as a method of directly quantifying the
heat evolution. Isothermal calorimetry was also used to evaluate the contribution of
Calumite to the hydration reaction, and how these pastes perform at higher
temperatures. The formulations were varied by changing the PSD of the slag component
of the blended cement powder, and mixing at different water to solids (w/s) ratios, as in

the preceding chapters.
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6.2 Results and Discussion

6.2.1 Isothermal Calorimetry at 25 °C
Isothermal calorimetry was carried out to determine the heat production rate of the

samples and to obtain the total heat evolution of each cement paste. The 10 formulations
with the BFS fractions stated in Table 3.4 were analysed at a 3:1 BFS:PC blend ratio and
at 0.33, 0.35 and 0.37 w/s ratios. The IC data (Figures 6.1 - 6.3) shows that as the GGBS
content increases, the total heat evolution increases from approximately 60 J/g in PO to
140 ]/g in the P100 system. This suggests that the total heat evolution reduces by 50 %
when the GGBS is replaced with Calumite, and that a high percentage of the heat is due
to hydration of cement clinker. All of the pastes considered here conform to the
European standard classification whereby the heat of hydration does not exceed 220 ]/g,

and therefore can be described as very low heat cements [110].

From the data shown in Figures 6.1, 6.2, and 6.3, it is clear that the peak heat of reaction
decreases as the Calumite fraction increases, and this is likely due to reduced reactivity
caused by the larger particles present in this fraction. An initial heat release peak was
observed in all 10 blends between 3-9 hours (inset on Figures 6.1 a, 6.2 a and 6.3 a),
which was assigned mainly to alite hydration [30]. The time at which the alite peak
occurs shifts to the left, demonstrating a shorter reaction time, as the GGBS content
increases. This behaviour agrees with observations reported in literature and is due to
the increased surface area of the GGBS material providing more nucleation sites for C-S-
H[111, 112]. The GGBS also packs well together resulting in closer particles which also
promotes acceleration of the reaction. Calcium hydroxide reacts with GGBS causing the
alite to diminish and the formation of C-S-H is observed. This reaction is accelerated with
increasing slag content which causes a higher peak heat and results in the shift of peaks
because the rate of reaction in the system occurs more rapidly. The formation of a
secondary ettringite peak between 7-8 hours is due to aluminate hydration caused by
the depletion of sulfate species present and reducing conditions. At 16 hours, and AFm
phase was identified with increasing intensity as the GGBS content rises [30].
Hydrotalcite will also be forming during this early stage and will also be contributing to
the curve area. These observations are visible at all three w/s ratios, suggesting that the

difference in water content has minimal effect on the reactivity of the system.
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Figure 6.1. Isothermal calorimetry (a) and total heat evolution (b) curves measured at 25
°C for 120 hours for the ten GGBS:Calumite blend ratios (Table 3.4), at w/s = 0.33.
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Figure 6.2. Isothermal calorimetry (a) and total heat evolution (b) curves measured at 25
°C for 120 hours for the ten GGBS:Calumite blend ratios (Table 3.4), at w/s = 0.35.
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Figure 6.3. Isothermal calorimetry (a) and total heat evolution (b) curves measured at 25
°C for 120 hours for the ten GGBS:Calumite blend ratios (Table 3.4), at w/s = 0.37.
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In order to further understand the early stages of the hydration reaction, some short
term (approx. first 20 hours) tests were carried out on the P100 mix (i.e. 100 wt. % GGBS
was used for the BFS fraction at a 3:1 BFS:PC blend with a 0.35 w/s ratio), shown in
Figure 6.4. The samples were prepared and heated to 25 °C to mimic the isothermal
calorimetry method environment. In situ XRD was taken of samples at 5, 10 and 15 hours

(shown in Figure 6.5).
Alite hydration Sulfate depletion
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Figure 6.4. Calorimetry data up to 20 hours for P100 and PO at 25 °C.
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Figure 6.5. In situ XRD data for mix P100 at 5, 10 and 15 hours.

By comparing the XRD data to the calorimetry analysis it is possible to identify phase
formation during early hydration. The XRD data show a strong portlandite presence
which is likely due to the alite hydration peak seen in the calorimetry curve at around 5
hours. The monosulfate reflection that appears at 12° 20 degrees in the 10 hour XRD scan
correlates nicely with the AFm peak in the calorimetry data. The formation of ettringite
is observed in the XRD data which is the cause of sulfate depletion i.e. typical hydration

of cement blends containing BFS [109].

[tis important to notice that when the BFS component was made up purely of the coarse-
ground Calumite, these additional peaks are of lower intensity in the ICC data. This
indicates that over the first 24 hours, the PSD of the slag component is influencing the
rate of the cement hydration reaction and the chemical properties of the system, even

when the early-age hydration is dominated by the PC fraction.

6.2.2 Isothermal Calorimetry at Elevated Temperatures: 35 °C and
60 °C
Isothermal conduction calorimetry was used to analyse the heat output of the cement

pastes at elevated temperatures, which may be more representative of the conditions

inside a large waste container undergoing cementation.
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Figure 6.6. Isothermal calorimetry (a) and total heat evolution (b) curves measured at 35
°C for 120 hours for the ten GGBS:Calumite blend ratios (Table 3.4), at w/s = 0.35.
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Figure 6.7. Isothermal calorimetry (a) and total heat evolution (b) curves measured at 60
°C for 120 hours for the ten GGBS:Calumite blend ratios (Table 3.4), at w/s = 0.35.
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The samples were initially measured at 25 °C, as mentioned previously, and then to
analyse the heat output of the cement pastes at elevated temperatures, further testing
was carried out at 35 and 60 °C. A temperature of 60 °C was chosen to monitor the
cement pastes under extreme conditions. However, the NNL acceptance test specifies a
constant heat of 35 °C for their calorimetry data, this temperature is chosen to challenge
the ‘worst case’ scenario that could occur on plant i.e. the maximum curing temperature.
Therefore, it was logical to also carry out the experiments at this temperature. The 10
formulations for the BFS fraction stated in Table 3.4 were analysed as a 3:1 BFS:PC blend

ata 0.35 w/s ratio. The full data sets are shown in Figures 6.6 and 6.7.

Similar heat evolution profiles were observed at 25 °C, 35 °C and 60 °C. The results show
that the peak heat flow rate and the total heat evolution both increase as the GGBS
content increases, at a constant BFS/PC ratio. This is to be expected due to the higher
fineness of the GGBS than the Calumite, causing greater reactivity in the P100 system
compared to the coarser PO mix. The total heat evolution data collected at 60 °C plateaus
much sooner compared to other conditions. However, the total heat evolution for the
Calumite system is very similar across all temperatures and w/s ratios, this confirms the
low reactivity of the Calumite material. Another observation to note is that the peak
attributed to sulfate depletion is affected much more by varying temperature compared
to the alite peak. This is caused by the slag hydration reaction which is accelerated at

higher temperatures.

Previous studies that investigated the particle size of BFS/PC systems have reported that
finer slags have shown a higher heat of hydration than coarser ones [113], consistent
with the effect of greater available reactive surface area. To determine the effect of

temperature on these cement systems, a direct comparison between the extreme cases
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of the blends under investigation (P100 and PO0) at all three temperatures is illustrated

in Figure 6.8.
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Figure 6.8. Isothermal calorimetry curves for the mix P100 (a) and PO (b) measured at 25
°C,35°Cand 60 °C for 120 hours, at w/s = 0.35.
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The results in Figure 6.8 show a difference in heat output between the P100 and PO
cement pastes, which is again to be expected due to greater reactivity caused by
increased fineness in the P100 sample (GGBS) compared to PO (Calumite). The peak heat
flow of P100 is approximately twice the value of the PO equivalent. This is consistent
across all three temperatures, suggesting that the main contributing factor is the PSD of
the BFS blend, and providing insight into the contribution of the GGBS component to the
reaction of the blended cement. Numerous studies have shown that enhanced clinker
hydration can be achieved by blending filler materials into cement systems, and the
particle size of the filler has a significant impact on the rate of reaction, commonly
referred to as the ‘filler effect’ [114-116]. The cement system considered here has a very
high volume fraction of PC replacement by slag, and therefore the limited early-age
reactivity of the BFS component of the blend (particularly the coarse Calumite particles)
causes such an effect, allowing extra space for hydration of the clinker phase, and is
conducive to enhanced nucleation.

Although the BFS fraction can contribute to the filler effect here, it is also common to
overlook the reactivity of the filler itself [115]. Due to the chemical effect seen when
reducing the GGBS content, a series of filler tests with the Calumite replaced by quartz
were carried out to investigate what, if anything, the Calumite is actually contributing to
the reaction process. The quartz was ground down and sieved into fractions, which were
then re-combined to replicate the measured particle size distribution of the Calumite.
The samples were analysed by isothermal calorimetry, and the data collected (Figure
6.9) show a very similar result to the original GGBS:Calumite blends including the
formation of peaks within the first 20 hours.

Figure 6.10 shows a comparison between the temperature profile of the P72 grout, and
its quartz-substituted equivalent (Q72). When the results are compared, the Calumite
blend has a very similar (if not practically identical) heat of hydration to the ‘inert’ quartz.
Quartz has been used as an inert replacement during many studies reported in literature
and was therefore assumed to contribute very little to the early hydration reaction [111,
116-118]. By the replacement of Calumite with the inert filler, it is evident that there is
very little impact on the cement hydration reaction curve, which confirms the minimal

contribution of Calumite to the reaction process over the first 24 hours.
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Figure 6.9. Isothermal calorimetry (a) and total heat evolution (b) curves measured at 25
°C for 120 hours for the ten GGBS:quartz blend ratios (Table 3.4), at 0.35 = w/s.

73



1.4 4

1.2

0.8

0.6 1

0.4 1

Heat Flow (mW/g)

0.2

1.0 — Q72

— P72

0.0

160
140-
‘120—-
100—_

80—_

60

Total Heat (J/g)

40

20

T T T T T T |
0 20 40 60 80 100 120

Time (hours)

—P72
——Qr2

Figure 6.10. Iso

T T T T T T 1
0 20 40 60 80 100 120

Time (hours)

thermal calorimetry (a) and total heat evolution (b) curves for the Q72

GGBS:Quartz and P72 GGBS:Calumite blend measured at 25 °C for 120, hours at w/s =

0.35.

To further understand the Calumite contribution to the hydration reaction, Figure 6.11

illustrates the direct comparison of the PO and QO blends, i.e. the blend where all the BFS
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is Calumite, and where it is replaced wholly by quartz. There is a little change in the heat
output observed where the PO system is slightly greater, but not a significant amount. It
can therefore be assumed that the Portland cement present in the matrix is responsible

for the majority of the recorded heat output.
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Figure 6.11. Isothermal calorimetric data for the PO and QO systems measured at 25 °C for
120 hours, at w/s = 0.35. (a) differential curves, (b) cumulative curves.
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To give an indication of how much the GGBS is reacting, under the assumption that the
Calumite contributes very little at this early stage, the data for PO was subtracted from
the corresponding data for the P100 system [119-121]. Figure 6.12 shows the resultant
heat evolution profiles, which can be identified as the contribution of the GGBS to the

reaction process, at each of the three experimental temperatures.
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Figure 6.12. Isothermal calorimetry difference curves (where data for PO are subtracted
from data for P100), measured at 25 °C, 35 °C and 60 °C for 120 hours, at w/s = 0.35.

These results show that in addition to the filler effect contribution and the increase in
nucleation sites, the fine GGBS fraction is also altering the rate of reaction. The GGBS
contributed significantly to the heat of hydration at all three temperatures. There is also
a shift in the time at which the peak heat evolution (i.e. the most rapid period of reaction
of the GGBS) occurs between the different experimental temperatures; this lengthens
with decreasing temperature. This agrees with previous studies that show a similar
pattern when different experimental temperatures are used during isothermal
calorimetry [29, 122].

The peak in the heat evolution which is attributed to the GGBS contribution also changes
in intensity between the P100 and PO systems, and thus it is also possible that there is a

difference in activation energies between the GGBS and the Calumite. This means that
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the increased temperature accelerates the reaction to different extents for each material
and contributes to the variation in peak heat evolution. The hydration of the Calumite is
slower than that of the GGBS, and therefore requires more clinker to drive the reaction
[32]. It is reported that the substitution of Portland cement with GGBS at varying
increments affects the activation energy [123]. The overall activation energy of the PO
system is defined by the Portland cement, as the Calumite contribution is minimal and
reacts only to a limited extent at early age, whereas the GGBS-containing system shows

contributions from both BFS and PC components.

The total heat output from both GGBS:Calumite systems can be seen in Figure 6.13 for
all three temperatures. By comparison of the P100 blend with PO, is it clear that the GGBS
system generates a cumulative heat output approximately double that of the Calumite
mix during the first 120 hours. Again, this can be expected due to the increased reactivity
caused by a higher surface area within the slag powder, therefore providing more
nucleation sites for the hydration of clinker phases [115]. For the PO blend, the 35°C
sample also starts to generate more heat than the 60 °C sample at around 40 hours. The
likely reason for this is due to the slow reaction rate of the Calumite. At a higher
temperature of 60 °C, the PC reacts too quickly and does not allow enough time for
portlandite generation to activate the Calumite before the material stiffens, particle
surfaces are blocked by hydration products, and mass transport becomes very hindered,
which causes the Calumite reaction to be even slower than would otherwise be the case.
Conversely, 35 °C gives better control for the Calumite:PC system, allowing increased
energy for the reaction to occur but on a longer timescale, which in turn allows the

Calumite to contribute to the reaction, causing a higher overall total heat output.
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Figure 6.13. Cumulative heat evolution curves for the mix P100 (a) and PO (b) measured
at 25°C, 35 °Cand 60 °C for 120 hours, at w/s = 0.35.

