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Abstract

Geological disposal is the main preferable option for the long-term management of radioactive waste
by many countries, including the United Kingdom (UK). A Geological Disposal Facility (GDF) is based
on a multi-barrier concept, which utilises a series of engineered barriers that provide physical and
chemical containment for radioactive waste, mitigating the potential for radionuclide release to the geo-
and bio-spheres. Cementitious materials are used for many different parts of the multi-barrier GDF,
having a wide range of purposes, for example as waste encapsulate, as backfill or as a sealant. Therefore,
understanding the mineralogical evolutions of these cementitious materials, especially when in contact

with groundwater, is key for the development of a robust safety case.

In this Thesis, investigation of the main mineralogical and microstructure characteristics of two
different cementitious materials, a high-pH cement considered to be used as a backfill material in one
of the UK GDF conceptual scenarios for the disposal of intermediate level waste (Nirex Reference
Vault Backfill, NRVB), and a low-pH cement considered to use by many European countries (called
Cebama reference cement), was performed. Extended experiments were also carried out to help develop
a detailed understanding of the interactions of these cements with three different groundwater
compositions (granitic, saline and clay).

Long-term evolution of the phase assemblage of both cements showed that hydration of NRVB was
completed within 2 months, whereas for the Cebama reference cement paste, hydration was incomplete
even after 1.5 years of curing. Differences between the two cementitious materials were also observed
in terms of phase assemblage. Additionally, NRVB presented a higher porosity when compared to the

Cebama reference cement paste, which was found to be a very dense material with very low porosity.

The work presented in this Thesis demonstrates key differences between the two cementitious materials
when in contact with groundwater. In the case of NRVB, the pH of the solutions was mainly buffered
through the dissolution of portlandite, C-S-H and ettringite. Moreover, precipitation of secondary
phases was observed due to interactions with the different groundwaters, affecting the overall porosity
of NRVB. In the Cebama reference cement paste, the edge of the sample was the main area affected by
the groundwater interactions. In this degraded area, decalcification of C-S-H and ettringite was
observed, being these hydrate phases the main responsible for the buffering of the solutions. In addition,
the formation of a protective layer was observed when carbonates were present in the groundwater

composition, reducing in this way further groundwater interactions.
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Chapter 1: Introduction

For the long-term management of radioactive waste, geological disposal has been selected as the most
suitable solution, not only for the United Kingdom (UK), but also for many European countries. The
Geological Disposal Facility (GDF) design is based on a multi-barrier concept, where natural and
engineered barriers will be used together to contain and mitigate the release of radionuclides from the
waste to the environment, allowing radioactive decay to occur without exposing the biosphere to

radioactive elements.

Cementitious materials feature in all current concepts for geological disposal as, for example, waste
encapsulation grouts, waste containers and backfills, seals and fracture grouts, tunnel/vault linings and
supporting structures including floors, roadways, bulkheads and buttresses. Their use confers a number
of advantages, including low cost, ease of use/emplacement, provision of radiation shielding, high
surface area for sorption of radionuclides and provision of an alkaline environment, which decreases

the solubility of many cationic radionuclides.

In this Thesis, two different cements were investigated: (1) a high-pH backfill cement that has been
investigated within the context of a conceptual UK disposal facility for intermediate level waste (ILW)
in a hard-rock environment (e.g. granite), called Nirex Reference Vault Backfill (NRVB); and (2) a
low-pH cement that has been investigated as a likely plug/seal cement material in disposal concepts that
include a bentonite clay buffer. This cement is based on the Finnish low-pH GDF cement material that
has been adapted by the European research consortium, called Cebama (of which this project is a part),
as a baseline reference material for a number of research groups investigating the interfacial reactions

that occur between low-pH cement and bentonite.

As part of the GDF engineered barrier, the lifetime performance of cementitious materials is required
to be extremely long, as many long-lived radionuclides are present in the radioactive waste. This Thesis,

therefore, has two key objectives:

1) Todevelop adetailed, long-term understanding of the hydration reaction of NRVB and Cebama
cements, including a detailed assessment of the mineralogy as a function of curing time and
temperature, and a high-resolution synchrotron study of the kinetics of mineral formation; and

2) Toevaluate how the microstructure (porosity) and chemical conditioning capacity of the NRVB

and Cebama cements is altered when in contact with groundwater.

With respect to the first objective, the hydration behaviour of these two cements is expected to be
significantly different since they differ greatly in their composition. Since the NRVB is a unique
material, patented in 1994 for use in a UK GDF constructed in hard-rock, there has been relatively little

investigation of the mineralogy or hydration kinetics, particularly over extended timescales. The



Cebama cement is somewhat better understood in this respect, however the slow nature of the hydration
reaction (due to the presence of supplementary cementitious materials) has not been studied at high

resolution over long-time scales.

With respect to the second objective, there are relatively few investigations of how hardened cement
paste will change when in contact with groundwater. Since the chemical conditioning capability (i.e.
the ability to generate alkaline conditions for radionuclide sorption) and porosity (important for egress
of gas and ingress of water) are dependent on the mineralogy of the cement matrix, it is important to
understand how inorganic solution species (e.g. COs*, SO4* etc.) and pH may alter the phase

assemblage.

This Thesis comprises four experimental Chapters that aim to address these objectives, and is organised

as follows:

Chapter 2 contains an introduction to radioactive waste and the concept of geological disposal,
followed by a review of the relevant literature pertaining to the mineralogy and microstructure of the
two different cements studied, including an assessment of the limited studies on their leaching
performance in groundwater. Part of this review was published in Cebama project state-of-the-art
Review (KIT-INE publication), as Vasconcelos et al., (2016). The experimental methodology for all of

the results Chapters is described in Chapter 3.

Chapter 4 describes the characterisation of different precursor materials that can be used to synthesise
the NRVB cement and an assessment of how these alter the hydration behaviour and properties of the
final product after 28 days of curing. This has particular importance to “security of supply” for NRVB
powder precursors, should this material be utilised in a future UK GDF. This Chapter also evaluates the
hydration behaviour, over a 28 day period, of NRVB and Cebama cements as a function of two different
curing temperatures, at 20 °C and 40 °C. The room temperature was used as a standard curing condition
to correlate with the data obtained in the long-duration synchrotron XRD experiment performed at
Diamond Light Source (results in Chapter 5). For the extended experiments with groundwater, 40 °C
was used, as advised by the UK waste management organisation, Radioactive Waste Management
(RWM), to be representative of the peak of a 50 year thermal transient after backfilling of the disposal
area [1]. Part of this Chapter is also published in Applied Geochemistry, as VVasconcelos et al., (2018).

The hydration behaviour of the two cement materials, over a 4 year period at room temperature, is
described in Chapter 5, which details the results of the world’s first long duration synchrotron
experiment at Diamond Light Source. In these results, the rate of change of the mineralogical
constituents of the cements as a function of hydration time, is quantified by Rietveld refinement of
synchrotron X-ray diffraction data, and is complimented by nuclear magnetic resonance spectroscopy

analysis of the non-crystalline hydration phases. Some repetition between Chapters 4 and 5 was



unavoidable; the unique nature of the experiments performed in Chapter 5, and the high level of detail

acquired, required a stand-alone chapter. This will be submitted for publication later in 2019.

Chapters 6 and 7 detail the results of extended contact experiments between NRVB (Chapter 6) and
Cebama (Chapter 7) cements with groundwater. Since the geology of the UK disposal facility is not
yet known, it was decided to investigate the behaviour of cements in contact with groundwaters
representative of the GDF concepts of other European countries. These include: a synthetic granite
groundwater solution, based on that from the Swedish bedrock; a clay groundwater based on the
Callovo-Oxfordian clay of the French GDF concept at Meuse/Haute-Marne underground rock

laboratory; and a saline solution representative of deep groundwaters in the Earth’s crust.

Finally, Chapter 8 comprises a summary and the overall conclusions of the work performed, with

recommendations of possible future work to be performed.






Chapter 2: Literature Review

Part of this Chapter is published as “State of the art review of the NRVB: A UK high-pH backfill
material” in Cebama project State-of-the-art Review (D1.03), KIT-INE publication, 2016, by
Vasconcelos et al. (Report-Nr. KIT-SR 7734; ISBN 978-3-7351-0660-7)

2.1: Introduction to Radioactive Waste

Radioactive waste is a term that applies to all the radioactive material arising from nuclear power (to
produce electricity), from the use of isotopes in medicine (for health purposes), from research, and from
military nuclear operations. A significant amount of radioactive waste has been produced worldwide,
and the classification of these wastes varies according to the regulatory policies applied in each country,
being generally dependent on the radionuclide inventory and half-life. In the UK, radioactive waste can
be generically divided, according to the quantity of radioactivity the waste contains and the generated
heat, into High Level Waste (HLW), Intermediate Level Waste (ILW) and Low Level Waste (LLW)
[1-3]. HLW includes waste where the temperature rises significantly as a result of its radioactivity
(radioactive decay), and so requires substantial radiation shielding and remote handling [3]. This type
of waste includes spent nuclear fuel (SNF) and some reprocessing wastes (e.g. vitrified fission, actinide
and activation products) from the nuclear fuel cycle [4]. ILW comprises waste that does not generate a
significant amount of heat, but exceeds the upper boundaries of radioactivity for LLW. Examples of
these type of wastes are: steel, graphite, concrete, fuel cladding, reactor components and sludges [5]. In
the case of LLW, this comprises the waste with the lowest radioactivity. Typical examples of LLW are
disposed paper, metal and protective clothing from nuclear operations and medical research facilities
[3,5].

Since radioactive wastes have a great variety regarding their physical (solid, liquid or gas), chemical
(volatile, organic, non-organic, etc.) and radiological (heat-generation, half-life) characteristics, and to
reduce their intrinsic risks (e.g. radiological release), immobilisation of the waste into a more stable
wasteform is required [4]. Wasteform materials should follow certain requirements, like [4]: be a solid
material to help with transport and storage; be stable at specific temperatures according to the
radioactive decay heat released; and be durable, to ensure long-term storage and disposal, without the
risk of radionuclide release to the environment. A type of immobilisation is chemical containment,

which is used to immobilise HLW in order to reduce the mobility and toxicity of the radionuclides.



Vitrification is a technique widely used for the treatment of HLW, and consists of the immobilisation
of highly active liquor or solids into a glass matrix, and in this way, radionuclides are chemically

immobilised within the atomic structure of the glass.

In the case of immobilisation of ILW, physical containment of the waste is more usually performed,
where cement grout is frequently used [6]. Portland cement (PC) is the most common type of cement
used, and is frequently blended with supplementary cementitious materials (SCMs) such as blast
furnace slag (BFS), fly ash and silica fume [6-8].

The use of cement as an encapsulation matrix has many advantages, including [3,9]:

e Low cost and simpler processing route

e Conversion of fluid or granular wastes into a solid form

e Provide radiation shielding

e Alkaline environment, which decreases the solubility of many cationic radionuclides

e Provide sorption and reaction sites for some radionuclides

However, there are also a number of disadvantages of using cement. One of them is the volume increase
associated with cementation. This gives rise to a significantly larger volume of conditioned waste,
contributing to an increase of the cost and size of the final repository [4,10].

Another disadvantage is the interaction between cement and some metallic wastes. The continuous
corrosion of reactive metals in the alkaline and free water-containing environment within the cement
matrix may cause the formation of corrosion products and the generation of hydrogen, that can result

in expansion/cracking of the waste package [9,11].

Other problems might also arise from the security of powder supply [12]. External factors can influence
the production and availability of PC and SCMs, and so these materials need to be produced with tight
guidelines, so future properties can be accurately predicted [12].

Latest numbers estimate that the worldwide inventory of nuclear waste generated from nuclear power
production (taken from the International Atomic Energy Agency, 2007) is 2.2 million m?® of ILW and
LLW, 34 000 m3 vitrified HLW and 180 000 metric tonnes heavy metal of spent nuclear fuel (SNF) [4].
In the UK, ILW comprises a significant proportion of the UK’s projected inventory of radioactive waste,
approximately 450 000 m® [5]. A number of options have been proposed for the safe disposal of this

waste, and some of those options are discussed in the next section.



2.2: Geological Disposal of Radioactive Waste

The safe disposal of radioactive wastes is of extreme importance. Due to the long-lived nature of many
radionuclides present in the radioactive waste, the requirement of some long-term storage options is
needed. Disposal above ground, sea disposal, disposal in space and deep borehole disposal are some of
the options that have been investigated worldwide [13-15]. However, most of these options are
considered nowadays unfeasible [16]. The disposal of the waste deep underground (several hundred of
metres or more) in a geological disposal facility (GDF), is the preferred option and has international
consensus as being the safest route [1,2,7,16].

A GDF design is based on a multi-barrier concept, where natural and engineered barriers are used
together to contain and prevent the release of the radionuclides to the environment, allowing safe
radioactive decay to occur [1]. Different GDF design concepts are being considered for the disposal of
ILW and HLW.

In the UK, for example, one of the concepts under consideration for the geological disposal of
ILW/HLW in a hard crystalline rock is shown in Figure 2.1. In this concept, after the wasteform has
been conditioned (e.g. encapsulated in a cement grout), the wasteform will be packaged in stainless
steel to provide a primary structural and mechanical barrier, and then placed deep underground, at
depths between 200-1000 metres [2]. Then, a buffer/backfill material will be used to surround the
packaged wasteform, filling the gap between the waste package and the host rock. This barrier can be
composed of clay/bentonite (specifically for HLW disposal) or cement (specifically for ILW disposal),
and has the aim to control the movement of groundwater and to provide sorption capacity for
radionuclides. An example of a buffer is bentonite, which has been considered for use in many European
countries (e.g. Switzerland, France and Sweden) for the disposal of HLW, due to its low hydraulic
permeability and swelling pressure, which allows a self-sealing capacity and closes gaps around the
emplacement tunnels [17]. Another example of a backfill material is a high-pH cement, called Nirex
Reference Vault Backfill (NRVB), considered for use in one of the GDF scenarios in the UK for the

disposal of ILW, and this cementitious material is one of the main focus of this Thesis.
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Figure 2.1. UK conceptual GDF scenario in a high-strength crystalline rock, for the disposal of ILW
(from [4]).

The last barrier is the host rock itself, which should be stable against ground movement and have a slow
moving hydrogeology in order to minimise the movement of radionuclides to the surface. Several rock
types are being considered for hosting a GDF [1,4,18]:

e High strength crystalline rock (e.g. granite), is characterised by a pattern of fracture, and any
fluid movement occurs predominantly through these fractures, also called discontinuities. It is
also characterised by a low porosity and permeability. Likely to have groundwater with low to
moderate salinity.

e Lower strength sedimentary rock (e.g. clay), comprises geologically younger sedimentary
rocks, which have low permeability, are plastic and can form a tight seal around the engineered
barrier. Groundwater movements occur mainly by diffusion.

o Evaporites (salt), can comprise anhydrite (anhydrous calcium sulphate), halite (rock salt) or
other minerals that result from the evaporation of salt water. It has very extremely low

permeability, and movement of the groundwater is absent.

Cementitious materials are being considered for all current concepts for geological disposal, and some
of their applications are [7]: as mentioned before, waste encapsulation grouts; waste containers and
overpacks, buffers and backfills; seals and fracture grouts; tunnel plugs; tunnel/vaults linings; and
supporting structures including floors, roadways, bulkheads and buttresses. It should be noted that

cement is usually not used as a backfill/buffer material for HLW disposal, due to the detrimental effects
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that high temperature (characteristic of HLW waste) have in the cementitious materials. Therefore,
clay/bentonite buffers are used as an alternative. However, cementitious materials are still considered
to use in this context for the construction of supporting structures including floors, roadways, bulkheads
and buttresses.In this project, a high-pH cement (Nirex Reference Vault Backfill, NRVB) considered
to use as a backfill material in the context of ILW disposal, and low-pH cement (PC, BFS and silica
fume blend) considered to use in supporting structures in the context of HLW disposal are being studied,

and to follow is a brief literature review related to the two cements.

2.3: Nirex Reference Vault Backfill (NRVB)

NRVB has an important role as an engineered barrier to achieve the necessary degree of long-term
waste isolation and containment for the UK’s GDF. This cementitious backfill material has been
specified to fulfill a number of benefits [19]:

o Long-term maintenance of alkaline porewater chemistry to suppress dissolved concentrations
of many important radionuclides. NRVB can chemically condition the groundwater to high pH
for long-time scales, due to dissolution of the cement hydrate phases;

¢ Long-term maintenance of a high active-surface-area for sorption of key radionuclides, mainly
due to the calcium silicate hydrate (C-S-H) formed during the hydration of cement. This
disordered cement hydrate mineral can provide a very large surface area onto which many key
radionuclides would sorb;

o Relatively high permeability and porosity to ensure homogeneous chemical conditions and to
allow the escape of gas generated by chemical reactions within the repository;

e Possibility for reversibility/retrievability due to the low strength of NRVB, which facilitates the

possibility of re-excavation of the vault to gain access to or remove waste packages [20,21].

2.3.1: Composition and Chemical Analysis

NRVB is a high porosity cement composed of Portland cement (CEM | 52.5N), hydrated lime (calcium
hydroxide, Ca(OH),) and limestone flour (calcium carbonate, CaCQOs). The target formulation for this
material is : 450 kg m Portland Cement (PC), 170 kg m™ hydrated lime, 495 kg m= limestone flour

and 615 kg m™ water; water/cement ratio of 1.37 and a water/solids ratio (w/s) of 0.55, by mass [19].

When in contact with water, the hydration of PC occurs, forming a mixture of mineral phases that
provide the main properties of this cementitious backfill. The products from this reaction in NRVB are

calcium silicate hydrate (CaO-SiO,-xH,0; C-S-H), calcium hydroxide (also known as portlandite,



Ca(OH),), ettringite (CasAl2(SO4)3(OH)12-26H,0) and calcium monocarboaluminate hydrate
(CasAlx(OH)12(C0O3)3-5H20) [1, 2, 5, 6]. C-S-H and CH are considered to be the most significant cement
hydrate phases, because they are expected to provide the majority of the buffering capacity [19].
According to a model (database not specified) based on the mineral assemblages (at early age) and high
temperature (80 °C)) studied by [24], the initial mineralogy (28 days of curing) of NRVB can be
presented as (Table 2.1):

Table 2.1. Short-term high temperature model (80 °C) (adapted from [24])

Component Abbreviation Content in dry NRVB

(mol m?3)
Portlandite CH 3704
Calcium silicate hydrate C-S-H 758
Hydrogarnet CsAHg 311
Calcite CaCOs3 4950

The formation of hydrogarnet-type phases was predicted in this model, although more recent advances
in cement chemistry and phase assemblage prediction models indicate that this may be less likely due

to the high quantity of carbonate present in this cement formulation [25].

Figure 2.2 shows X-ray diffraction (XRD) patterns from fresh NRVB, and NRVB cured for 4 months
and 3 years [26]. The fresh NRVB is dominated by calcite, whereas in cured NRVB (both 4 months and
3 years) the phase assemblage is dominated by portlandite, with also a significant calcite contribution.
Moreover, in fresh NRVB it seems that the authors observed the presence of hatrurite, which is a PC
clinker phase, showing the presence of unreacted PC. These analyses do not identify C-S-H, because
C-S-H, and possibly other hydrated products, may exist in the form of amorphous rather crystalline

structures [27], hence no crystalline diffraction peak is observed.
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Figure 2.2. XRD spectra of fresh NRVB powder, NRVB after 4-months curing and NRVB after 3-years
curing (from [26])

Figure 2.3 shows the relationship between the temperature and weight loss of the NRVB when heated
to 1000 °C, using differential thermal analysis (TGA) and derivative thermogravimetric analysis [27].
The peak identified at 130 °C is attributed to the loss of chemically bound water in C-S-H. Between 400
to 460 °C, a peak related to the dehydration of calcium hydroxide is observed [27]. A third peak, at 650
to 770 °C, is attributed to the weight loss due to the decomposition of CaCOj3 and the consequent release
of CO. [27].
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2.3.2: Properties

The general properties of NRVB, summarized by [7,19] are detailed in Table 2.2.
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Table 2.2. NRVB properties (adapted from [7,19] )

Property Measured value
Bleed (100 mm high column and a large column 900 mm) 1.7%
Adiabatic temperature rise (do not specify sample size) ~40°C

Initial - 4 hours

Final - 4 hours 50 minutes
Saturated - 1731 kg m™®
Oven dried - 1095 kg m3
7 days - 4.95 MPa
Compressive strength (100 mm cubes) 28 days - 5.95 MPa

90 days - 6.26 MPa
Initial - 12.0 seconds

At 1 hour - 14.0 seconds
Dry - 2 x 101 m?
Saturated - 5 x 10" m?
Water permeability (test not specified) 1x 101 m?

Setting time (Vicat)

Density (100 mm cubes)

Flow time (flow cone test)

Gas permeability (test described below)

It is clear that NRVB is a very porous cement that allows: gas migration; high alkalinity for chemical
conditioning; low bleed and high fluidity for good void filling; and relatively low strength to facilitate
the possibility of re-excavation of the vault to gain access to or remove waste packages, if required [19].
The literature pertaining to the key physico-mechanical properties of NRVB is detailed in the following

section.

2.3.3: Strength (compressive strength)

The compressive strength of NRVB is gained mostly in the first 7 days of curing, with a reported 7-day
value of about 4.95 MPa [19]. After this time, the compressive strength increases a small amount from
~ 5.95 MPa to 6.26 MPa from 28 to 90 days. When comparing with compressive strength values
obtained for a conventional Portland cement (w/s = 0.50), (e.g. 31 MPa, 45 MPa and 46 MPa after 7,
28 and 90 days, respectively, from [28]), the values obtained for NRVB are very low. This relatively
low strength thus allows retrievability of waste packages from within NRVB-backfilled vaults
[20,21,29].

Since the repository operating temperatures will be higher than the 20 °C used for standard cement
curing, studies have been performed to assess the effect of curing temperature (30 °C, 60 °C and 90 °C,
cured in moist or excess volume of water) on the strength of NRVB [19]. Results showed that increasing
the temperature of curing corresponds to a reduction in the strength, for example after 28 days of curing
at 90 °C, the compressive strength was halved when compared to curing at 30 °C [19]. Similar results
have been obtained with Portland-limestone cement, where a temperature increase negatively

influenced compressive strength, due to the observed enhanced hydration rates and formation of denser
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hydration products, which led to a coarser porosity and an increase of the pore radii [30]. It should be
noted, however, that such high curing temperatures (90 °C) are not expected within a GDF vault for

ILW (maximum temperature expected is 40 °C [1]).

2.3.4: Porosity

NRVB was developed to be highly porous. High porosity is advantageous for the following purposes
[19]:

o Allows the diffusion of any gaseous discharge from the waste packages (e.g. Hz, CO, or CH4
gas), that would otherwise build up and pressurise the geological disposal facility vault;

e Allows the ingress of groundwater, leading to rapid saturation. Under these conditions, the
chemical buffering capacity of the backfill will be initiated due to dissolution of the cement
phases by groundwater.

e The high surface area afforded by such high porosity gives rise to a large surface area capable

of sorbing radionuclide species.

NRVB is relatively porous; the total porosity of NRVB (w/s = 0.55; w/c ratio 1.367), including a high
guantity of unreacted material, was reported to be 50 % using mercury intrusion porosity and nitrogen
desorption methods, at an unspecified curing age [19]. However, comparing the density obtained in the
dry state and in water (Table 2.2) we can calculate the porosity to be 35%. X-ray computed tomography
(XCT) gave a segmented porosity of ~ 40 % for large scale samples in the non-carbonated region of an
NRVB-carbonation trial [31].

2.3.5: Permeability

The NRVB permeability coefficient is approximately 1 x 10® m? [19]. This value was obtained in
uncracked backfill by monitoring inflow and outflow rates until they reached a steady state (reported
on the basis of an unspecified testing method). Because cracks may develop as a result of plastic
settlement, early-age thermal contraction and expansion of the waste packages (corrosion), and they
contribute to the effective permeability, a value for cracked NRVB of about 4 x 103 m? has been
estimated [7]. Consequently, groundwater may flow through the cracks. This is expected as the ingress

of water will allow NRVB to provide homogeneous chemical condition, as mention previously.
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2.3.6: Gas Permeability

After closure, the formation of gases is expected to occur in the GDF, e.g. from corrosion of Magnox
cladding, fuel fragments, uranium and steel under anaerobic conditions; microbial degradation of
organic compounds and; radiolysis of water [32]. As a result, the permeability of NRVB should be
sufficient to allow gas movement without significant over-pressurisation and cracking [19]. The gas
permeability coefficient for argon and helium in NRVB at 28 days of curing (in a membrane of NRVB
20 mm thick, average pressure of 100 kPa) was found to be approximately 2 x 10" m? in dry conditions
and 5 x 10'Y” m? in saturated grout [19,32]. The average pore radius was determined to be 0.45 pm, with
a pore size distribution ranging from 5 nm to > 1 um [32]. Harris and colleagues [32] concluded, using
the premise that a material is considered to crack if the calculated stress exceeds the tensile strength,
that NRVB is able to release gas at a sufficient rate without generating cracks.

2.3.7: Cracking

The formation of cracks in the backfill material could influence the post-closure performance, since
they can influence the flow of groundwater through the repository (as stated above), affect the chemistry
of the pore water in the cracks, and impact upon the transport of radionuclides in solution and the

migration of gases [33].

When the tensile strain exceeds the tensile strain capacity of the material, cracking occurs [19]. The
cracking of NRVB may occur soon after backfill placement and as the backfill ages. The processes by

which the cracks are formed include:

o Differential movement between backfill and waste packages or vault walls, where backfill
strains would arise from changes in temperature, moisture content, etc;

o Internal pressures from the expansive corrosion of waste and containers or from gas generated
by metal corrosion or organic waste decomposition;

e The precipitation of minerals such as magnesium hydroxide (or brucite) (formed by interactions
between groundwater or other components of the repository and the NRVB), within the backfill
porosity and the dissolution of calcium hydroxide and C-S-H minerals (although this may also

block cracks).

The mechanisms of crack formation include plastic shrinkage cracking, plastic (differential) settlement
cracking, and thermal cracking [34]. The former occurs when the water is evaporated from the surface
more quickly than the rate of bleed water arrival. When there are different depths of backfill adjacent

to each other at the top of a waste package, this produces a plastic settlement cracking. Also, when there
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are changes in temperature this can create thermal expansion and contraction and, potentially, strain
that could cause thermal cracking. These changes in temperature may be caused by the heat generated
by the cement hydration reaction in the NRVB and by the radiogenic heat produced by radioactive

decay of the radionuclides in the waste packages [34].

Backfill separation from the vault walls may be a consequence of the chemical and thermal shrinkage.
This gap may provide a flow-path for the groundwater to bypass the waste, and reduce the likely
transport of radionuclides out of the waste [34].

2.3.8: Buffering Capacity

To achieve chemical containment of long-lived radionuclides in the waste, NRVB has the capacity to
buffer repository porewater at high alkalinity for a long period of time [19]. In the beginning, the main
components of NRVB are expected to be portlandite; C-S-H gels; calcium carbonate; and hydrated
calcium aluminates [1,19,22-24]. The initial porewater pH will be about 13.5, caused by the dissolution
of the more soluble sodium and potassium hydroxides, present in the PC. After the dissolution of the
alkali metal salts, buffering of the porewater will continue by the dissolution of portlandite. A solution
saturated with respect to portlandite is formed with a pH of about 12.5 at 25 °C, equivalent to a hydroxyl
molality of 0.03 mol kg* water and a total calcium concentration of about 0.02 mol kg [19]. After the
calcium hydroxide has been exhausted, pH buffering will occur by the incongruent dissolution of C-S-
H phases with relatively high calcium/silicon molar ratios (Ca / Si) of ~1.5. From this, dissolution will
result in the release of calcium and hydroxide ions, thus lowering the Ca/Si ratio and reducing the pH
value at which the water is buffered [23,35].

The timescale and capacity for buffering by portlandite is dependent on the initial quantity of NRVB in
a vault, the amount of the calcium hydroxide content of the NRVB that is consumed by reaction with

wasteforms, and the rate of groundwater leaching [19].

Influence of groundwater on buffering capacity

High pH cementitious backfill materials are expected to strongly influence the chemistry of the near
field. The evolution of the chemistry of these materials in a GDF is mainly dependent on the

geochemistry and flow rate of the groundwater [7,36].

Groundwater is expected to react with NRVB and the intermediate level wastes it encapsulates, which
contain magnesium, sulphur and aluminum, among other important elements. These interactions may

result in the formation of some secondary minerals, such as calcite, brucite, ettringite, hydrogarnet,
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COs-hydrotalcite and Al-monocarbonate [1,23]. Such secondary minerals could continue to buffer the
porewater at pH values of pH 10 to pH 12 [23], and are expected to precipitate in the NRVB porosity
and subsequently become mineralised or re-dissolved [19]. The main consequence of the precipitation
of secondary phases is a potential reduction in the NRVB porosity in the region where groundwater
flows into a vault. This is particularly the case for high carbonate-containing ground waters, due to the
precipitation of calcite and other Mg/Ca bearing phases. The result is that subsequent inflow, and gas
migration pathways, will be reduced [19]. It is important to emphasize that these precipitation reactions
will depend on the composition and concentration of the groundwater solutes [36], which will depend
on the specific location of the GDF (e.g. in a clay, granite or evaporite host rock).

Numerous modeling studies have been performed to understand the pH evolution on leaching NRVB

[1]. Figure 2.4 describes one such study [1], which gives the four sequential stages of cement

dissolution.
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Figure 2.4. Schematic representation of the evolution of pH at 25 °C in cement pore fluid as a result
of groundwater leaching (from [1]).

A series of accelerated leach testing experiments have been performed to demonstrate the ability of
NRVB to buffer simulated groundwater [37]. In these experiments, it was possible to observe the
removal of all calcium hydroxide, and consequent buffering controlled by the dissolution of the C-S-H
gel, at a pH of about 11. During the test, the porosity was measured and an increase of about 20% was
observed, but the sample remained intact. A surface coating of brucite (magnesium hydroxide) was
formed at the region of inflow, which reduced the permeability coefficient by about an order of

magnitude [19].
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A long-term leaching study (run for up to two years) was carried out to provide data on the evolution
of pH during extensive leaching of the NRVB [22]. Three different leachant compositions were used
(deionized water, 0.1 M and 1 M NaCl solutions). In this study it was found that there is sufficient
alkaline buffering capacity present to maintain the leachate above pH 10 for 1000 cumulative specimen
volumes for all three leachants. It was also observed that the trend of reduction in pH from the pH 12.5
- 12.6 plateau was in the order of 1 M NaCl > 0.1 M NaCl > deionized water. This indicates that chloride

will increase the rate of leaching of the calcium from within cementitious materials.

2.3.9: NRVB Carbonation

In GDF conditions, carbonation of the NRVB may occur at several stages: during backfilling at the end
of the operational phase of a repository (NRVB could react with carbon dioxide in the air of the vaults);
during the post-closure phase when the repository has re-saturated and alkaline degradation of organic
material in the waste could produce carbon dioxide; and also during this last phase when carbon dioxide

or carbonate species could be introduced in inflowing groundwater [19,34].

For cement carbonation to occur, carbon dioxide must be dissolved in water and react with high
alkalinity components present in NRVB, i.e. products of cement hydration (for example, calcium
hydroxide, calcium silicate hydrate and various calcium aluminate hydrate or ferro-aluminate hydrates).
From this reaction, the products formed will be calcium carbonate, silica gel and hydrated aluminium
and iron oxides, while sulphate will convert to gypsum after complete carbonation [27,31]. The main
effects of the carbonation are: the reduction in the buffering capacity (i.e. in the pH) due to the
consumption of calcium hydroxide, and alterations to the physical properties by decreasing the pore
volume and permeability [27,38]. Because there is precipitation of the CaCOs in the pore structure, this
will increase in volume and lead to structural changes, including changes to the density and porosity
[27,31]. In Figure 2.5, VOI (Volume-of-Interest) images from samples of NRVB that are carbonated
and non-carbonated are shown, with the respective differences in the fraction of pores. It can be
observed that the carbonated samples presented a reduced porosity compared to the non-carbonated

samples, associated with the precipitation of calcium carbonates [31].
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Figure 2.5. Selected VOI (a) carbonated sample, (b) partially carbonated sample, and (c) non-
carbonated sample. Top image: grey scale image, centre image: segmented into solid (white) and
pore (black) regions, and bottom image: segmented into large pores (black) (from [31]).