78



Within the Sellafield Ltd. specification, a low total heat evolution is one of the main
criteria required by the nuclear industry when considering different grout formulations.
Although (as previously mentioned) the European Standard states a value of 270 ] /g, the
Sellafield Ltd. specification requires that the grout should not have a cumulative heat
output greater than 180 k] per kg of blended cement powder after 24 hours of hydration
at 35 °C. Therefore, this is what the cement systems under investigation in this study
have to conform to. All of the cement systems investigated during this work conform to

this specification, even at the increased temperature of 60 °C.

6.2.3 Semi-adiabatic Calorimetry
The semi-adiabatic calorimetry data (Figure 6.14) illustrate a more representative

temperature profile of the cement grouts compared to small samples held under strict
isothermal conditions (Figure 6.2). The flasks used in these experiments are moderately
well-insulated and although the exact temperature rise for a larger sample is not
captured, it does provide a closer representation of how the materials would perform
within a full-scale wasteform. These results show a different trend from the data
obtained through isothermal calorimetry; there was more variation in the maximum
heat of reaction peak obtained for the combination mixes. Therefore, there was not a
fully consistent trend in maximum peak temperature observed with respect to the GGBS

content. A similar result was observed at all three w/s ratios (0.33, 0.35 and 0.37).

Temperature (°C)

Time (hours)

Figure 6.14. Semi adiabatic calorimetry curves for the ten GGBS:Calumite blend ratios
measured at room temperature for 80 hrs, at w/s = 0.35.
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The initial temperature rise observed in the semi-adiabatic calorimetry for each of the
ten blends was recorded, as shown in Table 6.1. Some of the blends fall out of trend at all
three w/s ratios, with a peak temperature higher than would be expected. This suggests
that at each of those blends, the mix ratio may have a more optimal PSD for reaction. The
wider PSD introduced by blending the GGBS and Calumite has created more space for
hydrates of the clinker phase to form, which has enhanced the reaction causing a higher
temperature, comparable to the ‘filler effect’ [112]. However, a greater amount of finer
GGBS is required to maintain the reactivity of the system and induce nucleation on the
larger surface area of the fine particles. The lack of fine particles in the PO (0:100
GGBS:Calumite) blend results in fewer nucleation sites producing a lower peak heat.
These results highlight the importance of reaching the optimum blend of GGBS:Calumite,
but also ensuring that the correct w/s ratio is used in order to achieve the required heat

output and fluidity specifications.

Table 6.1. Initial temperature rise observed in semi-adiabatic calorimetry for the ten

GGBS:Calumite blends at three w/s ratios.

GGBS:Calumite 0.33 w/s 0.35w/s 0.37 w/s
Wt. ratio ratio ratio ratio
(Y] (9 (Y]
P100 31.1 28.5 25.2
P80 27.1 24.7 21.9
P72 24.6 27.3 26.0
P65 29.5 31.8 24.9
P58 24.9 24.7 22.1
P52 24.4 26.2 20.7
P42 24.2 241 23.5
P32 23.2 21.4 19.7
P22 23.7 24.7 19.6
PO 16.4 15.5 18.7

If the three w/s ratios are compared against one another, the results show that the
highest w/s ratio (0.37) generally has a lower peak temperature compared to the lower
two w/s ratios. However, the PO blend does not follow the observation; in this case, the

0.37 w/s has a higher peak temperature of 18.7 °C. It has been well reported and
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discussed that the rate determining step in the acceleration period is the growth of C-S-H
as reviewed by Scrivener et al. [112]. Due to the low surface area of the Calumite there
is an increase in the water/PC ratio and seemingly results in faster hydration of PC,
enhancing the growth of C-S-H. This potentially means that more portlandite is produced
to react with the BFS, causing a higher peak heat temperature in the PO blend at a 0.37

w/s ratio.

During the isothermal calorimetry tests, changing the w/s ratio did not affect the general
behaviour of the results significantly and produced very similar trends in the data across
the three ratios. Throughout the semi-adiabatic experiments there is less consistency in
temperature rise as a function of w/s, suggesting that the w/s ratio has more influence
on the heat evolution of the cement grouts. The semi-adiabatic method is more
representative of plant conditions where a significant temperature rise is expected in
the 500 L waste drums, and therefore, may be a more indicative method of testing the
cement grouts, as there are differences in the activation energies of the cement and slag
which change their relative reactivities as a function of reaction temperature [104].
However, both calorimetry methods do show similar results across the different w/s
ratios, which suggest that for this BFS:PC system, the water content can be considered

an insignificant contributing factor for temperature rise.

6.2.4 Comparison of Calorimetric Methods
The results of the two calorimetric methods were analysed in order to compare a series

of characteristics of the techniques and determine the relationship between them. The
relationships compared were the semi-adiabatic temperature rise against different
parameters from the isothermal calorimetry tests: the isothermal total heat evolution at
24 hours, the isothermal peak heat flow, and the slope of the isothermal peak (i.e. the
rate). The isothermal rate was also compared to the slope (i.e. rate) of the semi-adiabatic

peak.

The comparison between the rates of both calorimetry methods produced rather a poor
correlation, as shown in Figure 6.15. It is clear from the wide scatter of data points that
the rates of the two techniques do not correlate well. It may be expected, due to the
similarities between the chemical processes which drive both the temperature and heat
flow profiles, which these two measures of the rate of reaction would form a close
correlation, but this does not seem to be the case here. These differences are likely to be
caused because the semi-adiabatic method considers the thermal capacity of the

hydration reaction. As shown previously, the blends containing higher GGBS content
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exhibit a higher reactivity and therefore a higher temperature which drives the reaction

at a different hydration rate between the two methods.
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Figure 6.15. Relationship between the rate of the semi-adiabatic temperature curve and
the rate of the isothermal heat flow curve measured for all of the formulations in Table
3.4.

However, the peak heat flow values for these blends measured using isothermal
calorimetry do show a very good correlation to the initial semi-adiabatic temperature
rise, shown in Figure 6.16. Here the maximum values obtained through both test
methods are compared, and show a clear link to one another. This is a positive outcome
for the reliability of the isothermal test method, regarding its use as a potential standard
technique for measuring the heat evolution of cementitious material, and which requires
significantly smaller volumes of material (and much less labour-intensive calibration

protocols) than the semi-adiabatic calorimetry tests.
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Figure 6.16. Correlation of the initial temperature rise in the semi-adiabatic calorimetry
tests and the peak heat flow from the isothermal calorimetry tests of all of the mixes
from Table 3.4.
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Both sets of calorimetry results show that the main hydration peak of the reaction occurs
within the first 24 hours of the test, consistent with widely reported data for Portland
cement [30], and indicating that the early stages of reaction are dominated by cement
hydration, with the slag only beginning to react during this timeframe once sufficient
portlandite has been generated. However, at higher temperatures the slag contribution
increases as shown in the data in Figure 6.16. The Sellafield Ltd. specification requires
that the grout should not have a cumulative heat output greater than 180 k] per kg of
blended cement powder after 24 hours at 35 °C [124]. Therefore, the final correlation
discussed in this chapter is shown in Figure 6.17, and describes the relationship between
the total heat evolution of the isothermal calorimetry curve at 24 hours, and the initial

temperature rise in the semi-adiabatic calorimetry data.
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Figure 6.17. Relationship between the initial temperature rise in the semi-adiabatic
calorimetry tests and the total heat evolution of the isothermal calorimetry data at 24
hrs, for all of the mixes in Table 3.4.

The correlation within this plot is quite close to linear suggesting a close relationship
between the data sets, without any systematic error due to differences in the w/s ratios.
This agrees with reported literature that investigate and compare the two methods
[125]. From Figure 6.17, it may be noted that although the isothermal calorimetry testing
used here was not carried out at 35 °C, all of the cement grouts produced in this study

should conform appropriately to this aspect of the Sellafield Ltd. specification.

By comparing a series of characteristics of the two methods it was possible to determine
how comparable the results of the two calorimetric techniques. The observations

obtained during the comparison highlighted that the main difference between the two
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techniques is that the semi-adiabatic method accounts of the thermal capacity and heat
loss of the cement system and as such affects the rate of slag hydration [126]. Although
this is possible more representative of practical situations, the minimal change in
temperature maintained during isothermal conduction calorimetry provides a better
understanding of the kinetics of the cement system [127]. Similarly to reported
literature, the results in this section illustrate that the time taken to reach the peak heat
is longer in semi-adiabatic calorimetry compared to the isothermal conduction
calorimetry. Overall, there is a positive correlation between the two techniques, which
confirms the ability to use isothermal calorimetry as a standard method to measure the
heat of hydration of cementitious materials. This is in agreement with comparisons
previously reported in literature [73, 125, 128]. However, there is significant potential
practical advantages for the use of isothermal calorimetry over semi-adiabatic

calorimetry regarding the sample size and instrument stability during measurement.

6.2.5 X-ray Diffraction
The X-ray diffraction patterns for hardened samples of the 10 blend formulations (stated

in Table 3.4) cured for 28 days are shown in Figure 6.18. The main observation is that
the diffuse scattering at around 30° 26 degrees associated with the glassy fraction of
GGBS becomes less prominent as the GGBS content decreases. It is clear the portlandite
peak at about 34° 20 grows more prominent as the GGBS content increases. This is
caused by the increase in reaction, resulting in a greater consumption of portlandite
during slag hydration. The peak at around 12° 20 also becomes more prominent as the
GGBS content increases due to increased slag hydration, which reflects the minimal
contribution from the Calumite fraction to the reaction. The peak is attributed to both
monocarbonate and hydrotalcite. This agrees with literature where the former is
observed in Portlandite systems and the latter is predicted to form as the BFS content
increases [115, 129]. More phases including alite and belite were observed in the P100
system compared to the PO blend, confirming, that at this stage, the hydration reaction

is affected more as the GGBS content increases.
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Figure 6.18. X-ray diffraction patterns of the 10 BFS:PC systems measured at 25 °C using
isothermal conduction calorimetry, where the BFS fraction comprises the blends stated
in Table 3.4, after 28 days of curing.
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Figure 6.19. X-ray diffraction patterns of the 10 BFS:PC isothermal conduction
calorimetry samples that were measured at 60 °C, where the BFS fraction comprises the
blends stated in Table 3.4, after 28 days of curing.

The results shown in Figure 6.18 are for samples cured at 25 °C. The same analysis was
carried out on the samples cured at 35 and 60 °C after extraction from the isothermal

calorimeter. Very similar XRD patterns were observed at the elevated temperatures
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(60 °C data shown in Figure 6.19 and the 35 °C data included in Appendix C), whereby
the same phase assemblage was observed and again becomes less prominent as the
GGBS content decreases. However, unlike the 25 °C data where the amorphous hump is
not seen after the P52 system, the phases are still observed in the P32 sample. This
validates the data observed during the isothermal calorimetry tests, where at 60 °C the
hydration reaction is increased, suggesting that more of the BFS fraction is contributing.
XRD data was also collected for semi-adiabatic calorimetry samples (Appendix C) and
again, the results look very similar to those obtained for the isothermal conduction

calorimetry samples.

6.3 Conclusions

This chapter has illustrated that changing the particle size distribution of the blast
furnace slag in blended cement systems containing both coarse and fine slag fractions
significantly affects the heat output from the cement during hardening. The hydration
rate of the BFS:PC system is affected by a change in the GGBS:Calumite blend ratio, and
therefore confirms that changing the PSD has a chemical effect on the cement grout. As
the GGBS content increases, the rate of hydration is accelerated. The hydration reaction
is also affected by elevated temperatures, whereby the peak heat of the reaction occurs
much more rapidly as the temperature increases. The two extremes of the fine:coarse
(GGBS:Calumite) blends were explored, and shown to behave differently at elevated
temperatures. All of the cements considered, even at elevated temperatures, conform to
the total heat evolution restrictions of the UK specifications and could therefore

potentially be used for encapsulation according to this criterion.

Quartz substitution isothermal calorimetry provided a method of comparing the
contribution of both BFS fractions. When the quartz substituted formulations were
compared to the original cement pastes, the results illustrated that the systems behaved
very similar to one another. This suggests that by replacement of the Calumite with an
inert filler, there is very little impact on the hydration reaction, confirming very minimal
contribution of the Calumite to the overall process. It was possible to calculate the
contribution of the GGBS by subtracting the PO data from the P100 system, which
showed that the fine GGBS fraction alters the rate of reaction and contributes

significantly to the heat of hydration at all three temperatures.

The semi-adiabatic calorimetry results provide good temperature profiles, and give an
indication of how the cement paste would perform within the wasteform. However,

some of the results are inconsistent, and the required sample volumes are large in
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comparison to the isothermal calorimetry. In general, as the w/s content increases the
temperature rise decreases with the exception of the PO blend at 0.37 w/s. This is due to
the low surface area of the Calumite resulting in faster hydration of the PC, enhancing
the growth of C-S-H and therefore increases portlandite production causing a higher
peak heat temperature. The isothermal calorimetry provides a much more apparently
reliable set of results using a method that is sensible and much more straightforward to

standardise once a suitable instrument is purchased.

By comparing a series of characteristics of the semi-adiabatic and isothermal
calorimetry methods, it was possible to determine comparisons between the results of
the two calorimetric techniques. Overall, there is a positive correlation between the two
techniques, which supports confidence in the use of isothermal calorimetry as a future
standard method to measure the heat of hydration of cementitious materials for the

nuclear industry.
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7 Tomography and Radiography Experiments

7.1 Introduction

A significant amount of research and development has been invested into cement grout
used for nuclear waste encapsulation. Specifically, the optimum chemical and physical
properties of the material needed for successful encapsulation have been discussed and
refined. Although the compressive strength and dimensional stability test methods do
monitor the characteristics of hardened cement, there are minimal data that describe
what actually happens within hardened wasteforms. One way to understand the success
of the encapsulation process is to produce a wasteform containing simulant waste and
then cut the product open to visualise the middle of the sample [130, 131]. However, this
method is very intrusive and could affect the structural integrity of the sample, and could
result in certain aspects being overlooked if only a single slice is taken through a large

3-dimensional wasteform.

Therefore, in order to directly investigate what happens during the encapsulation
process and once the product has hardened, a series of experiments were performed at
the Diamond Light Source (DLS), which is the UK’s national synchrotron facility located
on the Harwell Science and Innovation Campus. The proposal for this study received 48
hours of beamtime split between in-situ radiography experiments and tomography
analysis. The beamline used was the [12 Joint Engineering, Environment and Processing
(JEEP) instrument [132], and the experimental setup was in hutch 2, as shown in Figure

7.1.
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Figure 7.1. Image of inside of the experimental hutch for the 112 beamline at the Diamond
Light Source.

A synchrotron is a circular particle accelerator (in this case electrons), and works on the
basis that when electrons change direction they emit energy. The electrons are
accelerated through a series of magnets until they almost reach the speed of light, and
are then injected into a polygon-shaped “storage ring” with a bending magnet on each
corner and insertion devices in the straight sections that repeatedly alter the direction
of the electron beam, creating a more focused and intense beam of synchrotron radiation.
If the electron is moving fast enough, the energy is released as an intense light in the X-
ray region of the electromagnetic spectrum. The resulting X-rays are directed towards a
beamline attached to the synchrotron, and in this case provided the X-ray photons for

both the radiography and tomography experiments [133].

Radiography is a technique used for imaging the internal structure of an object using a
beam of X-rays [134]. The two dimensional image is constructed as the X-rays are
absorbed by the material, where the amount of X-ray absorbed depends on the atomic
number density within the sample or structure under analysis. Any X-rays that are not
absorbed are captured by a detector and the data collected are used to produce an image.
The benefit of using the high intensity and energy of the synchrotron beam is that it
enables the analysis of larger samples, which is possible due to the large field of view

camera.
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Up until now, the infill process that occurs during encapsulation of nuclear waste has
only been investigated once the product has hardened and the sample is cut open. In this
chapter, for the first time, in-situ radiography experiments were performed to observe

the infill process of fresh cement grout in real time.

Tomography is also an imaging method that uses a number of 2D projections (or
radiographs) taken at different orientations to produce three dimensional images [135-
137]. X-ray computed tomography is used to produce non-destructive cross-sections of
a sample to enable 3D reconstructions of a sample or structure. The high energy
synchrotron X-rays that were used at the Diamond Light Source allow for the
penetration of thicker materials with high spatial resolution [138]. Tomography can be
used to determine the size of objects, any cracks, voids or other characteristics of a
sample. Tomography was used to analyse hardened products of different formulations,
containing simulant nuclear waste, to determine how successful the encapsulation

process is. The results of this analysis are presented in this chapter.

7.2 Materials

The cement powders under investigation in this project include GGBS and Calumite
sourced from Scunthorpe steel works and Portland cement sourced from the Ribblesdale
cement works, which have all been supplied by Hanson. These were the powders the
nuclear industry were using when this project started [28]. However, during the 4 year
experimental programme, the industry have changed to a different powder supply due
to economic changes within the UK cement industry. The Calumite sourced from
Scunthorpe continued to be the coarse fraction contribution, but the GGBS was sourced
from Port Talbot steel works and the Portland cement originated from Ketton [39].
These new powders were also supplied by Hanson Cement, and were tested alongside
the Scunthorpe and Ribblesdale powders in this chapter. The replacement GGBS has a
very similar chemical composition to the original powder used, and this is also true for
the PC substitution, hence why these powders were chosen as suitable alternatives.
However, the particle sizes of the powders are slightly coarser, as shown by the PSDs in

Figure 7.2.
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Figure 7.2. Particle size distribution data for Scunthorpe GGBS, Port Talbot GGBS,
Ribblesdale PC, Ketton PC and Calumite.

From Figure 7.2, it is clear that the PSD of Port Talbot GGBS is slightly coarser than the

Scunthorpe GGBS, this result in slightly more overlap of particles around 100 um.

One of the aims of this project was to perform larger scale trials on the cement system
under investigation, and as such (due to the increased amount of material required) it
was not possible to maintain the full mix matrix from Chapter 4 in the experiments
presented in this chapter and the mid-scale mixes due to time constraints. Therefore, to
reduce the number of mixes and to incorporate the change of powders into the project,
a new mix matrix was developed (presented in section 7.3.1.3). The results of the small
scale experiments were used to make decisions to reduce the number of mixes of the
original Scunthorpe GGBS:Calumite:Ribblesdale PC system. The P72 and P65 blends
were considered to be of most interest and were chosen as priority mixes to investigate
for these experiments. This is because across the test methods (i.e. mini-slump,
rheometry, particle packing, heat of hydration and yield stress measurements) these two
blends showed the best performance overall. In addition, as in-situ radiography
experiments have not been used to monitor the cement infill process previously, the
extremes of the blend (P100 and P0) were explored. This ensured a broader knowledge

of the performance of the material during these unusual conditions. Additionally, in
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order to capture the effect of the alternative powders, a series of mixes using the new
Port Talbot GGBS:Calumite:Ketton PC system were chosen to achieve a rational
comparison between the two systems. Finally, a few additional formulations were
considered where the two GGBS powders were mixed with each of the PC powders
available. Overall, the formulation matrix going forward encompasses the comparison

between powder sources, particle size and the water/solids ratio.

7.3 Results and Discussion

7.3.1 In-situ Radiography - Experimental

The radiography experiments were conducted to capture the flow of fresh state cement
grout and the infill of simulant nuclear waste. The experimental method mimicked plant
operations, whereby the simulant waste was placed in the container and the cement
grout was pumped and poured in from above the container. The experimental set-up,

from inside the 112 hutch, is shown in Figure 7.3.

LN

Figure 7.3. Image to illustrate the experimental set-up of the in-situ radiography tests
where a) is the location of the cement grout reservoir with magnetic mixer, b) is a
peristaltic pump, and c) is the can filled with THORP hulls, to be analysed during filling.

The set-up consisted of three parts which were: a) the source of fresh cement grout, b) a
peristaltic pump and c) the sample can for analysis. Fresh grout, mixed in a 1 kg batch,

was used for every test and was stirred continuously to maintain agitation throughout
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the experiment. Stainless steel tubing (approx. 15 mm in diameter) cut into ca. 50 mm
sections, with crimped ends, was used as simulant waste to mimic THORP hulls. The
hulls were placed in the sample can prior to the transfer of grout similar to plant
operations. The overall set-up was a very close imitation of what occurs on site at a
smaller scale, except for the lack of vibration. On plant, the waste filled drums are
vibrated to aid the encapsulation process. However, this was not possible as part of this
experimental set-up due to the limitations of the sample stage. Following advice from
industry experts, simulant Magnox swarf (simulant MEP waste referred to in Chapter 2)
was not investigated. The assumption was that the THORP hulls simulant waste would
perform better with no vibration, compared with the obscure shape of the Magnox swarf
simulant. As such, the THORP simulant would provide more beneficial results
considering the short timescale available to perform experiments using the Diamond

Light Source facilities.

7.3.1.1 Experimental method
The dry powder components were combined before the addition of water, and were

hand mixed for two minutes. The pastes were then subjected to a further 10 minutes of
mixing on a Silverson high shear mixer at 5000 rpm to achieve a homogeneous paste.
The grout was then transferred from the cement paste reservoir using a Watson Marlow
peristaltic pump at flow of 60 mL/min, through the pump and into the sample can. The
dimensions of the sample can were; 100 mm (h), 76 mm (w) and 76 mm (d), for each

scan the can was positioned in the same place.

7.3.1.2 Scan details

Data were collected using an X-ray beam energy of 124 keV. A large field of view (LFoV)
camera was used allowing the analysis of samples of approximately 97 x 25 mm. Two
PCO.edge imaging detectors were used with separate optics that view two horizontally
adjacent sections of the sample, where there is a small overlap between the two images.
The images are processed by aligning them before stitching together using the
overlapped region to achieve one large image. A correction is applied by bright field

(0.03 s) and dark field (0.2 s) images.

In order to scan the entire can, it was necessary to divide it into sections, as such the
sample stage was moved at a speed of 8 mm/s, capturing 6 images on each pass moving
down the can. The step of motor movement was 14 mm with an exposure time of 0.2 s
per image. The final six images were then stacked and stitched together vertically to
achieve a complete image of the sample. The overall temporal resolution for each full can

was 25 s and the spatial resolution was 46.9 pixels/mm. This method was repeated
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continuously during the infill process, resulting in a series of images capturing the flow

of the grout.

7.3.1.3 Mix Matrix
The following 14 formulations were chosen to demonstrate a selection of the blends
under investigation. The selection encompasses direct comparisons that will indicate the

effect of PSD, powder source and w/s ratio contributions.

Table 7.1. Formulations used in the Radiography experiments containing simulant

THORP hulls.
Powder mix Powder Source Water/solids ratio
Blend | Reference PC BFS 0.33 0.35 0.37
(GGBS:Calumite)

P100 SCR Ribblesdale  Scunthorpe:Calumite X

P80 SCR Ribblesdale  Scunthorpe:Calumite

P72 SCR Ribblesdale  Scunthorpe:Calumite X X X

P65 SCR Ribblesdale  Scunthorpe:Calumite X X X

P58 SCR Ribblesdale  Scunthorpe:Calumite

P52 SCR Ribblesdale  Scunthorpe:Calumite X
P100 PTK Ketton Port Talbot:Calumite X

P72 PTK Ketton Port Talbot:Calumite X

P65 PTK Ketton Port Talbot:Calumite X

P52 PTK Ketton Port Talbot:Calumite X

P72 SCK Ketton Scunthorpe:Calumite X

P65 SCK Ketton Scunthorpe:Calumite X

7.3.2 In-situ Radiography - Results

During the 48 hours of beamtime awarded to this project, only a proportion of the
allotted time was designated to radiography experiments. As a result the mix matrix was
reduced to 14 formulations that were considered to be of most interest. As part of the
experimental setup, it was necessary to set the pump running and exit the hutch before
analysis via the beam could begin. As such, trial test runs were conducted (with no beam)
to ensure the setup performed correctly. As part of the trial runs, the most and least fluid
pastes (P100 and PO, respectively) for the Scunthorpe GGBS:Calumite:Ribblesdale PC
blend were tested to monitor their performance whilst it was possible to stay near the
equipment. It was discovered that the PO system had a tendency for the coarser particles

to accumulate in the tubing and cause blockages in the setup. Consequently, a total of 14
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samples were run during the radiography experiments but it was not possible to

measure the PO system due to the risk of cement paste leakages.

The first system under consideration is the Scunthorpe GGBS:Calumite:Ribblesdale PC
blend at a 3:1 BFS:PC ratio and a 0.35 w/s. Figure 7.4 shows samples P65 and P100

following the transfer of cement paste, once the infill is complete.

Figure 7.4. Radiography samples at a 3:1 BFS:PC ratio and a 0.35 w/s content following
infill: a) P65, and b) P100 GGBS:Calumite blends.

From visual inspection, the cement grout appears to have infilled successfully for both
samples (Figure 7.4). However, it is clear that there is more material at the top of the
P100 sample can compared to the P65 system, suggesting that a higher THORP hull infill
was achieved with the P65 system. This is where the radiography data are essential to
understand what is happening inside the container and determine how the cement paste

performs.

The infill process of the P65 and P100 systems is presented as a series of images in
Figures 7.5 and 7.6. For the P65 system, in the initial image (a), the simulant waste is
clearly visible and there is no other material in the container. In the next image (b), the
encapsulation process had begun and the cement is demonstrated as a dark mass. As the
encapsulation proceeds (images c-h), the cement infills in and around the simulant
waste, whilst filling the container. Finally, the last image (i) demonstrates a ‘fully

encapsulated sample’ as shown by dark areas representing cement paste.
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Figure 7.5. Series of radiography sample slices (a-i) of the in-situ infill process for the P65
GGBS:Calumite blend at a 3:1 BFS:PC ratio at a 0.35 w/s content with a timestep of
2.5 mins. (Scunthorpe GGBS, Calumite and Ribblesdale PC)

In Figure 7.5, the images begin to darken from the bottom up, suggesting that the cement
paste flows very freely down the can and encapsulates successfully. Full encapsulation
is observed fairly quickly and within 5 minutes. The infill process for the P100 system is
shown in Figure 7.6, it is clear from the sequence of images (a-i) that the cement paste
does not flow freely down the can, and was blocked by the simulant waste. By the final
image (30 mins post start), the cement paste was still clearly blocked by the simulant

waste, this confirmed that the high surface area of the P100 system results in a material
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that is not fluid enough for the encapsulation process. This agrees with data presented
in Figure 4.2, where the P100 system achieves the lowest fluidity compared to the P65
blend that produces increased flow. It also demonstrates the effectiveness of this

experimental method and that the visual appearance of the samples can be misleading.