Some authors have observed that carbonation can also be associated with crack sealing, due to the
precipitation of CaCO; [19]. It was also found that the gas permeability is reduced by half on
carbonation, but it was concluded that this might not adversely affect the transport of gases and fluids
through NRVB, however further work is needed to understand this [38]. One advantage of carbonation
is that the *CO, (g) generated will be absorbed by the calcium component of the cement, thereby

preventing the release of 1*CO; as a gas phase to the far field or the biosphere [27].

Because of the changes in the physical and chemical properties of the cementitious backfill, some
studies have been carried out to understand the extent of carbonation in NRVB. The main conclusions
were: NRVB retards the migration of any released CO2; carbonation resulted in consumption of

portlandite; and XRD results showed that the hydrated cement phases were completely replaced by
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calcium carbonate within the main region of carbonation [27,31], as can be seen in Figure 2.6. When
carbonation occurs, the peaks corresponding to calcium hydroxide are no longer visible and the intensity

of the peaks corresponding to calcium carbonate increase [27].
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Figure 2.6. XRD diffractograms of fresh NRVB and carbonated NRVB; CC represents calcium
carbonated, and CH represents calcium hydroxide (from [27]).

C-S-H can also be affected during carbonation. Morandeau et al. [39] show that a decalcification of C-
S-H occurs in the presence of CO,. This will consequently lead to a smaller molar volume and smaller
Ca / Si ratio of C-S-H when compared to non-carbonated C-S-H. Moreover, C-S-H does not release
physical water during carbonation, unlike portlandite. This will result in a highly hydrated silica gel
[39].

2.4: Low-pH cement

The use of Portland cement in a GDF concept provides a highly alkaline environment (pH above 12),
which reduces the solubility of many radionuclides [7,9,40]. However, this characteristic can be
problematic when other barriers are being considered in the GDF [41], and safety of the repository is

determined by the stability of these barriers. Bentonite is an example of a material that has been
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considered to use in repositories in many European countries (like Switzerland, France, Spain, etc) for
the disposal of HLW, and its stability is influenced by the pore water pH [17]. It was previously
observed that the alkaline environment provided by cementitious materials cause dissolution-
precipitation reactions in bentonite, and consequently the loss of its swelling capacity (the main
characteristic for the use of this sealing material in the GDF) [42-45]. It was also observed that these
alterations are significantly reduced when the pH is below 11 [43]. Another consequence of using pure
PC is the characteristic high temperature rise from the cement hydration [46], which have negative
effects for the long-term durability of the material, by causing for example the formation of cracks in
the materials [44,45]. Therefore, a potential solution is the formulation of a low-pH and low-heat
cement, which would improve the compatibility of the different materials in the repository environment.

To formulate this low-pH cement, a set of criteria was defined [44,45]:

e Chemical compatibility with clay
o Pore solution with low alkalinity (achieved through reduction of formation of
portlandite)
o pH ideally below 11
o Low heat of hydration (lower than PC, < 250 J/g)
o Easy supply

o Chemical resistance to geological environment (e.g. sulphate and chloride attack)

To achieve these characteristics, the high-percentage replacement of PC by SCMs is an attractive
option. Supplementary cementitious materials are by-products or natural materials that can either show
hydraulic or pozzolanic behavior. As a brief explanation, a hydraulic binder is a material that when in
contact with water forms cementitious products, in a so-called hydration reaction. Some of these
materials are considered to have a latent hydraulicity, meaning that their hydraulic activity is relatively
low, when compared to PC, and needs a chemical or physical activation for the hydration to happen
[47]. A pozzolan is a siliceous or a siliceous and aluminous material, which in the presence of moisture
will react chemically with calcium hydroxide to form compounds that possess cementitious properties
(like C-S-H) [47]. This process is also known as pozzolanic activity, i.e. is the degree of reaction
between a pozzolan and Ca?* or Ca(OH); in the presence of water [47-49]. Equation 2.1 shows the

pozzolanic reaction using cement chemist’s notation (C=CaO; H=H,0, S=Si0,).
S+CH -C—-S—H (2.2)
Three of the most common SCMs studied worldwide are fly ash, blast furnace slag and silica fume.

Blast furnace slag (BFS) is an example of a latent hydraulic material, being a by-product in the
extraction of pig iron in blast furnaces. The chemical composition of BFS can vary significantly

depending on the composition of the raw materials in the iron production process. When cooled
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sufficiently, it rapidly forms a glassy material (almost fully noncrystalline) [50-52]. The main oxide
constituents of BFS are CaO, SiO;, Al,O; and MgO [53]. It is very common, nowadays, to use BFS in
combination with Portland cement. In systems with high replacement levels of BFS, it was possible to
observe the absence of portlandite, the formation of C-S-H with low Ca/Si ratio, the presence of
hydrotalcite-like phase and AFm phases (alumina, ferrite, monosulphate or monocarbonate) [49,50].
Due to the higher content of Al.Os in the BFS than in PC, C-S-H shows the incorporation of more Al
into its structure [54,55]. However, studies showed the very slow hydration of this material, for example
residual BFS was found in cements with 20 years old [54]. Some benefits of using PC-BFS blends are
the lower heat of hydration observed, lower porosity and higher strength [56].

Silica fume, also known as ‘microsilica’ or ‘condensed silica fume’, is a very fine amorphous powder
resulting from the production of alloys of silicon or ferrosilicon [57-59]. It is considered a very good
pozzolanic material, due to the high content of amorphous silica and very fine particle size distribution
(average diameter of 0.15 um) [56,59]. When silica fume is added to PC systems, consumption of
portlandite is observed, a progressively more low Ca/Si ratio C-S-H is formed [49,60,61]. Furthermore,
with C-S-H with low Ca/Si ratio and with Al incorporated, there is an increase of alkali uptake, which
in turn leads to a reduction of the pH in the pore solution (due to the reduction of alkali concentration
in solution) [44,45]. Some of the microstructural advantages of using silica fume are related to the high
increase of the strength of the cement (including compressive strength), and chemical attack resistance
(e.g. to sulphate and chloride), due to the decrease in permeability [57,59]. One of the consequences of
using silica fume is the poor workability observed [62]. This happens due to the easy agglomeration
and very high surface area of the particles, which leads to the need of more water to maintain the

workability. To overcome this, the use of superplasticisers and/or ultrasonication is necessary [56,62].

Fly ash, also known as ‘coal fly ash’ or ‘pulverised fuel ash’, is a by-product from the combustion of
coal and lignite [47]. The main composition of fly ash is SiO, and Al.Os, and the amount of CaO is
often limited, but can vary depending on the origin of the fly ash [49]. As observed with silica fume,
when fly ash is mixed with PC, a reduction of the amount of portlandite present is observed. This
reduction, though, is less pronounced than for silica fume, due to the limited early reactivity of fly ash
and the presence of CaO in the composition [49]. Benefits of using this PC blend can include an increase
of the strength, reduced heat of hydration, reduced permeability, resistance to chemical attack (e.g.

sulphate attack), and improved workability, mainly at later curing times [56].

To obtain a low-pH cement, one of the important factors to consider is the reduction of the presence of
portlandite, since this phase is the main responsible for buffering the pore solution to a high pH (as
observed in Section 2.3.7). Therefore, the use of pozzolanic materials with Portland cement is essential.
A number of advantages can be found when using pozzolanic materials with Portland cement, like

[44,45]: the conversion of portlandite (formed during PC hydration) into C-S-H; reduction of PC used,
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which decreases the heat output during hydration; and the Ca/Si ratio of C-S-H is lower, which benefits
the sorption of alkalis into C-S-H structure, reducing their availability in solution, and so reduction of
the pH. The absence or low presence of portlandite means that the buffering capacity is mainly provided
by the low Ca/Si ratio C-S-H, characteristic of this type of cements. The dissolution of this low Ca/Si
ratio C-S-H will be preferentially through the leaching of SiO; [7,41].

Cau-Dit-Coumes and colleagues [44] presented a paper that discussed the design of a low-heat, low-pH
and high strength cement to be used in a GDF. From that study, it was concluded that low-pH cements
could be designed using either binary blends (e.g. PC with silica fume) or ternary blends (e.g. PC with
silica fume and fly ash or BFS). Pore water pH was found to be below 11 for the formulations with

higher silica content (Figure 2.7).
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Figure 2.7. Correlation between solution pH and silica content in the binder (from [44]).

A study performed later by the same group [45], showed that all PC blends containing high replacement
values of silica fume, fly ash and BFS had a reduced heat of hydration, refined porosity and pH values
below 12.

2.4.1: Cebama Reference Cement Mix

Within the European Cebama research consortium, a low-pH cement was formulated as reference mix.
This mix design will allow data comparison between various studies from the different groups that

belong to the Cebama project.

The Cebama reference mix has a ternary binder composition with CEM |1, silica fume and BFS
(developed by VTT, Technical Research Centre of Finland). This composition was based on the ternary

mix design of Posiva (Finnish Nuclear Waste Management Organisation), which has been previously
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studied for nuclear waste repository deposition tunnel end plugs [63]. The aim was to have identical
total binder content, CEM | content and Ca/Si ratio, but using BFS instead of fly ash, as agreed during
a Cebama meeting. Since fly ash-based low-pH cements are more widely studied than BFS-based low-
pH cements, the Cebama project saw an opportunity to increase the knowledge of the latter cements
[64]. Also, BFS is considered to be a more homogeneous material and have longer availability than fly
ash from the perspective of security of supply [64]. Table 2.3 shows the composition of both Posiva’s

and Cebama’s low pH cement formulations.

Table 2.3. Composition of the ternary mix design from Posiva and the Cebama consortium.

Posiva mix composition Cebama reference mix composition
Total binder content 280 kg/m?® Total binder content 280 kg/m?®
CEM I 105 kg/m?® CEMI 105 kg/m?®
Silica fume 91 kg/m? Silica fume 110 kg/m?®
Fly ash 84 kg/m? Blast furnace slag 65 kg/m®
CaO/SiO ratio 0.61 CaO/SiO; ratio 0.61

Due to the high content of silica fume used in the Cebama reference mix, a superplasticiser was used.
Pantarhit LK (FM) is the naphthalene-based superplasticiser chosen, since polycarboxylate-based

superplasticisers are not allowed in Finland’s nuclear waste repository [63,64].

Characterisation of Cebama reference cement paste is shown in Chapter 4.

2.5: Groundwater Interactions with Cement

Cementitious materials are considered to be used in all current concepts for geological disposal, as
described above. The presence of these materials is expected to strongly influence the chemistry of the
near field environment, including groundwater [1,7]. The composition of the groundwater will depend
on the geology where the GDF is constructed, which can be in a granitic, clay or saline environment.
The interactions between the cementitious materials and the groundwater have significant effects on
each other, leading to chemical conditioning of the groundwater due to the higher pH characteristic of
the porewater of the cements (described in the previous sections), and to changes in the microstructure
and mineralogy of the cement. The composition of both groundwater and cementitious materials is
expected to evolve with the continuous flow of the groundwater, which may alter, for example, the rate
of radionuclide release and the groundwater flow rates and paths, due to possible changes in the porosity
and permeability of the host rock. The focus of this section is to review the understanding, so far, of
how groundwater interactions affect the microstructure of cementitious materials in a geological

disposal facility context.
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In the literature, studies have been performed to understand how individual chemical components of
groundwater can react with cementitious phases, as a way of trying to understand such complex
interactions. Some of the major species that are present in the groundwater and have been studied are

chloride, sulphate and carbon dioxide.

Interactions with chloride in solution usually result in reactions with aluminate phases to form an AFm
phase called Friedel’s salt (CasAl.(OH)12Cl»-4H,0), which is stable at chloride concentrations between
a few mmol/L to over 3 mol/L [65-67]. The formation of this phase can be through
dissolution/precipitation and ion exchange [66]. The latter happens when the positive layer of
monosulphate or monocarboaluminate, AFm phases, releases an OH" ion and exchange with a free CI.
The other interaction that occurs is with C-S-H, where surface complexation and electrostatic

interaction of ions happens with the surface of C-S-H [68].

Another common component in groundwaters is sulphate, which has a detrimental impact when
interacting with cement phases. This type of interaction is called external sulphate attack and usually
results in a physical expansion, often followed by cracking and spalling. When the alterations in the
hydrate phases occur due to the action of sulphates present in the original mix, this is called internal
sulphate attack [52]. Focusing on external sulphate attack, the penetration of sulphate ions in
cementitious materials from sulphate-bearing solutions results in the formation of gypsum
(CaS0s4-2H:0), ettringite (CasAl2(OH)12 (SO4)s-26H:0) or thaumasite
(Cas[Si(OH)e-12H20]-(C0Os3)-S04) [52]. Usually this attack occurs coupled with calcium leaching
(decalcification). One of the consequences of the formation of gypsum and ettringite is the localised

expansion that might occur, and ultimately cause cracking [66,69].

Carbonation can result when cementitious materials are in contact with groundwater; when gaseous
carbon dioxide first interacts with cement pore water (or groundwater), it starts to dissolve as HCO;
and COs* (see Equations 2.2 and 2.3). Then COs* reacts with dissolved calcium to form (and
precipitate) calcite. These reactions lead to a decrease of the pH in solution (Equation 2.4) [7,66].

COyaqy + H,0 > H* +HCO;  (22)
HCO; - HY+C0Z~ (2.3)
COp(aq) + 20H™ — COF + H,0 (2.4)

As described in Section 2.3.8, the formation of calcite can result in a reduction of the porosity of the
material, and consequently the formation of a protective layer at the surface. Thus, the formation of a

calcite layer is desirable in bicarbonate-dominated waters [7].

Decalcification, which is defined as the dissolution of portlandite and C-S-H when exposed to water

with lower Ca concentration than the cement system, can occur upon contact of cement with
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groundwater. The leaching of calcium is a combination of dissolution and diffusion processes, and
results in an increase of the porosity and permeability, and consequently loss of mechanical strength
[66].

2.5.1: Leaching experiments

Leaching experiments have been performed to try to understand how groundwater interactions with
cementitious materials considered for use in GDFs may affect their long-term performance. Section
2.3.7 showed several examples of those experiments performed specifically with NRVB.

Some studies have been conducted using demineralised water as an aggressive solution as a worst
leaching case scenario. Faucon and colleagues [70] have studied the leaching behavior of two
mineralogically distinct cement pastes: Portland cement and Portland cement (30 %) with BFS (70 %)
when in contact with demineralised water. After 6 months of leaching, in an inert gas environment (N2),
they observed the formation of a degraded layer in both cements. This layer was composed of residual
anhydrates, hydrogarnet, iron-substituted C-S-H, and hydrotalcite. They also observed that there was
dissolution of portlandite, AFm and AFt phases, when compared to the non-degraded zone. A
consequence of this dissolution was the observed concentration gradient between the surface (i.e.
degraded zone) and the core of the sample (i.e. non-degraded zone). This led to the migration of
magnesium and iron ions to the surface, and consequent formation of hydrotalcite, in the case of

magnesium, and C-S-H with iron incorporated (iron replaces calcium).

Later, the same group [71] made a review of the physico-chemical mechanisms of demineralised water
degradation of cement pastes used for nuclear waste disposal. A degraded and a non-degraded zone are
observed, the former being characterised by decalcification of the cement, mainly via the dissolution of
portlandite and calcium from C-S-H. This decalcification results in a decrease of the Ca/Si ratio from
the intact part of the cement to the degraded zone. The incorporation of iron and aluminium in the C-S-

H with lower Ca/Si ratio seems to enhance the stability of this phase in the degraded zone.

While formulating a low-pH cement, Codina et al [45] performed a 4 month leaching experiment where
five different cement blends (binary or ternary mixes) (Table 2.4) were placed in contact with pure

water, for calcium leaching tests.
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Table 2.4. Composition of the different cement blends investigated in [45] (weight %).

PC CEMYV Silicafume  Flyash BFS
B 60 % - 40 % - -
T1 37.5% - 325% 30 % -
T2 37.5% - 325% - 30 %
T3 20 % - 325% - 475 %
Q - 60 % 40% - -

Similar results were observed to the ones discussed above, where there is a clear degraded zone and a

non-degraded zone in the core of the sample (Figure 2.8). In the degraded zone, decalcification of the

cements pastes was observed, with a decrease of the Ca/Si ratio of the C-S-H. However, this

decalcification zone was 4 times smaller when compared to Portland cement. The degradation depth

ranged between 700 um to 1 mm. They also observed, through XRD analyses, the disappearance of

portlandite (for the samples that contained this phase in their initial mineralogy), disappearance of

ettringite and formation of hydrotalcite-like phase for the samples that contained BFS.

Blend

Optical microscopy
observations

Tl

T2

T3

SEM observations (BSE)

SEM with X-ray microanalysis
(Map of Ca)

500 um

SEM with X-ray microanalysis
(Map of Si)

500 um- <

500 pm

£

500 Jim " g9

Figure 2.8. Images from the samples (B, T1, T2 and T3) after 4 months of leaching with pure water,
obtained by optical microscopy and SEM (from[45]).
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In the same subject of formulating a low-pH cement, Calvo et al [42] discussed the results of a low-pH
cement (60 % PC and 40 % silica fume) in contact with granitic groundwater. In this study, flow-
through groundwater leaching was performed, for a duration between 14 months and 2 years. Also in
this study, a degraded zone was observed (between 700 um and 1600 um). In this zone was observed
decalcification of C-S-H, followed by the inclusion of Mg and also CI- in the C-S-H structure and other
phases. This inclusion is believed to be due to a “charge defect” caused by the leaching of calcium,
which is being compensated by the progressive inclusion of Mg, observed also in other studies (e.g.
[72]). However, regarding CI- inclusion, the authors did not mention any conclusions. In this paper, the
authors concluded that the low-pH cement had good resistance against granitic groundwater

interactions.

However, a different result was obtained when a low-pH cement (37 % CEM I cement, 30 % fly ash
and 33 % silica fume) and a conventional Portland cement sample were placed in contact with synthetic
clayey solution [73]. In this study, an original experimental setup was used to reproduce the geological
conditions observed in a Callovo-Oxfordian rock, using a specific CO; partial pressure. After 5 months
of leaching, where the groundwater was replaced at specific intervals, both cements presented similar
alteration mechanisms, but totally different intensities and extension of the degradation zone.
Decalcification was observed for both cements, being stronger in the low-pH cement paste (> 1.5 mm)
than in the CEM | cement paste (<100 um). The authors of [73] proposed two parameters to explain
these differences:

1. Inlow-pH cement, due to the absence of portlandite, the decalcification will occur directly in
the C-S-H phase. Since the Ca/Si ratio of the C-S-H of the low-pH cement is originally lower
than that of the CEM | (Ca/Si ratio of 1 for the former and 1.65 for the latter), and considering
that a similar decalcification occurs for both cements, the amorphous silica stage is reached in

the low-pH cement, which is associated with increase of the macroporosity (Figure 2.9).
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Figure 2.9. Porosity comparison between CEM | and low-pH cement pastes, after 1 month in contact
with clayey solution (from [73]).

2. Due to carbonation, CEM | cement paste developed a carbonate crust in the surface, being a
protective barrier to the exchange of soluble species with the groundwater. On the other hand,
no crust was formed in the low-pH cement.

Sulphate and magnesium action are observed in CEM | cement paste, with the formation of ettringite
in the macroporosity openings from the portlandite dissolution, and with magnesium precipitation in
the carbonate crust in the degraded zone. For the low-pH cement, the authors [73] believed that the
magnesium has incorporated in the C-S-H structure or formed M-S-H, but no proof was shown in the
paper. This information led to the conclusion that the degradation of clay groundwater was higher for
the low-pH cement than for the Portland cement sample [73].

Different modelling studies have been developed and performed to understand the long-term behaviour
of cements when in contact with the groundwater under GDF conditions (some examples, [23,74-78]).
Although modelling is important to comprehend what happens in a long time scale (most of the times
difficult to replicate in a laboratory scale), more experiments are needed to obtain more precise and
confident data that can support the modelling findings.

2.6: Concluding remarks

Geological disposal is the preferred option for the disposal of radioactive waste in many countries.

Cementitious materials will be ubiquitous within such facilities, being used in a variety of applications,
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including: waste encapsulation grouts; waste containers and overpacks; buffers and backfills; seals and
fracture grouts; tunnel/vaults linings; etc. This Thesis considers two types of cement, used in two

different scenarios:

(1) in one of the UK conceptual scenarios for the disposal of cementitious ILW it is proposed to use a
high-pH backfill material, called NRVB, to encapsulate the waste packages. The benefits of using this
material (e.g. capacity to buffer groundwater chemistry at a high pH, high porosity for gas migration
etc.) may be detrimentally affected by the interaction of the material with groundwater;

(2) in the case of many European countries, to prevent issues associated with cement/bentonite clay
interaction, a low-pH cement is considered for use as plugs and seals. These cements provide a pore
solution with low alkalinity (pH < 11) which does not degrade clay. However, it is not well-understood
how interaction with groundwater will influence the properties of such cements; as such, the European

research consortium, Cebama, are investigating low pH cement-clay-water interactions.

Such interactions, between the cementitious materials used in the geological disposal and groundwater,
are expected to occur during the long period of time which the GDF is expected to last. Leaching studies
have been performed to understand how these interactions may affect the physical and chemical
structure of the cementitious materials. Most of the studies described previously used aggressive
solutions (e.g. deionised water, NaCl solutions, etc) as accelerated leaching tests. A few studies were
described where groundwater was used, however the number of these studies performed in a geological
disposal context is very limited. Moreover, most of the studies carried out were based on

geochemical/transport models.

The research presented in this Thesis aims to improve and further develop understanding of the long-

term performance of relevant cementitious materials in a geological disposal facility context.
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Chapter 3: Experimental Methods

3.1: Materials and solutions

3.1.1: Nirex Reference Vault Backfill (NRVB) cement

Batches of Nirex Reference Vault Backfill (NRVB) cement paste were prepared according to the
formulation presented in Table 3.1, with a water/solid ratio (where solid includes all the powder
materials used) of 0.55. In Chapter 4, a comparison between NRVB formulated using laboratory (pure)
materials and using industrial materials (used, for example, by the National Nuclear Laboratory in their
studies of NRVB [22]) is performed. It is possible to find in the literature data pertaining to NRVB
prepared with both types of precursor (e.g. [22,79]). To verify the consistency between the cement
formed using these two types of starting materials, two different batches of NRVB were studied. For
the NRVB formulated using laboratory chemicals, denoted NRVB (Lab), the starting materials were:
CEM 1525 N sourced from Hanson Cement Ltd, Ribblesdale works (i.e. Sellafield specification; BS
EN 197-1:2011); Ca(OH)2 (> 95.0 %) and CaCOs (> 99.0 %) were sourced from Sigma-Aldrich. In the
case of NRVB formulated using industrial materials, denoted NRVB (Ind), the following products were
used: CEM 152.5 N (as above); hydrated lime sourced from Tarmac Cement & Lime (Tunstead Quarry,
Buxton, UK); and limestone flour sourced from National Nuclear Laboratory (Tendley Quarry,
Cumbria, UK; BS EN 13043:2002). Characterisation of the different raw materials is shown in Chapter
4.

NRVB formulated with laboratory materials was used in Chapter 5 and NRVB formulated with
industrial materials was used in Chapter 6 for the experiment with contact with different groundwater

compositions.

Table 3.1. NRVB formulation [19,80].

Material Content (kg m=)
CEM1525N 450
Ca(OH); / Hydrated lime 170
CaCOs/ Limestone flour 495
Water 615
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Cement batches were mixed using a Kenwood mixer for 5 minutes. Subsequently, the cement pastes
were placed in centrifuge tubes and cured at 20 °C (for Chapter 4 and 5) and at 40 °C (for Chapter 4 and
6) and 95 % relative humidity, for specific time points (from 1 day to 2 years). For the samples where
hydration was stopped for characterisation purposes, cement monoliths were placed in acetone for 3

days, and then vacuum dried to allow all the acetone to evaporate.

3.1.2: Cebama Reference Cement

Batches of Cebama reference cement paste were prepared using the formulation shown in Table 3.2,
with a water/solid ratio (w/s) of 0.25. All materials were provided by VTT (Technical Research Centre
of Finland). The cement paste was mixed by first adding the silica fume with 15% of the CEM 1 and
BFS to the mixing bowl and slowly adding the water and superplasticiser, and hand mixing for 3
minutes. A high shear mixer was used until the paste turned to a liquid and the remainder of the CEM
I was added and shear mixed. The cement paste was placed in centrifuge tubes and cured at 20 °C (for
Chapter 4 and 5) and at 40 °C (for Chapter 4 and 6) and 95 % relative humidity, for specific time points
(from 1 day to 1.5 years). For the samples where hydration was stopped for characterisation purposes,

acetone was used to stop the hydration.

Table 3.2. Cebama reference cement paste formulation [64].

Material Content (kg m)
CEM 1 42,5 MH/SR/LA 1050
Silica fume 1100
BFS 650
Plasticizer pantarhit LK (FM) 12.6

3.1.3: Synthetic Groundwater Compositions

For the experiments where cement samples were placed in contact with groundwater, three different
groundwater compositions were used, representative of the different generic geological environments
(granitic, saline and clay groundwater) considered for geological disposal of radioactive waste. The
granitic groundwater used was that developed in [81], which simulates groundwater in granitic terrain

(Allard water). The composition represents groundwater between 100-500 m in Swedish bedrock [82].
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The saline groundwater was also developed in [81] and simulates deep saline groundwater (NASK
water). The composition represents groundwater found at 500 m depth below Asp6, the likely site for
the Swedish geological disposal facility [82]. Finally, the composition of the clay groundwater utilised
is detailed in [83], and simulates groundwater in the Callovo-Oxfordian formation. This composition
represents groundwater between 460-505 m in the Meuse/Haute-Marne underground rock laboratory in
France. It is important to note that, although it is known that clay groundwater contains carbonates
[73,84], the use of this particular composition without bicarbonate added was a decision from the UK
Radioactive Waste Management organisation (RWM), a funding body in this project, to see possible
effects that the absence of carbonates might have in the groundwater interaction with the cementitious

materials.

The composition of the different groundwaters is detailed in Table 3.3 and 3.4. The different chemicals
were weighed and dissolved in 2 L of distilled water and stirred. Then the groundwaters were transferred
to the anaerobic chamber to equilibrate for 1 week prior to use. Due to the long-duration of the
experiments (up to 18 months), the total volume of groundwater needed would be around tens of litres.
Therefore, it was necessary to prepare new solutions at each time point of replacement (mentioned
below). Consequently, each solution was not always exactly the same due to minor errors in weighing
chemicals. Nevertheless, these minor discrepancies were accounted in the analysis of the results
obtained, as it will be shown in Chapters 6 and 7. Table 3.5 shows the measured composition of each
groundwater determined by ICP-OES. The minor amounts observed of Al and Si are due to impurities
in some of the chemicals used. The chemicals used were: CaCl, (99+ %, Acros); KCI, MgCl,, NaHCO;
(>98 %, Sigma); NaCl (> 99 %, VWR); and Na>SO4 (99 %, Alfa Aesar).

The pH obtained for each of the solutions was: 8.5, 8.2 and 7.5 for granitic, saline and clay groundwater,

respectively.

Table 3.3. Composition of synthetic groundwaters, with components listed in amount (mg) required to
make 1 L of solution

Granitic Saline Clay
Chemicals | Groundwater | Groundwater | Groundwater

(mg) (mg) (mg)

KCI 7.45 156.45 81.95
CaCl, 55.49 2208.50 832.35
MgCl,.6H.0O 40.66 81.32 1158.81
NaCl 35.06 7597.2 1461.00
Na,SO4 14.20 568.16 2130.6

NaHCO3; 168.00 168.00 -
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Table 3.4. Elemental composition of synthetic groundwaters, with components listed in milimoles per

1 L of solution.

Chemical Granitic Saline Clay
Groundwater | Groundwater | Groundwater
Element
(mmol) (mmol) (mmol)
K 0.1 2.1 1.1
Ca 0.5 19.9 75
Mg 0.2 0.4 5.7
Na 2.8 140 55
SO4 0.1 4 15
Cl 2.1 172.7 52.5
HCO;s 2 2 -

Table 3.5. Synthetic groundwater composition, as analysed by ICP-OES and IC in mg/L. Errors are

the standard deviation of triplicate measurements.

Granitic Saline Clay
Element | Groundwater | Groundwater Groundwater
(mg/L) (mg/L) (mg/L)
Ca 22.07£0.04 764.8 + 9.62 307.5+6.6
Mg 5.09+0.34 11.55+0.28 143.4+£0.8
S 2.90 £ 0.46 130.4+ 2.4 511.8+10.5
Na 64.15 £ 0.99 3018.5 + 64.3 1215+12.0
K 5.80 + 0.47 85.09 £ 0.45 42.73+1.06
Si 0.59 £ 0.53 0.66 +0.28 0.35+0.29
Al 0.78 £0.12 1.73+£0.27 1.07 +0.06
Cl 73.19+0.41 7023.71 + 2.64 1818.15 + 3.45

3.2: Cement — Groundwater Contact Methodology

To understand the mineralogy and microstructure evolution of the cementitious materials being studied
in this project when in contact with three different types of groundwater, two types of long-duration
experiments were performed: semi-dynamic and static. The set-up of these experiments was agreed
between University of Sheffield and two collaborator groups from the EU project Cebama consortium
(Amphos 21 and Forschungszentrum Juelich), who performed transport modelling experiments in
parallel to this Thesis, using the results obtained (presented in [85]) (results not shown as it is not in the

scope of this Thesis).

For the contact experiments, cylindrical monoliths of 15 mm height x 15 mm diameter were prepared
(Figure 3.1a). To allow only radial diffusion of the groundwater, the end of the cylinders was sealed

with epoxy resin. Both experiments were carried out in an inert environment (inside of a stainless steel
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“bean tin”, CO,-free; Figure 3.1b) at 40 °C, which is considered to be the maximum temperature 50
years after backfilling the GDF [1], for a given time period. Post-experiment characterisation included:
analysis of the solutions for pH and elemental concentration through Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES) and lon Chromatography (IC); and analysis of the cements
through X-ray Diffraction (XRD), Thermogravimetric analysis-Mass Spectroscopy (TGA-MS),
Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy (SEM-EDX), Solid-State
Nuclear Magnetic Renonance (NMR) Spectroscopy, Mercury Intrusion Porosimetry, Nitrogen Sorption
and X-ray Computed Tomography (XCT).

3.2.1: Semi-dynamic cement-groundwater contact experiment

A semi-dynamic experiment was performed to allow investigation of the mineralogical alterations of
the cements when in contact with the different groundwater compositions in a relatively aggressive

environment, where replacement of the entire volume of groundwater was performed every 2 months.

Monolith samples were placed in 60 mL Teflon vessels (placed in Teflon baskets to allow contact of
the solution with the whole monolith) in contact with 50 mL (solid/liquid ratio of 10 m™) of each of the
three groundwater compositions (Table 3.3). Duplicates of samples and blanks were used. Sampling
and replacement of the groundwater was performed every 2 months for a total time of 18 months for
NRVB and 12 months for the Cebama reference cement (this shorter experiment was due to the late
arrival of Cebama precursor materials from VTT). At each sampling time point, duplicate vessels were
sacrificed, with aliquots of solution taken for analysis (pH, ICP-OES and IC), and the monoliths were
placed in contact with acetone to stop the hydration, for post-characterisation. For the vessels that were
not sacrificed, complete replacement of the groundwater was performed (to simulate fast groundwater
flow in a GDF). The sampling and replacement of the groundwater was performed in a controlled
environment (COzq and Ozg)-free). Cement control samples were cured (without groundwater, at
40 °C) alongside this experiment, and were sampled (and hydration stopped) at the same time points

for comparison.
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Figure 3.1. (@) Cylindrical monolith placed inside a 60 mL Teflon vessels, (b) Stainless steel “bean
tin” being purged continuously with nitrogen gas.

3.2.2: Static cement-groundwater contact experiment

The second long-duration experiment performed was static, where two monoliths (NRVB and Cebama
reference cement) were placed in individual 2 L Teflon vessels, also using Teflon baskets, in contact
with 2 L (s/l ratio of 0.7 m?) of each of the groundwater compositions. Sampling was performed every
month (for 18 months), where aliquots of solutions (4 mL) were removed for analysis (pH, ICP-OES
and IC). This volume was not replaced, in an attempt to replicate extremely low (or no) groundwater
flow in a GDF. At the end of the experiment, the volume of solution removed for analysis did not exceed
10 % of the total volume. The cement monoliths were studied at the end of the experiment, being placed
in contact with acetone to stop the hydration for post-characterisation.

3.2.3: pH measurements

At each time point of sampling, the pH of the solutions was measured at room temperature (~ 25 °C)
inside the anaerobic chamber. Calibration of the pH probe was performed before using to pH 4, 7 and
10. It is important to note that these values were not corrected to the high ionic strength of the leachates,
and so the pH measurements presented in this Thesis are indicative rather than absolute [86]. As pH is

non-linear, the pH values are presented as a range taking into account the measurements performed.
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3.3: Analytical Methods

3.3.1: Particle Size Distribution

The particle size distribution of the raw materials used in the different cement formulations may
influence a number of cement properties, such as reactivity, strength development, heat release, porosity
and microstructure [87,88]. The dry dispersed state method was used for the analysis of the particle size
of the raw materials used in this project. The advantage of using dry dispersion is the possibility of
measuring the particle size in the same state as that in which the material is processed, without the need
of using a dispersant. With this method, the samples were dispersed using a venturi controlled by

compressed air.

In the case of, for example, silica fume, it was necessary to use a liquid dispersion method, to avoid
agglomeration of the particles. Therefore, isopropanol (> 99.8 %, Sigma) was the dispersant chosen in
this project, as it does not react with the material.

Experimental Particle size analysis used in this Thesis:

Chapter 4: Particle size distribution measurements were carried out using Mastersizer 3000 PSA, and
the results were analysed using Malvern Instruments software. The refractive index used for calcium
carbonate and limestone flour was 1.57; for calcium hydroxide and hydrated lime was 1.53; for Portland
cement was 1.3; for silica fume was 1.54; and for BFS was 1.63. The absorption index was the same

for any material, 0.1, and the weighted residual was less than 1 for each sample analysed.

3.3.2: Isothermal Calorimetry

To study the hydration reaction of cementitious materials, isothermal calorimetry analysis is generally
used. The principle of this technique is to study the heat of hydration of cement over a long period of
time, by recording chemical reactions undergoing either exothermic or endothermic events. In the case
of hydration of cements, different exothermic reactions occur, which can be correlated to the formation
of different hydrate phases [89,90].

With this method, a cement paste sample is placed in an ampoule inside of the calorimeter, where a heat
flow sensor is connected to a heat sink, keeping the chamber at a constant temperature. The heat
produced from the sample is measured, and it is compared to a reference sample (usually water), so any

external heat can be subtracted [90,91].
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Experimental isothermal calorimentry parameters used in this Thesis:

Chapter 4 and 5: Isothermal calorimetry was performed on cement paste samples using a TA

Instruments TAM Air calorimeter, at both 20 °C and 40 °C. In the case of the samples that were analysed
at 40 °C, prior to mixing, the raw materials and water were kept at this temperature. The materials were
then mixed externally (for similar times used in the original mix described in Section 3.1), and 20 g of
sample was placed in a plastic ampoule and then into the calorimeter for 7 days. Water was used as a

reference calculated to match the total water content of each of the formulations.

3.3.3: X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique used for the identification of crystalline phases
present in a sample [90]. X-rays (or monochromatic X-rays) are generated when an electron beam hits
a metal target (anode), e.g. Cu. This incident electron beam will excite an inner shell electron, which
will induce the movement of an electron from higher atomic shell to fill this inner shell. The energy
difference produced by this movement will emit characteristic X-rays (Figure 3.2).

Knocked out electron

Characteristic
X-1ays «_

Figure 3.2. Generation of characteristic X-rays.

These X-rays can interact with a sample, which will result in incident X-rays being scattered by the
atoms present in the lattice planes (described by Miller indices, hkl), which will then diffract either

constructively or destructively, according to Bragg’s Law (Equation 3.1) [92]:

ni=2dsin0 (3.1)
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where A represents the X-rays wavelength, 0 is the angle of incidence and d the spacing between two
planes (Figure 3.3). From this interference, a characteristic diffraction intensity is produced, allowing
the identification of the phases. In the present work, each of the phases were identified by comparing
the peaks in a XRD pattern to a database containing peak patterns of known phases. The Inorganic
Crystal Structure Database (ICSD) and the Powder Diffraction File (PDF) were used to perform phase
identification.

67— b e

{20

hkl

Figure 3.3. Derivation of Bragg’s Law, n). = 2d sin@

Rietveld Refinement

To quantify the crystalline phases present in the cement samples, Rietveld refinement was performed.
In the Rietveld method, minimisation of the difference between the measured and calculated patterns is
achieved by using a non-linear least square approach [93]. The peak intensities are calculated using the
following Equation 3.2:

€4 = s ¥ Ly |Fe| *0(26; — 6, )P, A+ B;, (3.2)

where 1°%€ is the calculated intensity at a given data point, s is the scale factor, Lk is the Lorentz-
polarisation factor, Fy is the structure factor, ¢ is the reflection profile function, 6 is the Bragg angle, Px
is the preferred orientation, A is the absorption factor, B; is the background intensity and k is the miller
indices of a specific Bragg reflection [90,93]. The non-linear least squares method is performed using
the following algorithm (Equation 3.3):

P

M= YW, (IFP — IF%)2 where W, = I, (3.3)
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where Ii#® is the experimentally determined intensity for a given data point [93]. This will allow the
refinement of lattice paramenters, crystalline strain, atomic coordinates, experimental factors and grain
size [93].

In the present work, only relative proportions of weight fractions were obtained since it is not possible
to quantify the amorphous fraction using this method with the available data. Alternatively, the
amorphous content was studied using Nuclear Magnetic Resonance (NMR) (Section 3.3.7).
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Table 3.6. Sources of structural information for different cement phases identified in this Thesis.

Phase Notation/ Crystal System PDF codes Reference
Alite
) Triclinic/T1 01-070-1846 [94]
(CasSiOs)
Belite -
) Monoclinic/p 01-086-0398 [95]
(CazSiOs)
Tricalcium aluminate .
Cubic 01-070-0839 [96]
(CasAl0s)
Ferrite ]
Orthorhombic 01-071-0667 [97]
(CazAlFe0s)
Gypsum o
Monoclinic 33-0311 [98]
(CaS04-2H,0)
Calcite
Rhombohedral 01-086-0174 [99]
(CaCO0s)
Portlandite
Rhombohedral 01-072-0156 [98]
(Ca(OH)>)
Ettringite
Rhombohedral 00-041-1451 [100]

(CasAlz(OH)12(S0O4)3-26H20)
Hemicarboaluminate
(CasAlz(OH)12(CO3)055-5.5H20)
Monocarboaluminate
(CasAlz(OH)12(CO3)3-5H,0)
Hydrotalcite-like phase
(meixnerite) Rhombohedral 00-014-0191 [103]
(MgsAl2(OH)14-3H20)

Rhombohedral 00-041-0221 [101]

Triclinic 01-087-0493 [102]

Experimental XRD parameters used in this Thesis:

Chapter 4: For XRD analysis, samples were crushed to a powder and sieved to a size fraction of <
63 um. A Bruker D2 Phaser diffractometer utilising a Cu Ka source and Ni filter was used and

measurements were taken from 5° to 70° 20 with a step size of 0.02° and 2 s counting time per step.
Chapter 5: See Section 3.3.4 (Synchrotron X-ray Diffraction)

Chapter 6 and 7: XRD analysis was performed on powder (< 63 um, prepared as descried above) using

a PANalytical X’ Pert3 Powder diffractometer utilising a Cu Ko source. Measurements were taken from
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5° to 70° 2 8 with a step size of 0.02° and 2 s counting time per step. Rietveld analysis was performed
only for the NRVB samples, using Bruker AXS Topas 4.2 software [104], and the crystal structure
information used for each phase is identified in Table 3.6. Errors associated with this quantification

were obtained through Rietveld refinement software, Topas.

3.3.4: Synchrotron X-Ray Diffraction

With the same principle of the powder XRD, synchrotron X-ray diffraction provides high resolution
diffraction patterns by using synchrotron radiation. In a synchrotron facility, electrons are generated
and accelerated into the storage ring by the linear accelerator and the booster synchrotron [105]. When
the path of the electrons in the large storage ring is changed, the electrons will emit energy, which will
be directed into the beamlines. The alternating magnetic fields present in the straight sections (in the
storage ring) will allow the electrons to oscillate producing more synchrotron radiation [105].

Figure 3.4. Beamline 111 from Diamond Light Source, showing the Mythen Position Sensitive
Detector (PSD) (bottom part of the circle) and samples (left side).
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Figure 3.5. Beamline 111 from Diamond Light Source, showing the Long-duration experiment set-up
(LDE). X-ray beam at the bottom, detector at the top, and samples in the middle.

Experimental synchrotron XRD parameters used in this Thesis:

Chapter 5: This experiment was initiated in October 2014 by Dr. Claire Corkhill, Prof. Neil Hyatt, Dr.
Laura Gardner and James Vigor, at beamline 111 of Diamond Light Source. Technical descriptions of
the beamline are given by Thompson et al [106,107] and Murray et al [108]. This experiment was
divided in two parts: (1) frequent scans were taken to study the beginning of the hydration reaction (only
studied with NRVB for 44 hours); (I1) a long-duration experiment was performed where scans were
taken at specific time points, to understand the evolution of the hydrate phases at later curing times

(performed with NRVB for 4 years, and Cebama reference cement for 1.5 years).

43



Table 3.7. Synchrotron XRD scan times for the NRVB formulation.

NRVB
(scan times)
First scan — 4 min after mixing

First 44 hours Every 10 min until 30 min

Every hour until 44 h

3 days until 1 year — once/week

Except between 17 days and 59 days
3 days to 4 years )
1 year until 3 years — once/month

Last scan taken at 4 years

Table 3.8. Synchrotron XRD scan times for the Cebama reference cement formulation.

Cebama
(scan times)
First scan — 90 min after mixing

. Every week until 7 months
90 min to 1.5 years .
Every month until 1 year

Last scan taken at 1.5 years

The first part of the experiment was performed using an array of Mythen position sensitive detectors
(PSD, Figure 3.4) with a 90° aperture for very rapid acquisition (subseconds/pattern), which allows
sufficient temporal resolution to observe the first few hours of the hydration reaction [106,107]. A
monochromatic beam with a wavelength of 0.82570(1) A was used for the experiment. NRVB samples
were mixed with the same procedure as described in Section 3.1, and transferred into a Kapton tube
using an electric toothbrush. Then, the filled Kapton tube was placed inside a 0.7 mm glass capillary,
which was sealed at the end with superglue (to mitigate against carbonation of the cement) and
transferred immediately into the experimental hutch. The time taken between cement mixing and the
first scan was approximately 8 minutes. A PSD detector was used to scan the samples, with an angular
range between 2° and 92° 26 with a step size of 0.004° 26. Each scan took approximately 15 seconds.

The duration of this part of the experiment was 44 hours (Table 3.7).
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Figure 3.6. Long-duration experiment (LDE) sample stage set-up. Numbers indicate the different
cement samples being analysed.

The second part of the experiment was performed to study the long-duration evolution of the hydrate
phases present in the NRVB and in the Cebama reference cement. For NRVB, the samples from the
previous experiment (PSD detector) were transferred to beamline 111 LDE (Long-duration experiment,
Figure 3.5) 3 days after mixing, and the experiment was carried out for 4 years (Table 3.6). In the case
of Cebama reference cement, the sample was mixed using the same procedure described in Section
3.1.2 and transferred to a Kapton tube, and then to the 0.7 mm glass capillary, which was sealed with
superglue (Figure 3.6). The scans were taken at specific intervals (Table 3.8) until 1.5 years. A
monochromatic beam with varying wavelength (0.41 - 0.62 A) was used. The LDE detector was used
to scan the samples, and a CeO; standard, with an angular range between 2° and 36° 26 with a varying

step size < 0.05°. Each scan took several minutes.

Because it was decided not to add an internal standard to the cement samples (since this could interfere
with the hydration reaction by dissolving or providing nucleation sites for hydration products to form
[90]), Rietveld analysis was performed only for the NRVB sample since this was highly crystalline and
contained only one amorphous phase. In contrast, since the Cebama cement contained at least three
different amorphous phases, it was not possible to quantify the amount of crystalline phases present
without an internal standard or a more complex analysis process (partial or no known crystal structure
— PONKGCS [109]). Ongoing collaboration with the BRGM (France) is currently underway in support

of phase quantification.

Rietveld analysis was performed using Bruker AXS Topas 4.2 software [104] in conjunction with J-
Edit, and the crystal structure information used for each phase is identified in Table 3.5. Batch analysis
was performed, where results from the previous scan determined the initial values and constrains

applied in the next scan. The lattice parameters were constrained to refine within 2.5 % of their
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published value. Errors associated with this quantification (in weight %) were obtained through Rietveld
refinement software, Topas. For any further processing of the data, i.e. conversion to mol% to allow

comparison with NMR data, the errors were calculated through propagation using standard formulae.

3.3.5: Thermogravimetric Analysis — Mass Spectrometry (TG-MS)

Thermogravimetric analysis (TGA) is an analytical technique used to identify hydrate phases present
in cementitious materials through the mass loss of a sample when heated to controlled temperatures
under controlled atmosphere (usually N2). Differential thermogravimetric analysis (DTG) corresponds
to the derivative of the TGA data, which allows the extraction of extra information from the TGA and
so distinguish the thermal events that might overlap [90,110]. Mass spectrometry (MS) was coupled to
analyse the evolved gases from the TGA instrument. This consists in the gas particles present in the
furnace being ionised, which results in charged particles. The MS will then separate and measure the
mass of each ion. Through the charge to mass ratio, where the charge is usually 1, it is possible to
identify each species [90]. The identification of these gases will then help with the final identification

of the cement phases.

The use of TG-MS is usually as a complementary technique to other analysis, like XRD, since it allows
the identification of amorphous phases.

Experimental TGA-MS parameters used in this Thesis:

Chapters 4, 6 and 7: A PerkinElmer Pyris 1 thermogravimetric analyser was utilised. Approximately

40 mg of cement powder was used. The temperature ranged from room temperature to 1000 °C with a
heating rate of 10 °C/minute under N (nitrogen) atmosphere. Derivatives of TG (DTG) curves were
calculated. A Hiden Analytical mass spectrometer (HPR-20 GIC EGA) was used to record the mass
spectrometer signals for H,O and CO..

3.3.6: Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDX)

Scanning electron microscopy (SEM) has been widely used to study the microstructure and composition
of polished surfaces of cement samples [90,111]. This technique consists of an electron source that
emits a collimated beam of electrons, which are accelerated to pass a set of lenses to condense the
stream of monochromatic electron to focus the beam to a small point. Subsequently, the electron beam
passes through a series of coils directing the beam to the surface of the sample [111]. When in contact
with the sample, a number of interactions between electrons and the material occur. From this

interaction can result two types of emission (Figure 3.7): 1) secondary electrons which are generated
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due to inelastic scattering of electrons in the sample, producing a low energy electrons useful for
topographic information; 2) and backscattered electrons (BSE), which result from elastic scattering,
meaning that the electrons have similar energies as the incident electrons. This elastic scattering strength
is dependent of the atomic number of the elements present in the sample, allowing the analysis of the

different phases over a wide range of magnification [90,112].
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Figure 3.7. Signal generation in SEM: Secondary electrons; Backscattered electrons; and
Characteristic X-rays.

Energy dispersive X-ray (EDX) is usually coupled to SEM for analysis of the chemistry of the samples.
An incident electron interacts with the inner shell electrons knocking an electron out of the atom. An
electron from the upper shell (higher energy) fills the place of the ejected electron, and the energy
difference between the two shells results in the emission of a characteristic X-ray of the element. These
X-rays are detected and quantified, allowing the identification of the different elements present in the
sample (Figure 3.7) [90].

Experimental SEM-EDX parameters used in this Thesis:

Sample preparation: Samples were sectioned using an Isomet saw and mounted in epoxy resin. After

leaving for 24 hours to harden, the samples were ground using grit paper from size 400, 600, 800 and
1200 until the cement surface was exposed. The samples were then polished using 6, 3, 1 and 0.25 pm
diamond paste and isopropyl alcohol. The samples were carbon coated and painted with silver paint to

make them electrically conductive.
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Chapter 4: BSE images were recorded using a Hitachi TM3030 scanning electron microscope operating
with an accelerating voltage of 15 kV. EDX analysis was performed using a Quantax 70 software and
elemental maps were collected for between 15 to 20 minutes. Imaging and compositional analysis was

undertaken between 1000x to 1500x magnification.

Chapters 6 and 7: An Inspect F50 FE-SEM was used for the analysis of cement samples after contact

with the different groundwater compositions for 12 and 18 months. The accelerating voltage was 15kV,
the spot size was 3 (unknown beam diameter) and the working distance did not require adjustment for

EDS measurements.

For the samples that were in contact with groundwater for 6 months, analysis was performed at
University of Manchester, by Dr. Heath Bagshaw. The instrument is a FEI Quanta 650, running at 15kV
equipped with a Bruker Quantax EDS system with an Xflash6/30 detector running Esprit V2.0 analysis
software. The analysis was carried out under variable pressure conditions (0.6mbar) to minimise
charging in the sample - images were captured using Secondary Electrons (LFD detector (large field
detector) and Backscattered Electrons (CBS detector - Concentric BackScattered detector). The maps
were collected as 12 x 1 fields stitched together (XY), each field was collected for 10 frames. EDS
spectra were also obtained at the centre and edge on the sample. Errors associated with the data were
obtained through the software used to process the data.

3.3.7: Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear Magnetic Resonance (NMR) is a technique commonly used in cementitious systems to study
structural characteristics of poorly crystalline or amorphous materials, which are difficult to identify
through XRD or other techniques [113]. In NMR spectroscopy, the interactions between the magnetic
momentum of a certain nuclei (with non-zero spin) and the applied magnetic fields will allow to obtain
more information about the local chemical environment of the active nuclei, and possible effects of
near-neighbour nuclei [113,114]. During an NMR experiment, a sample will be exposed to external
magnetic field, after which it is irradiated with pulses of radiofrequency radiation, which will allow the
ground energy state to split into various energy levels [114]. In turn, the lower energy states will become
excited through the absorption of energy, moving to higher energy state. However, when the pulse of
radiofrequency radiation is removed, relaxation of the nuclei occurs, through the return of the excited
energy state to lower energy state, emitting an electromagnetic response, which is measured as free
induction decay [114]. Then to obtain a NMR spectrum (resonance frequency), this free induction decay
is converted using a Fourier transform [113,114]. The resonance frequency obtained is recorded as a
chemical shift relative to a known standard, and it will be dependent on the local environment around
the studied nuclei [114].
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As NMR experiments are being performed in solids, the resulting NMR spectra will often appear
broadened, due to dipole-dipole interactions, chemical shift anisotropy and quadrupolar interactions
[113,114]. Magic angle spinning (MAS) is often used to reduce or eliminate these interactions, by
spinning a sample at an angle of 54.74° to the static magnetic field, suppressing in this way the dipolar
interactions and removing the chemical shielding anisotropy and first-order quadrupolar interactions
(spins = ¥, without second-order quadrupolar interations) which will result in a narrowing spectral
lineshapes [113,114]. However, MAS NMR experiments can not remove the second-order interactions
for quadrupolar nuclei with spins > %. Spinning at multiple angles, either simultaneously in double
rotation spinning or sequentially in double angle spinning, it is one of the possible ways of improving
the signal of the second-order interactions [114].

In the present study, 2Si MAS NMR and Al MAS NMR were used to study the C-(A)-S-H structure,
the silicon-containing clinker phases, silica fume and BFS and also the aluminium-containing hydrate

phases.

Experimental MAS NMR parameters used in this Thesis:

Chapter 4,5, 6 and 7: In Chapter 4, the 2°Si MAS NMR and Al MAS NMR spectra for the NRVB
28 days cured at 20 °C were collected at the EPSRC National Solid-state NMR Service. 2°Si NMR were
collected on a Varian VNMRS 400 (9.4 T) spectrometer at 79.435 MHz using a probe for 6 mm o.d.
zirconia rotors and a spinning speed of 6 kHz, a pulse width of 4 s (90°), a relaxation delay of 2.0 s,

and with a minimum of 30000 scans. Al NMR spectra were collected on the same instrument at
104.198 MHz using a probe for 4 mm o.d. zirconia rotors and a spinning speed of 12 kHz, a pulse width
of 1 ps (25°), a relaxation delay of 0.2 s, and a minimum of 7000 scans. #°Si and 2’Al spectra were

referenced to pure tetramethylsilane (TMS) and 1.0 M aqueous AI(NOs3)s, respectively.

The remaining data was collected in the Chemistry Department at University of Sheffield, by Dr. Sandra
van Meurs, with help of Dr. Brant Walkley. Solid state single pulse 2Si and 2’ Al magic angle spinning
(MAS) NMR spectra were acquired on a Bruker Avance |1l HD 500 spectrometer at 11.7 T (B0) using
a 4.0 mm dual resonance CP/MAS probe, yielding a Larmor frequency of 99.35 MHz for 2°Si and
130.32 MHz for ?’Al. 2°Si MAS NMR spectra were acquired using a 4 ps non-selective (1/2) excitation
pulse, a measured 15 s relaxation delay, a total of 512 scans and spinning at 12.5 kHz. Al MAS NMR
spectra were acquired using a 1.7 us non-selective (1/2) excitation pulse, a measured 5 s relaxation
delay, a total of 512 scans and spinning at 12.5 kHz. All #Si and 2’ Al spectra were referenced to pure

tetramethylsilane (TMS), 1.0 M aqueous AI(NOs)z and 1.0 M aqueous NaCl.g), respectively, at 0 ppm.

Deconvolutions of the Si MAS NMR were performed using non-linear minimisation of the sum of

squared errors using Gaussian curves [115-118]. A minimum number of peaks possible were fitted. Q"
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(mAl) classification were used in the analysis, where a Si tetrahedron is connected to nSi tetrahedral (0
>n > 4), and m is the number of neighbouring AlO, tetrahedra [119]. To help to fit the PC, BFS and
silica fume, deconvolution of the raw materials was performed. Estimated uncertainty in site
percentages was based on the influence of the signal/noise ratio of the spectra on the deconvolution
procedures. Calcium/silicon (Ca/Si) ratio, aluminium/silicon (Al/Si) ratio and the mean chain length

(MCL) were calculated using the following equations (3.4, 3.5 and 3.6) from Richardson et al. [120]:

3 2
Ca _ §Q1+§Q2

Si Ql+Q2 (3.4)
Al 202 (140)
Si o 0lto2 22 (3.9)
Si Q14+Q2+Q%(1AD+Q3+Q3 (14D
2
MCL = (3.6)

Q! )
(Q1+QZ+QZ(1Al)+Q3+Q3(1Al)

Errors associated with these calculations were obtained through combination and propagation of the

errors using standard formulae.
3.3.8: Mercury Intrusion Porosimetry (MIP)

With mercury intrusion porosimetry (MIP), the pore size distribution, and consequently the porosity, of
cementitious materials can be studied. This technique is based on the assumption that the pores are
cylindrical and connected to allow the penetration of mercury. Washburn’s law was used to determine
the pore diameter, by applying the following (Equation 3.7):

4ycos(0)
P

D= — (3.7)

where D is the pore diameter (um), 6 the contact angle between the fluid and the pore mouth (°) (6 =
1309), v the surface tension of the fluid (N/m), and P the applied pressure to fill the pore with mercury
(MPa). It should be noted that MIP experiments measure the pore entry size and not the real pore sizes
of the sample [90]. Therefore, if a narrow entry pore is the only path for the wider size pore, the volume
of the latter pore will be evaluated as being of a smaller diameter [90,121]. This is called the ink-bottle
effect, which will lead to an underestimation of the larger pores [90,122]. MIP results are generally

plotted as cumulative pore volume vs pore entry radius.

Experimental MIP parameters used in this Thesis:
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Chapters 4, 6 and 7: Small pieces of NRVB! and Cebama reference cement paste were placed into the

sample holder of an Autopore V 9600 (Micromeritics Instruments). The maximum pressure applied was
208 MPa, the surface tension was 485 mN/m and the contact angle was 130°. Smallest pore entry size
detected by the equipment is approximately 0.003 um. These measurements were performed by Dr.

Oday Hussein. Errors are representative of the intrinsic instrument error.

3.3.9: Nitrogen sorption porosity analysis

Gas adsorption is a technique that can be used to study micropores and mesopores in a porous material.
The principle of this technique is that gas molecules (adsorbate) will physically adsorb onto the surface
of the solid sample (adsorbent), due to van der Waals forces between the adsorbate and the adsorbant
[90]. For this to occur, very low temperatures are required, and are usually obtained by using liquid
nitrogen. Nitrogen is a common adsorbate gas used in cementitious materials, as it is an inert gas that
has low reactivity with these materials. The resulting data, adsorbed gas amount and corresponding
relative pressure, will allow to obtain information about specific surface area, pore volume, and pore
size distributions by applying different methods (e.g. Brunauer-Emmett-Teller (BET) and Barret-
Joyner-Halenda (BJH) [123,124]).

The BET theory was used in this project to determine the specific surface area of two of the raw
materials. The BET method is based on the multilayer adsorption of gas molecules onto the adsorbent
and can be expressed by the following Equation 3.8 [123]:

P 1 c-1 (P
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where Py is the saturation pressure of the gas, P is the pressure of the gas in equilibrium with the sample,
V, is the amount of gas adsorbed, C is a constant and Vn, is the amount of gas needed to cover the
surface with a monolayer. Vi, can then be obtained by plotting the first fraction of the equation versus
P/Py, through the slope and intercept of the obtained line. Once Vn is known, the specific surface area

can be determined using (Equation 3.9):

NaVimAn

Sper = V—o (3.9)

being Na the Avogadro constant, Ay the area of the surface occupied by a single adsorbed gas molecule

(for nitrogen is assumed 16.2 x 10° m?) and V, the molar volume of gas.

! Note: Due to the very low compressive strength presented by NRVB (around 8 MPa), this technique, which
reaches pressures of 208 MPa, was found not suitable (after using in Chapter 4) to quantify the finer pores due
to the potential for collapse of pores during analysis.
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The volume pore size distribution was obtained using the BJH model [124], which considers that when
a critical relative pressure is reached, condensation occurs in the pores (Kelvin Equation, 3.10):

P\ _ —2yVpcos@
n(2) = e g

where v is the surface tension at the liquid-vapour interface, Vo is the molar volume of the liquid, 6 is
the contact angle between liquid and pore (which will be zero for N»), R is the gas constant, r, is the
pore radius and t. is the thickness of the adsorbed layer during adsorption. However, some assumptions
need to be made to use this equation: (1) before condensation, a pre-adsorbed film on to the pore wall
has occurred; (2) and like with MIP, the pores are considered to have a cylindrical shape [90]. Another
condition that needs to be satisfied before determining the pore size distribution is that all pores need
to be considered filled. In that way, the pore size diameter (d) can be calculated using the following
Equation 3.11:

_ W
d= = (311)

where A is the surface area obtained through BET and V is the pore volume determined from the
adsorption/desorption isotherm. The pore size distribution can be obtained by either the adsorption of
desorption curves. In the current study, desorption curves were chosen as it is the most common used
and comparison with other data can be made [90]. The range of pore sizes studied was between 2 —
40 nm.

Experimental Nitrogen Sorption parameters used in this Thesis:

Chapters 4 and 6: To determine the BET surface area (Chapter 4) and the pore size distribution (BJH,

Chapter 6), nitrogen adsorption-desorption measurements were studied at 77 K on a Micromeritics 3
Flex apparatus. Powder samples of raw material (Chapter 4) and of NRVB (Chapter 6) were weighed
to around 0.5 g and degassed under vacuum at 40 °C for 24 hours, to reduce interferences during
measurements. Then, these samples were cooled with liquid nitrogen and analysed by measuring the
volume of gas (N,) adsorbed at specific pressures. The pore volume was taken from the desorption
branch of the isotherm at P/P0O = 0.3.

Since MIP was used to study the porosity of Cebama reference cement paste, it was decided that due to

cost limitations it was unnecessary to use nitrogen sorption for the same purpose.
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3.3.10: X-Ray Computed Tomography (XCT)

X-ray Computed Tomography (XCT) is a non-destructive technique commonly used to observe and
study the interior features of a solid object, by producing 3D image stacks from 2D projections (by
applying mathematical reconstructions from slice-series). In cementitious materials, this technique has
been used to analyse the pore structure and network [125-131].

In this technique, X-ray radiation is directed to the sample (continuously), and due to mainly the density
(but also atomic number) of the material, the incident X-rays will be attenuated (Figure 3.8). These X-
rays can be either from a collimated beam or from a divergent beam. The sample, which is positioned
in a rotational stage, is rotated through 360° and images are acquired at constant time steps. The
diffracted X-rays will pass through a scintillator to the detector. From a series of 2D radiographs
obtained, 3D reconstructions can be performed by applying different mathematical algorithms, which

will not be discussed here (as data processing was performed externally).

360° rotation
ﬁl optics
1
X-rays ——— m | gac;l?era
scintillator

:
|
I
Figure 3.8. Schematic of XCT equipment (simplified).

From the obtained data, quantitative analysis in terms of porosity, for example, can be obtained by
performing segmentation of the images. The histograms of the images will show peaks with higher or
lower absorption voxels, where the lower absorption voxels correspond to surrounding air and internal
void space, which will allow discrimination between pore space and binder phases (solid) [130]. One
of the main disadvantages of XCT is the fact that to obtain high resolution, and so be possible to observe
the smaller pores (micron to nanoporosity), very small samples (micrometre size) and long-time scans

are required.

Experimental XCT parameters used in this Thesis:
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Chapters 4, 6 and 7: The XCT experimental procedure and most of the data processing was performed

externally.

In Chapter 4, part of the samples (NRVB 20 °C) were analysed at the University of Strathclyde by Dr.
Nicolas Beaudoin, using a Nikon XTH 320/225 system. The rotation stage position was set so the X-
ray source-to sample distance was minimal and allowed a minimum voxel size of 3 micrometres.
Scanning conditions were an accelerating voltage of 100 keV, 28 pA current (corresponding to power
2.8 W) using a silver target. The exposure time for each projection was 2.829 seconds, lasting 3141
projections (1 frame per projection) and leading to a scan-time of 2.5 hours. Once reconstructed, a
software built-in algorithmic correction was applied to correct for artefacts related to beam-hardening
[132]. All volumes were reconstructed in 16 bit greyscale, and converted to a .tif stack. This data
processing was performed by the author of this Thesis: A volume of interest (VOI) was selected for
each sample, using standards previously reported in the literature, i.e. the VOI should be at least 100
umd, or higher than 3 to 5 times the size of the largest distinct feature, to minimise finite size error. In

this study, the VOI size chosen was 0.42 mm? (250 x 250 x 250 voxels at 3 um resolution).

For the rest of the samples (in Chapters 4, 6 and 7), the analysis and data processing was performed by
Dr. Haris Paraskevoulakos from University of Bristol. A Zeiss Xradia 520 Versa S-ray microscope was
used. The rotation stage position was set so the X-ray source-to sample distance was minimal and
allowed a minimum voxel size of 1.5 micrometres. The exposure time for each projection was 2.0
seconds, leading to a scan-time of ~2 hours. Reconstruction and data processing was not performed by
the author of this Thesis, but a brief summary of the procedure is given as followed: threshold
segmentation was performed using Avizo software, through the identification of different intensity
values; the lower intensity regions were identified as voids and used as the threshold value to distinguish
the pores/voids from the matrix of the sample. Porosity values were obtained through this analysis.

Errors were calculated from standard deviation of triplicate thresholding.