Figure 7.6. Series of radiography sample slices (a-i) of the in-situ infill process for the
P100 GGBS:Calumite blend at a 3:1 BFS:PC ratio at a 0.35 w/s content with a timestep of
2.5 mins. (Scunthorpe GGBS, Calumite and Ribblesdale PC)

Trials were also carried out on the P65 system at w/s ratios of 0.33 and 0.37, and a direct

comparison can be made to assess the effect of w/s ratio on the flow of cement pastes
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during encapsulation. The final image of the trials for each w/s ratio are shown in Figure

7.7.

Figure 7.7. Radiography sample slices for the P65 GGBS:Calumite blend at a 3:1 BFS:PC
ratio ata) 0.33, b) 0.35 and c) 0.37 w/s content. (Scunthorpe GGBS, Calumite and
Ribblesdale PC)

In Figure 7.7, it is clear that all three formulations have infilled the cans to a certain
extent. However, the 0.33 w/s sample appears to have gaps that have not infilled
successfully along the right hand side of the sample. This is due to the decreased fluidity
of the system and confirms with results presented in Figure 4.2. The 0.35 and 0.37 w/s
systems show very similar encapsulation but when the series of images are studied in
detail, the 0.37 system does encapsulate slightly quicker than the 0.35 equivalent sample.
Although, there appears to be less cement grout infilled into the can at a w/s of 0.37,
which can be explained by some experimental observations. During the P65 formulation
trial at 0.37 w/s content, a small amount of water segregation was observed and the
piping was blocked, which forced the trial to be temporarily stopped. The trial was
restarted and the data continued to record, however the water segregation meant it was
not possible for all of the cement material to be transferred into the sample can.
Therefore, while the higher water-to-solids ratio successfully encapsulated the waste, it
is unreliable and may cause issues during the encapsulation process at larger scale and

on site.

As discussed in section 7.2, these trials incorporated the new powder sources and as
such, the Port Talbot GGBS:Calumite:Ketton PC (PTK) system was tested at different
GGBS:Calumite blends (Table 7.1) to provide a comparison to the original formulation.
The in-situ radiography results for the PTK system are presented in Figure 7.8. The
results show successful encapsulation of the simulant waste in a very similar manner to

the Scunthorpe/Ribblesdale system.
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Figure 7.8. Series of radiography sample slices (a-i) of the in-situ infill process for the
P100 GGBS:Calumite blend at a 3:1 BFS:PC ratio at a 0.35 w/s content. (Port Talbot GGBS,
Calumite and Ketton PC)

The cement paste flows freely down the can and infills from the bottom up. However, an
interesting observation obtained from this data was that horizontal hulls do not infill
very well compared to the vertically aligned hulls. At the bottom right hand corner of the
images, there is a horizontal hull and as the encapsulation occurs it appears that the
cement paste does not penetrate the steel tubing. Unfortunately, there is no control over
how the simulant waste falls into the waste drum (or can in this case) and this suggests

that even with a very fluid system there may be hulls that do not encapsulate fully. On
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plant, this is addressed by vibrating the wasteform, but considering that these trials were

conducted as static samples the cement pastes have performed extremely well.

In addition to visually inspecting the images produced, it was possible to estimate the
voidage for each sample. This was achieved by calculating the volume filled with cement
grout and simulant waste (from their weight and density), measuring the empty volume
before and finally subtracting both of those values from the total volume of the container
used. The effect of water on the voidage of the system is considered by comparing the

P72 and P65 Scunthorpe GGBS:Calumite:Ribblesdale PC, shown in Figure 7.9.
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Figure 7.9. Estimated voidage (* 10 vol. %) for the P72 and P65 GGBS:Calumite blends at
a 3:1 BFS:PCratio and a 0.33, 0.35 and 0.37 w/s content. (Scunthorpe GGBS:Calumite:
Ribblesdale PC system)

The comparison between w/s contents demonstrates that as the water increases, and
therefore increasing fluidity, less voidage was observed. Interestingly, the effect caused
by the change in water content was much greater between the lower (0.33) and 0.35
systems, compared to the 0.35 to the higher (0.37) w/s ratio. The 0.33 w/s mix resulted
in twice as much voidage compared to the 0.35 w/s system in both the P72 and P65
formulations. This effect was caused by the decreased fluidity. However, the difference
between the higher w/s systems (0.35 and 0.37) was not affected to the same extent, but
as previously mentioned there were other issues associated with the 0.37 w/s mix.
Another observation was made between the P65 and P72 system, where the voidage was
almost doubled as the water demand increased. This trend was seen consistently across
all three w/s ratios for the P72 and P65 formulations, suggesting that the particle size

contribution affected the voidage in the same manner regardless of water content. The
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increase of voidage between the P65 to P72 blends validates the decrease in fluidity

observed in the mini-slump test results, shown in Figure 4.2.

The effect of particle size and the effect of different powder sources on the voidage of the
system was also compared, and is presented in Figure 7.10. When comparing the
GGBS:Calumite blends, the P65 appeared to have the lowest voidage, with an increase in
voidage either side of that mix. However, it can be stated that as the GGBS content
increases, the voidage becomes greater but with no further data below the P52 system
this cannot be fully confirmed. Unfortunately, there is no data for the SCK system at a
P100 GGBS:Calumite blend but considering the large increase in voidage observed for

the SCR or PTK powder systems, it can be assumed that it would also show high voidage.

60

50

I
o

m SCR
mPTK

Voidage (vol. %)
3

N
o

m SCK

=
o

P100 P72 P65 P52
GGBS:Calumite Ratio

Figure 7.10. Estimated voidage (+ 10 vol. %) for varying powder sources at 4 different
GGBS:Calumite blends, a 3:1 BFS:PC ratio and a 0.35 w/s content.

The final information to be extracted from these results is the comparison between the
powder sources. The PTK system achieved the lowest voidage across all of the
GGBS:Calumite blends, suggesting that it has the highest fluidity and would be the
preferred material for encapsulation. This is expected following the PSD data presented
in Figure 7.2, where the Port Talbot GGBS and Ketton PC have the greater PSD compared
to their Scunthorpe and Ribblesdale equivalents, and as such a lower surface area
causing increased fluidity due to a decrease in water demand. This increased fluidity is
confirmed in Chapter 8 during the mid-scale trials where PTK achieves a higher Colflow

measurement than the SCR/SCK systems. Overall, it is fair to conclude that the particle
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size of the cement powder used during the infill process has a significant effect on the
encapsulation process. The results have shown that this effect can be caused by varying

the GGBS:Calumite blend, or by changing the powder source.

7.3.3 Tomography of Hardened Samples - Experimental

Tomography experiments were performed on hardened cement samples containing
simulant waste. The samples were cast in metal containers to mimic a full scale
wasteform in order to investigate and understand how the cement paste sets in and
around the unusual shaped wastes. Both THORP hulls and Magnox simulant waste were
used during these experiments. As discussed in section 2.3.1, Magnox is an alloy
consisting of 99.2 wt. % magnesium and 0.8 wt. % aluminium. An example of the
hardened samples is shown in Figure 7.11. Cylindrical cans were used because the
samples were rotated during analysis. As previously mentioned, the full scale
wasteforms are vibrated on plant to encourage full encapsulation but this has to be
carried out via remote handling operations. Therefore, in order to understand the effect
of vibrogrouting, a selection of samples were vibrated and some were left to set with no
vibration. The formulations that were tested compared; the effect of different powders,

the ratio of GGBS:Calumite and the w/s content of the system, as in the previous section.

Figure 7.11. Images of the hardened cement samples containing a) Magnox and b) THORP
hulls simulant waste.

7.3.3.1 Experimental method
The dry components were combined before the addition of water, and were hand mixed

for two minutes. The pastes were then subjected to a further 10 minutes of mixing on a
Silverson high shear mixer at 5000 rpm to achieve a homogeneous paste. The cement

pastes were poured into cans that were pre-filled with simulant waste. Certain samples
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were vibrated for 2 minutes using an ELE International Vibration Table. All of the
samples were then cured and kept static for 28 days at 25 °C. The dimensions of the
cylindrical sample can were 133 mm (h) and 93 mm (d), and the can was positioned in

the same place for each tomographic scan.

7.3.3.2 Scan details

In order to scan the entire can it was necessary to scan in sections, i.e. the sample stage
was moved down and rotated, capturing 4 sections of data in total per sample. The data
were collected using an X-ray beam energy of 124 keV. The same detector was used as
previously discussed (Section 7.3.1.2) to collect tomographic data. However, the sample
was rotated collecting 3600 vertical projections over 0 - 180° resulting in a 0.05° step.
These cross sections were manipulated to form images of a horizontal slice of the sample.
These slices were stacked to produce a reconstruction of one section of the sample.
Finally, the four sets of data for each section were combined to create a 3D

reconstruction of the full sample.

7.3.3.3 Mix Matrix

The formulations chosen to demonstrate a selection of the blends under investigation
are detailed in Tables 7.2 and 7.3. The selection encompasses direct comparisons
between powder sources, water/solid ratios, simulant wastes, and the effect of vibration

on the sample.

Table 7.2. Formulations used in the tomography experiments containing simulant

THORP hulls.
Mix Water/solids ratio
Blend | Reference* Simulant Vibration 0.33 0.35 0.37
Waste
P100 SCR THORP hulls No X
P72 SCR THORP hulls No X X X
P65 SCR THORP hulls No X X X
P52 SCR THORP hulls No X
PO SCR THORP hulls No X
P65 SCR THORP hulls Yes X X X
P72 PTK THORP hulls No X
P65 PTK THORP hulls No X
P65 PTK THORP hulls Yes X

*SCR = Scunthorpe GGBS:Calumite:Ribblesdale PC
PTK = Port Talbot GGBS:Calumite:Ketton PC
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Table 7.3. Formulations used in the tomography experiments containing simulant

Magnox.
Mix Water/solids ratio
Blend | Reference* Simulant Vibration 0.33 035 0.37
Waste

P100 SCR Magnox Yes X
P72 SCR Magnox Yes X
P65 SCR Magnox Yes X
P72 SCR Magnox No X
P65 SCR Magnox No X
P72 PTK Magnox Yes X
P65 PTK Magnox Yes X

*SCR = Scunthorpe GGBS:Calumite:Ribblesdale PC
PTK = Port Talbot GGBS:Calumite:Ketton PC

7.3.4 Tomography of Hardened Samples - Results

In total, 22 samples were analysed and prioritised to encompass the effect of w/s content,
the GGBS:Calumite blend and, how vibration of the sample encouraged encapsulation.
Following the tomography scan, the data were processed to produce horizontal slices of
the sample. A slice from a sample containing THORP hulls simulant and cement paste
made from Scunthorpe GGBS:Calumite:Ribblesdale PC at a 3:1 BFS:PC ratio a P65
GGBS:Calumite blend and a 0.35 w/s content is shown in Figure 7.12. The bright shapes
are the steel simulant waste, the dark grey is non-filled volume, and the mid-grey is the

cement paste.
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Figure 7.12. Sample slice from tomography data for a hardened sample containing
THORP hulls simulant and cement grout at a 3:1 BFS:PC ratio a P65 GGBS:Calumite blend
and a 0.35 w/s. This sample was not vibrated.

From Figure 7.12, the processed data show that although there were some voids, the
sample was encapsulated, with roughly 64 % of the sample slice demonstrating
successful infill. It is also reveals that vertically orientated hulls (which appear in the
slice as circles) infill fully, compared to horizontal hulls (which appear in the slice as
elongated shapes) that are clearly partially encapsulated, or are not encapsulated at all

in concurrence with the radiography data discussed in the previous section.

The data were processed further to produce a reconstruction of a section of the sample
using Avizo 3D Software. The sample slices were stacked in order to build a 3D
representation of the sample, and using the software it was possible to distinguish
between the different materials. Figure 7.13 provides an example of the orientation of

the hulls inside the sample can.

Figure 7.13. Reconstruction of the simulant hulls within a sample.
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From the data it was possible to determine how much of the sample can was infilled with
cement paste, what was simulant waste and if there was any empty space in the sample

can. Each stage of the 3D reconstruction is shown in Figure 7.14 for the P65 sample.

Figure 7.14. Reconstruction of tomography data for a hardened sample containing
THORP hulls simulant and a Scunthorpe GGBS:Calumite:Ribblesdale PC cement paste ata
3:1 BFS:PC ratio with a P65 GGBS:Calumite blend and a 0.35 w/s, where a) is a section of
the sample, b) highlights the voids in the sample, and c) shows just the voids in the
section of sample.

From the reconstruction it is possible to extract the voids in the system, as shown in
Figure 7.14c, giving a representative visualisation of how successful the infill process
was for each sample. The results confirm that there were a number of hulls which were

not infilled, but clearly that some of the hulls were encapsulated completely.

The effect of water on the encapsulation process was investigated by analysing lower
(0.33) and higher (0.37) w/s contents, shown in Figure 7.15. When compared to the 0.35
w/s system (Figure 7.12), the sample slice images show voids at all three water contents
but there was visibly more empty space in the 0.33 w/s formulation due to poor infill.
The results indicate that the optimal formulation (i.e. with the minimal voidage) for
infilling was the 0.37 w/s system as the voidage appeared to decrease with higher water

content from 0.33 to 0.35 to 0.37 w/s.
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Figure 7.15. Sample slice from tomography data for a hardened sample containing
THORP hulls simulant and a Scunthorpe GGBS:Calumite:Ribblesdale PC cement grout at a
3:1 BFS:PC ratio with a P65 GGBS:Calumite blend and a) 0.33 and b) 0.37 w/s. Samples
were not vibrated.