3.3.11: Inductively Coupled Plasma Spectroscopy (ICP-OES)

This technique is used to identify and quantify different elements present in a solution. In the equipment,
the sample (a liquid) is first vaporised by a nebuliser, and will then pass through a plasma torch, which
will atomize and ionise the sample. Also due to the plasma, which is generated when argon gas is ionised
at high frequency electricity, the atoms will be excited by two processes: inelastic scattering of an
electron from an atom and the radiative-recombination of an ion with an electron, which will lead to
the emission of photons [133]. Due to the presence of optical and radial windows in the equipment, a

range of wavelengths can be collected, and identification of the elements is performed by comparing
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with characteristic emission peaks for each element. Direct relation between the intensity of the

emission peak and quantity is performed.

Experimental ICP-OES parameters used in this Thesis:

Chapters 6 and 7: Analysis of the major elements present in the solutions prior to, and after, the

experiment was performed using a Thermofisher Scientific iCAP Duo06300 Inductively Coupled
Plasma-Optical Emission Spectrometer. Multi-element calibration standards were prepared using high
guality Fluka elemental standards of known concentration diluted in a nitric acid solution. The standards
contained Ca, Mg, Na, Al, S, Si and K diluted with 10% ultra-pure nitric acid at a maximum
concentration of 100 mg/L. The actual samples were filtered (0.22 um), diluted (1:20 dilutions) and
acidified with 20 pL of concentrated HNOj3 (99.999% purity) prior to analysis. A ceramic torch and an
internal standard of 5 mg/L Au solution were used to help analyse these complex samples (high ionic
strength). The use of an internal standard helps to improve the accuracy and precision of the results, as
Au emission intensities are measured and ratioed to the initial internal standard and then the values
obtained for the samples can be corrected by this same ratio, compensating for sample matrix effects

[134]. Errors were calculated using the standard deviation of duplicate measurements.

3.3.12: lon Chromatography (1C)

lon Chromatography (IC) is an analytical technique that separates ions based on their affinity to the ion
exchanger [135]. Two types of IC can be used: anion-exchange and cation-exchange. In the current

project, anion-exchange was used to quantify chloride ions present in the different solutions.

To help separate the ions present in a sample, an eluent is usually used. So, in an IC equipment, a sample
is loaded and injected into the eluent stream (composition and concentration of the eluent remain
constant). With the help of a pump, the eluent and the sample will pass through first a guard column,
which will remove contaminants that might affect the analysis, and then through the separator column.
It is in this column that the ions of the sample will be separated, on the basis that different ions will
migrate through the column at different rates, depending on their interactions with the ion exchange
sites [135,136]. After, a suppressor will suppress the conductivity of the eluent and enhance the
detection of selected ions. The ions will then be identified based on their retention time and quantified
by integrating the peak area or peak height. The use of standard solutions will help with this

identification and quantification.
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Experimental 1C parameters used in this Thesis:

Chapters 6 and 7: Analysis of the solutions for CI concentration was performed using a Thermofisher

Scientific Dionex 1CS-1100 lon Chromatography System. Calibration standards were prepared using
high quality Merck elemental standards of known concentration. The standards contained Cl diluted
with UHQ water at a maximum concentration of 100 mg/L. The samples were filtered (0.22 pum) and
diluted (1:20 dilutions) prior to analysis. The eluent used was composed of 4.5 mM Na,COs and 1.4 mM
NaHCO:s. Errors were calculated using the standard deviation of duplicate measurements.
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Chapter 4: Characterisation of NRVB and Cebama reference cement paste

Part of this Chapter is published as “Characterisation of a high pH cement backfill for the geological
disposal of nuclear waste: The Nirex Reference Vault Backfill” in Applied Geochemistry (vol. 89, pp.
180 — 189, 2018) by Vasconcelos et al. [137] (Appendix I).

4.1: Introduction

Understanding the initial chemistry and microstructure of cement pastes, before experiments with
different groundwater compositions, is essential so that differences can be identified in the samples pre-
and post-contact with groundwater. For this purpose, in this Chapter a detailed characterisation of
NRVB and Cebama reference cement pastes, cured for 28 days, is presented. In the case of NRVB, and
since more than one formulation can be found in the literature and in this Thesis (as mentioned in
Chapter 3), a comparison between NRVB formulated using laboratory materials [79] and using
industrial materials [22] is performed. Moreover, two different curing temperatures, room temperature
(20 °C), and 40 °C, were used. The room temperature was used as a standard curing condition to
correlate with the data obtained in the long-duration synchrotron XRD experiment performed at
Diamond Light Source (results in Chapter 5). For the extended experiments with groundwater, 40 °C
was used, as advised by the UK waste management organisation, Radioactive Waste Management
(RWM), to be representative of the peak of a 50 year thermal transient after backfilling of the disposal

area [1].

For this characterisation, a wide variety of techniques were used, to better understand the complex
matrix characteristics of the cementitious materials. Techniques used in this Chapter are: particle size
distribution, X-ray Fluorescence (XRF), X-ray Diffraction (XRD), Scanning Electron Microscopy /
Energy Dispersive Spectroscopy (SEM/EDS), Thermogravimetry-Mass Spectrometry (TG-MS), X-ray
Computed Tomography (XCT), Mercury Intrusion Porosimetry (MIP) and Nuclear Magnetic

Resonance spectroscopy (NMR).
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4.2: NRVB Characterisation

As mentioned in Chapter 2, NRVB was designed and characterised in the 1990s [19]. However, there
has not been a comprehensive characterisation of this material, where all tests are performed on a
consistent batch. Additionally, some of the raw materials used in the early development of this cement
are no longer available due to changes in the powder suppliers [12], therefore, the materials to be used
when a GDF is in operation may differ in composition and other key characteristics. As such, it is
important to understand how the chemical composition and physical properties of the backfill raw
materials may affect the short- and long-term performance of the NRVB. The results presented in this
section were published as a peer-reviewed paper in the journal Applied Geochemistry [137] and pertain
to two mixtures of precursor materials: (1) “laboratory” NRVB (NRVB (Lab)), composed of reagent
grade Ca(OH), and CaCOj3 added to CEM I; and (2) “industrial” NRVB (NRVB (Ind)), composed of
precursors used by the National Nuclear Laboratory in their formulation of NRVB, including hydrated

lime and limestone flour, mixed with CEM I.

4.2.1: Precursor materials

The chemical composition of the starting materials, as calculated using XRF of powdered materials, is
shown in Table 4.1. The composition was very similar for both Ca(OH), and hydrated lime. However,
a slight difference was observed between CaCOs and limestone flour. For example, CaCOs3 contained
more CaO than the limestone flour (57 wt% and 48 wt%, respectively). On the other hand, limestone
flour presented a higher concentration (between 1.6 and 5.4 wt%) of SiO2, Fe,O3, MgO and Al,O3 than
reagent grade CaCOs, which contained below 0.5 wt% of these elements (Table 4.1).

Table 4.1. Composition of precursor materials, as determined by XRF analysis (precision = 0.1 wt%)

Ty cemiszon FMSEERRT GO et ()
Na20O 0.3 0.2 <01 <01 <01
MgO 1.2 1.6 <0.1 0.5 05
Al,O; 5.2 1.9 <0.1 <0.1 0.1
SiO; 19.7 5.4 <0.1 0.5 0.7
P20s 0.2 0.1 <0.1 <0.1 <0.1
K20 0.5 0.3 <01 <0.1 <01
Cao 64.1 48.1 57.0 73.9 74.5
Fe,0s 2.1 1.7 <01 <0.1 <01
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SO3 - 893 ppm 37 ppm - -
LOI 35 39.6 43.3 23.2 24.4

Differences in the particle size distribution between CaCO; and limestone flour were also observed in
Figure 4.1a, where 50 % of the particles were smaller than 19.7 um for CaCO; and 11.5 um for
limestone flour. In the case of the industrial and laboratory grade Ca(OH). (Figure 4.1b), the particle

size distributions were found to be very similar.
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Figure 4.1. Particle size distributions of (a) CaCOs and limestone flour and; (b) Ca(OH), and
hydrated lime.

The fact that there was only a small difference between CaCOs and limestone flour is also observed in

the XRD pattern of these two precursor materials (Figure 4.2a). These differences are related to the
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presence of aragonite in the limestone flour and the reflections of calcite being slightly more intense in
the CaCO:s. In the case of Ca(OH); and hydrated lime (Figure 4.2b), the presence of the same peaks was

observed.
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Figure 4.2. XRD patterns of (a) CaCO; and limestone flour, and (b)

4.2.2: NRVB (20

°C)

Ca(OH); and hydrated lime.

Figure 4.3a shows the isothermal calorimetric measurements of the heat generated by both NRVB
formulations during hydration. It is possible to identify the four main hydration stages, as observed in
a plain Portland cement (PC). In comparison to PC, the heat flow was lower (Figure 4.3b) by a factor

of ~2 [46]. This is related to the much lower fraction of material undergoing hydration in the NRVB
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formulation (due to the high proportion of supplementary cementitious materials). Comparing the two
formulations of NRVB, it can be observed that the heat flow was very similar, however one subtle
difference was observed: the curve corresponding to the sulphate depletion period (labelled 4, Figure
3a) of NRVB (Ind) evidenced a more intense reaction than NRVB (Lab). One possible explanation is
the formation of additional calcium monocarboaluminate hydrate in NRVB (Ind) as observed in XRD
and NMR data (discussed below). In accordance with the particle size analysis (Figure 4.1a), the
limestone flour used in NRVB (Ind) demonstrated a significantly higher surface area than CaCO; used
in NRVB (Lab), with values of 5.2 + 0.2 m?/g and 3.7 + 0.2 m?/g, respectively. The higher surface area
was responsible for a higher rate of calcite dissolution and also the availability of more nucleation sites,
resulting in the formation of more hydration products [138]. Another factor to consider is the higher
content of sulphate present in the industrial raw material, which may have contributed to the observed
differences; the limestone flour of NRVB (Ind) had 893 ppm sulphur, compared with 37 ppm in the
hydrated lime of NRVB (Lab) (Table 4.1).
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Figure 4.3. (a) Isothermal calorimetry data for NRVB (Lab) and NRVB (Ind) at 20 °C. Thermal
features identified are: (1) dissolution and aluminate reaction; (2) induction period; (3) reaction of
alite and formation of calcium silicate hydrate; (4) sulphate depletion. (b) Cumulative heat of NRVB

(Lab) and NRVB (Ind).

The main phases identified in the NRVB formulations by XRD were calcite (CaCOs; PDF 01-086-
0174) and  portlandite  (Ca(OH);; PDF  01-072-0156)  (Figure  4.4).  Ettringite
(CasAlx(OH)12(S04)3-:26H,0; PDF  00-041-1451), calcium  monocarboaluminate  hydrate
(CasAlx(OH)12(CO3)3-5H,0; PDF 01-087-0493) and calcium hemicarboaluminate hydrate
(CasAlx(OH)12[OH(COs3)05]-5.5H,0; PDF 00-041-0221) were also identified. These results are in
agreement with those identified previously in NRVB cured at ambient temperature [26]. While the

phase assemblage for each formulation was similar, subtle differences were observed in the peak
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intensities of several reflections; monocarboaluminate reflections were more intense in NRVB (Ind)
than NRVB (Lab), while reflections of calcite were more intense in NRVB (Lab). These differences
may be attributed to the chemical composition, particle size distribution and surface area of the CaCOs
and limestone flour. However, preferential orientation cannot be ruled out, especially for layered or

platy phases such as monocarboaluminate and portlandite.
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Figure 4.4. X-ray diffraction patterns for (bottom) NRVB (Lab) and (top) NRVB (Ind) after 28 days of
curing at 20 °C.

TG-MS analysis confirmed the presence of these phases (Figure 4.5). The two peaks between 100 and
200 °C can be attributed to the presence of ettringite and monocarboaluminate, while the peaks between
400 to 500 °C, and 650 to 800 °C correspond to portlandite and calcite, respectively [27,30]. The same
peaks were observed for both formulations, however for the NRVB (Ind) (Figure 4.5b) an additional
peak was observed at ~ 650 °C, corresponding to the presence of magnesian calcite (CaxMg1-xCO3)
and supported by the presence of more Mg in NRVB (Ind) than in NRVB (Lab) (Table 4.1).
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Figure 4.5. TGA-MS data for (a) NRVB (Lab); and (b) NRVB (Ind) after 28 days of curing at 20 °C.

Through SEM imaging and EDX analysis it was possible to identify the microstructure of the different
hydrate phases, as shown in Figure 4.6. The large Ca-containing rhombohedral crystals (labelled A,
Figure 4.6) are portlandite. The Ca and Si-rich phase surrounding portlandite crystals (labelled B, Figure
4.6) is likely to be C-S-H. The areas containing higher concentrations of aluminium (labelled C, Figure
4.6) suggest the presence of AFm phases. The areas labelled D are indicative of the presence of sulphate-

containing AFm phases and/or ettringite, due to the higher concentration of both aluminium and
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sulphate. Comparing the SEM images of the two formulations, it is possible to identify the same hydrate
phases, however the matrix of NRVB formulated with industrial materials had a more fine-grained

morphology, consistent with the analysis of limestone flour by particle size analysis (Figure 4.1a).

50 ym

Figure 4.6. BSE SEM micrographs of (a) NRVB (Lab) and (b) NRVB (Ind) at 28 days of curing at
20 °C, with the corresponding EDX maps.

In the 2°Si MAS NMR spectra (Figure 4.7) it was possible to identify some unreacted Portland cement
through the presence of alite (chemical shifts -69 and -73.9 ppm) and belite (-71.2 ppm) [90] in both
NRVB formulations (cured for 28 days). Contributions from Q! (-79 ppm), Q2(1Al) (-83 ppm) and Q?
(-84 ppm) silicate environments were also observed in both formulations; these chemical shifts are
characteristic of C-S-H [139,140]. A small resonance was also observed at -90 ppm corresponding to
Q%(1Al). The presence of Al shows the incorporation of this element in the C-(A)-S-H [140].
Comparison of the two formulations reveals a small difference in the spectra (Figures 4.7) between
NRVB (Lab) and NRVB (Ind); this is related to the intensity of the resonances of Q? (-84 ppm), Q*(1Al)
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(-83 ppm) and Q2 (1Al) (-90 ppm) sites. A possible reason is the difference observed in the reactivity
of the raw materials used in the two formulations, specifically the higher surface area of the limestone

flour.

(a) (b)
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Figure 4.7. *Si MAS NMR spectra, and deconvolution results, for (a) NRVB (Lab) and; (b) NRVB
(Ind) after 28 days of curing at 20 °C.

Figure 4.8 shows the 2’ Al NMR spectra of NRVB (Lab) and NRVB (Ind). The small peak observed at
approximately -69 ppm (more evident for NRVB Ind) is attributed to the substitution of Al for Si in C-
S-H [141], in agreement with the observation of small peaks corresponding to Q?(1Al) and Q3(1Al) in
the 2°Si MAS NMR spectra (Figure 4.7). The peaks visible at approximately +13 and +9 ppm indicate
the presence of octahedrally coordinated Al in ettringite and AFm phases. As stated previously in the
literature [141], it is not possible to distinguish between the different AFm phases due to the similar
chemical shifts of their Al sites. Comparing the two formulations, it is possible to see a difference in
the proportion of ettringite and AFm phases present; the presence of more AFm in NRVB (Ind) is
related to the higher availability of dissolved carbonate (higher surface area) and consequent formation
of monocarboaluminate, in accordance with the results observed by isothermal calorimetry (Figure
4.3a) and XRD (Figure 4.4).
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Figure 4.8. 2 Al MAS NMR spectra of NRVB (Lab) and NRVB (Ind) after 28 days of curing at 20 °C.

A two-fold approach was applied to determine the porosity of the two NRVB formulations, to ensure
all pore sizes were considered in the analysis. Mercury Intrusion Porosimetry (MIP), where it is
understood that the pore diameters obtained correspond to the pore entry size and not the real size of
the pore [90], was performed to compare the trend and changes in the pore size distribution between
the two NRVB formulations [122]. Figure 4.9 shows the cumulative intrusion as a function of the pore
entry size diameter for NRVB (Lab) and NRVB (Ind). The curve for NRVB (Lab) allocates essentially
all of the pores to threshold pore entry radii below 0.8 um, whereas for NRVB (Ind) the curve allocates
all of the pores to sizes below 0.5 um. This small difference was also evident in the total porosity
obtained, where for NRVB (Lab) the percentage of total porosity obtained was 38 + 1 % and for NRVB
(Ind) was 32 £ 1 %. It is important to note that, due to the low compressive strength of NRVB (around
8 MPa [137]), this technique (which reaches pressures of 208 MPa in the instrument used in this study)
might not be suitable for quantifying the finer pores due to the potential for collapse of pores during
analysis. This is expected to occur at ~0.14 mL/g of intrusion for NRVB (Lab) and at ~0.15 mL/g for

NRVB (Ind) based on the respective compressive strengths of these two formulations.
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Figure 4.9. Pore entry size distribution of NRVB (Lab) and NRVB (Ind) after 28 days of curing at
20 °C, measured using MIP.

X-ray Computed Tomography (XCT) was also used to study the porosity of NRVB. This technique has
the advantage of being non-invasive and allowing three-dimensional reconstructions, but has limitations
in spatial resolution. Figure 4.10 shows selected slices of the volume-of-interest (VVOI) for the two
samples analysed. Quantitative analysis was performed using segmentation of the VOI. A threshold
value was chosen based on the line shape of the image histograms, which show peaks of higher and
lower absorption voxels, where the lower absorption voxels correspond to surrounding air and internal
void space [130], allowing discrimination between pore space and binder phases (solid). The MIP
results were used to guide the thresholding process, so the comparison between the results obtained by

the two techniques is to some degree influenced by this.
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Figure 4.10. XCT data for (a) NRVB (Lab) and (b) NRVB (Ind) cured at 20 °C. Top: Slices through
the tomographic reconstruction, showing the selected VOI (square); centre: selected slices through
the VOI in each sample; and bottom: segmented into solid (white) and pore (black) regions.

No cracks were observed in the samples at this early age (28 days of hydration). The porosities obtained
from tomographic data were 39 + 2 % for NRVB (Lab) and 35 + 2 % for NRVB (Ind). This difference
is related, once more, to the difference observed in the hydration reaction of both cements, due to the

smaller particle size and higher surface area of limestone flour.

The porosity results are in the same range as that presented by Heyes et al. [31] (~ 40 %), however they

are lower than those reported by Francis et al. [19], where the porosity measured using MIP and nitrogen
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desorption was around 50 %. It is important to note, however, using the density values presented in the
work of Francis et al. [19], one can calculate the porosity value as being ~35 %, which brings into
question the higher porosity value reported (50 %); the results obtained in this work, therefore, are not
dissimilar to those previously reported. Differences in the characteristics between the raw materials
used in the 1990’s and those used in the present study could give rise to differences in measured
porosity, and in the earlier characterisation, there may have been more air bubbles, acquired during the
mixing of the cement, that influenced the total porosity detected.

4.2.3: NRVB (40 °C)

In this Section, NRVB samples (made with laboratory and industrial precursors) were synthesised and
cured for 28 days (as described above), but with a curing temperature of 40 °C.

Figure 4.11 shows the results of isothermal calorimetry over a 24 hour period. Due to the sensitivity of
the equipment, it was impossible to keep the material at 40 °C between the time of the mixture and the
actual measurement. Therefore, the first 30 minutes are not considered in this data set. When comparing
the heat flow of the two samples analysed, it was possible to observe an increase of the heat flow (almost
3 mWI/Qg) in the stages labelled as 2, 3 and 4 of the hydration process, when compared with the results
observed at 20 °C (~ 1.5 mW/g, Figure 4.3). The reaction rate also increased for both samples, for
example, the stages labelled 3 and 4 finished after 5 hours at 40 °C, whereas in the samples that were
cured in 20 °C, those two hydration stages lasted around 12 hours. This is due to the curing temperature,
which leads to an overall increase of the heat flow and an increase of the reaction rate, as observed

previously in the literature [142-144].

When comparing the two formulations, the same trend was observed as the samples cured at 20 °C
(Figure 4.3), i.e. the heat flow observed for both formulations at 40°C was very similar, and the curve
corresponding to the sulphate depletion (labelled 4, Figure 4.11a) showed a more intense reaction in the
NRVB (Ind) in comparison to NRVB (Lab). As stated before, this is due to the difference observed in
the particle size distribution and surface area, and also the difference of the sulphate content observed
between CaCOs and limestone flour. Figure 4.11b, shows that the cumulative heat output for both

samples was similar and comparable with the results obtained at 20 °C.
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Figure 4.11. (a) Isothermal calorimetry data for NRVB (Lab) and NRVB (Ind) cured at 40 °C.
Thermal features identified are: (2) induction period, (3) reaction of alite and formation of calcium
silicate hydrate, (4) sulphate depletion; (b) Cumulative heat of NRVB (Lab) and NRVB (Ind).

From the XRD patterns obtained for both samples (Figure 4.12), the same hydrate phases were observed
as at 20 °C, being calcite, portlandite, ettringite and calcium monocarboaluminate hydrate. However,
no hemicarboaluminate hydrate was present in these samples. The slow transformation of
hemicarboaluminate to monocarboaluminate at later curing times has been observed in cementitious
materials containing limestone flour [141,145-147]. The observed absence of hemicarboaluminate
might indicate that the faster hydration reaction observed at 40 °C led to a faster transformation into

monocarboaluminate. No other significant differences were observed between the two formulations.
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Figure 4.12. X-ray diffraction patterns for (bottom) NRVB (Lab) and (top) NRVB (Ind) after 28 days
of curing at 40°C.

TG-MS analysis (Figure 4.13) shows agreement with the previous results. Therefore, as observed in the
NRVB samples that were cured at 20 °C, the two peaks between 100 and 200 °C are attributed to the
presence of ettringite and AFm phases, while the peaks between 400 to 500 °C, and 650 to 800 °C
correspond to portlandite and calcite, respectively. This was observed for both samples, where the same
peaks were detected for both formulations. However, for the NRVB (Ind) (Figure 4.13b) an additional
peak was observed at ~ 650 °C, corresponding to the presence of magnesian calcite (CaxMgi-xCO3),

observed also in the NRVB (Ind) sample cured at 20 °C.
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Figure 4.13. TGA-MS data for (a) NRVB (Lab) and (b) NRVB (Ind) after 28 days of curing at 40 °C.

The different hydrate phases identified through XRD and TGA-MS were observed in the SEM-EDX
analysis, as shown in Figure 4.14. Portlandite crystals were observed in both samples (labelled A, Figure
4.14), which are surrounded by the Ca and Si-rich area that might once more correspond to the C-S-H
gel (labelled B, Figure 4.14). The areas containing high concentrations of mainly aluminium are
suggestive of the presence of AFm phases, in this case monocarboaluminate. The needle-shape phases
rich in aluminium and sulphur are indicative of the presence of ettringite and/or sulphate-containing

AFm phases. Comparing the SEM images of the two formulations, it was possible to observe similar

74



microstructures, consistent with the identification of the same hydrate phases. However, as observed
for the samples at 20 °C, the matrix of the NRVB formulated using industrial materials showed a more
fine grained morphology, which is in agreement with the observed smaller particle size of the limestone

flour (Figure 4.1a).

(b) ¢

Figure 4.14. BSE SEM micrographs of (a) NRVB (Lab) and (b) NRVB (Ind) at 28 days of curing at 40
°C, with the corresponding EDX maps.

2Si MAS NMR analysis was performed on both NRVB formulations, and slight differences were
observed when comparing to the results obtained for the samples cured at 20 °C. From Figure 4.15, it
was observed that the peaks that were attributed to alite and belite in Figure 4.7 were not present. A
possible explanation is the more rapid hydration reaction observed at 40 °C (Figure 4.11) led to the full
reaction of Portland cement. In Figure 4.15b, a peak at around -70 ppm is present, which could be
attributed to the presence of belite. However, taking into account the results obtained through XRD
(Figure 4.12) and SEM-EDX (Figure 4.14), where no belite was detected, it is considered that if belite

is present it will be below the signal to noise obtained in the measurements.

In terms of C-S-H structure, contributions from Q! (Q*(1) -79 ppm; Q(11) -82 ppm), Q*(1Al), Q?, Q*

and Q3(1Al) silicate environments were observed in both formulations. The presence of the Q(1Al)
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and Q3(1Al) resonances show the incorporation of aluminium in the C-(A)-S-H structure, also visible
in the 2’Al MAS NMR spectra shown in Figure 4.16. It seems that more aluminium is being incorporated
in the C-S-H in the NRVB samples cured at 40 °C, when comparing to the samples cured at 20 °C.
Previous studies showed that with increasing temperatures, an increase of the incorporation of this
element into the bridging sites of C-(A)-S-H phase is observed [148,149].

Comparison between the two NRVB formulations showed slight differences in the intensities of
different peaks, for example in Q® and Q3(1Al). The slightly higher reactivity of the raw materials used
in the NRVB (Ind), due to the higher surface area of the limestone flour, might be the reason for the

observed differences.
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Figure 4.15. *Si MAS NMR spectra, and deconvolution results, for (a) NRVB (Lab) and; (b)
NRVB (Ind) after 28 days of curing at 40 °C.

From the 2 Al MAS NMR spectra (Figure 4.16) it was possible to identify similar peaks to those
observed in the NRVB samples that were cured at 20 °C. The peaks visible at approximately 14 and 9
ppm correspond to the octahedrally coordinated Al in ettringite and AFm phases. The broad peak
observed at around -67 ppm is attributed to the incorporation of aluminium in C-S-H, in agreement with
the observed peaks corresponding to Q(1Al) and Q3(1Al) in the #Si MAS NMR spectra (Figure 4.15).
This broad peak was observed in both samples at 40 °C, unlike the samples that were cured at 20 °C
(Figure 4.8), where this peak was only evident in the NRVB sample formulated with industrial
materials. Moreover, the peaks corresponding to ettringite and AFm phases show different intensities
between the NRVB (Lab) that was cured at 20 °C and 40 °C. In this sample, the peak intensity of AFm
phases is slightly higher than the peak intensity of ettringite, whereas for the same sample cured at 20 °C
the opposite occurred. A possible explanation is again related to the higher degree of reaction observed
for the samples that were cured at 40 °C, where the hydration of more calcium carbonate led to the

formation of more AFm phases, like monocarboaluminate [141,147]. For the samples that were
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formulated with industrial materials, no significant differences were observed between the two curing

temperatures.

Regarding differences between the two formulations cured at 40 °C, a slightly higher intensity of the
peak corresponding to ettringite was observed for the sample that was formulated with industrial
materials, which might be due to the slightly higher sulphur content observed in these samples (Table
4.1), i.e. more sulphate is available for the formation of this AFt phase [150].

Ettringite

AFm

NRVB (Lab)

90 80 .70 60 50 40 . 30: 20 100 O . 10 -20
Chemical shift (ppm)

Figure 4.16. °’Al MAS NMR spectra of NRVB (Lab) and NRVB (Ind) after 28 days of curing at 40 °C.

To study the porosity of both NRVB formulations cured at 40 °C, only MIP was used due to the
unavailability of the XCT equipment for these specific samples. Nonetheless, from Figure 4.17 it is
possible to observe similarities in terms of porosity with the samples that were cured at 20 °C. A smaller
pore entry size was observed for the sample that was formulated with industrial materials (below 0.9
pum) when comparing to the NRVB (Lab) (below 1.5 um). These values were slightly higher than the
ones obtained in the samples cured at 20 °C, which might be due to a slight coarsening of the
microstructure with higher temperature curing [151,152]. However, the overall total porosity measured
for the NRVB samples cured at 40 °C was lower than for the samples cured at 20 °C, being around 28
+ 3 % for NRVB (Lab) and 30 + 3 % for NRVB (Ind). Once again, the higher degree of hydration
observed for the samples that were cured at 40 °C, and consequently the formation of more hydrated
phases, might be the reason for the observed difference [153]. No significant differences were observed

between the total porosities of the two formulations cured at 40 °C.
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Figure 4.17. Pore entry size distribution of NRVB (Lab) and NRVB (Ind) after 28 days of curing at
40 °C, measured using MIP.

4.3: Cebama Reference Cement Characterisation

4.3.1: Precursor materials

XRF analysis of the Cebama reference cement raw materials (PC, BFS and silica fume) is shown in

Table 4.2.
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Table 4.2. Major constituents of raw materials, as determined by XRF and represented as oxides
(precision * 0.1%)

Compound CEM 425N Blastfurnace slag Silica fume
(wt.%0)
Na.O 0.1 0.6 0.3
MgO 0.9 8.2 0.8
Al,O3 3.8 10.1 04
SiO; 21.9 34.8 95.5
P2Os 0.1 <0.05 <0.05
K20 0.6 0.6 1.0
CaO 65.5 39.8 0.8
TiO; 0.2 19 <0.05
Mn3z04 0.3 04 <0.05
Fe:0s 4.8 1.0 0.8
BaO 0.05 0.06 <0.05
Loss Free Total 98.2 97.5 99.6

Particle size analysis was also performed on these powders, and the results presented in Figure 4.18
show that in the case of PC and BFS, 50 % of the particles were less than 14.4 pm and 11.4 pm,
respectively. The wider particle size distribution presented by silica fume shows the agglomerative
nature of this material. From Figure 4.18, where ultrasonic bath and dispersant were applied, 50 % of
the particles were less than 18.2 um and 90 % were less than 52.2 um. The use of ultrasonic treatment
(and/or high-shear mixer) and dispersants in the form of superplasticizers is very common in cements
that have silica fume in their formulations, as a way of improving the performance of this material
[62,154]. However, it seems that even with this pre-treatment, agglomeration occurred, as silica fume
particle size should be smaller than Portland cement. Arvaniti et al. [155], observed the same problem;
they rationalised that when particles of silica fume are smaller than 1 um, it is difficult to separate them

due to the Van der Waals forces, even after 55 min of sonication.
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Figure 4.18. Particle size distribution of Portland cement (PC), blast furnace slag (BFS) and silica
fume.

Through XRD analysis (Figure 4.19), it was possible to identify the mineralogy of the different raw
materials. The CEM | 42.5N spectrum (Figure 4.19a) shows the expected clinker composition: alite
(CasSiOs; PDF 01-070-1846), belite (CazSiO.; PDF 01-086-0398), aluminate (CasAl.Os; PDF 01-070-
0839), ferrite (Ca2AlFeOs; PDF 01-071-0667), gypsum (CaSQO4-2H,0; PDF 33-0311) and calcite. The
Portland cement used in this formulation is slightly different from the one used in the NRVB
formulation, varying only the standard strength class, which here is 42.5 and for the NRVB is 52.5. The
presence of significant diffuse scattering features in the BFS and silica fume diffractograms (Figure
4.19b,c) shows the amorphous nature of these cementitious materials. In the silica fume diffractogram
(Figure 4.19c¢), it was possible to identify peaks corresponding to quartz, the main component of this

precursor material.
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Figure 4.19. X-ray diffraction patterns of (a) CEM | 42.5N, (b) BFS and (c) silica fume.
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4.3.2: Cebama Reference Cement (20 °C)

Through isothermal calorimetry, performed at 20 °C for 72 hours (Figure 4.20), it was observed that the
peak heat release of the Cebama reference cement was low when compared to normal Portland cement
formulations, being less than 1 mW/g and above 5 mW/g respectively [46]. This is expected due to the
high replacement of PC with supplementary cementitious materials (SCM) [46]. This low heat of
hydration is one of the main desired characteristics for this type of cement, to minimise, for example,
the formation of micro-cracks in the material [44,45]. In Figure 4.20, it can be observed that the
induction period (labelled 2) was longer than for the normal PC cements (between 1 to 2 hours usually);
this is also due to the high replacement of PC with SCMs in this cement [49,156,157]. BFS is a latent
hydraulic material which starts reacting at later ages, and silica fume retards hydration as its reactivity
increases only after the pore solution pH is above 10.7 [47,49,158]. The addition of superplasticiser can
be also a contributor to this retardation of the acceleration stage (labelled 3) [159]. Another interesting
observation is the continuous slow release of heat after period 4, which evidences the continuous
hydration of the Cebama reference cement paste, especially the reaction of BFS and silica fume at later

ages.
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Figure 4.20. (a) Isothermal calorimetry data for Cebama reference cement paste cured at 20 °C.
Thermal features identified are: (1) dissolution and aluminate reaction (2) induction period, (3)
reaction of alite and formation of calcium silicate hydrate, (4) sulphate depletion; (b) Cumulative
heat of Cebama reference cement paste.

After 28 days of curing at 20 °C, the main hydrate phases identified by XRD (Figure 4.21) were calcite,
ettringite, a hydrotalcite-like phase (meixnerite, Mg:Al>(OH)14-3H,0; PDF 00-014-0191) and the AFm
phase monocarboaluminate. Some unreacted PC was observable as peaks of alite and belite, and it is
very likely that unreacted BFS and silica fume are also present, although their glassy nature makes their

identification by XRD challenging in the presence of C-S-H. The presence of low quantities of
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portlandite may be indicative of limited reactivity of the silica fume at early curing time; either kinetic
(due to the pH not be high enough for the silica fume to react quickly) or mass transport limitations
mean that the portlandite has not yet been fully consumed by the pozzolanic reaction. Previous studies

observed the same hydrate phase composition for similar cement blends [42,45].
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Figure 4.21. X-ray diffraction pattern of Cebama reference cement paste after 28 days of curing at
20 °C.

The results of TG-MS analysis of this paste are shown in Figure 4.22. It was possible to identify a broad
peak corresponding to ettringite and AFm phases between 100 °C and 200 °C [52,90]. Some C-S-H
was also observed via the mass loss between 50 °C and 100 °C [52,90]. In agreement with its low
guantity observed in XRD, from the TG-MS data the presence of portlandite was not observed. The

peak at around 800 °C corresponds to the presence of calcite.
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Figure 4.22. TGA-MS data for Cebama reference cement paste after 28 days of curing at 20 °C.

From Figure 4.23 (SEM-EDX analysis), the presence of unreacted agglomerates of silica fume, and
BFS (labelled A and B respectively in Figure 4.23), is visible. The presence of the former component
can be explained by the inclusion of this raw material in excess when compared to the amount of
portlandite present in this system [160], and the evidently agglomerated nature of the silica fume
particles. Also, the low w/s ratio used in the formulation, and consequent difficulty in dispersing the
silica fume, can be a possible explanation. In the case of BFS, it is well known that this material reacts
very slowly, being still present even after almost 20 years when used at high volume in cements [161].
In terms of hydrate phases, C-S-H gel was identified as the matrix area (labelled C, Figure 4.23), rich
in silica and calcium, around the silica fume and BFS particles.
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Figure 4.23. BSE SEM micrograph of Cebama reference cement paste after 28 days of curing at
20 °C, with the corresponding EDX maps.

The unreacted Portland cement was visible in the 2°Si MAS NMR spectra (Figure 4.24a), which shows
the presence of alite (chemical shift at -69 and -73 ppm) and belite (-70.8 ppm) [90]. The peaks from
these phases, alongside the Q*(1), Q(I1) and Q?(1Al) sites from the C-A-S-H gel phase, are overlapped
by the broad BFS peaks, which might affect the quantification of the Ca/Si ratio within the C-A-S-H
gel [162]. The two Q! environments are separated by the nature of the charge-balancing cations,
monovalent and divalent, which are due to the different field strengths leading to separate resonances
[117,162,163]. Resonances exhibiting chemical shifts corresponding to the presence of Q! (Q(I) -
73.9ppm and Q*(11) -78.9 ppm), Q?(1Al) (-81.6 ppm), Q2 (-84.5 ppm), Q* (-96.1 ppm) and Q*(1Al) (-
89.8 ppm) silicon environments in C-A-S-H were also identified [61,139,140]. The existence of Al
within the first coordination sphere of Q" silicon sites demonstrates the incorporation of this element in
an Al-substituted calcium silicate hydrate (C-A-S-H) binder phase. This was also visible in the 2’Al
NMR spectrum (Figure 4.24b), from the presence of a broad tetrahedral Al peak (between 80 and 50
ppm) that contains contributions from AI'"Y in C-A-S-H, and also from unreacted BFS [164]. In the
octahedral Al region of Figure 4.24b, a peak corresponding to ettringite (14 ppm) and a small shoulder
at the chemical shift around 9 ppm, corresponding to the presence of AFm and hydrotalcite-like phases,

was also identified. These results are in agreement with the XRD and TG-MS data shown above.
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To obtain the total porosity of the Cebama reference cement paste cured at 20 °C for 28 days, MIP was

performed. XCT analysis was not performed for this sample due to unavailability of the equipment.

()

Experimental

Silica ume

—T— 77— 77— 7T
-40 -50 -60 -70 -80 -90  -100 -110 -120 -130 -140

Chemical shift (ppm)

(b)

Ettringite AFm/Hydrotalcite

r —
90 80 70 60 50 40 30 20 10 0 -10 =20

Chemical shift (ppm)

Figure 4.24. () ®Si MAS NMR spectra and deconvolution results, and (b) 2’Al MAS
NMR spectra, of Cebama reference cement paste after 28 days of curing at 20 °C.

From Figure 4.25, it is evident that the bulk of pores had entry sizes below 0.02 um. The corresponding
total porosity obtained from this measurement was around 16 + 3 %. This low value of total porosity

shows the high density of this material after 28 days of curing.

The total porosity value obtained in this study is lower than that reported by Codina et al. for a blended
cement of similar SCM content [45], where the porosity measured through MIP was around 34.9 %
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after 1 month and 32.6 % after 3 months. However, the wi/s ratio used in that study was around 0.5,
which is much higher than the wi/s ratio used in the present work (0.25), which likely led to the obtained
higher porosity. In another study, the porosity measured through MIP, in a mortar sample composed of
PC, silica fume and fly ash (w/s ratio of 0.5) was around 23 % after 3 months, being around the same

range as observed here [44].
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Figure 4.25. Pore entry size distribution of Cebama reference cement paste after 28 days of curing at
20 °C, determined using MIP.

4.3.3: Cebama Reference Cement (40 °C)

Isothermal calorimetry was performed under the same conditions as described in Section 4.2.3 for the
NRVB cement at 40 °C, with the same limitation of keeping the material at 40 °C at the time of the
mixing, and so the first 30 minutes are not considered in this data set, and the initial peak (labelled 1 in
Figure 4.20) is not observable. From Figure 4.26 it was possible to observe that the hydration reaction
occurs more quickly than in the sample that was cured at 20 °C (Figure 4.20). For example, the hydration
stages labelled as 3 and 4 occurred between 5 and 15 hours at 40 °C (Figure 4.26), compared to between
10 and 25 hours at 20 °C (Figure 4.20). Further, the cumulative heat was higher at 40 °C of curing
(around 120 J/g) when compared to 90 J/g at 20 °C. This is expected and has been observed in previous
studies [165,166].
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Figure 4.26. (a) Isothermal calorimetry data for Cebama reference cement paste cured at 40 °C.
Thermal features identified are: (2) induction period, (3) reaction of alite and formation of calcium
silicate hydrate, (4) sulphate depletion; (b) Cumulative heat of Cebama reference cement paste.

Regarding the hydrate phases present after 28 days of curing at 40°C, a similar composition to the one
observed at 20 °C was determined by XRD, as shown in Figure 4.27. Unreacted Portland cement was
observed through the presence of alite and belite, whereas the broad scattering between 15° and 35° (26)
is indicative of the presence of unreacted silica fume and BFS. The main hydrate phases present were

calcite, ettringite, AFm phases and hydrotalcite.
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Figure 4.27. X-ray diffraction pattern of Cebama reference cement paste after 28 days of curing at
40 °C.

From TG-MS analysis (Figure 4.28), a slight increase in the width of the peak before 100 °C might
indicate that more C-S-H is being formed in the cement cured at 40 °C than at 20 °C. The faster
hydration reaction observed in the calorimetry results (Figure 4.26) correlates well with the reaction

happening faster and therefore more C-S-H being formed.
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Figure 4.28. TGA-MS data for Cebama reference cement paste after 28 days of curing at 40 °C.

90



From the SEM-EDX images (Figure 4.29), a similar microstructure was observed at 40 °C when

compared to the same sample cured at 20 °C. In Figure 4.29, it is possible to identify a combination of
unhydrated material as silica fume (labelled A) and BFS (labelled B), and hydrated phases (labelled C).

Figure 4.29. BSE SEM micrograph of Cebama reference cement paste after 28 days of curing at
40 °C, with the corresponding EDX maps.

Similar results were obtained through 2Si MAS NMR analysis when comparing to the samples that
were cured at 20 °C. In Figure 4.30a, the same deconvolution was performed, with the unreacted
material identified through the presence of alite, belite, BFS and silica fume. The C-S-H structure is
mainly identified through the presence of Q! (Q(l) and Q(11)), Q*(1Al), Q?, Q% and Q3(1Al) silicon
environments. The presence of Q?(LAl) and Q3(1Al) confirms the incorporation of aluminium in the C-
S-H, as was observed in the sample that was cured at 20 °C. This is also visible in the 27Al MAS NMR
spectrum (Figure 4.30b), through the presence of the broad peak between 80 and 50 ppm, which
corresponds to Al in C-S-H, and also to unreacted BFS. The presence of ettringite and
AFm/hydrotalcite-like phases is identified through the peak at 14 ppm and the shoulder at 9 ppm,
respectively. The intensity of the peak corresponding to ettringite is higher when comparing to the
sample that was cured at 20 °C, which might be related to the slightly higher rate of hydration observed
due to the increased curing temperature used.
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Figure 4.30. (a) °Si MAS NMR spectra and deconvolution results, and (b)
2’Al MAS NMR spectra, of Cebama reference cement paste after 28 days of
curing at 40 °C.

Figure 4.31 shows the pore entry size diameter in relation to the cumulative intrusion, as measured by
MIP. The curve allocates the bulk of pores to pore entry sizes below 0.1 pum, and the total porosity was
measured as around 19 + 3 %. This porosity is very similar, within the error, to the porosity obtained

for the sample that was cured at 20 °C.

For this sample, XCT analysis was also performed. The data obtained through this technique were
analysed by Dr. Haris Paraskevoulakos, from University of Bristol, and due to the method of analysis

used (MIP results were not used to guide the threshold position, as was the case for NRVB) and the

92



resolution of the equipment (1.5 microns), only the macroporosity was identified (pores > 1.5 um). In
this way, the macroporosity obtained was around 3.8 £ 1.4 %. This demonstrates the dense nature of

this material, with the porosity mainly composed of small pores (i.e. nanoporosity).
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Figure 4.31. Pore entry size distribution of Cebama reference cement paste after 28 days of curing at
40 °C, determined using MIP.

4.4: Conclusions

It is well known that changes in temperature can alter the mineralogy of the hydrate phases formed in
Portland cement based systems, which can include destabilisation of certain phases at high temperature,
for example ettringite [25,30,144,149,165,167]. However, most of these alterations occur when

temperatures rise above 50 °C.

In this Chapter, characterisation of NRVB formulated with two different sources of raw material
(laboratory and industrial materials) and characterisation of the Cebama reference cement paste was
performed. Two different curing temperatures were used, 20 °C and 40 °C, to match the extended

experiment conditions used in the subsequent Chapters of this Thesis.

NRVB samples synthesised with industrial materials showed a slightly higher rate of hydration than the
NRVB samples that were formulated with laboratory materials, independent of the temperature of
curing used. This was caused by the differences observed in the surface area and chemical composition
of the raw materials, particularly CaCO;z and limestone flour. The higher rate of hydration also resulted
in a slight increase of the relative quantity of monocarboaluminate formed, an increase of ettringite
formed (potentially due to differences in the sulphur concentration, which was more evident at 40 °C)

and also differences in the porosity (mainly at 20 °C).
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When comparing the different curing temperatures, the main difference observed was in the rate of
hydration; as the temperature was doubled, the rate of hydration was almost twice as fast, as identified
by isothermal calorimetry (Figure 4.3 and 4.11). Minor differences in mineralogy were also observed,
which were related to the extent of hydration, for example, hemicarboaluminate was present in the
samples that were cured at 20 °C, but not in the samples that were at 40 °C. The quicker rate of
conversion of hemicarboaluminate into monocarboaluminate at 40 °C is a possible explanation [147].
Another difference observed between the two curing temperatures was the apparent total reaction of
Portland cement in the NRVB samples cured at 40 °C, as observed through 2°Si MAS NMR.
Furthermore, an increase of the incorporation of aluminium into the bridging sites of C-A-S-H was
visible. The higher hydration reaction obtained at a curing temperature of 40 °C, led to a slight decrease
of the porosity, due to the consequent formation of more hydration products. Nevertheless, the overall
phase assemblage of NRVB was similar at both temperatures. The main hydrate phases present after 28
days of curing were: calcite, portlandite, ettringite and monocarboaluminate.

As a low-pH cement with high percentages of replacement of Portland cement with supplementary
cementitious materials, Cebama reference cement paste showed a high amorphous component. Through
XRD and #Si MAS NMR analysis, unreacted Portland cement, BFS and silica fume were present at 28
days of curing, for both curing temperatures. The main hydrate phases present in the Cebama reference
cement paste were calcite, C-A-S-H, ettringite, AFm phases and hydrotalcite-like phases, and this was
observed independently of the curing temperature used. In terms of C-S-H structure, incorporation of
aluminium is visible and was expected, due to the presence of BFS in the formulation [140,161,162].

In respect to the different curing temperatures used, no significant differences were observed in the final
phase assemblage and porosity (after 28 days). As observed with NRVB, only a slight increase of the

hydration reaction was visible, mainly observed through isothermal calorimetry (Figure 4.20 and 4.26).

This slight increase of the hydration reaction rate observed for both cement formulations when cured at
40 °C when in comparison with 20 °C is in accordance with the Arrhenius law, where reaction rates are
dependent on the temperature. In this case, the increase in temperature led to an observed slight increase

of the hydration reaction.

Nevertheless, it is important to note that no significant differences were observed in the overall phase

assemblage and porosity of both cementitious materials, when the two different temperatures were used.

It is of importance to understand how the phase assemblage of the different cementitious materials
considered for use in a geological disposal facility will evolve with time, as their performance is
required to last long periods of time. In the long-term, interaction with groundwater will likely occur,
so having an initial thorough knowledge of the microstructure of these cements will allow a better
understanding of the possible changes that will arise from those interactions. The long-term evolution

of the mineralogy of these cementitious materials is discussed in detailed in the following Chapter.

94



Chapter 5: In-situ Synchrotron X-ray Diffraction Study of High- and Low-
pH Cement Hydration

5.1: Introduction

Cementitious materials will be widely used in geological disposal facilities (GDFs) for radioactive
waste (as waste forms, as backfill materials, for sealing and structural components), and so it is
important to understand how the mineralogy of the cement evolves with time. Cement hydration is a
complex process, where a sequence of overlapping chemical reactions occur, and the time taken for this
process to be completed can vary between a few months to hundreds of years, depending on the cement
composition [52,54,119,168-170]. One advantage of using cementitious materials in the context of
geological disposal is their capability for radionuclide sorption [9,40], since many of the hydrate phases
can incorporate these elements through ion exchange [171-173], or provide high surface areas for ionic
sorption [173]. Therefore, knowing accurately which hydrate phases are present, and how they evolve
with time, will allow the development of more precise models to predict radionuclide sorption, porosity
evolution and pH buffering capacities, which is necessary for the development of a robust post closure

safety case for the GDF.

A combination of techniques are typically used to study the hydration of cementitious materials, which
include, for example, isothermal calorimetry, ex-situ X-ray diffraction (XRD), thermogravimetric
analysis (TGA) and nuclear magnetic resonance spectroscopy (NMR) [119,141,145,168,169,174].

In this project, a world first, fully in-situ synchrotron XRD experiment has been performed, where
cement samples were mixed and analysed at specific intervals (as described in Chapter 3) for 4 years in
the case of NRVB, and 1.5 years in the case of Cebama reference cement. This high-resolution
synchrotron instrument allows the provision of highly detailed and accurate data obtained during a long
period of time [108]. One of the exciting novelties of this study was the possibility of studying the initial
hydration reaction of a blended cement (the first few hours, only studied previously through isothermal
calorimetry and ex-situ techniques), where most of the main hydrate phases are formed, at the high

resolution only obtained in an X-ray synchrotron instrument.

In this Chapter, the results obtained from this experiment are shown, including semi-quantification of
the different crystalline phases using Rietveld refinement. Ex-situ 2°Si MAS NMR analysis of the
samples at specific time points was also performed to provide structural information for poorly

crystalline phases such as C-S-H.
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5.2: NRVB Hydration

5.2.1: Synchrotron X-ray diffraction

It is well known from the literature that the first few days are important for cement hydration. As soon
as dry cement powders are brought into contact with water, a series of different chemical reactions
occur, leading to the formation of different cement hydrate phases. The formation of these hydrate
phases will be responsible for the setting and hardening of the cement, and also for its microstructural
properties. The main reactions (chemical equations shown below) responsible for the setting of the
mineralogical and microstructural properties of the cementitious materials are related to the clinker
phases present in the Portland cement (PC). The reactions of alite (CasSiOs) and tricalcium aluminate
(CasAlx06) begin within the first few minutes/hours and will lead to the formation of portlandite
(Ca(OH);) and C-S-H, in the case of alite (Equation 5.2), and ettringite (AFt phase,
CagsAlz(OH)12(S04)3-26H20), in the case of tricalcium aluminate (Equation 5.1) [52,169,175]. These
phases are responsible for the observed initial setting and the early development of strength in the
cementitious materials. These reactions will be followed by further hydration of the aluminate phases
for the formation of AFm phases, like monosulphate (CasAl,06(SO4)-12H,0), monocarboaluminate
(CasAl(OH)12(C0O3)-5H,0), or hemicarboaluminate (CasAlx(OH)12(COs)os-5.5H20). The reaction of
belite (Ca,SiO4) is expected to occur mainly at later ages, contributing to the strength development in
mature cements, through the formation of further portlandite and C-S-H (Equation 5.4) [52,169,175].
Most of these reactions occur within the first 24 hours of curing, and a detailed description is performed

below, where semi-quantitative XRD data and isothermal calorimetry will be compared.

Table 5.1. Synchrotron XRD scan times for the NRVB formulation.

NRVB
(scan times)
First scan — 4 min after mixing

First 44 hours Every 10 min until 30 min

Every hour until 44 h

3 days until 1 year — once/week

Except between 17 days and 59 days
3 days to 4 years )

1 year until 3 years — once/month

Last scan taken at 4 years
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To better understand these initial reactions, XRD scans were taken more frequently for the first 44 hours
(Table 5.1), and the patterns are shown in Figure 5.1. In this Figure, it is possible to observe the
evolution of the intensity of the peaks of certain phases as a function of time. In the first scan, taken
around 4 minutes after mixing, it is possible to observe the presence of the clinker phases (alite, belite,
tricalcium aluminate and ferrite), and of the initial raw materials portlandite and calcite. Over the first
44 hours of hydration, an increase of the formation of portlandite, ettringite and hemicarboaluminate
was observed. Also observed was a decrease of the intensity of the peaks corresponding to alite, belite,
aluminate and gypsum. These variations are expected to occur in the first few days of hydration and
have been previously observed in similar cement formulations [141,146,168,170].

To understand the evolution of the different cement hydrate phases with curing time, semi-
guantification of the XRD data was performed through Rietveld analysis of the crystalline phases
present in the NRVB. In this analysis, no amorphous content was accounted, as no internal or external
standards were measured during this experiment. Therefore, it is important to point out that the relative
concentrations obtained for the crystalline phases through Rietveld refinement will be slightly higher
than the true amounts present when an amorphous phase is also considered. Nevertheless, for the
purpose of observing the hydration trend, these values are considered as semi-quantitative
concentrations. Rietveld analysis was performed using the Bruker AXS Topas 4.2 software, and the
crystal structure information used for each phase is identified in Chapter 3, Section 3.3.3. Batch analysis
was performed, where results from the previous scan determined the initial values and constraints
applied in the next scan. The lattice parameters were constrained to refine within 2.5 % of their

published value.
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Figure 5.1. (a) X-ray diffraction pattern for NRVB at 8 minutes after mixing; (b) NRVB peak intensity
variation as a function of curing time; (c) X-ray diffraction pattern for NRVB at 44 hours. Phases are
labelled as: A — alite; B — belite; a — aluminate; F — ferrite; Gp — gypsum; P — portlandite; E —
ettringite; Hc — hemicarboaluminate.
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Figure 5.2. details the semi-quantitative evaluation of the different crystalline phases performed with
the XRD data for the first 44 hours of the experiment (not including C-S-H), compared with the
isothermal calorimetry performed for the same time period. From these results it is possible to observe
the initial presence of ettringite, showing the characteristic early reaction of tricalcium aluminate with
gypsum (CaS04-2H,0) (Equation 5.1). Indeed, it is well known that aluminate phases react very
rapidly, within the first few minutes of hydration, which leads to the observed initial increase of
temperature (the reaction is exothermic) visible in the isothermal calorimetry shown in Figure 5.2
(labelled 1) [52,169,170,175,176].

CaszAl,04 + 3 CaSO0, 2H,0 + 26 H,0 — CagAl,(OH),, 3(S0,) 26H,0  (5.1)
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Figure 5.2. Semi-quantitative evaluation of XRD patterns of NRVB at curing times between 5 minutes
after mixing and 44 hours compared with the isothermal calorimetry performed during 44 hours (red
line; right-hand y axis). Thermal features identified are: (1) dissolution and aluminate reaction; (2)
induction period; (3) acceleration period; (4) sulphate depletion.

During this period (labelled 1, Figure 5.2), the initial reaction of alite is also observed, which results in
the initial formation and precipitation of portlandite and C-S-H (Equation 5.2, where x represents the

amount of water associated with C-S-H) [175].
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Ca3Si05 + (1.3 + x)Hzo 4 Ca01.7 - SlOZ - tzo + 1.3 Ca(OH)Z (52)

From Figure 5.2, it is also possible to identify the induction period (labelled 2), where a slowdown of
the hydration reaction was observed. A number of reasons have been attributed to the occurrence of this
slow period of reaction, most notably the formation of a metastable layer of a calcium silicate hydrate
phase that covers the alite particles, reducing their dissolution and, therefore, slowing the hydration
reaction [169,170]. Careful microscopic analysis would be required to confirm this. A more recent
theory has been also proposed, called “geochemical” theory of dissolution, which advocates that the
rate of dissolution is dependent on the undersaturation conditions of the solution in respect to the
dissolving phase [138]. In this theory, it has been claimed that high degrees of undersaturation lead to
rapid dissolution, as it is considered energetically favourable to etch pits to form [138]. However, there
is still no concensus within the scientific community regarding the occurrence of this slow period of
reaction [138]. The induction period was around 1 hour. Similar results were obtained by Lothenbach
et al [141] for a similar formulation (PC with limestone), where the end of the induction period was at

around 3 hours.

The next stage of hydration observed for NRVB was the acceleration period (labelled 3, Figure 5.2),
where further reaction of alite occurred to form portlandite and C-S-H (not shown in Figure 5.2). This
is visible through the decrease of the relative concentration of alite after 4 hours and the consequent
increase of the relative concentration of portlandite (Figures 5.3b and c¢). The increase of the formation
of C-S-H will be later explained through 2°Si MAS NMR data.

0

w

Time (hours)

5 6 7 9 10 11 26 27 28
26 Position () 20 Position (*) 20 Position (*)

:

Figure 5.3. Extracts from Figure 5.1 to highlight specific regions; a) increase of the intensity of
ettringite (4.9° 26) and hemicarboaluminate (5.9° 26); b) increase of the intensity of portlandite (9.7°
26); and c) decrease of the intensity of alite (27° 26) and increase of the intensity of portlandite (26.6°

26).
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The formation of ettringite during the acceleration period increased (Figure 5.3a), agreeing with the
decrease of aluminate, i.e., further reaction of aluminate with gypsum (Equation 5.1). At around 11
hours of hydration, the sulphate depletion period commenced (labelled 4, Figure 5.2), where the
formation of hemicarboaluminate hydrate occurred (Figure 5.3a). The formation of this AFm phase
occurs once all of the gypsum has reacted; the unreacted aluminate reacts with calcite [52,141,145,147]

to form hemicarboaluminate, according to Equation 5.3.
CazAl,04 + Ca(C0O3)os5 +11.5H,0 - CayAl,(OH)12(C03)ps5-5.5H,0  (5.3)

Belite (Ca,SiO,) reaction is known to be relatively slow for the first 28 days of hydration [52], which
is the reason why not much variation occurred during the first 44 hours (Equation 5.4).

Ca,SiOs + (0.3 + x)H,0 — Ca0,,-Si0, - xH,0 + 0.3 Ca(OH),  (5.4)

After the initial hydration period of 44 hours, XRD measurements were taken between 3 days and 4
years, with the analysis times set out in Table 5.1. The resulting diffraction patterns, and consequent
variations in the intensities of the peaks as function of time, are shown in Figure 5.4. The main
difference observed during this period was related to the visible decrease in the intensity of the peaks
corresponding to hemicarboaluminate (8.1 A) and the concurrent increase in the intensity of the peaks
corresponding to monocarboaluminate (7.5 A) (shown by the red arrow in Figure 5.4b). The reason for
this transformation is described in detail below. Moreover, no clinker phases were observed in the
Figure 5.4c, after 4 years of curing.
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Figure 5.4. (a) X-ray diffraction pattern for NRVB at 3 days; (b) NRVB peak intensity variation as a
function of curing time; (c) X-ray diffraction pattern for NRVB at 4 years. Phases are labelled as: A —
alite; B —belite; a—aluminate; Gp — gypsum; P — portlandite; E — ettringite; Hc —hemicarboaluminate;
and Mc — monocarboaluminate.
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To further understand these results, semi-quantification of the different crystalline phases was

performed by the Rietveld method, excluding C-S-H, as shown in Figure 5.5.
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Figure 5.5. Semi-quantitative evaluation of XRD patterns of NRVB at curing times between 3 days
and 4 years.

The initial formation of hemicarboaluminate, within the first day of hydration, has been reported in
similar cement formulations containing high content of limestone (CaCOs) [141,145,177,178]. It has
been proposed that in limestone-rich cements, that hemicarboaluminate (CasAl2(OH)12(C0O3)o5-5.5H20)
is kinetically more favourable to form than monocarboaluminate (CasAl2(OH)12(C0Os)-5H,0) [145]. In
other words, taking into account that calcite needs to be available for the formation of both phases, in
the case of hemicarboaluminate, only 0.5 mol of COj; is needed for each [CasAl2(OH)1,] unit, whereas
for monocarboaluminate, 1.0 mol is required for its formation. Therefore, in the beginning of the
hydration period, because only a small amount of calcite had been dissolved by the porewater [145],
hemicarboaluminate was more favourable to form, whereas with further dissolution of calcite over time
(Figure 5.4), hemicarboaluminate was replaced by monocarboaluminate [52,145]. This conversion is
visible in the semi-quantitative data presented in Figure 5.4, where the maximum rate of formation of
monocarboaluminate (0.2 g/100 g crystalline/d) is concurrent with the maximum rate of dissolution of
hemicarboaluminate (0.1 g¢/100 g crystalline/d). The slightly higher rate of formation of
monocarboaluminate when compared to the rate of dissolution of hemicarboaluminate might be due to

further reaction of tricalcium aluminate with calcite to form additional monocarboaluminate (Equation
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5.4). The total depletion of hemicarboaluminate and the maximum relative concentration of

monocarboaluminate occur at around 2 months of curing (59 days).

Ettringite (AFt) was present throughout the experiment, with a slight decrease of its relative
concentration observed towards 4 years. In Portland cement it is expected that once all the gypsum has
been reacted and, if tricalcium aluminate is still present, ettringite should begin to convert to
monosulphate (AFmM-SO.) (Equation 5.5). The stability of ettringite as a function of curing time,
observed here for NRVB, is a consequence of the use of CaCOs as a precursor material in the NRVB
formulation. Because tricalcium aluminate reacts with CaCOs to form hemi/monocarboaluminate
(AFmM-CQs), and sulphate ions can be easily interchanged by carbonate ions during this reaction [179],
the formation of AFM-COs, rather than AFm-SQy, stabilises SO4% in ettringite, as tricalcium aluminate
dissolution is balanced by COs* ions instead. This has the effect of delaying the destabilisation of

ettringite and its conversion to monosulphate [141,177,179].
Ca3A1206 + CaC03 + 11 H20 d Ca4Al2(0H)12(C03) -5 H20 (54)
2CazAl,04 + CagAl,04(504)332H,0 + 4H,0 — 3(CayAl,04(S0,)12H,0) (5.5)

All of the clinker phases from the Portland cement included in NRVB had reacted at around 2 months.
Due to the timescales of the measurements (shown in Table 5.1), where one measurement was taken
after 17 days and the following time point after was after 59 days (due to the beamline shutdown in this
period), no certainty is possible about the precise time when all of the clinker phases had reacted.
However, taking into account the Si MAS NMR data presented below, it is believed to occur between
28 days (where clinker phases were still present) and 2 months. The extra nucleation sites provided by
the addition of CaCOj3; and Ca(OH); as precursor materials and the high w/s ratio used in the formulation
(0.55) might have accelerated this clinker reaction, as has been observed in previous work where

limestone was used in the formulation [141,145].

The observed slight increase of the relative concentration of calcite at later ages might be related to the
partial carbonation of portlandite or C-S-H, as the nature of the experiment set up was not to completely
isolate the cement from air. Nevertheless, these values are within the quantification error attributed to

this Rietveld analysis, of around 3 %.

5.2.2: Ex-situ 2°Si MAS NMR

The results observed from analysis by 2Si MAS NMR investigation of duplicate samples (i.e. the same
batch as those samples on the beamline, but kept separate for additional analysis) are in accordance
with those results obtained in the XRD experiment. In Figure 5.6b the 2°Si MAS NMR spectra of NRVB
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at different times of hydration between 1 day and 2 years are shown. The deconvolution performed for
these data is shown in Figure 5.6a, and explained below.
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Figure 5.6. (a) Deconvoluted 2°Si MAS NMR spectrum of NRVB cured for 3 days; (b) *Si MAS NMR
spectra of NRVB as a function of curing time.

For the Portland cement contribution, three resonances were assigned, two corresponding to alite (at -
68 ppm and -74 ppm), and one corresponding to belite at -71 ppm [90]. For the C-S-H gel structure
deconvolution, different Q" sites were assigned. The first contribution is attributed to the Q* site, which
at 1 day, is considered as a single Gaussian peak (at -78.7 ppm), but at later ages, two non-equivalent

Q! environments were assigned. This identification it is attributed to differences between the shielding
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behaviour, i.e. chemical shifts, of Q! sites charge-balanced by Ca?* or H* [115,116]. The attribution of
two Gaussian peaks, as Q(I) at -78.7 ppm and Q*(Il) at -82.3 ppm, was carried out as the smallest
number of peaks that could adequately represent this region of the spectra. Q% and Q?(1Al) were
identified in the chemical shift at -87 ppm and -83.5 ppm, respectively [139]. At around 28 days of
curing, an extra Gaussian peak appeared corresponding to Q3(1Al) at -89 ppm, evidencing the
occurrence of cross-linking. The presence of Q%(1Al) and Q3*(LAl) shows the incorporation of Al in the
C-S-H structure [140], not previously identified in NRVB.

Table 5.2. Results of deconvolution of #*Si MAS NMR spectra of NRVB as a function of curing time.
The estimated uncertainty in absolute site percentages is * 2%.