The trend caused by changing the w/s ratio confirmed the assumption that at a higher
water content, and therefore increased fluidity, the infill was more successful. These data
agree with results presented in Chapter 4, where the fluidity was recorded from mini-
slump testing in Figure 4.2. However, segregation was also observed at higher w/s ratio
and therefore, it may not necessarily be a suitable option to achieve all of the desired
performance criteria. This was also highlighted when the bleed of the systems was

monitored in Chapter 8.

Another comparison that was investigated was the effect of altering the GGBS:Calumite
blend ratio. Figure 7.16 illustrates the sample slice data for a P100 and PO
Scunthorpe GGBS:Calumite:Ribblesdale PC blend at a 3:1 BFS:PC ratio and a 0.35 w/s

content. Reconstructions of the voids from those samples are shown in Figure 7.17.
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Figure 7.16. Sample slice from tomography data for a hardened sample containing
THORP hulls simulant and a Scunthorpe GGBS:Calumite:Ribblesdale PC cement grout at a
3:1 BFS:PC ratio with a) P100 and b) PO GGBS:Calumite blend and a 0.35 w/s. Samples
were not vibrated.

a)

Figure 7.17. Reconstruction of tomography data for hardened samples containing THORP
hulls simulant and a Scunthorpe GGBS:Calumite:Ribblesdale PC cement paste ata 3:1
BFS:PC ratio with a) P100 and b) PO GGBS:Calumite blend and a 0.35 w/s content.

Figures 7.16 and 7.17 demonstrate that changing the GGBS:Calumite blend had a
significant effect on the success of the encapsulation process. Figure 7.17a highlights the
high volume of voids (blue mass) in the P100 system, and it is clear that the high surface
area cement powder has not infilled properly because the majority of the sample is
empty space. In comparison, the low surface area cement powder blend, PO, (Figure
7.17b) encapsulated the simulant waste very effectively as there is very little empty
space (blue mass) reconstructed from the data. When comparing these two samples to
the P65 systems from Figure 7.13, itis fair to conclude that as the GGBS contentincreases,
the voidage in the system increases significantly. These results are in agreement with
observations from the radiography experiments, where although the top of the sample
container appeared to be encapsulated, it was clear from the images that the cement

grout did not infill properly. These results also complement the yield stress values
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recorded in Chapter 4, where the P100 system required significant shear stress to

achieve any movement.

All of the samples discussed thus far were not vibrated during production. Following this
a selection of the sample formulations were duplicated and then vibrated for 2 minutes
before allowing them to set. These additional samples were produced in order to
investigate the effect of vibration on cement pastes during encapsulation. A vibrated
sample with a 3:1 BFS:PC ratio ata P65 GGBS:Calumite blend and a 0.35 w/s content was
produced, and the result is shown in Figure 7.18. The most significant feature is that
there is very little dark grey (representative of voids) visible in Figure 7.18a, suggesting
very minimal voidage in the sample. This was confirmed from the reconstruction of voids
within the sample in Figure 7.18b, where the majority of the image was white with very
little blue mass especially compared to the equivalent non-vibrated sample in Figure
7.14. This result confirmed that the vibration process carried out during the production
of the simulant wasteform influences the encapsulation process quite significantly.
Although, the analysis carried out here has shown that decreasing the surface area of the
cement powder also improves the infill process. Therefore, if in the future, it is not
possible to vibrogrout these products on plant, there is potential that the vibrogrouting

may not be an essential step in the encapsulation process for THORP hulls.

Figure 7.18. Reconstruction of tomography data for a vibrated hardened sample
containing THORP hulls simulant and a Scunthorpe GGBS:Calumite:Ribblesdale PC
cement paste at a 3:1 BFS:PC ratio with a P65 GGBS:Calumite blend and a 0.35 w/s: a)
sample slice, and b) reconstruction of the voids in the sample.

The final comparison to discuss in terms of samples containing THORP hulls as simulant

waste is the effect of changing the powder source. Tomographic analysis was also carried
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out on a series of Port Talbot GGBS:Calumite:Ketton PC samples. A very similar trend
was observed between the different powder sources, i.e. as the Calumite content
decreases there is an increase in voidage. This confirms that the Calumite is the major
contributing factor in all of these samples. However, the PTK system does have less
voidage when a direct comparison is made between the GGBS:Calumite blends.
Therefore, in agreement with the radiography experiments presented in the previous
section, this would suggest the Port Talbot GGBS:Calumite:Ketton PC is a slightly more
fluid system, which was expected due to the wider PSD of the Part Talbot GGBS.

The next set of samples under discussion, investigate the encapsulation of simulant
Magnox swarf. The simulant itself consists of a metal ‘back-bone’ structure with thin fins
attached and as such, forms small and difficult to access spaces. This in turn makes it
quite a difficult material to encapsulate. This was investigated by generating samples
with different parameters. The most interesting comparison to discuss was the effect of
vibrating the sample or not. Analysis was carried out on the
Scunthorpe GGBS:Calumite:Ribblesdale PC formulation using a 3:1 BFS:PC ratio with a
P65 GGBS:Calumite blend at a 0.35 w/s content, where one sample was vibrated and the
other left to set immediately after casting the product. The comparison between the two
samples is presented in Figure 7.19. Instantly, the first observation between the two
sample slice images (Figures 7.19a and 7.19d) shows that there was practically no
voidage in the sample that was vibrated. In comparison, the non-vibrated sample
highlights that the metal fins do not encapsulate effectively. The reconstruction of the
voids in Figures 7.19c and 7.19f depicts the severe difference in empty space between
the two samples. The vibrated sample contains nearly no blue mass at all, suggesting that
the encapsulation was very successful, unlike the non-vibrated sample where there is a

large volume of empty space.

From the data collected for the simulant Magnox samples, it is clear that the P65 system
is not fluid enough to encapsulate the waste successfully without the aid of vibration
during the casting process. The results also confirmed that if vibration is used the
encapsulation process can be very effective, thus providing strong evidence for the
nuclear industry that the vibration process is working and that it can applied to Magnox

samples with the confidence that the fins will be fully encapsulated.

111



Figure 7.19. Reconstruction of tomography data for hardened samples containing
Magnox simulant and a Scunthorpe GGBS:Calumite:Ribblesdale PC cement paste ata 3:1
BFS:PC ratio with a P65 GGBS:Calumite blend and a 0.35 w/s, where in a-c the sample was
not vibrated and in d-f sample was vibrated. a+d) sample slice, b+e) reconstruction of the
sample and c+f) reconstruction of the voids in the sample.

7.3.5 Full Reconstruction
In order to obtain a fuller reconstruction and analysis of the tomographic samples,

further processing was carried out by 3Dmagination, who are a professional imaging
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company based at the Rutherford Appleton Laboratory, Harwell. Acknowledgments go
to Kamel Madi and Loic Courtois for the data processing. The images produced are

presented in this section.
The samples investigated were:

1. Scunthorpe GGBS:Calumite:Ribblesdale PC for the P65 GGBS:Calumite blend at a
0.35 w/s containing simulant THORP hulls (no vibration)
2. Scunthorpe GGBS:Calumite:Ribblesdale PC for the P65 GGBS:Calumite blend ata

0.35 w/s containing Magnox swarf simulant (with vibration)

These samples were chosen because sample 1 represents the baseline mix that has been
investigated throughout this thesis and sample 2 was chosen in order to monitor the
infill of Magnox swarf. However, due to the findings from analysing sample sections, it
was clear that the non-vibrated Magnox swarf sample did not infill and more value would

be gained from reconstructing the vibrated equivalent.

A basic reconstruction of the sample containing THORP hulls is presented in Figure 7.20.
This was the first step needed to align and stitch the data set together to form the 3D

image.

Figure 7.20. Image of the alignment of the full sample in order to stitch the dataset
correctly of Sample 1.

Figure 7.20 provides a 3D representation of the full sample. Similar to the images of the

sample slices (section 7.3.4), it is possible to distinguish between the cement grout (pale
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grey), stainless steel tubing (white) and empty pore volume (dark grey). A cross section

of the samples is shown in Figure 7.21.

Figure 7.21. Cross section of all four sections of Sample 1 following alignment.

Figure 7.22. 3D visualisation of pores (red) within the simulant THORP hulls within
Sample 1.

Figure 7.21 demonstrates a cross section of Sample 1 once the alignment process had
been applied. Some of the simulant waste appears to be oblong shaped, but this is due to
the angle that the stainless tubing was sitting within the sample. From the cross section,
it is fair to conclude that the majority of dark areas (i.e. voidage) occurs within the

simulant waste. The next step in the analysis was to determine the volume and location
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of empty pores. Figure 7.22 presents a 3D visualization of the simulant THORP hulls with
the pore volume highlighted in red.

The 3D visualisation illustrates how the majority of the pores occur in hulls in a
horizontal orientation. This was also observed during the radiography experiments.
Further manipulation of this data would provide the volume of empty pores and

relationship between hull orientation and voidage.

The second sample that was analysed by 3Dmagination contained the Magnox swarf
simulant. The full reconstruction clearly shows that the Magnox simulant waste does not
encapsulate fully because voids are visible in between the metallic fins of the cladding. A

full cross section of the sample is shown in Figure 7.23.

Figure 7.23. Cross section of all four sections of Sample 2 following alignment.

Figure 7.24 demonstrates a full 3D image of sample 2 where the cement is in blue, metal
pieces are silver and the pores in the sample are represented in orange. By distinguishing
the different components, it is possible to highlight that the majority of the pores are

near the surface of the simulant Magnox waste.
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Figure 7.24. 3D image of Sample 2, where the cement is coloured blue, metal is silver and

orange represents the pores/voids.

An artifact that was much more common in the sample containing Magnox waste was
the formation of cracks. Data to illustrate these cracks has been extracted and is shown
in Figure 7.25. The large pores near the metallic pieces are shown in yellow and it
appears that the cracks link between them (shown in red). It is likely that these pores
cause stress concentration and act as a driving force for crack propagation. The metallic

pieces behave as obstacles for the cracks preventing them from growing any further.

Figure 7.25. 3D visualisation of Sample 2 to illustrate interaction of cracks with the
simulant Magnox waste.
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7.4 Conclusions

In this chapter, beamline-based analysis was used to investigate the encapsulation
process used by the nuclear industry, both in-situ in 2D, and ex-situ in 3D. A series of in-
situ radiography experiments were carried out where the real-time infill of simulant
nuclear waste was captured in a series of images. This is the first time anyone has
successfully conducted time resolved X-ray tomography of cement flowing in and
around objects in a nuclear waste immobilisation context. The experiments were a very
close representation of the process used on plant and were very successful, producing

interesting and reliable results.

The results show that although the top of a sample can could appear to have
encapsulated fully, this does not necessarily represent the whole sample. It was found
that the ‘stiffer’ material with a high surface area (P100) did not infiltrate the simulant
hulls and just set at the top of the can. In comparison the P65 systems infilled fluidly to
the bottom of the can, and this was found in both the SCR and PTK cement systems. The
PTK system produced a slightly lower voidage overall compared to the SCR equivalent,
and this is likely due to the broader PSD of the cement powder as analysed in the
previous chapters. In terms of water content, the 0.33 w/s system did not infill quite as
effectively as the higher water ratios, but still infiltrated the hulls fairly well. However,
regardless of the cement system used it was clear that the orientation of the simulant
THORP hulls influenced the encapsulation. Hulls that were vertical in the can infilled

much more effectively than those that were horizontal.

Tomographic analysis was carried out on hardened samples that were cured for 28 days.
A series of parameters were investigated including the powder sources, GGBS:Calumite
blend and w/s content. The effect of vibration and non-vibration of the samples was also
investigated to understand the importance of that additional step in the encapsulation
process. The data show that as the Calumite content decreases, the voidage in the
samples increases, and this is true across different powder sources. It was also found

that as the w/s content increases, the empty space within the sample decreased.

Overall, both sets of experiments highlight the importance and the effect of changing the
PSD of the cement paste used on the encapsulation process. This chapter has also
provided the UK nuclear industry with more in-depth detail about how successful the
encapsulation process is, and some evidence to support the current process they are

using.
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8 Scale up Trials

8.1 Introduction

As discussed in Chapter 2, the nuclear industry has a required performance specification
[61] that cement grout must conform to, for it to be used as part of the encapsulation
process. These properties are measured by a series of test methods collectively known
as an ‘acceptance test’. The acceptance test requires a 3 litre batch and follows a strict
mixing regime in order to assess the fluidity, setting time and bleed of the cement grouts.
Understanding the behaviour of the cement grouts as a function of the PSD of the systems
will strongly underpin the science behind the need to blend the GGBS and Calumite
materials. In this chapter, having considered the results of the small scale trials and the
experiments carried out at the Diamond Light Source, mid-scale trials were carried out

on a smaller selection of mixes.

The second section of this chapter discusses the large scale trials (500 L) carried out at
the National Nuclear Laboratory (Workington Site) to complete the experimental
programme of this project. The plant scale products mimic the wasteforms produced on
the Sellafield site. Large scale trials, such as the ones carried out here, are not conducted
very often but are crucial in understanding the effect of the PSD between laboratory and
plant scale. They also provide the opportunity to try different options such as infill

parameters and formulation to then observe how successful the infill is as a result.