Days Belite Alite Q! Q?%(1Al) Q? Q%(1Al)

1 27% 29% 29% 0 7% 0

3 29% 23% 28% 3% 9% 0

7 17% 17% 43% 8% 11% 0
28 4% 7% 57% 11% 21% 2%
702 0 0 52% 16% 29% 2%

Quantification of the deconvoluted 2°Si MAS NMR sites was performed through the integration of the
area underneath each Gaussian peak, normalised to the total intensity of the sites to sum to 100 %. These
data are shown in Table 5.2. and Figure 5.6. From Figure 5.6.a, a decrease in the relative concentration
of alite and belite is observed, with a consequent increase in the relative concentration of C-S-H (i.e.
the sum of Q!, Q2, Q?(1Al) and Q3(1Al)). After 1 day of curing, the relative concentration of C-S-H was
36 *+ 1%, and between 3 days and 28 days the concentration increased gradually with the concurrent
decrease in the relative concentration of alite and belite. To observe the consistency between XRD and
29Si MAS NMR semi-quantification of alite and belite, the ratio between the two phases was calculated
for each method and similar results, within error, were obtained (Table 5.3). The main difference that
might occur is for the 28 days sample, since with XRD, the sample was analysed at 17 days, whereas
with 2Si MAS NMR it was analysed at 28 days.
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Table 5.3. Alite/Belite ratio obtained through 2°Si MAS NMR and XRD at 1, 3, 7 and 17/28 days.

Alite/Belite ] ] )
) Alite/Belite ratio
days ratio
) XRD
2Si MAS NMR
1 1.1+0.1 1.2+0.1
3 0.7+£0.1 06+0.1
7 09+0.1 0.7+£0.1
17 for XRD /
08+04 06+0.1
28 for NMR

Within the C-S-H Q" sites (Figure 5.7b), the initial concentration of Q* species was higher relative to
Q? and Q?(1Al). The increase of the concentration of Q* species was gradual until 28 days, from where
it was possible to observe a slow decrease of this site with time. Furthermore, a steady increase in the
concentration of Q% was observed throughout 2 years. In the case of Q?(1Al), an increase of the
concentration is visible after 3 days of curing. An increase of the relative concentration of Q3(1Al) is
observed after 28 days of curing, evidencing the occurrence of cross-linking. The observed increase of
the Q?, Q(1Al) site and Q3(1Al) correlate well with the slow increase of the mean chain length (MCL)
observed with time, i.e. at 1 day of curing the MCL of NRVB was 2.5 £ 0.4 and after 2 years was 4.3 +
0.3, as shown in Table 5.4.
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Figure 5.7. Deconvolution results of the °Si MAS NMR spectra, normalised to the total intensity of
the reaction product; where is (a) compares the relative amount of alite, belite and C-S-H with curing
time, and (b) the evolution of the Q" sites with curing time, in NRVB.

The Ca/Si ratio of C-S-H stayed relatively constant as a function of curing time (Table 5.4). It is
important to note that the Ca/Si ratio obtained through this method is slightly lower than the values
expected for this type of cement (CEM | found to be around 1.8 [73,180]). Previous studies have
encountered similar results, where consistently lower Ca/Si values than expected were obtained when

calculated from NMR spectra [120,162]. This is believed to be due to the process of deconvolution of

NMR spectra based on the local environment of silicon, since a great variety of potential ion interactions

may affect the chemical shift of each silicon species [162], and calcium environments are being inferred

rather than probed directly.
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In the case of the Al/Si ratio, a constant increase was observed with time (Table 5.4). This is related

aluminium being available to incorporate in the C-S-H structure (from the clinker phases).

Table 5.4. Summary of structural evolution of C-(A)-S-H formed in NRVB as a function of curing
time, based on the 2°Si MAS NMR deconvolutions.

Time CalSi Al/Si Mean Chain Length
(days) Ratio Ratio
1 1.43+0.08 0 25+04
3 1.39+0.08 0.04+0.01 29+04
7 1.42+0.05 0.06+0.01 31+03
28 1.27+0.03 0.06 +£0.01 35+0.2
702 1.21+£0.03 0.08+0.01 43+£0.3

For the data sets collected at 1, 3, 7 and 28 days, the quantitative data obtained through 2°Si MAS NMR
was used to semi-quantify the amount of C-S-H present in NRVB. The ratio between the relative
concentrations of belite and C-S-H was used to obtain the amount of this phase at each time point, as
shown in Figure 5.8. The results obtained correlate well with those shown in Figure 5.7a, and show that
the formation of C-S-H occurred within 1 day, being stable until 3 days, after which there was an

increase in the rate of formation of this phase.
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Figure 5.8. C-S-H concentration as a function of curing time. These values were based on the
application of the quantitative data obtained through ?°Si MAS NMR spectroscopy to the quantitative
values obtained in the in-situ synchrotron XRD experiment.
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The limitation of using such a calculation for C-S-H quantification is that when all of the alite or belite
have been consumed (since one of these phases is required for the analysis) there is no reference point
for quantification. However, for this specific cement formulation, one can assume that once all of the
alite and belite have reacted, and because these phases are the only source of Si in this system, no more
C-S-H can be formed, reaching in this way, a maximum quantity when alite and belite have fully
reacted. The only differences that might be observed are related with the C-S-H structure, i.e. with the
relative concentrations of each Q" sites, as shown in Figure 5.6b. Further analysis is required to observe
if after 2 years of curing any changes in the C-S-H structure are observed. Analysis of a 4 year-old
sample has been performed, however due to unexpected issues with the data, it has not been possible to
analyse these results within the timeframe of this Thesis. Nevertheless, future analysis of a sample at
cured for 4 years will be performed (when the sample matures to 4 years old in October 2019).

5.3: Cebama Reference Cement Hydration

This low-pH formulation will be used in the context of a geological disposal facility where a less
alkaline environment (pH < 11) is required, for example, when in contact with the other natural or
engineered barriers, especially those composed of clay [42,44,45]. The low pH nature of the cement is
achieved by the replacement of Portland cement (PC) by supplementary cementitious materials (SCMs).
The lower amount of PC present, combined with the slower rate of reaction afforded by the addition of
SCMs that will largely hydrate only after the main clinker reaction has occurred [181], will significantly
alter the overall hydration process compared to plain PC. In the Cebama reference cement paste it is
therefore expected that the combination of BFS and silica fume will lead to a reduction of the amount
of portlandite formed (due to the reaction of the clinker phases from PC) and an increase in the amount
of C-S-H with low Ca/Si ratio formed, as a consequence of the pozzolanic reaction (Equation 5.6). This
will consequently result in a pore solution with lower pH [42,44,45,182].

Ca(OH), + Si(OH), »C—S—H (5.6)

To help understand the hydration reaction of the Cebama reference cement paste, in-situ synchrotron
XRD and ex-situ 2°Si MAS NMR data were obtained. For this cement paste, frequent scans were not
able to be taken for the first few hours of hydration, due to access arrangements at the beamline (as
explained in Chapter 3, Section 3.3.4). The scan times for this synchrotron XRD experiment are shown
in Table 5.5. No XRD quantification by the Rietveld method was performed for this cement, as an
external group from the Cebama European group is currently carrying out this analysis. Nevertheless,

semi-quantification of the cement phases was performed by ex-situ Si MAS NMR.
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Table 5.5. Synchrotron XRD scan times for the Cebama reference cement formulation.

Cebama
(scan times)
First scan — 90 min after mixing

) Every week until 7 months
90 min to 1.5 years )
Every month until 1 year

Last scan taken at 1.5 years

5.3.1: Synchrotron X-ray Diffraction

Figure 5.9 shows the differences in the XRD peak intensity of the different phases over the course of
the 1.5 year investigation. The extremely high resolution obtained in this synchrotron data set is
apparent, when compared to the XRD data shown in Chapter 4, and allows all peaks to be identified
individually. Nevertheless, it is possible to observe the amorphous scattering between d spacings of 6
A and 3 A, which corresponds mainly to a combination of BFS, silica fume and C-(A)-S-H (Figure
5.9a,c).

From the first scan (Figure 5.9a), taken 90 min after mixing, it is possible to identify all of the clinker
phases present in the PC, which include alite, belite, tricalcium aluminate, ferrite and gypsum. The
intensities of the peaks corresponding to these phases decreased over time, even disappeared in the case
of gypsum. However, for most of the phases it seems to be still present even after 1.5 years of curing

(Figure 5.9c). This evidences the very slow ongoing hydration reaction of this material.

However, in the first scan, it is possible to identify some small peaks corresponding the hydrate phases
portlandite and ettringite (e.g. for example at 9.5 A, close-up in Figure 5.10). This demonstrates the
initial rapid reaction of tricalcium aluminate to form ettringite, and also of alite to form portlandite and
C-S-H, as observed above for NRVB (Equations 5.1 and 5.2). The extra nucleation sites available due
to the presence of BFS and silica fume are the main reason that this initial reaction occurs more quickly
than in NRVB [49,183]. The initial presence of these hydrate phases, especially portlandite, has been
observed before, where similar low-pH formulations have been studied [42,119,182]. Indeed,
Lothenbach et al [119] studied low-pH blends with PC and silica fume, and from 1 hour up to 7 days,
and portlandite was detected in the XRD data. The high agglomeration of silica fume observed in
Chapter 4 and its consequent low reactivity, and also BFS, at early curing ages is the main reason for

this occurrence, as no consumption of portlandite to form C-S-H occurs [49,184].
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Figure 5.9. (a) X-ray diffraction pattern for Cebama reference cement at 90 min after mixing; (b)
Cebama reference cement peak intensity variation as a function of curing time; (c) X-ray diffraction
pattern for Cebama at 1.5 years. Phases are labelled as: A — alite; B — belite; a — aluminate; F —
ferrite; Gp — gypsum; P — portlandite; E — ettringite; Mc — monocarboaluminate; Ht — hydrotalcite;
C-S-H.
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After 1.5 years (Figure 5.9¢), the main changes that can be observed are related to the decrease of the
intensity of the peaks corresponding to the clinker phases (close-up in Figure 5.10b), and also the slight
decrease of the intensity of the broad scattering area observed, corresponding to the hydration of BFS
and silica fume. The observed increase of the reaction of these phases results from an increase of the
pore solution pH related with the dissolution of the clinker phases; the reactivity of SCMs depends on
alkali activation [47,49,52,160,185,186]. With this increase of the hydration of the precursor materials,
the formation of more hydrate phases occurred, which is apparent from the appearance of the peaks
corresponding to hydrotalcite-like phase (meixnerite, Mg.Al>(OH)14-3H>0), monocarboaluminate
(close-up in Figure 5.10a) and C-S-H. The formation of AFm phase monocarboaluminate results from
the reaction of tricalcium aluminate with calcite available in the cement clinker, as explained by
Equation 5.3. The hydrotalcite-like phase is a hydrate phase formed due to the reaction of BFS, which
contains MgO, and can have varying Mg/Al ratio depending on the degree of hydration of the BFS and
availability of Al [187,188]. This will result in a slight variability on the position of the peak, with the
incorporation of more Al responsible for a shift to lower angles [188].
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Figure 5.10. Extracts from Figure 5.9 to highlight specific regions; a) increase of the intensity of
ettringite (9.5 A) and AFm phases (7.3 A); b) decrease of the intensity of the peaks corresponding to
alite (around 2.97 and 2.77 A) and belite (around 2.88 and 2.75 A).

An increase of the intensity of the peak corresponding to ettringite was also observed, with the further
hydration of tricalcium aluminate. The portlandite peak at ~4.7 A, that was identified at early ages, was
no longer present after 1.5 years of curing, indicating the increased reaction extent of the silica fume
and BFS as a function of curing time [42,44,73,119,185].
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5.3.2: Ex-situ 2°Si MAS NMR

For the Cebama reference cement paste, the deconvolution of 2Si MAS NMR spectra consisted of first
fitting the BFS contribution (purple line in Figure 5.11a) and then the silica fume at -111 ppm. For the
contribution from PC, two Gaussian peaks were attributed to alite (at -68 ppm and -73 ppm) and a
Gaussian peak to belite at -71 ppm. Q! species were divided in the same way as described before
(Section 5.2.2), into Q*(1) at -76.5 ppm and Q*(l1) at 78.8 ppm [115,116]. Contributions of Q?, Q*(1Al),
Q%1Al) and Q3 were also observed at -84.6 ppm, -81.6 ppm, -89.8 ppm and 96.5 ppm [139,140],
respectively. Figure 5.11b shows the #¥Si MAS NMR at different curing times.
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Figure 5.11. () Deconvoluted ?°Si MAS NMR spectrum of Cebama reference cement paste cured for
7 days; (b) **Si MAS NMR spectra of Cebama reference cement paste as a function of curing time.

Quantification of the deconvoluted 2°Si MAS NMR sites was performed through the integration of the
area underneath each Gaussian peak, normalised to the total intensity of the sites to sum to 100 %. These
results are shown in Figure 5.12 and Table 5.6. Until 3 days of curing, the hydration reaction was slow,
as observed in Figure 5.12a. The reaction of alite and belite became more pronounced after 3 days, with
a consequent gradual increase of the C-S-H. After 1.5 years of curing, the presence of alite and belite
is still evident. A possible explanation for the observed slow reaction of the clinker phases is the low

amount of water used in this formulation (w/s ratio of 0.25), which may affect the final extent of reaction
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of the different anhydrous phases. Nevertheless, the presence of clinker phases at later curing times has
been previously observed in blended cements [119,141,182].
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Figure 5.12. Deconvolution results of the °Si MAS NMR spectra, normalised to the total intensity of
the reaction product; (a) compares the relative amount of alite, belite, silica fume, BFS and C-S-H

with curing time, and (b) the evolution of the Q" sites with curing time, in Cebama reference cement
paste.

In the normalised Si MAS NMR spectral deconvolutions (Figure 5.12b) it is possible to observe that

the relative concentration of Q! species slightly decreased in the first 3 days of curing and the Q? sites

increased. After this time, an increase in the relative concentration of both Q* and Q? sites was observed,

as the reaction of the precursor materials increased (Figure 5.12). The appearance of Q*(1Al) and Q3 at

7 days evidences the occurrence of some cross-linking of the C-S-H, and the consequent increase of the
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MCL from 4.2 £ 2.5 at 1 day of curing, to 10.6 + 3.3 after 1.5 years of curing (Table 5.6 and 5.7). The
incorporation of Al into the C-S-H structure is verified with the increase of the relative concentration
of Q?(1Al) and Q3(1Al). This correlates well with the observed increase of the Al/Si ratio (Table 5.7).
This is related to the slow increase of the hydration of BFS and clinker phases, as more Al is available

to incorporate into the C-S-H.

The slow reaction of BFS and silica fume is also visible in the 2Si MAS NMR deconvolution. In the
case of silica fume, until 3 days of curing, almost no reaction occurred (Table 5.6), likely as a
consequence of the limited reactivity of these materials at early curing times [49]. However, after 7
days of curing, a gradual increase of the reaction of silica fume occurred, with the relative concentration
of this material after 1.5 years being 25 *+ 2%. The presence of silica fume, even after 1.5 years of
curing, is likely due to the high percentage used in this cement system (around 39%). Indeed, in a similar
formulation where 40% of silica fume was used, the presence of this material was still visible at 3.5
years [119]. Having high amounts of silica fume increases the likelihood of agglomeration, which will
decrease the reactivity of the silica fume by reducing its characteristic high surface area for reaction
[49,119,154]. For the BFS, it is well known that the reaction of this material is very slow, with evidence
of the presence of BFS even after 20 years of curing [54]. It has been suggested that the early hydration
of BFS is due to reaction with alkali hydroxide, and subsequently reaction with portlandite [51,189].
Therefore, with the reduction of availability of portlandite, the reactivity of BFS decreases as well.
Moreover, the lower w/s ratio used in the formulation will have an impact also in the BFS reactivity, as
it is a hydraulic material [52]. However, it is interesting to see that 9 + 2% of the BFS, between 1 day
and 1.5 years, had reacted (Table 5.6).

Table 5.6. Results of deconvolution of *Si MAS NMR spectra of Cebama reference cement paste as a
function of curing time. The estimated uncertainty in absolute site percentages is + 2%.

Days Belite Alite Q! Q*(1Al) Q? Q3(1Al) Q3 SilicaFume  BFS

1 5% 8% 2% 1% 1% 0 0 70% 14%
3 5% 8% 2% 1% 2% 0 0 69% 12%
7 5% 6% 8% 5% 7% 1% 1% 59% 7%
28 4% 4% 6% 12% 16% 3% 3% 45% 6%
526 3% 4% 11% 20% 17% 4% 5% 25% 5%

From the deconvolution of the 2°Si MAS NMR spectra, it is possible to observe a decrease in the Ca/Si
ratio as a function of time, however this seems to be within the error (Table 5.7). This is expected since
the reaction of mainly silica fume, but also of BFS, leads to a decrease of the Ca/Si ratio [49,185,190].
The characteristic Ca/Si ratio of low-pH cements can very between 1.2 and 0.8, needing to be lower

than 1.1 to provide a low-pH pore solution [42,191]. It is important to note again that the values obtained
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through this analysis for the Ca/Si ratio are expected to be slightly lower, as explained previously, due

to deconvolution methodology.

Table 5.7. Summary of structural evolution of C-(A)-S-H formed in the Cebama reference cement
paste as a function of curing time, based on the 2Si MAS NMR deconvolutions.

Time Ca/Si Al/Si Mean Chain Length
(days) Ratio Ratio
1 1.2+05 0.09 £0.02 42+25
3 1.0+05 0.10 £0.02 6.5+£3.1
7 1.1+0.3 0.11£0.02 59+3.7
28 1.1+0.1 0.20 £0.02 13.2+3.2
527 1.0+0.1 0.18 £0.02 10.6 +3.3

5.4: Conclusions

The aim of this Chapter was to show the results of the first fully in-situ X-ray diffraction study of the
hydration of high- and low-pH cements being considered for use in a geological disposal facility for
radioactive waste. These results were coupled with ex-situ 2°Si MAS NMR to observe the evolution of
the amorphous phases present in the different cement systems, which are difficult to identify through
XRD. Although no amorphous phases were considered in the Rietveld refinement, the evolution of the

crystalline phases present in the cementitious materials was observed as a function of curing time.

In the case of NRVB, these experiments demonstrated the relatively rapid hydration reaction of this
material, with a total reaction of the clinker phases occurring after two months of curing. The extra
nucleation sites provided by the addition of CaCO; and Ca(OH); as precursor materials and the high
wi/s ratio used in the formulation (0.55) accelerated the clinker reaction. The early formation of
hemicarboaluminate instead of monocarboaluminate was also observed, in agreement with a previous
study performed by Zajac and colleagues [145], who demonstrated the faster initial formation kinetics
of hemicarboaluminate when compared to monocarboaluminate. With further reaction of CaCOs,
hemicarboaluminate started to convert into a slightly more stable monocarboaluminate. Since these two
phases, hemicarboaluminate and monocarboaluminate, have preferential formation over
monosulphoaluminate when in the presence of limestone flour [179], the stability of ettringite increases,

i.e. it is possible to observe the presence of this phase even at later ages of curing (4 years).

In terms of C-S-H, Si MAS NMR analysis was used to identify a gradual increase of the formation of
this phase, which was coincident with the decrease of alite and belite, reaching a maximum point of

formation once all the alite and belite had been consumed (after two months). With regards to the C-S-
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H structure, incorporation of Al into the structure was observed after 1 day of curing. The appearance
of a Q3(1Al) site after 28 days of curing indicates the occurrence of cross-linking, which indicated a

slight increase of the mean chain length with time.

The hydration of the Cebama reference cement paste was shown to be slower when compared to NRVB.
Due to the high replacement percentages of SCMs, and the low w/s ratio of this cement formulation,
clinker phases, BFS and silica fume were still present after 1.5 years. Ettringite, monocarboaluminate,
hydrotalcite-like phase and C-S-H were the main hydrate phases observed. Portlandite was present in
the first XRD scan, demonstrating the slow initial reaction characteristic of the presence of
agglomerated silica fume and of BFS. However, with time and with the increase of the reactivity of
silica fume and BFS, the disappearance of portlandite was visible, being absent from the XRD pattern

taken at 1.5 years of curing.

The formation of C-S-H was mainly observed after 3 days of curing. Al incorporation into the C-S-H
structure was also observed, with an increase of the relative amount of the Q2 sites, evidencing the
occurrence of cross-linking and consequent increase of the mean chain length with time. With the
increase of the reaction of silica fume and BFS, a decrease of the Ca/Si ratio was observed. This lower
Ca/Si ratio is a requirement for this type of low-pH cementitious materials, since the lower amount of
calcium ions will lead to an increase of the uptake of the alkaline elements present in solution, leading
to a pore solution with lower pH [45,49,140,191].

These results are of key importance in the context of a GDF, as understanding how the different cement
hydrate phases form and alter with time will enable the development of more precise models to predict
radionuclide sorption, porosity evolution and pH buffering capacities, which are considered essential
information for the development of a robust post closure safety case for the GDF.Moreover, the data
presented in this chapter provide valuable baseline for experimental and modelling studies of
groundwater — cement interactions, allowing phase stability, thermodynamic values and rate constants
to be determined. This may be especially important due to the difference observed in the hydration
kinetics between the two cementitious materials; hydration was observed to be completed for NRVB
after around 2 months, whereas for cebama cement formulation clinker phases, BFS and silica fume
were still present after 1.5 years. Therefore, different interactions might be observed when the different

cementitious materials interact with groundwater.

With this deeper understanding of the microstructure and mineralogy evolution of these two
cementitious materials, the next step is to observe how interactions with groundwater might affect these

properties. This is the focus of the following two Chapters.
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Chapter 6: Mineralogical and porosity assessment of NRVB in contact with

simulated groundwater solutions

6.1: Introduction

As a backfill material considered for use in a geological disposal facility (GDF), NRVB is expected to
interact with the geological environment, and specifically, with groundwater. As described in detail in
Chapter 2, NRVB was designed to fulfil certain key characteristics for example to provide a high
alkaline environment to promote radionuclide sorption, achieved through the dissolution of the cement
hydrate phases. The conceptualised buffering behaviour of NRVB (Figure 6.1) when in contact with a
neutral pH solution follows several stages: (I) the dissolution of the more soluble hydroxides (sodium
and potassium) will increase the pH to about 13.5; (II) the dissolution of portlandite will buffer the
porewater solution to a pH of around 12.5; (111) when all of the portlandite has been dissolved, the pH
will be buffered through the dissolution of the high Ca/Si ratio C-S-H, which will slowly convert to a
lower Ca/Si ratio C-S-H, due to the release of calcium and hydroxide ions. This is expected to buffer
the pH to around 10.5 or lower; and (1V), the buffering will then occur due to the dissolution of the

minerals with lower solubility, such as calcite.
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Figure 6.1. Schematic representation of the evolution of pH at 25 °C in cement pore fluid as a result
of pure water leaching (from [1])

A small number of experiments can be found in the literature that have investigated the buffering

behaviour of NRVB [22,37] in near-neutral solutions, using either deionised water, different
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compositions of NaCl solutions, or simulated saline groundwater. However, there does not exist a
comprehensive assessment of the evolution of the mineralogy and microstructure of NRVB as a
function of groundwater contact, in the literature, and this is essential to support the development of a
robust safety case for the disposal of radioactive waste in a GDF where NRVB is to be utilised as a
backfill.

In this Chapter, results from an extended NRVB — groundwater contact experiment (carried out for 1.5
years) are presented. Full experimental details can be found in Chapter 3. Briefly, NRVB samples were
placed in contact with three different types of synthetic groundwater (granitic, saline and clay) to
represent the different possible geological environments for the GDF (Table 6.1). Experimental vessels
were heated to 40 °C under exclusion of CO, and sampling was also performed under COz-exclusion.
This was a semi-dynamic experiment, where sampling and replacement of the groundwater was
performed every two months (to simulate the effects of the replenishment of groundwater solutes under
conditions of flow, albeit at a greatly accelerated rate). Analysis of the cement samples was performed
every 2 months by XRD and TGA, and the solution chemistry was measured at the same time periods
by ICP-OES and IC. At selected time points (6, 12 and 18 months) further characterisation of the cement
samples was performed by SEM, 2°Si MAS NMR, #Al MAS NMR and nitrogen sorption porosity
analysis. XCT analysis was conducted on samples after 6 and 12 months. Parallel static experiments (to
ascertain the behaviour when solution is not regularly replaced) were also performed, as detailed in
Chapter 3.

Table 6.1. Composition (mg/L) of the synthetic groundwaters utilised in Chapters 6 and 7.

Element Granitic Saline Clay
Groundwater | Groundwater Groundwater
Ca 20.0 796.0 300.0
Mg 4.9 9.7 1385
S 3.2 128.2 480.9
Na 64.4 3218.6 1264.4
K 39 82.1 43.0
Cl 74.4 6122.2 1861.1
HCO; 122.0 122.0 -

These experiments and methods aimed to determine the mineralogical and microstructural changes
induced in NRVB by contact with groundwater as a function of time. This Chapter presents results first

for the NRVB control samples that were cured for the same period of time without contact with
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groundwater, then the samples that were in contact with synthetic granitic, saline and clay

groundwaters.

6.2: Mineralogical and microstructural evolution of NRVB without groundwater

Figure 6.2 presents the X-ray diffraction results for the NRVB control samples cured for a total of 18
months. No changes were observed in the identified hydrate phases as a function of time, being the
same as those identified in Chapter 4: calcite (CaCOs), portlandite (Ca(OH),), ettringite
(CasAlx(OH)12(S04)3:26H,0) and  monocarboaluminate  (Cas:Alx(OH)12(CO3)s-5H,0).  Semi-
quantitative XRD Rietveld analysis was performed for the crystalline phases (Figure 6.3), and in the
case of portlandite, monocarboaluminate and calcite, no major differences in the relative concentration
were observed across this time period. In the case of ettringite a decrease of the relative concentration
is visible as a function of curing time. A possible explanation is the decrease in the amount of sulphate
ions available in the pore solution, which will lead to a destabilisation of ettringite, commonly observed
in Portland cement formulations [138,147]. The quantity of C-S-H was expected to not vary, due to the
fact that the maximum amount of C-S-H formation was achieved before the start of the experiment (no
alite or belite observed at 28 days, Chapter 4). The evolution of the structure of this phase was studied
through 2°Si MAS NMR.
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Figure 6.2. XRD patterns of NRVB control samples cured for 18 months.
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Figure 6.3. Semi-quantitative evaluation of the crystalline phases identified in XRD patterns of NRVB
control samples cured for 18 months. Error bars obtained through Rietveld refinement software,
Topas.

The observations made by XRD are in good agreement with TG analysis (Figure 6.4), where the

presence of ettringite and monocarboaluminate (between the temperatures of 100 and 150 °C),
portlandite (at around 450 °C), and calcite (between 750 and 800 °C) [192], was observed.
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Figure 6.4. TGA data for NRVB control samples cured for 18 months.

To study the amorphous content, specifically the C-S-H structure, 2°Si MAS NMR was performed for

the samples that were cured for 6, 12 and 18 months (Figure 6.5). Quantification of the Q-speciation of

the C-S-H was performed by deconvolution of the 2°Si MAS NMR spectra (Figure 6.5a) with peaks
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assigned to the main Q" sites present in the NRVB samples (as described in Chapters 4 and 5) including:
(1) two Q! environments, distinguishable by their difference in the charge-balancing cations
(monovalent, Q(1), and divalent, Q(I1)) [116,117,162]; and (2) Q? Q?(1Al), Q° and Q3(1Al)
resonances assigned to the C-S-H structure. A peak at -74 ppm, representative of the hydrated silicon
monomer, Q°, was also assigned, however, the precise structure of this species is argued in the literature
[162,193]. This deconvolution approach was used for NRVB in all groundwater solutions described
throughout the remainder of this Chapter.

NRVB 6 Months (a) (b)

18 Months
Experimental

12 Months

Fit

: 6 Months
Deconvolution

— T T T 7T — 7T T
-40 -50 -60 -70 -80 90 -100 -110 -120 -40 -50 -60 -70 -80 90 -100 -110 -120

Chemical shift (ppm) Chemical shift (ppm)

Figure 6.5. (a) Deconvoluted °Si MAS NMR spectrum of NRVB control sample cured for 6 months;
(b) ®Si MAS NMR spectra of NRVB control samples cured for 6, 12 and 18 months.

Between the different curing times, no significant differences were observed between the relative
concentration of Q?, Q2 and Q3(1Al) sites, being the slight variations within the error. A slight decrease
of the relative concentration of Q?(1Al) and Q® was observed at later curing times. This resulted in no
significant changes in the Ca/Si ratio and in the mean chain length (Table 6.3, which remained at 1.31
+ 0.07% and 3.6 £ 0.4%, respectively). It is important to note that the Ca/Si ratio obtained through this
method (using Richardson et al [120] equation) gives slightly lower values than those expected for this
type of cement (CEM | found to be around 1.8 [180]). Previous studies have encountered similar results,
where a consistent lower Ca/Si values were obtained [120,162]. This is believed to be due to the process
of deconvolution of NMR spectra based on the local environment of silicon, since a great variety of

potential ion interactions may affect the chemical shift of each silicon species [162].
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Table 6.2. Results of deconvolution of °Si MAS NMR spectra of NRVB control samples. The estimated
uncertainty in absolute site percentages is + 2%.

Q' QA) Q@ Q(A) @
6 Months 53 % 16 % 14 % 4% 7%
12 Months 51 % 11% 19 % 3% 8 %
18 Months 54 % 11% 16 % 5% 4%

In the case of the Al/Si ratio, a slight decrease was observed, which agrees with the decrease in Q%(1Al).
This means that a slight decrease of the incorporation of Al in the C-S-H structure occurred. However,
the opposite seems to be apparent in the 2’Al MAS NMR spectra (Figure 6.6), where an increase of the
intensity of the broad peak corresponding to Al in C-S-H, at around 70 ppm, is observed. This slight
discrepancy might be attributed to the process of deconvolution performed in the *Si MAS NMR
spectra, as the error for the attribution of the Gaussian peaks is 2%.

Table 6.3. Summary of structural evolution of C-S-H formed in NRVB control samples, based on the
2Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.32 £0.07 0.08 £0.01 3.9+05
12 Months 1.30 £ 0.07 0.06 £0.01 3.8+05
18 Months 1.31+£0.07 0.06 +0.01 3.6+04

From Figure 6.6, it is also possible to observe a decrease in the intensity of the peak attributed to
ettringite (at around 14 ppm), which correlates well with the observed decrease of the relative
concentration of this phase in XRD analysis (Figure 6.3). This destabilisation of ettringite, and
consequent release of Al ions, might be responsible for the observed increase of the Al incorporation
into the C-S-H structure. The peak intensity of the AFm phase (at around 9 ppm) seems to be more or

less constant as a function of curing time, in good agreement with the XRD results.
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Figure 6.6. Al MAS NMR spectra of NRVB control samples cured for 18 months.

To study the porosity of the NRVB, two different techniques were used: X-ray Computed Tomography
analysis was used to determine the porosity of the larger sized pores (> 1.5 um, termed herein as
macroporosity), and nitrogen porosity analysis for the smaller sized pores (< 50 nm, termed herein as
nanoporosity). The latter is representative of the pores within C-S-H and interlayer spacings in layered
minerals (such as monocarboaluminate and ettringite), while the former relates to porosity between

different cement mineral phases.

In terms of macroporosity (Table 6.4), and taking into account the high errors attributed due to the high
variability characteristic of processing this type of data (which is based in human error thresholding),
no significant differences were observed between the samples that were cured for 6 months and for 12

months.

Table 6.4. Macroporosity values of NRVB control samples cured for 6 and 12 months, obtained
through XCT. Errors calculated from standard deviation of triplicate thresholding.

Macroporosity (%)
NRVB Control 6 Months 26.6 + 8.2
NRVB Control 12 Months 19.1+4.9

From Figure 6.7, a decrease in the volume of the pores <5 nm in size was observed, and an increase of

the volume of pores in the size range between 5 to 25 nm, occurred as a function of curing time. This
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range of pore sizes is usually related to capillary porosity (space not occupied by hydration products,
between 10 nm to a few pum) and C-S-H porosity (gel pores, < 12 nm) [194,195]. As no changes were
observed in the C-S-H structure according to the 2°Si MAS NMR, this observed opening of the pores,
i.e. shift of smaller pores to bigger pores, is likely due to the dissolution (destabilisation) of ettringite
(pore sizes < 100 nm [196]), observed previously in the XRD and Al MAS NMR.
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Figure 6.7. Pore size distribution curves for for NRVB control samples cured for 6, 12 and 18 months,
determined using Barrett-Joyner-Halenda (BJH) desorption pore size and volume analysis.

6.3: Mineralogical and microstructural evolution of NRVB with Granitic Groundwater

(Semi-Dynamic Experiment)

6.3.1: Mineralogical evolution of NRVB

X-ray diffraction analysis of NRVB (Figure 6.8) in contact with granitic groundwater for 18 months
showed a decrease in the intensity of the Bragg reflection corresponding to portlandite, which is
different from the behaviour of the NRVB control sample (Figure 6.2 and 6.3), where no significant
changes in the peak intensity were observed. From the semi-quantitative XRD Rietveld analysis (Figure
6.9), a quasi-linear decrease of the concentration of portlandite was observed over time, with almost
none of this phase detected after 18 months. This observation is in agreement with TG analysis (Figure
6.10), which shows that the peak at around 450 °C corresponding to portlandite decreased with time,

disappearing after 18 months of contact with granitic groundwater.
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Ettringite and monocarboaluminate were two other hydrate phases identified in the XRD patterns,
however no major differences in these were observed to occur as a function of time, in either the XRD

or TG analysis.

An increase of the relative concentration of calcite was observed over time (Figure 6.9). This is visible
in the TG graph (Figure 6.10) with the increase of the intensity of the peak at around 800 °C. This is a
consequence of the presence of bicarbonate (HCO3") in the groundwater composition (Table 6.1), rather
than a consequence of the ageing of NRVB (as observed in Section 6.2 where no significant changes in
the calcite concentration were visible); when dissolved bicarboante reacts with free calcium ions, either
from the groundwater or from the dissolution of the different hydrate phases in the cement (mainly
portlandite), the formation/precipitation of carbonate phases occurs according to Equations 6.1 and 6.2
[66].

HCO; — H* +C0%- (6.1)
Cafyyy +CO5~ - CaCoO;y (6.2)
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Figure 6.8. XRD patterns of NRVB samples that were placed in contact with granitic groundwater for

18 months.
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Figure 6.9. Semi-quantitative evaluation of the crystalline phases identified in XRD patterns of NRVB
that was in contact with granitic groundwater for 18 months. Error bars obtained through Rietveld
refinement software, Topas.

From the TG analysis, it was also possible to observe a broad shoulder between 250 and 400 °C, being
more evident in the samples after 2 and 4 months of contact with granitic groundwater (Figure 6.10).
The lower temperature region of this shoulder can be attributed to Friedel’s or Kuzel’s salt
(CasAlx(OH)12Cl2-4H,0; (CasAl(OH)12CI(SO4)05-5H20, respectively), indicating the uptake of CI-
from solution, and the higher temperature region (around 400 °C) to brucite (Mg(OH),) [192]. Also
observed in these samples, especially after 2 and 4 months, was a peak at around 500 °C, which is
attributed to the presence of magnesium carbonate (MgCOs) [192]. The disappearance of this peak
after 4 months of contact with groundwater might be related to the preferable formation of CaCOs3, as
more Ca ions are available than Mg ions. This is visible through the increase of the peak intensity of
calcite (Figure 6.10).
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Figure 6.10. TGA data for NRVB samples that were in contact with granitic groundwater for 18
months.

To better understand the evolution of the C-S-H structure as a function of time in contact with granite
groundwater, Si MAS NMR spectroscopy was performed on NRVB samples after 6, 12 and 18 months
of contact with groundwater (Figure 6.11). Clear differences were observed between the different time
points of sampling, as shown in Figure 6.11b. It can be agreed that the differences observed are related
to the sample being in contact with granitic groundwater, as no significant changes were observed in
the control sample cured for 18 months (Section 6.2).
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Figure 6.11. (a) Deconvoluted ?°Si MAS NMR spectrum of NRVB cured for 6 months; (b) *Si MAS
NMR spectra of NRVB that were in contact with granitic groundwater for 6, 12 and 18 months.

Between 6 and 12 months of contact with groundwater, no differences were observed in the different
Q" sites (Table 6.5), with the values very similar to those obtained for the NRVB control sample at
similar curing times (Table 6.2). However, between 12 and 18 months, a decrease in the relative
concentration of Q! sites was observed, from 54 + 2% at 12 months to 46 + 2% at 18 months (Table

6.5). This resulted in an increase of the Q2 and Q3(1Al) sites, which is indicative of the occurrence of
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cross-linking and the incorporation of more Al into the C-S-H structure, possibly due to the
destabilisation of ettringite (due to leaching of S observed in the ICP-OES results, Figure 6.19c) and
the consequent extra free Al ions (as observed in the Al MAS NMR, below). Accordingly, an increase
of the mean chain length (MCL) occurred, from 3.5 + 0.4 at 12 months to 4.7 £ 0.6 after 18 months of
the experiment (Table 6.6). Once more, this was apparent only in the samples that were in contact with
groundwater, and not in the control samples, demonstrating that these differences are related to the
groundwater contact and not ageing of the cement.

Table 6.5. Results of deconvolution of *Si MAS NMR spectra of NRVB samples that were in contact
with granitic groundwater. The estimated uncertainty in absolute site percentages is + 2%.

Q' Q(A) & Q(A)
6Months 52% 13% 19% 3% 3%
12Months 54% 11% 19% 1% 3%
18 Months 46% 12% 28% 9% 2%

The Ca/Si ratio and Al/Si ratio were obtained using the equations of Richardson et al [120] (as described
in Chapter 3), and differences were observed with time (Table 6.6). The Ca/Si ratio decreased from
1.28 +0.07 at 6 and 12 months to 1.18 + 0.06 at the end of the experiment. With the observed reduction
of portlandite, almost not detected in the XRD and TG analysis, it is believed that this decrease in the
Ca/Si ratio is related to decalcification of C-S-H, as continuous leaching of Ca into solution was also
observed (Figure 6.19a). Indeed, this has been observed in previous work [197], where the QY/Q? ratio
was used to show that decalcification of C-S-H was occurring in CEM | samples in contact with clay
groundwater, i.e. a reduction of this ratio was attributed to the decalcification of C-S-H.
Table 6.6. Summary of structural evolution of C-S-H formed in NRVB samples that were in contact
with granitic groundwater, based on the 2Si MAS NMR deconvolutions.
Ca/si Al/Si MCL
6 Months  1.28 = 0.07 0.07+0.01 3.7+05
12 Months  1.28 + 0.07 0.06 £0.01 35+04
18 Months  1.18 + 0.06 0.06 £0.01 4.7+0.6

The results from Al MAS NMR correlate well with these results. In Figure 6.12, comparison between
NRVB samples that were in contact with granitic groundwater for 6, 12 and 18 months is made, and
four peaks are distinguished: the broad peak with a centre at around 70 ppm is attributed to the
incorporation of Al in the C-S-H structure; the peaks at around 14 ppm and 9 ppm indicate the presence
of octahedrally coordinated Al in ettringite and AFm phases, respectively; and the peak at around 5

ppm is attributed to the third aluminate hydrate (TAH) [198]. TAH is an amorphous/disordered phase,
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which is formed in minor amounts in Portland cements and blended Portland cements, in addition to
AFt and AFm phases [162,198].

A gradual increase in the intensity of the peak corresponding to Al in C-S-H was observed as a function
of time, in agreement with the 2Si MAS NMR data, that showed an increase in the relative
concentration of Q2(1Al) and Q*(LAl) sites. The intensity of the peak corresponding to ettringite
decreased between 6 and 12 months. This is due to the leaching of sulphate from NRVB, as discussed
later in this Section. However, a slight increase in the intensity of the same peak was observed to occur
between 12 months and 18 months, demonstrating the increase of the formation of this phase at later
ages of contact with groundwater. These differences were not visible in the previous XRD and TGA
results, which might be indicative that this variability, if it occurred, was not significant.

Considering the AFm phases, a slight decrease in the intensity of the peak was observed with time
(Figure 6.12), which might suggest that monocarboaluminate (AFm) was converted to ettringite (AFt)
[147]. However, this change was not evident through XRD and TG data. The observed decrease allows
the observation of the peak attributed to Third Aluminate Hydrate (TAH), which otherwise overlaps
with the peak attributed to AFm phases.
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Figure 6.12. >’Al MAS NMR spectra of NRVB samples that were placed in contact with granitic
groundwater for 18 months.
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Since the top and bottom of the NRVB samples were sealed, to encourage radial diffusion of
groundwater into cement (for transport modelling performed by EU project partners, performed
externally to this Thesis), it was possible to ascertain whether there was an element / mineral phase
assemblage gradient, from the outside of the NRVB pellet (in contact with solution), to the centre. SEM
— EDX analysis across the entire radius of the samples was performed. The results for NRVB in contact
with granitic groundwater for 6 months are shown in Figure 6.13, which includes the BSE image,
elemental maps and elemental spectra from points collected at the edge (to the right of the white dashed
line in Figure 6.13) and the centre of the sample (towards the left hand side of the image), and gives the
atomic percentage of each element at those points. A depletion in Ca was observed at the edge of the
sample (19.60 + 0.99 at.%) when compared to the centre of the sample (26.91 £ 1.45 at.%) (Figure 6.13,
Table). Furthermore, a slight increase of the Al concentration at the edge of the sample was also

observed. However, no other differences were visible.
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Figure 6.13. SEM-EDX analysis of NRVB sample that was in contact with granitic groundwater for 6 months; (a) BSE image and elemental maps; (b)
spectra associated with point analysis; Table: point analysis in atomic %, with absolute error from the measurement.
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Edge (at %) Centre (at %)
Ca 19.60 £ 0.99 26.91+1.45
Mg 0.78 £0.08 0.31£0.05
Al 5.65+0.33 0.79 £ 0.08
Si 5.67+0.31 3.13+£0.20
S 0.39 £ 0.06 0.31+0.05




After 12 months of contact with granitic groundwater, similar analysis was performed but at a higher
magnification (Figure 6.14a). At this magnification it was possible to observe a layer at the edge of the
sample, composed mainly of Ca with some incorporation of Mg. The linescan indicates that there is a
slight increase of the magnesium concentration at the edge of the NRVB sample (Figure 6.14b), which
is consistent with the precipitation of brucite observed in TGA data (Figures 6.10). However, it should

be noted that this slight increase might be due to the position of the linescan, which might have sampled
a Mg-rich particle.
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Figure 6.14. SEM-EDX analysis of NRVB sample that was in contact with granitic
groundwater for 12 months; (a) BSE image and elemental maps; (b) Linescan of
magnesium and calcium in atomic %.
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To distinguish whether different mineral phases were present at the edge and the centre of the NRVB
in contact with granitic groundwater for 12 months, 100 to 150 EDX point spectra were acquired, per
region in the edge or centre, and the molar ratios were plotted, as shown in Figure 6.15. The EDX data
were then compared with the ideal composition of each hydrate phase and the compositional trend lines
connecting C-S-H and portlandite/calcite with the other hydrate phases. The red points in Figure 6.15
relate to the EDX data acquired in the centre of the pellet after 12 months of contact time with
groundwater; a mixture of portlandite, monocarboaluminate and brucite was observed. In the Al/Ca vs
Cl/Ca plot (Figure 6.15d), it is possible to observe that a small number of data points collected from the
centre of the sample are located along the indicative lines corresponding to Friedel’s and Kuzel’s salt
compositions, suggesting that Cl- may be incorporated in the NRVB, in agreement with TG analysis
(Figure 6.10) of these samples. It is clear that there are no major differences between the phase
assemblage at the edge and the centre of the pellet in contact with granitic groundwater for 12 months.
This may be due to the high porosity of NRVB, allowing penetration of groundwater solutes throughout

the entire pellet.
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Figure 6.15. Elemental molar ratio plots of SEM-EDX point analysis in NRVB sample that was in
contact with granitic groundwater for 12 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs (Al+Fe)/Ca; (c)
Mg/Ca vs Al/Ca; (d) Al/Ca vs Cl/Ca. The dashed lines are compositional trend lines connecting C-S-
H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFm — Ms and Mc; AFt — ettringite.
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At 18 months of contact with groundwater, the NRVB sample presented similar findings to those
described above for 12 months of contact time, with a visible Ca- (and possibly Mg-) rich outside layer
observed (Figure 6.16). The linescan shows that the at% of Mg present in the outside layer was slightly
higher (around 7 at%, Figure 6.16b) than that observed at 12 months (around 3 at%, Figure 6.14b),
evidencing a possible increase in the precipitation of brucite into the outside layer of the sample. The
constant replenishment of Mg (in the granitic groundwater solution every 2 months) is likely to be the
reason for the observed overall increase.
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Figure 6.16. SEM-EDX analysis of NRVB sample that was in contact with granitic groundwater for
18 months; (a) BSE image and elemental maps; (b) Linescan of magnesium and calcium in atomic %.
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From the molar ratio plots for NRVB in contact with granite groundwater for 18 months (Figure 6.17),
it is possible to conclude that the edge area is rich in mainly Ca-containing phases, e.g. calcite. In the
centre area of the NRVB pellet, the results indicate the main hydrate phases present are C-S-H,
portlandite and AFm phases (Figure 6.17a,b,c). In terms of Cl- uptake, it seems that no further
incorporation of this element into the NRVB was observed with time, with the plot at 18 months (Figure
6.17d) being similar to the one observed at 12 months (Figure 6.15d). Some brucite may have
precipitated at the edge of the sample, as some of the blue points present in the Mg/Ca vs Al/Ca plot

are situated towards this phase.
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Figure 6.17. Elemental molar ratio plots of SEM-EDX point analysis in NRVB sample that was in
contact with granitic groundwater for 18 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs (Al+Fe)/Ca; (c)
Mg/Ca vs Al/Ca; (d) Al/Ca vs Cl/Ca. The dashed lines are compositional trend lines connecting C-S-
H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFm — Ms and Mc; AFt — ettringite.
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6.3.2: Nano- and micro-structural evolution of NRVB

Since a number of mineralogical changes were observed when NRVB was in contact with granitic
groundwater, porosity analysis was undertaken to determine whether these changes influenced the
overall structure of the samples.

The macroporosity results of NRVB contacted with groundwater for 6 months gave lower values than
NRVB that was of the same age, but not contacted with groundwater (~12% porosity compared with
26%, respectively). This indicates a significant reduction in porosity when NRVB is in contact with
granitic groundwater (Table 6.7). After 12 months, the porosity reduced a little, but values were close
to those measured at 6 months of experiment. Dissolution of portlandite, apparent from the XRD data,
should lead to an overall increase in macroporosity. However, precipitation of both calcite and brucite
was observed, which, according to these results, blocks the pores of NRVB quite significantly. Indeed,
the precipitation of these phases has previously shown in the literature to have a “healing” effect in

terms of reducing the porosity [180,197,199,200].

Table 6.7. Macroporosity values of NRVB samples that were in contact with granitic groundwater for
6 and 12 months, obtained through XCT. Errors calculated from standard deviation of triplicate
thresholding.

Macroporosity (%)
NRVB Granitic 6 Months 12.3+3.0
NRVB Granitic 12 Months 93+1.7

Figure 6.18 shows the results of nanopore width as a function of pore volume at 6, 12 and 18 months
of contact time with granitic groundwater. There was an increase in the volume of the pores <5 nm in
size with increasing groundwater contact time, and also an increase of the volume of pores in the size
range of 5 to 25 nm, especially at 18 months. This is likely due to a combination of an increase in the
capillary porosity due to dissolution of hydrate phases (portlandite and ettringite), and also due to the
observed slight decalcification of C-S-H at 18 months, which leads to an increase in the volume of gel
pores (< 12 nm) [194,201]. These results, especially for pores <5 nm at 18 months, were different when
compared to the control samples, therefore, the observed changes are related to the contact with
groundwater, and the consequent decalcification of C-S-H (not simply ageing). The increase of the

nanoporosity due to dissolution of hydrate phases, mainly C-S-H, has been previously observed when
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cement samples were placed in contact with ammonium nitrate solution to study the decalcification

processes [194].
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Figure 6.18. Pore size distribution curves for NRVB samples that were in contact with granitic
groundwater for 6, 12 and 18 months, determined using Barrett-Joyner-Halenda (BJH) desorption
pore size and volume analysis.

6.3.3: Solution chemistry

At each time point of sampling, the pH of the solutions was measured (at room temperature) and an
increase in pH relative to the blank solution (pH 8.5 for granitic groundwater) was always observed, as
intended in the design of the NRVB material. After 2 months of contact with groundwater (i.e. the first
time point of measurement) the pH was 11.7 — 12.3. An increase of the pH was observed until 8 months,
where it reached a maximum of 12.9 — 13.3. For the following time points, a small decrease of the pH
was observed, being around 12.1 — 12.4after 18 months. Although a decrease was observed, the pH was
pH > 12 throughout the experiment.

ICP-OES and IC analysis of the solutions was performed, and the results are shown in Figure 6.19. The
data are presented as “difference in measured concentration relative to the blank”, with the blank being
the groundwater solution used to replace the solution every two months (measured prior to addition to
NRVB). The blank value is equal to zero in every graph. In presenting the results in this format, it is
possible to observe where concentrations of elements were higher than in the blank groundwater
solution (i.e. elements leached out of the cement), or lower, indicating that they had been incorporated

as a mineral phase within the cement. This also allows accountancy of minor discrepancies in the
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composition of the groundwater added at each time point (the total volume used over the 18 months
duration of the experiment was several tens of litres, so it was necessary to prepare new solution at each
time point, and each solution was not always exactly identical due to minor errors in weighing

chemicals).

Significant concentrations of Ca were leached from the cement throughout the duration of the
experiment (Figure 6.19a). A slight decrease in the concentration of Ca leached after 6 months was
observed, which may be related to the formation of a Ca and Mg-rich outer layer (e.g. Figure 6.16),
which might act as a protective layer, slightly reducing the amount of Ca leached. At pH values of >10,
Mg precipitation as brucite is thermodynamically favoured, as previously observed in the solid state
analysis of NRVB samples (Section 6.3.1). Accordingly, the concentration of Mg was found to always
be lower than that in the granitic groundwater.

In terms of S, an initial leaching of this element from the NRVB to the solution was observed (Figure
6.19c). This in agreement with the previous observations made on the cement samples, where an initial
reduction of the quantity of the sulphur-bearing phase ettringite, was observed (e.g. Figure 6.10). Thus,
ettringite was leached from NRVB. With continued replacement of leachate, and hence S, over the 18
month duration of the experiment, the amount of S leached reduced (with values at 18 months being
similar to the blank, i.e. no leaching or precipitation). This is concurrent with the observed increase in
ettringite formation between 12 and 18 months, as observed in the 2’ Al MAS NMR. It is clear that the
S concentrations in solution are linked to the ettringite content of the NRVB, and the reason for the
fluctuation in content is thought to be due to the fact that granitic groundwater has a low concentration
of S (around 3 mg/L), which will possibly destabilise the AFt phase through leaching of S. However,
these fluctuations occur at very small scale, i.e. the variations in the concentration are very small, being
detectable neither by XRD nor TGA (solid-state techniques).

Initial leaching of the Si was observed, followed by a rapid reduction in leaching until 6 months when
the concentration was similar to that in the original granite groundwater solution. The initial release
may result from the dissolution of free silicon. In terms of chloride, an initial uptake of this element
was observed for the first 4 months, being followed by a combination of leaching and uptake. The
observed appearance of Cl-rich phases, like Friedel’s/Kuzel’s salts, mainly in the samples that were in

contact with the groundwater for 2 and 4 months (Figure 6.10), correlate well with this behaviour.
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Figure 6.19. Elemental concentrations in solution (mg/L) obtained through the difference from blank
for NRVB samples that were in contact with granitic groundwater for 18 months: (a) Ca
concentration; (b) Mg concentration; (c) S concentration; (d) Si concentration; (e) Cl concentration.
Errors were calculated using the standard deviation of duplicate ICP-OES and IC measurements.
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6.4: Mineralogical and microstructural evolution of NRVB with Saline Groundwater

(semi-dynamic experiment)

6.4.1: Mineralogical evolution of NRVB

As observed for the NRVB samples in contact with granitic groundwater, there were distinct differences
between NRVB in contact with saline groundwater when compared to the non-groundwater contacted
NRVB (Section 6.2). There was a quasi-linear decrease in the intensity of the XRD peak corresponding
to portlandite (Figures 6.20 and 6.21), as was observed for samples in contact with granitic groundwater.
However, in this case, portlandite seemed to disappear after 16 months. The disappearance of the peak
corresponding to monocarboaluminate was observed after 6 months and, at the same time, the intensity
of the peaks related to ettringite increased. This is due to the presence in the saline groundwater
composition of high amounts of sulfate (S) (Table 6.1), which will favour the conversion of
monocarboaluminate into ettringite, a more stable phase in high S environments [52,147]. However,
from the semi-quantitative results it is apparent that the formation of ettringite reached a plateau after
14 months (Figure 6.21). A possible slight decrease was observed after 18 months, but this variation

seems to be very small.
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Figure 6.20. XRD patterns of NRVB samples that were placed in contact with saline groundwater for

18 months.
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Figure 6.21. Semi-quantitative evaluation of the crystalline phases identified in XRD patterns of
NRVB that was in contact with saline groundwater for 18 months. Error bars obtained through
Rietveld refinement software, Topas.

These findings agree well with the results obtained in the TG analysis, shown in Figure 6.22, where an
increase in the intensity of the peak at 100 °C, related to ettringite, was observed as a function of time,
reaching a maximum intensity at 14 months. The shoulder corresponding to monocarboaluminate, at
150 °C, disappeared after 6 months of the experiment, as also observed in the XRD patterns. The
portlandite peak at around 450 °C decreased with time until it was no longer evident after 14 months
(in contrast to 16 months in the XRD data). The NRVB samples from 2 to 8 months of contact with
saline groundwater exhibited a broad peak at lower temperature values than portlandite, which is
indicative of the presence of brucite (at around 350 °C) and possibly some CI- containing phases (Friedel

or Kuzel’s salt). After 8 months, only the peak related to brucite was visible.

In terms of carbonates, it was possible to observe an increase in the intensity of the peak between 750
and 800 °C, which is due to the presence of HCOsin the saline groundwater composition (Equations 6.1
and 6.2). This was also observed in the semi-quantitative XRD analysis, where an increase in the relative
concentration of calcite as a function of time was apparent (Figure 6.21). It is interesting to note a slight
shoulder at around 600 °C, which corresponds to CaCOs polymorphs that contain some magnesium

[192], since in this groundwater, the Mg content is high (Table 6.1).

148



0.00 0.00

-0.05 /\W \ -0.054 \ '
& 010 \ < 010
c\ ] I. é I
O 0154 &) J
: 0159 5 Months ! =
] i o ]
R —— 4 Months = — 12 Months
S 020+ ) S -0.20 :
= |—— 6 Months £ |— 14 Months
é 025 /— 8 Months g 025 - 16 Months
— 10 Months |— 18 Months
V-—TT—"T T T T T T 71— 00— T T 71T T 71
100 200 300 400 500 600 700 800 900 100 200 300 400 3500 600 700 800 9S00
Temperature (°C) Temperature (°C)

Figure 6.22. TGA data for NRVB samples that were in contact with saline groundwater for 18
months.

In the #Si MAS NMR spectra (Figure 6.23b), clear differences were observed when comparing the
samples at 6, 12 and 18 months of contact with saline solution. From the quantification obtained through
the deconvolution of the 2°Si MAS NMR spectra (Figure 6.23a), a decrease in the relative concentration
of the Q! sites is observed as a function of time, from 56 + 2% at 6 months to 34 + 2% at 18 months
(Table 6.8). This was concurrent with an increase of the Q? site relative concentration (Table 6.8),
indicating an increase of the MCL (Table 6.9).

NRVB 6 Months (a) (b)

Experimental 18 Months

. 12 Months
Fit

Deconvolution 6 Months

T T T T LA — T T T
-40 -50 -60 -70 -80 90 -100 -110 -120 -40 -50 -60 =70 -80 90  -100 -110 -120
Chemical shift (ppm) Chemical shift (ppm)

Figure 6.23. (a) Deconvoluted ?Si MAS NMR spectrum of NRVB cured for 6 months; (b) *Si MAS
NMR spectra of NRVB that were in contact with saline groundwater for 6, 12 and 18 months.

The slight decrease of the Q(1Al) and Q3(1Al) from 6 to 12 months of contact with saline groundwater
is indicative of the reduction of Al incorporation in the C-S-H structure, which is also visible in the 2’Al
MAS NMR spectra (Figure 6.24). This is linked to the formation of ettringite (as observed in XRD and
TGA data): the high concentration of S in solution sequesters Al to form ettringite, rather than
incorporating it in C-S-H. However, an increase in the relative concentration of these same sites,

Q%(1Al) and Q3(1Al), occurs for the 18 month exposed sample, showing an increase of the Al
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incorporation into the C-S-H. The 2’ Al MAS NMR spectra (Figure 6.24) confirms this behaviour, and
shows that the peak corresponding to Al in C-S-H increased after 18 months. These data also show that
the peak corresponding to ettringite (at 14 ppm, Figure 6.24) had decreased at 18 months. Combined,
these data indicate that some ettringite destabilisation occurred at this time, possibly related to the
observed total consumption of portlandite (Figures 6.21 and 6.22) and consequent dissolution of
ettringite, which led to Al being incorporated back to the C-S-H structure. It has been shown before in
leaching experiments with demineralised water [66,71,202] that after all portlandite has been dissolved,
secondary phases start to dissolve: first the AFm phases, followed by AFt phases and calcite. The
observed constant leaching of Ca (see Figure 6.31a), even after all portlandite has been consumed,
might be indicative of the dissolution of ettringite. However, this effect is thought to be small, since a
decrease in the ettringite content was not evident in the XRD and TG data.

Table 6.8. Results of deconvolution of 2°Si MAS NMR spectra of NRVB samples that were in contact
with saline groundwater. The estimated uncertainty in absolute site percentages is £ 2%.

Q' Q(A) @ Q(A) @
6Months 56% 9% 23% 4% 1%
12Months 42% 7% 30% 3% 5%
18Months 34% 14% 37% 10% 0%

In terms of the changes in Ca/Si and Al/Si ratio as a function of time, slight differences were observed
(Table 6.9). A decrease of the Ca/Si ratio was observed to occur with time, with values of 1.15 + 0.06
and 1.07 £0.06, for 12 and 18 months, respectively. This slight decrease may be attributed to
decalcification of C-S-H, as a continuous Ca leaching is evident from the ICP-OES results (Figure
6.31a). Once more, this apparent decalcification of C-S-H happens when almost all the portlandite has
been dissolved (between 14 and 18 months).

A slight decrease of the Al/Si ratio was observed when comparing the control sample cured for 6 months
and the sample that was in contact with saline solution for 6 months (0.08 + 0.01 and 0.05 + 0.01,
respectively). This correlates well with the observed increase of the formation of ettringite, meaning
that the Al that was incorporated into the C-S-H structure is being used for the formation of this phase.
However, after 18 months of contact with groundwater an increase of the Al/Si ratio is observed, as a
consequence of the destabilisation of ettringite, as mentioned before. An increase in the MCL (Table
6.9) was observed with time, agreeing well with the observed increase of the relative concentration of

Q?, Q?(1Al) and Q3(1Al) sites, with the latter site indicative of the occurrence of some cross-linking.
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Table 6.9. Summary of structural evolution of C-S-H formed in NRVB samples that were in contact
with saline groundwater, based on the *Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.26 + 0.06 0.05+0.01 3.5+04
12 Months 1.15+0.06 0.04£0.01 45+0.6
18 Months 1.07 £ 0.06 0.07+£0.01 6.1+0.8

From the 2 Al MAS NMR spectra (Figure 6.24), no AFm phases were present in the samples at 6 months
of contact with saline groundwater, in accordance with the results observed by XRD. However, the
appearance of the TAH at a chemical shift of around 5 ppm is visible, as it was observed in the samples

that were in contact with granitic groundwater.
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Figure 6.24. >’Al MAS NMR spectra of NRVB samples that were placed in contact with saline
groundwater for 18 months.

SEM-EDX analysis was performed at the edge and the centre of the NRVB samples (Figure 6.25).
After 6 months of contact with saline groundwater, there was depletion of Ca at the edge of the sample
and a layer enriched in Mg and possibly Al at the outer edge. Moreover, from the Mg elemental map,

it was possible to observe the precipitation of this element throughout the entire sample.
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Figure 6.25. SEM-EDX analysis of NRVB sample that was in contact with saline groundwater for 6 months; (a) BSE image and elemental maps; (b)
spectra associated with point analysis; Table: point analysis in atomic %, with absolute error from the measurement.
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Edge (at %) Centre (at %)
Ca 19.08 +1.02 2454 +£1.26
Mg 0.89 £0.09 0.50 £ 0.06
Al 5.47+0.33 1.03+£0.09
Si 3.95+0.23 3.47+0.20
S 0.84 £0.08 0.62 £ 0.06




After 12 months of contact with saline groundwater, similar results were observed, with a thin outside
Mg-rich layer (Figure 6.26a). At higher magnification, and from the linescan obtained (Figure 6.26b),
it is noticeable that the thickness of this Mg-rich outside layer is no more than 5 to 10 um. The elemental
maps also show a number of areas with high quantities of Al and S, which are indicative of the presence

of ettringite needles (in the BSE image, these are the areas where the sample charges more).

(b) g = 40
—_ a

= =
= = 0

S 60- : L 30 @
fn] @]
5 L =
£ 40 F20 &
5 . @
£ 504 10 8
Q =
: A_A_ 2
] T [ —
= ; ; P—a _fl\,\,_ R 0 =

| 1
100 80 60 40 20 0
Distance from edge (pum)

T
140 120

Figure 6.26. SEM-EDX analysis of NRVB sample that was in contact with saline
groundwater for 12 months; (a) BSE image and elemental maps; (b) Linescan of
magnesium and calcium in atomic %.
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Through a range of molar ratio plots obtained from EDX point analysis, it is clear that ettringite was
present throughout the entire sample, not being restricted to the edge or the centre (Figure 6.27a,b).
Some of the points also plot around the line indicative of AFm phases (Figure 6.27a), which might be
related to the presence of Friedel’s/Kuzel’s salts rather than monocarboaluminate, as in the other plots
the points do not seem plot towards that phase (e.g. Figure 6.27b). The differences between the edge
and the centre area of the sample were mainly related to the presence of Mg; Figure 6.27c shows that
the concentration of brucite was greater in the edge than the centre. In terms of Cl- uptake, it is possible
to observe from the Al/Ca vs Cl/Ca diagram (Figure 6.27d) that there was more formation of Kuzel’s
salt (CasAlz(OH)12CI(SO4)0s-5H20) than in the granitic groundwater samples, due to the presence of

high amounts of S in the saline groundwater.
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Figure 6.27. Elemental molar ratio plots of SEM-EDX point analysis in NRVB sample that was in
contact with saline groundwater for 12 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs (Al+Fe)/Ca; (c)
Mg/Ca vs Al/Ca; (d) Al/Ca vs Cl/Ca. The dashed lines are compositional trend lines connecting C-S-
H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFm — Ms and Mc; AFt — ettringite.

In the sample of NRVB exposed to saline groundwater for 18 months (Figure 6.28), the same features

were observed; the Mg-rich outer layer was not any thicker (Figure 6.28b). Additionally, the
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precipitation of Ca in the outer layer was apparent. Areas with high concentrations of Al and S were

evident, indicating the presence of AFt phase ettringite (red arrow in Figure 6.28a).
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Figure 6.28. SEM-EDX analysis of NRVB sample that was in contact with saline groundwater for 18
months; (a) BSE image and elemental maps; (b) Linescan of magnesium and calcium in atomic %.

The presence of ettringite was confirmed in the Si/Ca vs Al/Ca and S/Ca vs (Al+Fe)/Ca plots, and its
presence was noticeable throughout the sample (Figure 6.29). Once more, Mg-rich phases, like brucite,

were more evident in the edge area of the sample (Figure 6.29c), agreeing well with the Mg-rich outside
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layer observed in Figure 6.28. The preferential formation of Kuzel’s salt was again observed, and
possibly more evident in the edge area of the sample. In the case of the points collected from the centre

area, an intermixing of Kuzel’s salt and ettringite was observed.
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Figure 6.29. Elemental molar ratio plots of SEM-EDX point analysis in NRVB sample that was in
contact with saline groundwater for 18 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs (Al+Fe)/Ca; (c)
Mg/Ca vs Al/Ca; (d) Al/Ca vs Cl/Ca. The dashed lines are compositional trend lines connecting C-S-
H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFm — Ms and Mc; AFt — ettringite.