8.2 Results and Discussion

8.2.1 Mid-scale Trials

The mid-scale trials were carried out on 3 litre mixes, which is the standard amount of
grout used in the acceptance test at NNL. The BFS:PC ratio was maintained at 3:1
throughout these trials, and three w/s ratios were considered: 0.33, 0.35 and 0.37. In
order to accommodate the additional powder sources requested for investigation by the
industrial sponsors (Ketton PC; Port Talbot GGBS blended with Calumite, and historic
Redcar BFS), the formulation matrix described in Chapter 3 was developed further to
incorporate reasonable comparisons between different grout mixes. The formulations

chosen for acceptance testing are identified in Table 8.1, indicated by an X".
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Table 8.1. Formulation matrix for 3 litre acceptance mixes.

Mix Powder Source Water/solids ratio
Blend | Reference PC BFS 0.33 035 0.37
(GGBS:Calumite)

P100 SCR Ribblesdale  Scunthorpe:Calumite X X X
P80 SCR Ribblesdale  Scunthorpe:Calumite X

P72 SCR Ribblesdale  Scunthorpe:Calumite X X X

P65 SCR Ribblesdale  Scunthorpe:Calumite X X X
P58 SCR Ribblesdale  Scunthorpe:Calumite X

P52 SCR Ribblesdale  Scunthorpe:Calumite X X X
P42 SCR Ribblesdale  Scunthorpe:Calumite X
P32 SCR Ribblesdale  Scunthorpe:Calumite X
P22 SCR Ribblesdale  Scunthorpe:Calumite X

PO SCR Ribblesdale  Scunthorpe:Calumite X X X
P72 PTR Ribblesdale  Port Talbot:Calumite X
P65 PTR Ribblesdale  Port Talbot:Calumite X
P100 PTK Ketton Port Talbot:Calumite X
P72 PTK Ketton Port Talbot:Calumite X
P65 PTK Ketton Port Talbot:Calumite X
P52 PTK Ketton Port Talbot:Calumite X
P72 SCK Ketton Scunthorpe:Calumite X
P65 SCK Ketton Scunthorpe:Calumite X

- Redcar Ribblesdale Redcar* X X X

* Redcar makes up the whole BFS fraction and is therefore not blended with Calumite.

The selection of 31 mixes encompasses the comparison between w/s ratio, PC supply,

GGBS supply and the effect of the GGBS:Calumite blend across these parameters.

8.2.1.1 Colflow Measurements
One of the main performance criteria required for successful encapsulation is the fluidity

of the system. This was measured using the Colflow method, applied to all the
formulations stated in Table 8.1, as one of the acceptance test methods. The results for
the 10 blends of GGBS:Calumite at a 3:1 BFS:PC ratio and a 0.35 w/s content are
presented in Figure 8.1. The results show that as the Calumite content increases, an
increase in the fluidity is observed which is due to a decrease in surface area of the
powder, resulting in a lower water demand. This effect caused by the PSD of the system
agrees with the observations in the small scale trials described in Chapter 4, in

agreement with laboratory scale measurements, the fluidity reaches an optimum point.
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The optimum blend of GGBS:Calumite material at small scale in Chapter 4 was found to
be the P22 system, compared to the mid-scale trials where this point was achieved in the
P32 formulation. This suggests that there are fluidity changes observed when the cement

grouts are scaled-up to 3 litres.
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Figure 8.1. Colflow fluidity for the 10 GGBS:Calumite blend ratios at 3:1 BFS:PC ratio and
ata 0.35 w/s content for t=0 and t=150. Ribblesdale PC and Scunthore GGBS were used.

The fluidity of the systems was measured immediately following mixing (t=0) and after
a ‘hold-up’ of 150 minutes (t=150). During the hold-up period, the cement grouts are
kept agitated for the whole duration. The significance of monitoring the material during
this time is to ensure that the grout remains useable and conforms to specification
requirements in the event of any unforeseen/unexpected plant hold-ups. Ideally, the
cement grout would be used immediately, represented by t=0 measurements but this is
not always possible. This is highlighted by the P100 system where at t=150, it was not
possible to record a measurement because it did not flow out of the tundish in order to
take a flow reading. Generally, the drop in fluidity between t=0 and t=150 becomes
greater with decreasing GGBS content and this can be attributed to the reactivity of the
system which was observed in the calorimetry data presented in Chapter 6. Att = 150 in
Figure 6.1, the cement mixes with a high GGBS content have a greater total heat evolution
because the reactivity of the system increases with increasing slag content. However, the
PO system does not have the lowest total heat evolution at this early stage and this is
illustrated by a decrease in workability observed in Figure 8.1. This is validated as a
significant drop in flow is observed for the PO system which is because the only

contributing binder at t=150 is the Portland cement. These observations confirm that
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behaviour seen at large scale can be explained by fundamental science at small scale. In
order to compare between the Scunthorpe GGBS:Calumite:Ribblesdale PC and the Port
Talbot:Calumite:Ketton PC formulations, the fluidity of the latter system was analysed
using fewer GGBS:Calumite blends. A similar trend was observed with the P100 system

at t=150, which did not flow at all (data shown in Appendix D).

The Colflow method was also carried out at different w/s ratios in order to monitor the
effect of water on the systems. Five GGBS:Calumite blend ratios were considered at 3

different w/s contents (0.33, 0.35 and 0.37), data shown in Figure 8.2.
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Figure 8.2. Comparison of Colflow fluidity of grouts with w/s ratios of 0.33, 0.35 and 0.37

for 5 GGBS:Calumite blend ratios at 3:1 BFS:PC ratio. a) t=0 and b) t=150. Ribblesdale PC
and Scunthorpe GGBS were used.
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The results demonstrate that as the water content increases the fluidity of the system
increases, which is to be expected. However, as previously discussed in Chapter 4, simply
increasing the w/s ratio is not a suitable solution for plant operations due to the possible
formation of bleed and the complications that could arise as a consequence (i.e. the
generation of secondary wastes). As with the results observed in Figure 8.1, there is a
clear loss of fluidity between the t=0 and t=150 data. This is highlighted by the lack of
results obtained for some formulations, for example in the P100 system, there was no
flow recorded for the 0.33 w/s system, confirming the increased water demand of the
fine particles. At t=150, the only P100 system to produce a tangible result was the 0.37
w/s system however there is no data for the PO system at a 0.37 w/s content. This is
because the Colflow measurement was greater than the length of the test channel
(1020 mm) and severe water segregation was observed. The differences captured by
these tests display the sensitivity of the grouts: changing the PSD and the w/s ratio

slightly can cause significant changes in the performance of the system.

The final Colflow comparison to consider is the change of powder source and the effect
it has on fluidity of the system. The results are shown in Figure 8.3 for the different
powder combinations, using a formulations fixed to the P65 GGBS:Calumite blend at a

0.35 w/s ratio.
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Figure 8.3. Comparison of Colflow fluidity of different powder sources for GGBS:Calumite
P65 blend ratios at 3:1 BFS:PC ratio and a 0.35 w/s.

The GGBS:Calumite systems, regardless of powder source, show very similar results and

again show a substantial loss of fluidity after the hold-up time. Interestingly, when these
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formulations are compared to the cement grout containing Redcar GGBS:Ribblesdale PC,
the powder that the specification [58] was originally written for and was used
historically, the original material has a much lower flow than the powders that are
currently in use on plant. This means the current grout will perform better during plant
hold-ups/delays than the original formulation. A very similar result was observed for
the P72 system but a decrease in fluidity was observed due to an increase in the powder

surface area (data shown in Appendix D).

8.2.1.2 Bleed Measurements
The segregation of water within a cement grout can cause settlement of supernatant at

the top of the sample. This supernatant is known as bleed [108, 139], and is monitored
as part of the acceptance test methods. Aliquots of 100 mL were taken from the 3 litre
grout mixes at 30 minutes intervals (after the termination of mixing) for the entire hold-
up duration, then each was tested after 24 hours as described in Chapter 3. Therefore,
each mix has 6 bleed samples and these were monitored at 24 hours in order to
understand the behaviour of the bleed property. Figure 8.4 shows the results for the ten
GGBS:Calumite blends at a 3:1 BFS:PC ratio and a 0.35 w/s content. Many of the
formulations showed no bleed at all, but as the Calumite content increased, the
observation of water settlement became more prominent. At t=0, bleed was observed
for the P58 to PO blends. However, after the hold-up mixing time no bleed was observed
on the t=150 samples, with the exception of the PO system where a 2 vol. % water
segregation was still maintained. For the cement grouts to conform to the Sellafield
specification, the bleed of the t = 150 samples must be 2 vol. % or less at 24 hours [58].
Therefore, although the P32, P22 and PO systems technically adhere to the required
performance criteria, they should be avoided because the grout is often used

immediately and bleed is observed in the samples prior to t = 150 for those formulations.
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Figure 8.4. Bleed measurements for the 10 GGBS:Calumite blend ratios at 3:1 BFS:PC ratio
and at a 0.35 w/s content taken at t=0, 30, 60, 90, 120 and t=150. Ribblesdale PC and
Scunthore GGBS were used.

As with the Colflow results, the powder source combinations for the P65 systems at 0.35
w/s content were compared in terms of bleed, shown in Figure 8.5. The samples
containing Scunthorpe GGBS exhibited no bleed throughout the mixing time, unlike the
Port Talbot GGBS where bleed was observed in the initial samples but this was not seen
after 90 minutes. This difference is attributed to the slightly coarser particles within the
Port Talbot material resulting in a lower surface area and therefore, a lower water
demand. It also highlights the effect that small changes in the PSD of the cement powder
used does significantly change the performance of the grouts, which underpins the

importance of this research project.
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Figure 8.5. Bleed measurements for different powder sources at a P65 GGBS:Calumite
blend ratio, a 3:1 BFS:PC ratio and at a 0.35 w/s ratio taken at t=0, 30, 60, 90, 120 and
t=150.

The bleed data for the Redcar material is included in Figure 8.5 and does not follow the
same linear trend as the other powder formulations. The samples show a constant
change of 2.5 # 0.5 vol. % bleed between measurements at 30 and 120 minutes. Water
segregation was observed for every sample measurement, with a 1 vol. % bleed still
observed in the final sample at t=150 minutes. This bleed performance does fit within
the Sellafield specification but it is desirable to eliminate the presence of any bleed.
Particle packing is quite likely to be the reason that the bimodal GGBS:Calumite blends
flow much better and do not bleed in the same way the Redcar systems do. This is
because of the ability for smaller particles to pack in between larger ones, increasing
reactivity and reducing water demand, when a bimodal distribution is observed
inducing better flow. Whereas, Redcar is closer to monosized and so in comparison does
not pack so closely and is more similar to a fuller distribution which results in a decrease
in fluidity [92, 93].

8.2.1.3 Setting Time

The setting time for all of the cement pastes was monitored both manually and using
automatic apparatus. The results of the manual Vicat tests demonstrated that all of the
formulations from Table 8.1, at a 3:1 BFS:PC ratio and a 0.35 w/s content, meet the
Sellafield specification of an initial setting time greater than 4 hours and a final setting

time less than 24 hours.

Automatic Vicat testing was carried out in order to get an estimate for the initial set of

the cement systems. If the ten baseline GGBS:Calumite blends at a 0.35 w/s content are
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considered, it shows that in general as the Calumite content increases the setting time
is lengthened, as shown in Figure 8.6. This confirms reported literature that as the
content of coarse material increases the cement matrix will have a delayed setting time,
but will likely achieve set at alower degree of hydration [140, 141]. The trend and values
obtained are similar to those reported by previous studies investigating GGBS and PC
systems at different particle sizes. However, the data obtained for the system under
investigation here are slightly higher which is to be expected as the PSD of Calumite is

greater than that used in the reported literature [142].

This method defines the initial set to be when a depth value of 5 mm (distance above the
bottom of the mould to which the needle penetrates) is achieved, the time taken for this
to be achieved, is reported in Figure 8.6. Although there are values for the PO and P22
systems, when the results are analysed further, the depth does not increase linearly as it
does with the rest of the ten GGBS:Calumite systems. This suggests that the high coarse
material content of the PO and P22 systems is affecting the reliability of this test method,

and the true setting time is likely to be longer than stated here.
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Figure 8.6. Automatic Vicat setting time measurements for the 10 GGBS:Calumite blend
ratios at 3:1 BFS:PC ratio and at a 0.35 w/s content. Measurement started at t=150.

The automatic Vicat testing was carried out in a laboratory environment and as such
could be affected by ambient temperature. In order to monitor this, the temperature of
the lab was recorded during every mix. The temperatures reported for these mixes were
+ 2 °C of each other. However, there was a significant 5 °C drop in temperature for the

P52 mix compared to the rest of the mixes, which would have contributed to the

126



extended time taken for the system to set (9.5 hours compared to ~8 hours for the blends

either side).

8.2.1.4 Dimensional Stability
The dimensional stability of a material or structure is the property used to describe the

ability to maintain or retain its shape and size [143]. Shrinkage can affect the stability of
hardened cements and attributed to delayed hydration, microstructure rearrangement
and also alters strength progression [144]. During this study, dimensional stability
measurements were carried out to monitor the behaviour of the cement grouts over the
curing period (90 days) and any shrinkage /expansion of the products was recorded. The
results for the ten baseline GGBS:Calumite blends ata 0.35 w/s ratio are shown in Figure

8.7.
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Figure 8.7. Dimensional stability data for ten GGBS:Calumite blends at a 3:1 BFS:PC ratio
and 0.35 w/s content over 90 days.

All of the ten formulations demonstrated shrinkage initially but this started to plateau
after 42 days. An interesting observation is that the systems containing a high wt. % of
GGBS reported a greater change in length (expansion) compared to the PO system that
showed the least at 4.4 pm/m. This suggests that the PSD of the system affects the
stability of the system over this time period due to the increased reactivity observed
within the blends containing the finer GGBS material. Resulting in the presence of
hydration products such as C-S-H which occupy less space than water or cement.
Therefore, a higher Calumite content system produces fewer hydration products causing
less shrinkage. This is supported by XRD data for 28 day samples presented in Chapter

6, where it was found that as the GGBS content increases the degree of hydration is
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greater, leading to increased formation of C-S-H causing further shrinkage. It has also
been reported that shrinkage in systems containing slag show greater shrinkage
compared to PC equivalents [35, 145]. This is due to increased sensitivity to water loss
and a higher porosity inducing shrinkage within the hardened materials [146]. This
again agrees with the blends under investigation, where the PO is predominantly
controlled by the PC fraction and shows least shrinkage compared to the other systems

containing GGBS that is causing a change in stability.

In terms of the nuclear industry, an acceptable amount of change is considered to be
within a 2000 (pm/m) strain range which represents a movement of 0.2 %
expansion/shrinkage [147]. All of the products cast, sit comfortably within this range
and can therefore be considered a usable system. They also show comparable results to

data published during other studies [146, 148, 149].
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Figure 8.8. Dimensional stability data for mixes that consider different powders sources,
combinations and w/s contents from Table 8.1 at a 3:1 BFS:PC ratio and 0.35 w/s content
over 90 days.

The dimensional stability results for all of the mixes from Table 8.1 are shown in Figure
8.8. This data highlights that regardless of the powder source, formulation combination

or w/s ratio, all of the prisms tested did not exceed the expansion and shrinkage limits.
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The PO system for both the 0.33 and 0.37 w/s content mixes show the same trend as the
0.35 w/s system, where the shrinkage is very little, and so there are higher strain values.
As with the Scunthorpe GGBS:Calumite:Ribblesdale PC systems, the general trend shows

initial shrinkage before stabilising between 42 and 56 days.

82.1.5 Rheometry

Similarly to the small scale trials described in Chapter 4, shear rate-shear stress
measurement were recorded for each of the mid-scale 3 Litre trials. The measurements
were recorded using a Lamy Rheology RM200 rheometer on samples taken following
the initial 20 minute mix period (i.e. t=0). The results for the 10 formulations from Table

3.4 (Chapter 3) at a 3:1 BFS/PC ratio and 0.35 w/s content are presented in Figure 8.9.
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Figure 8.9. Rheometer data for all 10 GGBS:Calumite SCR blends at a 3:1 BFS:PC ratio and
a 0.35 w/s content (3 Litre trials).

The results found at mid-scale are very comparable to the data obtained at small scale,
discussed in Chapter 4. All 10 formulations follow the Bingham model fairly well but as
the Calumite content increases, the results start to deviate from the linear part of the
ideal. Similarly, to the small scale trials, the PO system deviated from the Bingham model
and falls out of trend. This was also observed for PO at a 0.33 and 0.37 w/s content,

shown in Figures 8.10 and 8.11 (measured on a smaller selection of formulations).
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Figure 8.10. Rheometer data for 5 blends of GGBS:Calumite SCR at a 3:1 BFS:PC ratio and

300

250

200

150

100

Shear stress (t) / Pa

50

a 0.33 w/s content (3 Litre trials).

—e—P100

—&—P72
—%— P65

—m— P52

—*—P0

vvvvv
vvvvvvvvvvvvvvvvvv
vvvvv

st )
At EEEIRE SSE000000000¢

Tor rrory Lt il

20 40 60 80 100
Shearrate (y') /s?

Figure 8.11. Rheometer data for 5 blends of GGBS:Calumite SCR at a 3:1 BFS:PC ratio and

a 0.37 w/s content (3 Litre trials).

The yield stress was calculated for each of the formulations and the results are shown in

Table 8.2. As the Calumite content increases the yield stress decreases, this is true until

blends P22 and PO. These results confirm the divergence from the Bingham model

observed in Figures 8.9 and also replicate the data observed at small scale. Another

interesting observation is that the yield stress values obtained here are very comparable

to those recorded on a different instrument at small scale. This suggests that the method

used was appropriate for the material being measured and that smaller scale samples

can be used to predict yield stress.
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Table 8.2. Yield stress values measured by extrapolation of the Bingham model for a
selection of the GGBS:Calumite blends at a 3:1 BFS:PC and a 0.33, 0.35 and 0.37 w/s ratios
(3 Litre batch trials). Values in italics are considered unphysical or unreliable.

Mix Yield Stress (Pa)
0.33 0.35 0.37
P100 171.7 92.5 61.8
P80 444
P72 45.6 30.5 211
P65 33.5 22.4 15.2
P58 17.1
P52 19.8 12.6 9.9
P42 11.2
P32 9.8
P22 15.9
PO 77.0 58.8 74.6

As part of the ‘acceptance mix’ procedure, the 3 litre batch formulations were mixed or

‘held-up’ for 150 minutes following the initial mixing period. During this time, aliquots

of cement paste were taken at 30 minute intervals to monitor the rheology of the system.
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Figure 8.12. Rheometer data for P65 (GGBS:Calumite) at a 3:1 BFS:PC ratio and a 0.35 w/s
content at t=0, 30, 60, 90, 120 and 150 minutes (3 Litre trial).
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The rheometer results are shown in Figure 8.12 and the correlating yield stress values

are presented in Table 8.3.

Table 8.3. Yield stress values measured by extrapolation of the Bingham model for blend
P65 (GGBS:Calumite) at a 3:1 BFS:PC and a 0.35 w/s ratios at t=0, 30, 60, 90, 120 and 150
minutes (3 Litre batch trials).

Time (minutes) Yield Stress (Pa)
0 22.4
30 25.6
60 29.7
90 324
120 35.8
150 39.4

As the length of the grout mixing time increases, the yield stress also increased. This is
to be expected because fluidity is lost as the ‘hold-up’ time increases due to chemical
reaction and shear thickening. It appears to occur in a linear manner suggesting there
isn’t a sudden increase in the yield stress over the required acceptance mix period. This
trend is observed across all of the 10 GGBS:Calumite blends with the exception of the PO
system. As with many of the other results, the PO system produces inconsistent

unreliable data.

Overall, the rheology of the system behaves very similarly from small to mid-scale.
Therefore, going forward, small/bench scale trials could be used with confidence to
predict the yield stress of the systems and as such removing the need for trials using

large masses of material.

8.2.2 Plant Scale Trials

The full scale trials were carried out in 500 L drums using stainless steel tubes cut into
lengths of ca. 50 mm and partially crimped at the ends as simulant waste to mimic
THORP hulls produced from reprocessing. It was clear from the Diamond Light Source
grout infilling data described in Chapter 7, that at typical plant fluidities vibration was
required for successful encapsulation of the Magnox swarf but may not be as crucial for
the THORP hulls. Therefore, to fully investigate the results observed at small-scale, the
wasteform was produced without vibrogrouting and used THORP hulls as a simulant.

The drums were filled with simulant prior to infill, as shown in Figure 8.13.
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Figure 8.13. Image of 500 L drum filled with simulant THORP hulls prior to infilling.

Two large scale trials were carried out at a 3:1 BFS:PC ratio and at a 0.35 w/s content.
Although this is not the set point used on plant, it is the ratio that has been used
throughout this project and therefore provided a direct comparison between small and
large scale results. Continuity of the project was also the reason that one of the cement
grouts used was based on the Scunthorpe GGBS:Calumite:Ribblesdale PC (SCR)
formulation. The second formulation was a blend of
Port Talbot GGBS:Calumite:Ketton PC (PTK) because it is the current formulation being
used on plant. In terms of the ratio of GGBS:Calumite used, ideally the optimum blend
would have been predicted using the model described in Chapter 5 with further testing
to confirm its performance. However, this did not prove a reliable enough method, and
therefore the logical blend to take forward from results obtained in this project was the
P65 blend. Even though the Port Talbot:Calumite blend is used at a 70:30 ratio on plant,
the P65 GGBS:Calumite blend was used for both trials in order to get a direct comparison
between the powders. The infill process was carried out using the same parameters
stated in the plant settings manual [54] and therefore provides a direct comparison to
wasteforms produced on site, with the exception of vibrogrouting. The infilling for both
trials took ca. 12.5 minutes; both were carried out on the same day and were left to cure

for 7 days at 25 °C.

As with the mid-scale mixes, fresh state properties of the cement grout used were
measured during the trial, data shown in Table 8.4. The Colflow results measured for the

large scale trials were much lower than the equivalent at mid-scale. The SCR and PTK
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systems achieved Colflows of 650 and 680 mm respectively in the 3 litre mixes
compared to 480 and 530 mm at large scale. This difference from medium to large scale
is likely due to different mixing intensities, transfer times and most likely the change in
the amount of cement being mixed in one batch. It is well reported that the hydration
kinetics, rheological features and agglomeration of cement pastes are affected by
different speed and intensities of mixing [150-153]. More vigorous mixing of the cement
paste leads to greater hydration. Although a substantial difference is observed during
scale up, the coarser PTK system still achieves a higher fluidity compared with the SCR
formulation, which agrees with results observed at small scale. Therefore, the behaviour
and effect of the PSD on the cement grout remains consistent regardless of scale but this
observed loss of fluidity in large-scale trials should be taken into account when choosing

the correct GGBS to Calumite blend.

Table 8.4. Fresh state properties of the two large scale trials.

Mix w/s Bleed at 24 Colflow (mm) Setting (hrs)
Reference hours in 100 mL
(vol. %) t=0 t=after | Initial Final
infill
SCR0.35P65 0.35 0 480 470 <24 <24
PTK 0.35 P65 0.35 2 (0 at 48 hrs) 530 530 <24 <24

The bleed of the large scale products was recorded (using the same method as mid-scale)
and replicated the results observed at mid-scale, where no bleed was seen for the SCR
system but a small amount of bleed was observed for the PTK mix. When the products
were cast, the surface of the samples were covered to prevent evaporation and when the
products themselves were checked at 24 hrs, there was no settlement of water observed
on either wasteform, as shown in Figure 8.14. In terms of setting time, the results show
an agreement between the mid and large scale trials where, both systems set within the
desired 24 hours. Due to the similarity in the results observed for these physical
properties during scale up experiments, it confirms the suitability of the chosen test

methods and their reliability.
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Figure 8.14. Image of drums infilled with a)Scunthorpe:GGBS:Calumite:Ribblesdale PC
and b)Port Talbot GGBS:Calumite:Ketton PC after 24 hours curing at 25 °C.

Figure 8.14 shows that thermocouples were inserted into the drums before the infill in
order to monitor the heat evolution of the products over a 120-hour period. Four
thermocouples were placed into each drum; two at the centre point, one at the edge of
the drum and one mid-way between the two (the ‘mid-point’). The measurements were
taken from half way down the drum, i.e. about 500 mm below the top of the hulls. The
temperature profiles obtained for the products are shown in Figure 8.15. The data
obtained provide a good indication of the hear evolution during the cement setting
reaction within such a large mass of cement. If the centre points of both drums are
considered, the SCR system shows a higher peak heat temperature closer to 70 °C
compared to the PTK product, which is just below 60 °C. This is sensible in terms of PSD
contribution, because the fineness of the SCR system causes increased reactivity and

resulted in a higher thermal output. Both systems illustrate that there is very little
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difference in terms of thermal output between the very centre of the product and the

mid-point.
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Figure 8.15. Temperature profiles of large scale products containing a) SCR and b) PTK
cement grout formualtions at a P65 GGBS:Calumite blend, a 3:1 BFS:PC ratio and a 0.35
w/s content.

This is not the case for the outer point where a significant drop in temperature was
observed. Unfortunately, the outer thermocouple in the PTK system failed and therefore
the data were lost after 30 hours. The SCR system shows a peak heat difference of 20 °C
at around 30 hours before both temperature profiles return down to the curing
temperature. One primary concern due to this difference in temperature would be the
effect thermal stress could have on the wasteform. Thermal expansion of the metal
simulant could potentially cause cracking of the cement as it sets due to movement.
Following the seven day curing period, the products were cut in half using a diamond

wire saw and photographs of the set wasteforms are shown in Figure 8.16 and 8.17.
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Figure 8.16. Cured 500 L sample drum of Scunthorpe GGBS:Calumite:Ribblesdale PC

cement system cut in half.
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Figure 8.17. Cured 500 L sample drum of Port Talbot GGBS:Calumite:Ketton PC cement

system cut in half.

The images show that there are no major signs of cracking, suggesting that any thermal
stress caused by the metal simulant was minimal. Thermal cracking can be seen in mass
cement forms which can also be caused by temperature change. This is when the
maximum difference in temperature is exceeded and contraction due to cooling at the

surface of a sample causes thermal cracking [154]. Although a change in temperature
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was observed within both of the large scale products from these trials, it did not appear
to cause any defects in the wasteforms. The photographs illustrate that both samples
have infilled very well. Although there are some visible voids, the majority of the
simulant THORP hulls have encapsulated fully, which agrees with the results observed
from the radiography experiments described in Chapter 7. This confirms the possibility
of not vibrogrouting in the future if this becomes difficult during remote handling

operations.

During the large scale trials, 100 mm cubes were cast from the two grout mixes used.
The cubes were cured at 20 °C and the compressive strength was measured in duplicate
at 2, 7, 28 and 90 days. The results are shown in Figure 8.18 for both the SCR and PTK

systems.
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Figure 8.18. Compressive strength development of
Scunthorpe GGBS:Calumite:Ribblesdale PC compared to Port
Talbot GGBS:Calumite:Ketton PC over 90 days.

The data in Figure 8.18 show that the Port Talbot GGBS based grout achieved higher
compressive strength at all ages compared to the Scunthorpe GGBS formulation.
Therefore, although the SCR system would be expected to be more reactive due to the
finer particles, the wider PSD range produced a stronger product. The main difference,
from a PSD perspective, between the two formulations is that there is more overlap of
particles around 100 um within the Port Talbot GGBS:Calumite system compared to the
Scunthorpe GGBS equivalent. This suggests that although gap-graded powders do
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produce cement products that show reasonable strength, the sample strength is

improved by using a less severe bimodal distribution.

8.3 Conclusions

In this chapter, the effects of the scale-up of the GGBS:Calumite:PC formulations are
discussed following a series of tests carried out at mid and large scale. In order to
determine whether a cement grout conforms to the requirement specification stated by
the nuclear industry, all of the 3 litre mixes were subject to an acceptance test which
provided performance criteria on the fluidity, setting time and bleed of the systems. The
fluidity results obtained for the 10 baseline GGBS:Calumite blends correlate with the
data collected at small scale, where in general, as the Calumite content increases, the
fluidity of the system improves, until a point when the fluidity begins to decrease again.
This is in agreement with the small scale trials. However, the optimum fluidity was
achieved at P32 in the mid-scale trials compared to P22 in small scale experiments. In
terms of w/s content, upon increasing the w/s ratio, the fluidity increased in
concurrence with the small scale trials. A direct comparison was made between the
different powder sources using the P65 blend, which demonstrated that there was very
little change in the fluidity as a result of different supplies of powder. Although, it did
highlight that the current formulations used on plant are much more fluid compared to
those based on the powder used historically. As part of the acceptance test, the mixes
were subjected to a 150 minute hold up time to observe how the material would behave
if for some reason the cement grout could not be used immediately on plant. In terms of
fluidity, there is a consistent decrease observed across all of the formulations, to the
point where it was not possible to achieve a measurement at all. The P100 - P65 blends
from the 10 baseline formulations showed no bleed after 24 hours, whereas the P58 - PO
mixes produced a small amount of bleed which was not visible on the final sample taken
at 150 minutes hold-up. The exception to this was the PO blend, whereby high water
segregation was noted and bleed was still observed on the final sample. When comparing
the mixes with different powder sources, the mixes containing Port Talbot GGBS showed
a small amount of bleed initially but this was not present in the final samples. All of the
mix formulations investigated in this chapter conformed to the Sellafield specification in

terms of setting times and all achieved final set within 24 hours.

Alongside the acceptance test, the cement grouts were also tested for dimensional

stability where prisms were cast and monitored over the course of 90 days. Generally,
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the products showed a small amount of shrinkage but they all stayed within the limits

considered suitable for nuclear waste encapsulation.

Finally, large scale trials were conducted resulting in products that are direct replicas of
the wasteforms that for which the cement systems investigated in this project are
utilised. The two formulations chosen for these trials were a Scunthorpe
GGBS:Calumite:Ribblesdale PC for continuity of this project as a whole and a Port Talbot
GGBS:Calumite:Ketton PC, because they are the powders currently used on plant, at a
P65 PSD blend. The cement grouts produced during these trials were also tested in their
fresh states. There was a substantial loss in fluidity for both systems at larger scale
compared to the mid-scale trials and as such this should be taken into consideration
when deciding on future grout formulations. No bleed was observed on the large
products at 24 hours, suggesting the PSD of the system was optimum for the water
content used. The heat output was monitored using thermocouples and revealed a
difference in temperature between the centre of the drum compared to the outer point
of the sample. However, after the samples were cured for 7 days, they were cut in half
and no visible cracking was observed, suggesting the product did not experience thermal
stress regardless of the temperature difference. Simulant THORP hulls were used during
these trials as they were not going to be vibrated as a result of the data obtained during
the tomography experiments, and the drums were cut in half which allowed visible
analysis of the infill success. Both drums displayed very good infill, suggesting that if in
the future the industry would like to remove vibrogrouting from the encapsulation

process, that it is a viable option.

Overall, this chapter has shown that the effect of PSD on cement grout performance is
consistent between small, mid and large scale trials. However, there are some
differences in where the optimum balance of fine and coarse powders lies, which should

be taken into consideration when varying the PSD of the system.
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9 Conclusions

The main objective of this work was to investigate the optimisation of blends of blast
furnace slag and Portland cement for the immobilisation and encapsulation of nuclear
waste. This was achieved by investigating varying formulations of BFS and PC, where the
BFS fraction comprises of GGBS and Calumite. The BFS components have a very similar
chemical composition, but their particle size differs significantly where the GGBS
powder contains particles that are sub 100 pum in size, compared to Calumite, which
comprises material between approx. 40 to 1800 um. The reason behind this project is
that the powder used historically became unavailable, and as such the supply of cement
powders to the nuclear industry has been inconsistent. The powders and cement grouts
used for encapsulation have to conform to strict performance specifications and must

exhibit certain properties.

One feature that is for certain, is that any blend of GGBS, Calumite and PC will produce a
bi-modal particle size distribution. The effect of this particle size contribution was
investigated by changing the blend ratio of GGBS:Calumite within the BFS fraction, and
the performance of various cement grouts was recorded. Following a series of fresh state
test methods a series of trends were observed. It was found that as the GGBS content
increases, the yield stress and the packing density of the blend systems increased, whilst
the fluidity subsequently decreased. In addition, to the effect of particle size of the
cement powders used, the consequence of altering the w/s ratio was also monitored
throughout the project. It was found that, as the w/s ratio was increased, the yield stress
and particle packing density decreased, whilst the fluidity increased. The exception to
this is the PO (i.e. 100 wt. % Calumite) blend, which consistently falls out of trend and is
unpredictable or under performs. This is due to the large particles in the material,
highlighting the requirement and importance of incorporating both GGBS and Calumite

cement powders.

An important conclusion drawn from these experiments was with regards to measuring
yield stress. It was shown that the value for yield stress obtained from the mini-slump
tests and the vane method were very comparable, providing confidence in the results
reported, especially considering the difficulty reported in literature with measuring

yield stress.

In conjunction with experimental methods, two models were used to predict the yield
stress of the cement formulations under investigation. Unfortunately, neither model was

considered to produce consistent and reliable yield stress values and as such are not
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suitable to be used as a predictive tool for this project. However, the results did illustrate
the complexity of the cement powder system under investigation, and that a model that
has worked for other materials is not suitable for the bimodal distribution of the GGBS

and Calumite blend.

A significant amount of heat of hydration data was collected for the GGBS:Calumite:PC
system. The isothermal conduction calorimetry data collected, demonstrated that
altering the blend of finer and coarser material affects the heat evolution of the cement
pastes as well as the chemical reaction. As the GGBS content increases, the rate of
hydration is accelerated. The hydration reaction is also affected by elevated
temperatures, whereby the peak heat of reaction occurs much more rapidly as the
temperature increases. By using quartz as a replacement for the Calumite fraction
(ground to the same particle size) it was possible to understand the contribution of the
GGBS powder to the hydration reaction. The results revealed that the Calumite fraction

contributed very little to the overall hydration reaction.

Semi-adiabatic calorimetry was also used to monitor the heat evolution, as it is the
current standard method to monitor the heat of hydration in the UK. The results
correlate closely with the isothermal calorimetry data but in general are slightly less
consistent. Due to the large amount of experimental data collected using both
calorimetry methods, it was possible to draw comparisons between the techniques. It
was concluded that a positive correlation was achieved between the two methods, which
supports the use of isothermal calorimetry as a future standard method to measure the

heat of hydration of cementitious materials for the nuclear industry.

The main driver for understanding the effect the particle size of cement powders has on
the physical performance is to achieve successful encapsulation of nuclear waste. Two
aspects of the infill process were investigated using beamline-based analysis. The in-situ
experiments demonstrated that the stiffer BFS/PC paste with a high surface area does
not infiltrate the simulant waste and just set at the top of the can, compared to the
GGBS:Calumite P65 blend, where the cement paste infilled fluidly to the bottom of the
can. During these experiments, a different powder source was included, the results
showed that the Port Talbot GGBS achieved a lower voidage overall compared to the
Scunthorpe GGBS, which is likely due to the Port Talbot GGBS having a broader PSD. The
trials also illustrated that the orientation of the simulant THORP hulls has a significant
effect on the success of the encapsulation regardless of the cement formulation used. The
hulls that settle in a vertical orientation within the sample were more successfully

infilled.
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Tomographic analysis performed at the Diamond Light Source, was used to reconstruct
3D images of hardened samples that were prepared using different parameters
containing simulant nuclear waste. The data revealed that as the Calumite content
decreases, the voidage observed in the sample increases. This trend was observed across
the different powders sources investigated. The main outcome from these results was to
determine the effect of vibration and non-vibration of the samples once they were
poured. Vibrogrouting is an additional step in the encapsulation process and it was
observed that for the samples containing Magnox swarf simulant, vibration was essential
to ensure minimal voidage was achieved. However, if the correct cement formulation is
used, there is the potential to remove the vibration step for samples containing THORP
hull simulant. This would be advantageous for the plant process due to the remote
handling environment, where any adjustments or repairs to the system is very

problematic.

One of the most significant aspects of this project was the application of the research at
plant scale. The formulations stated in Chapter 3 were tested at small (200 mL), mid
(3 L) and large scale (500 L) providing data illustrating the effects observed when up-
scaling the grout mixes from laboratory to plant size. During the mid-scale trials, the
fluidity of the systems was tested and the trends observed correlated with the data
collected at small scale. In general, the fluidity of the systems improves at the Calumite
content increases until a point, when its starts to decrease again. This optimum fluidity
was achieved with the P32 system in the mid-scale trials compared to P22 in the small
laboratory experiments. A comparison between different powder supplies displayed
very little change in the fluidity, confirming that changing the supplier should not affect
the physical properties significantly. It did highlight that the powders currently used on
plant are much more fluid compared to the Redcar material that was used historically.
This suggests that the bimodal powders flow more when compared to the Redcar
material, which is closer to a monosized material. The PSD also affects the bleed in the
system which is related to the particle packing of the system, where the Redcar material
produced more bleed than bimodal BFS powders. For a bimodal system, the smaller
particles pack in between the larger particles allowing for more flow, whereas the
monosized powder does not pack as successfully due to the narrow particle size

distribution.

Two large scale trials were conducted using the 3:1 BFS:PC formulation that has been
used throughout this project. Both trials were carried out using THORP hulls simulant

waste, and following the recommendation from the Diamond Light Source infilling
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results, the drums were not vibrated to fully understand the effect of removing the
vibrogrouting step in the encapsulation process. At the time of casting the simulant
wasteforms, the grout used was tested for fluidity to monitor effects of mixing, and a
significant loss of fluidity was observed compared to the small scale trials. Nonetheless,
the cement grouts infilled successfully to the correct encapsulation level required on
plant, but this needs to be taken into consideration when collecting data at small scale.
The large scale products were cut in half following 7 days of curing. No visible cracking
was observed suggesting there was no thermal stress in the products regardless of the
temperature difference observed between the peripheral and centre of the drums. Both
drums also displayed very good infill, suggesting that the removal of the vibrogrouting

step in the encapsulation process could be possible in the future.

Overall, the experiments carried out throughout this project demonstrate that altering
the particle size distribution significantly changes how the resulting cement formulation
behaves and, ultimately the wasteform produced. A blend of the finer GGBS and coarser
Calumite is essential because during all of the test methods used, the P100 and PO
systems consistently under-performed. By investigating different powders, it was
demonstrated that providing the chemical composition is similar, the particle size
controls a large proportion of the performance properties and as such, the PSD should
be the main focus when using new or alternative powders. As a result of using multiple
analytical and data acquisition techniques throughout this project, including scale-up
trials, it is possible to conclude that the optimum blend of GGBS:Calumite is between P72
and P58, where the balance is weighted in favour of the finer material but there are

sufficient coarser particles to conform to the Sellafield specification.

Future work in this area would be to produce a model that is applicable to the bimodal
distribution and material used in this project. It would then be possible to predict the
optimum PSD of a cement powder that would achieve the optimal performance
properties. Alongside this, experimental test methods used here on small scale could be
applied to smaller increments of GGBS:Calumite, because the general trend from small

to large scale was very similar, suggesting small scale laboratory tests are reliable.
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Appendix C: Chapter 6 — Heat of Hydration
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Figure C.0.1. X-ray diffraction patterns of the 10 BFS:PC isothermal conduction calorimetry
samples that were measured at 35 °C, where the BFS fraction comprises the blends stated
in Table 3.4, after 28 days of curing.
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Figure C.0.2. X-ray diffraction patterns of the 10 BFS:PC semi-adiabatic calorimetry
samples that were measured at room temperature, where the BFS fraction comprises the
blends stated in Table 3.4, after 28 days of curing.
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Appendix D: Chapter 8 - Scale up Trials
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Figure D.0.1. Colflow fluidity for P100, P72, P65 and P52 for the Port
Talbot:Calumite:Ketton system at 3:1 BFS:PC ratio and at a 0.35 w/s content for t=0 and
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Figure D.0.2. Comparison of Colflow fluidity of different powder sources for
GGBS:Calumite P72 blend ratios at 3:1 BFS:PC ratio and a 0.35 w/s.
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