6.4.2: Nano- and micro-structural evolution of NRVB

Changes in the macroporosity of the NRVB samples after contact with saline groundwater, as analysed
by XCT, are summarised in Table 6.10. A decrease of the macroporosity was observed for the sample
that was in contact with saline groundwater for 6 months when compared with the control sample at the
same age (~ 19 % porosity compared to 26 %, respectively), which might be a result of the formation
of secondary phases, like brucite, calcite and ettringite. However, due to the high variability
characteristic of processing of this type of data (which is mainly based in human error thresholding),
the errors are quite large, so these values are essentially the same. If one does not consider the error, a

slight increase of the macroporosity could be interpreted, between 6 and 12 months, which could be
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related to the dissolution of portlandite (crystal sizes might vary between 1 to 100 um [201]). Once
again, should be noted that these values are within error, even when comparing to the control samples
at the same age (26.6 = 8.2 % at 6 months and 19.1 + 4.9 % at 12 months).

Table 6.10. Macroporosity values of NRVB samples that were in contact with saline groundwater for

6 and 12 months, obtained through XCT. Errors calculated from standard deviation of triplicate
thresholding.

Macroporosity (%)
NRVB Saline 6 Months 18.6 £6.9
NRVB Saline 12 Months 23.4+8.1

Figure 6.30 shows the results of the nanoporosity analysis, as obtained by nitrogen sorption. An overall
increase in the volume of the nanopores was observed as a function of time, especially in the size range
from ~4 to 25 nm. For pores < 5 nm, a small increase in the intensity was observed. The 12 month
sample did not have that range of pores (i.e. the observed sharp peak), this might be due to sample
preparation (e.g. the procedure of stopping the hydration). For the range of pores between 5 to 20 nm it
is clear that an increase of volume was observed between 6 and 12 months. The increase of the capillary
porosity (between 10 nm to 40 nm) is due to a combination of the dissolution of portlandite, the initial
conversion of monocarboaluminate into ettringite, and possibly at later ages (18 months), due to
dissolution of ettringite observed through XRD, TG and ’Al MAS NMR, leading to the opening of
small pores. The observed increase of the gel pores (< 5 nm) is possibly related to the slight
decalcification of C-S-H observed in the 2°Si MAS NMR spectra. This observed increase of the volume
of small pores, due to decalcification of C-S-H and other hydrate phases, has been previously observed
in similar studies using ammonium nitrate solution to accelerate decalcification in cements, as
mentioned above [194,201].
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Figure 6.30. Pore size distribution curves for NRVB samples that were in contact with saline
groundwater for 6, 12 and 18 months, determined using Barrett-Joyner-Halenda (BJH) desorption
pore size and volume analysis.

6.4.3: Solution chemistry

An increase of the pH of the solution was observed compared with the original saline groundwater (pH
8.2), reaching a maximum pH of 12.9 — 13.3after 8 months of the experiment. As observed for the
granitic groundwater, after a rapid early increase, the pH decreased, reaching pH 12.0 — 12.3after 18
months. Again, the pH of the solution was > pH 12 during the entire experiment, evidencing the capacity
of NRVB to buffer the pH to alkaline values, even in aggressive environments (high replacement rate

of groundwater).

Constant leaching of Ca was observed from the ICP-OES analysis of the solutions (Figure 6.31a). Slight
variability was observed, with a decrease of the leaching of Ca after 14 months. This correlates well
with the observed total dissolution of portlandite by this time point, evidentin XRD and TG data. Taking
into account the observations relating to ettringite destabilisation at this time, from 14 months, the
continued leaching of Ca is associated with this, and possibly from the slight decalcification of C-S-H.
The removal of Mg from solution was observed to occur (Figure 6.31b), in agreement with evidence
presented that shows the precipitation of Mg-phases such as brucite. Because the pH of the solution
remains >pH 12, brucite is thermodynamically stable throughout the experiment. Uptake of S from the
groundwater to the cement was observed for the duration of the experiment (Figure 6.31c). As time
progressed, the concentration of S being removed from the solution by the cement decreased, until at

14 months, the concentration of S in solution in the presence of NRVB had plateaued and was almost
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the same as in the blank. At this time point, the NRVB could be considered to be in equilibrium with
respect to S, achieved by reaching a maximum capacity for the incorporation of sulphur. This correlates
well with the observed maximum ettringite formation obtained at 14 months of the experiment

according to the results from XRD and TG analysis.

Leaching of Si was observed for the first 2 months of contact time, but thereafter, the concentration was
the same as in the blank solution. The initial release may result from the dissolution of free silicon from
the cement clinker. With regards to Cl, which was present at approximately 6122 mg/L in the blank
saline groundwater solution, an initial high uptake of this element by the cement was observed. From 4
months onwards, the concentration of Cl in the presence of NRVB was greater than that in the blank,
suggesting that the retained CI was slowly released back to the solution. This is in agreement with solid

state analysis of the NRVB samples, which identified Friedel’s and Kuzel’s salts.

159



900
(€)) (b) *
800 : 24
o o 700 n - ] oo 4
ch 5 I & i cn"g ]l e
£.8 60044 1 x E2 ]
E 3 T A 4 2=
S 2 500.k = £&g
Bl ‘= o -8B
S &= - g & _
s o -1 = U
52 g 2 104 ° ® o
QO < 5 4 % [ ] [ ]
& = 10+ = = [ ] (o]
52 S & 29
5 o %ﬂé 14 !
O T T T T T T T T T T T T T ' T r T T T T T T Y T T T T T T T T T " T
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Time (months) Time (months)
500
(C) O - - - ==~ === = - - - = - -~ — - - L (d) 450_'
e L] 4
n
0] . 400
o= J 2 3504
W5 h 5 1
g = -404 = = 300
O-: i Ragal 250-
[=R = = 8 —
S & -60- " EE ]
=i ] S & 200
- ] 2 8 1504
28 T - 25 100
58] . 8 E ']
@] % -100 H O :-: 50
wn = 1" a a2 ' *
0+---F- - - --G--9--0-
B B e e IS B s e s s s s e B LI B S W s m e s e p S p e
2 4 6 8 10 12 14 16 18 prot w T W | S o D [ L
Time (months) Time (months)
400
(e) ™1
300 H .
Sl 200 _
d ~~ - ey
%n'—é 100 1 o3 * l x
= T e g e R i Rt
= 0 -+ l
2 g
3£ 1001
g § 2004
§g 2
(2 F) 1
g 5 -300
og 1
5 4004 &
o~ 11
-500 LA N B A B I I BN B
2 4 6 8 10 12 14 16 18

Time (months)

Figure 6.31. Elemental concentrations in solution (mg/L) obtained through the difference from blank
for NRVB samples that were in contact with saline groundwater for 18 months: (a) Ca concentration;
(b) Mg concentration; (c) S concentration; (d) Si concentration; (e) Cl concentration. Errors were
calculated using the standard deviation of duplicate ICP-OES and IC measurements.
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6.5: Mineralogical and microstructural evolution of NRVB with Clay groundwater (semi-

dynamic experiment)

6.5.1: Mineralogical evolution of NRVB

As previously observed, when NRVB samples are in contact with groundwater, portlandite dissolution
occurred. Figure 6.32 shows XRD patterns for NRVB samples that were in contact with clay
groundwater for 18 months. A decrease of the peak intensity for portlandite was observed and after only
12 months it was not possible to detect portlandite by XRD (Figure 6.33). The early total consumption
of portlandite (at 12 months) when compared to NRVB samples that were in contact with granitic (at
18 months) and saline groundwater (at 16 months) might be due to the lower pH observed in the blank
clay groundwater (pH around 7.5, compared with 8.5 and 8.2 for granite and saline solutions,
respectively), which might promote the dissolution of portlandite. The peak for monocarboaluminate
also reduced until it was no longer visible in the XRD trace, after 4 months of contact with the

groundwater (Figure 6.33).

A clear increase of the intensity of the Bragg reflections corresponding to ettringite was observed as a
function of time, which is to be expected from the presence of high concentrations of S in the clay
groundwater (Table 6.1). The increased concentration of ettringite is also evident in the TGA data,
where the ettringite peak (detected at a temperature of 100 °C) increased with time (Figure 6.34). From
the semi-quantitative XRD data (Figure 6.33), a slight decrease of the ettringite content was observed
after 14 months.

A small peak corresponding to brucite, at ~ 18° 26, was observed in the XRD dataset (Figure 6.32). In

the TGA (Figure 6.34), the broad peak at around 350 and 400 °C became sharper at later time points

and also corresponds to brucite.
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Figure 6.32. XRD patterns of NRVB samples that were placed in contact with clay groundwater for

18 months.
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Figure 6.33. Semi-quantitative evaluation of the crystalline phases identified in XRD patterns of
NRVB that was in contact with clay groundwater for 18 months. Error bars obtained through Rietveld
refinement software, Topas.

Chloride-containing salts (Friedel’s and Kuzel’s salts) were observed in the TGA data for NRVB
samples exposed to clay solution for 2 to 8 months (Figure 6.34, ~300 °C). After 8 months, the presence
of these phases was not visible through this technique. Concerning the carbonates, a slight increase of
the intensity of the peak at around 800 °C was observed from 4 months to 6 months, when it did not
change any further, showing that little carbonation occurred in these samples (Figure 6.34). These
results correlate well with the XRD data (Figure 6.33).
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Figure 6.34. TGA data for NRVB samples that were in contact with clay groundwater for 18 months.
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Figure 6.35b compares the 2°Si MAS NMR spectra for the NRVB samples that were in contact with
clay groundwater for 6, 12 and 18 months, and differences can be clearly observed. From the
deconvolution of the different 2°Si MAS NMR spectra (example of the deconvolution shown in Figure
6.35a), it was possible to observe that the relative intensity of Q! sites decreased from 54 + 2% at 6
months to 32 + 2% at 18 months (Table 6.11). This decrease is correlated with an increase in the relative
concentration of Q? sites. An increase of the Q® and Q3(1Al) is indicative of the occurrence of cross-
linking, which, when linked with the increase of Q? sites, indicates an increase of the MCL with
increasing time of exposure to the clay solution, increasing from 3.5 + 0.4 at 6 months to 6.2 + 0.9 after
18 months of contact with groundwater (Table 6.12).

NRVB 6 Months (a) (b)

Experimental 18 Months
. 12 Months

Fit

Deconvolution 6 Months

— — : —— — :
-40 -50 -60 -70 -80 90 -100 -110  -120 -40 =50 =60 =70 -80 =90  -100 -110 -120
Chemical shift (ppm) Chemical shift (ppm)

Figure 6.35. () Deconvoluted ?°Si MAS NMR spectrum of NRVB cured for 6 months; (b) *Si MAS
NMR spectra of NRVB that were in contact with clay groundwater for 6, 12 and 18 months.

Table 6.11. Results of deconvolution of ?Si MAS NMR spectra of NRVB samples that were in contact
with clay groundwater. The estimated uncertainty in absolute site percentages is + 2%.

Q' Q(A) @ Q(A) Q°
6Months 54% 7% 24% 3% 4%
12Months 39% 7% 28% 5% 9%
18Months 32% 8% 33% 13% 10%

In terms of the Ca/Si ratio of the C-S-H, a slight decrease was observed after 12 months of contact with
clay groundwater (Table 6.12). This again might be related to the observed total dissolution of
portlandite after 12 months (XRD and TG data), meaning that a possible decalcification of C-S-H might
be occuring as part of the buffering process. An initial decrease of the Al/Si ratio is observed on the

NRVB sample that was in contact with groundwater for 6 months (0.04 + 0.01) when comparing to the
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control sample that was cured for the same amount of time (0.08 + 0.01). As for the explanation given

for saline groundwater, the Al from the C-S-H is possibly being used for the formation of ettringite.

Table 6.12. Summary of structural evolution of C-S-H formed in NRVB samples that were in contact
with clay groundwater, based on the 2°Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.24 +0.07 0.04 £0.01 35+04
12 Months 1.15+0.07 0.04+£0.01 49+0.7
18 Months 1.07 £0.07 0.04+£0.01 6.2+0.9

In terms of 27Al MAS NMR results (Figure 6.36), a decrease in the intensity of the peak corresponding
to ettringite (14 ppm) was observed to occur over time. This decrease was only evident in the XRD after
14 months, when no portlandite was detected. As observed before, after dissolution of all portlandite
has occurred, a possible dissolution of ettringite may happen [71,202]. This is evidenced by the
continuous leaching of Ca, observed through ICP-OES (Figure 6.43a). This slight decrease of ettringite
concentration, led to the available free Al being incorporated back into C-S-H, as a slight increase of

the peak at around 70 ppm is visible (Figure 6.36).

There were no peaks corresponding to AFm (at around 9 ppm, Figure 6.36) present in any of the
samples, which correlates well with XRD and TG analysis results, where no monocarboaluminate was
observed in NRVB after 6 months of contact with clay solution. It was therefore possible to observe the

peak at 5 ppm corresponding to TAH, which did not change in intensity during the experiment.

165



— 6 Months
—— 12 Months
— 18 Months

Ettringite

TAH

90 80 70 60 50 40 30 20 10 0 -10 =20
Chemical Shift (ppm)

Figure 6.36. >’Al MAS NMR spectra of NRVB samples that were placed in contact with clay
groundwater for 18 months.

After 6 months of contact with clay groundwater, NRVB exhibited some depletion of Ca at the edge of
the sample (Figure 6.37). Differences between the edge and the centre of the sample were not evident
at this time point in samples contacted with granitic or saline groundwater. From the elemental mapping
shown in Figure 6.37, it is noticeable that the presence of high amounts of Al and S were distributed
throughout the entire sample. Together with the other solid state analysis results, this evidences the
existence of ettringite. No significant concentration gradient was evident between the edge of the
sample and the centre, besides a higher amount of Al at the edge when comparing to the centre. A
possible explanation is that an initial destabilisation of ettringite is starting to occur at the edge of the
sample, leading to the availability of Al. Unlike the other samples, no outer layer of Mg was visible

after 6 months.
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Ca 18.84+1.04 25.15+1.32
Mg 0.75+0.08 0.39+0.06
Al 5.02+0.31 0.87 £ 0.09
Si 3.74 £ 0.23 3.21+0.20
S 0.87+£0.08 0.51+0.06

Figure 6.37. SEM-EDX analysis of NRVB sample that was in contact with clay groundwater for 6 months; (a) BSE image and elemental maps; (b) spectra
associated with point analysis; Table: point analysis in atomic %, with absolute error from the measurement.




Using elemental mapping at higher magnification for the NRVB sample in contact with clay
groundwater for 12 months, it was possible to observe a thin (<10 um) layer rich in Mg (Figure 6.38).

The presence of ettringite needles was distinguishable as areas of high surface charging that were rich

in Al and S.
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Figure 6.38. SEM-EDX analysis of NRVB sample that was in contact with clay groundwater for
12 months; (a) BSE image and elemental maps; (b) Linescan of magnesium and calcium in
atomic %.
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The Si/Ca vs Al/Ca and the S/Ca vs (Al+Fe)/Ca plots constructed from EDX point spectra taken on
NRVB contacted with clay groundwater for 12 months are shown in Figure 6.39. There were no
significant differences between the edge and the centre of the sample with the exception of phases
containing Mg or S. The main hydrate phases present were a mixture of ettringite and C-A-S-H with a
high Ca/Si ratio. The formation of brucite was favoured at the edge of the sample (Fig. 6.39¢c), while
ettringite formation occurred more in the centre of the sample. In terms of chloride uptake, once again
no considerable differences were observed between the points collected at the edge and the centre of
the sample. A combination of Friedel’s salt and mainly Kuzel’s salt were observed, with possibly some

incorporation of chloride in the C-S-H structure (points with low Al/Ca ratio but slightly high CI/Al
ratio, Figure 6.39d).
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Figure 6.39. Elemental molar ratio plots of SEM-EDX point analysis in NRVB sample that was in
contact with clay groundwater for 12 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs (Al+Fe)/Ca; (c) Mg/Ca
vs Al/Ca; (d) Al/Ca vs Cl/Ca. The dashed lines are compositional trend lines connecting C-S-H or
portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFm — Ms and Mc; AFt — ettringite.

After 18 months of contact with clay groundwater, an increase in the thickness of the Mg-rich outer
layer was observed (Figure 6.40). This layer, according to the linescan (Figure 6.40b), had a thickness

of ~18 um, and only contained Mg among the elements mapped here. In the area preceding the outer
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layer, a Ca-rich area was observed. Areas with high quantities of ettringite were visible throughout the

sample, due to the high Al and S concentration.
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Figure 6.40. SEM-EDX analysis of NRVB sample that was in contact with clay groundwater for 18
months; (a) BSE image and elemental maps; (b) Linescan of magnesium and calcium in atomic %.

After 18 months, according to the different molar ratio plots (Figure 6.41), the main hydrate phase
present throughout the sample was ettringite. One difference that was observed from the ratio plots that
was not noticeable in the elemental mapping (Figure 6.40) was the higher amount of S observed in the
points acquired at the edge. This could be explained by the precipitation of gypsum (CaSO.) only at the

edge. However, the formation of gypsum was not detected using the range of other techniques applied
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to these samples, meaning that if gypsum were present at the edge of the sample, it was in small
guantities that were not detected when bulk analysis was performed. Another interesting observation is
the higher concentration of Cl observed in the points collected at the edge of the sample. According to
Figure 6.41e, Friedel’s salt and Kuzel’s salt were formed predominantly at the edge of the sample, and
Cl was also possibly incorporated into the C-S-H structure at the edge only, as identified by the points
on the left side of Figure 6.41e with high ClI/Ca ratio and low Al/Ca ratio.

In terms of Mg concentration, it is clear that the edge of the sample was composed of Mg-rich phases
such as brucite (Figure 6.41c,d). However, it is interesting to see that some points collected from the
centre of the sample also have a high Mg/Ca ratio, indicating that precipitation of brucite also occurred
in the centre of the NRVB sample.
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Figure 6.41. Elemental molar ratio plots of SEM-EDX point analysis in NRVB sample that was in
contact with clay groundwater for 18 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs (Al+Fe)/Ca; (c) Mg/Ca
vs Al/Ca;(d) Mg/Ca vs Al/Ca; (e) Al/Ca vs Cl/Ca. The dashed lines are compositional trend lines

connecting C-S-H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —

monocarboaluminate; Ms — monosulphoaluminate; AFm — Ms and Mc; AFt — ettringite.

6.5.2: Nano- and micro-structural evolution of NRVB

No significant differences were observed in the macroporosity of NRVB samples that were in contact
with clay groundwater as a function of time (Table 6.13). However, a decrease of the macroporosity

was observed when compared to the NRVB control samples. The observed increase of the formation of
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brucite and ettringite might be responsible for this behaviour, resulting in some healing of the pores
formed during portlandite dissolution. This change in porosity for the 6 month control vs 6 month
groundwater-contacted samples is greater than that observed for the saline groundwater, but similar to
that for granitic groundwater. The reason for these differences is not totally clear, as similar dissolution
and precipitation of secondary phases is occurring due to contact with groundwater, however it should

be highlighted once again the high errors attributed to this technique.

Table 6.13. Macroporosity values of NRVB samples that were in contact with clay groundwater for 6
and 12 months, obtained through XCT. Errors calculated from standard deviation of triplicate
thresholding.

Macroporosity (%)
NRVB Clay 6 Months 13.5+£6.2
NRVB Clay 12 Months 122+4.9

Nanoporosity analysis (Figure 6.42) showed that there was a decrease in the volume of the smallest
pores (< 5 nm) as a function of time. A possible explanation is that a widening of the pores is occurring,
as indicated by the observed increase of the volume of the pores ranging in size from 5 to 25 nm. This
might be related to a combination of factors, which were possible to observe through the previous
techniques: (1) the observed initial destabilisation of monocarboaluminate, which converted to ettringite
needles, observed in the XRD and TG data; (2) the observed destabilisation of ettringite at the end of
the experiment; and (3) possibly due to decalcification of this phase (observed in the XRD and #’Al
MAS NMR). The observed slight decalcification of C-S-H did not seem to have the same effect on the
porosity (especially <5 nm) as observed in the previous groundwaters. The reason for these results are
not clear from the data obtained, but it should be considered that method of hydration cessation might
influence the results, especially for small pores (nanoporosity) [90], although care was taken by using

the same procedure in all samples.

174



0.012

—— 6 Months
—— 12 Months
0.010 —— 18 Months
i
g
S 0.008
2
g
2
o 0.006
g
E
Q
= 0.004
@
=]
(=1
0.002
0.000 ¥—m73—ab-"--—--p-—"-—-"T—-"—-"=s--"-t+-—"T—"""T—"T"T
0 5 10 15 20 25 30 35 40

Pore width (nm)

Figure 6.42. Pore size distribution curves for NRVB samples that were in contact with clay
groundwater for 6, 12 and 18 months, determined using Barrett-Joyner-Halenda (BJH) desorption
pore size and volume analysis.

6.5.3: Solution chemistry

The starting pH of the clay groundwater solution was pH 7.5, which increased to a maximum of pH
12.9 — 13.2after 8 months of contact with NRVB. After this time, the pH decreased to a value of 11.5 -
11.8after 18 months. The pH at the end of the experiment was lower than for the other groundwater
solutions, which is likely due to (a) the lower original starting pH; and (b) the buffering be mainly due
to the dissolution of C-S-H and ettringite.

From the ICP-OES analysis of the solutions (Figure 6.43), the continuous leaching of Ca was observed
throughout the experiment. For the first 8 months, the leaching of Ca increased gradually, after which
time the amount of Ca leached reduced (Figure 6.43a). This is likely related to the fact that no more
portlandite was available to leach after 12 months (from XRD and TG results). When comparing the
total concentration of Ca leached into the granitic and saline groundwater, it is possible to observe that
more of this element is leached out from the samples that were in contact with clay groundwater
(maximum leaching of around 700, 750 and 900 mg/L, for granitic, saline and clay, respectively). This
agrees well with the observed earlier consumption of portlandite for the samples in contact with clay
solution (Figure 6.32 and 6.34). Further leaching of Ca after this time indicates that dissolution of

ettringite, and possibly some decalcification of C-S-H, is occurring.

As observed previously with NRVB samples that were placed in contact with granitic and saline

groundwater, the high pH of these solutions leads to the precipitation of Mg-bearing phases. In
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agreement, despite the lower pH of this solution compared to the others (but still around 12), the
concentration of Mg in solution was always lower than that in the blank (Figure 6.43b), suggesting that

brucite precipitation occurred in clay groundwater.

Concerning the concentration of S, it was possible to observe an initial uptake of this element by NRVB
samples (Figure 6.43c). However, after 4 months of contact time, the cement system appeared to reach
a maximum capacity for S uptake (as was also observed in the sample that was in contact with saline
groundwater), and so the concentration of this element appeared to be similar to that in the blank clay
solution. After 14, 16 and 18 months, a small amount of leaching of S was observed. This again might

be related to the possible dissolution of ettringite occurring, after all portlandite has been consumed.

As observed with the other groundwater compositions, an initial leaching of Si occurred, after which
time the amount of Si present in solution was similar to that obtained in the blank (Figure 6.43d). In
agreement with EDX point analysis, XRD and TGA data, an initial uptake of chloride by the NRVB
was observed (Figure 6.43e), and as a function of time the uptake converted into leaching, especially at
16 and 18 months of contact time.
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Figure 6.43. Elemental concentrations in solution (mg/L) obtained through the difference from blank
for NRVB samples that were in contact with granitic groundwater for 18 months: (a) Ca
concentration; (b) Mg concentration; (c) S concentration; (d) Si concentration; (e) Cl concentration.
Errors were calculated using the standard deviation of duplicate ICP-OES and IC measurements.
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6.6: Discussion

6.6.1: Comparison with control samples not in contact with groundwater

For all the samples that were in contact with the different groundwater compositions, it can be
concluded, by reference to the control samples not in contact with groundwater, that the observed
differences in the microstructure and porosity were due to the contact with the solutions and not due to
ageing of the NRVB. In terms of evolution of the main hydrate phases in the control samples, portlandite
was present for the duration of the experiment (18 months). Likewise, the presence of
monocarboaluminate and calcite was identified and there were no significant changes in their relative
concentration in the absence of groundwater. Ettringite was also present in the control samples, however
a decrease of the relative concentration of this phase was observed with time (Figures 6.2, 6.4 and 6.6);
destabilisation of ettringite is expected at later ages, due to the absence of S in the pore solution
[141,150,178]. With all the alite and belite reacted after 28 days of curing (Chapters 4 and 5), a
maximum amount of C-S-H formation was achieved before the start of the experiment. In this way,
evolution of the structure of C-S-H was studied instead, through 2Si MAS NMR. After 6, 12 and 18
months of curing in the absence of groundwater, no significant differences were observed, with the

relative concentration of the different Q" sites similar for the different time points.

In terms of porosity, a distinction between macroporosity and nanoporosity was designated. No
significant differences were observed in the macroporosity of the NRVB control samples at 6 and 12
months. Whereas for the nanoporosity a slight decrease of the volume of pores <5 nm in size, and an
increase of the volume of pores in the size range between 5 and 25 nm was observed. This is attributed
to the opening of the pores due to destabilisation of ettringite. It should be noted that this decrease in

the nanoporosity is very small as the pore volume values obtained for these samples were small.

The differences observed in the samples that were in contact with the different groundwater

compositions is discussed below.

6.6.2: Comparison between different groundwater compositions

One of the main characteristics of NRVB is to provide an alkaline environment in the geological
disposal facility [19,137]. So the aim of this study was to investigate how the mineralogy and
consequent porosity, would evolve with time when in contact with groundwater, since these factors will

influence the pH buffering capacity of NRVB. As an accelerated test, a semi-dynamic experiment was
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performed where replacement of each type of groundwater (granitic, saline and clay groundwater)

occurred every 2 months for 18 months.

pH buffering and portlandite

Once NRVB samples were placed in contact with any of the groundwater compositions, an instant
increase of the pH was observed, reaching a maximum pH of around 13 for all of the samples. This
initial increase of the pH to values above 12 was expected, since the major hydrate phase of the NRVB
is portlandite; its dissolution results in the presence of Ca and OH ions in solution, which will
consequently increase the pH [19,22,137,203]. In this experiment it was interesting to observe that,
depending on the groundwater used, the rate of dissolution of portlandite varied (Figure 6.44). For
example, in the case of the samples that were in contact with granitic groundwater, portlandite was no
longer apparent in the XRD or TGA data after 18 months (Figures 6.9 and 6.10), whereas for the
samples that were in contact with saline and clay groundwater, this occurred sooner, after around 16
and 12 months (Figures 6.21 and 6.33), respectively. A difference in the initial pH of the blank solutions
for each groundwater is likely to be an important factor, i.e. since the clay groundwater presented the
lower initial pH (around 7.5), a higher amount of portlandite dissolution occurred when buffering the
pH to values near pH 13. The total dissolution of portlandite was observed in a previous study, where
NRVB samples were placed in contact with deionised water and different concentrations of NaCl [22].
However, no indication of the time taken for the total dissolution of this phase was mentioned, but high
fluxes of water were used [22]. Furthermore, in studies where CEM | was placed in contact with
different solutions (granitic and clay groundwater, demineralised water and sea water), a similar
behaviour was observed, where portlandite was depleted over time [71,81,180,197]. It is important to
note that portlandite consumption was observed throughout the entire sample (as evidenced in XRD
and TG analysis in bulk samples, and in cross-sectional EDX mapping) and not specifically in a
degradation zone, as was observed by Dauzeres and colleagues, when CEM | samples were placed in
contact with clay groundwater [73]. The high porosity observed in the NRVB, as compared with CEM

1, is a possible explanation for this difference.
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Figure 6.44. Semi-quantitative evaluation of Portlandite concentration from XRD patterns of NRVB
control samples cured for 18 months and NRVB samples that were in contact with granitic, saline and
clay groundwater for 18 months. Error bars obtained through Rietveld refinement software, Topas.

NRVB mineralogy and porosity as a function of groundwater composition

Granitic groundwater. In comparison to the control NRVB sample, several changes were observed
when NRVB was contacted with granitic groundwater. In addition to the decrease of portlandite content
mentioned above, there was increase in the calcite content. This is believed to be due to the presence of
bicarbonates, HCOs, in the groundwater composition, which led to the formation of CaCOs (Equations
6.1 and 6.2). A layer, rich in Ca and a small amount of Mg, was formed on the outer edge of the samples.
The data available suggest that these elements were present as precipitates of calcite (CaCO3) and
brucite (Mg(OH)2) [197,204], although further analysis e.g. by micro-focus XRD is required to confirm
this. A small quantity of chloride-rich phases, mainly Friedel’s salt, was also observed (Figure 6.15),
due to the presence of around 75 mg/L Cl in the granitic solution. From the beginning of the experiment
until around 12 months, the content of ettringite decreased (Figure 6.12) and S was leached to solution
(Figure 6.19c). This initial leaching of S is a consequence of the small amount of this element in the

granitic groundwater (around 3 mg/L), resulting in a destabilisation of AFt phases.

After 18 months of contact with granitic groundwater, further changes were observed. Analysis of #Si
MAS NMR indicated that a slight decalcification of the C-S-H occurred and the mean chain length of
the C-S-H increased from 3.5 at 12 months to 4.7 at 18 months. As a consequence of the decalcification,

a slight decrease of the pH was observed, reaching around 12.3 + 0.2 after 18 months.
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As expected, these mineralogical alterations asinfluenced the porosity of the NRVB samples. There was
an apparent decrease of the macroporosity (from 12.3 + 3.0% at 6 months to 9.3 £ 1.7% at 12 months),
which is attributed to the precipitation of calcite and brucite. This is in good agreement with a reactive-
transport modelling study of NRVB in contact with groundwater relevant to a crystalline rock disposal
scenario [205], which predicted that the formation of ettringite, carbonates, and Cl- and Mg-rich phases
led to the decrease of the porosity, through pore clogging, resulting in a reduction in capacity for solute
transport [205]. Conversely, an increase of the nanoporosity was observed, which might be related to
the destabilisation of the ettringite needles, which might have led to an increase of the capillary porosity
(5 to 40 nm). Moreover, the slight decalcification of C-S-H might be responsible to the observed
increase of the gel pores (pores < 5 nm). Although an increase of the nanoporosity is occurring, this
variation is minor as the values obtained for the pore volume are small (in the range of 0.011 cm®g.nm).
On the other hand, the reduction observed in the macroporosity when comparing to the control sample
(26.6 £ 8.2% at 6 months in control sample to 12.3 £ 3.0%), will possibly affect the permeability of this
cementitious material. Further work, and transport modelling, are required to understand how this

evolution of the porosity might affect the transport properties of the NRVB.

Clay and saline groundwaters. Since the changes in NRVB mineralogy and porosity were similar in

the clay and saline groundwater, these are considered here together.

The presence of sulphur in the groundwater (128.2 and 480.9 mg/L for saline and clay groundwaters,
respectively) had a significant impact in the phase assemblage of the samples that were in contact with
these two groundwaters. A high uptake of S was observed, in the beginning of the experiment (Figures
6.31 and 6.43), which led to the increase of the formation of ettringite (Figure 6.21 and 6.33).
Consequently, due to the presence of S in the pore solution, monocarboaluminate became unstable,
leading to the disappearance of this phase over time, as conversion to ettringite occurs [147]. This is
visible through XRD, TG and Al MAS NMR results, where an increase of the peaks corresponding to
ettringite and a decrease of the peaks (or absence in the case of Al MAS NMR) corresponding to
monocarboaluminate is observed. Additionally, the results show a decrease in the uptake of S over time,
which indicates that the NRVB had a threshold capacity for S uptake; for saline groundwater this
occurred after 16 months, and for clay groundwater at 12 months. This was concurrent with the
consumption of portlandite (which was no longer apparent in XRD and TGA data at these time points),
suggesting that the Ca used to form ettringite was possibly sourced from portlandite within the NRVB.
Upon the consumption of portlandite (at 16 and 12 months for saline and clay groundwaters,
respectively), dissolution of ettringite began to occur. This was evidenced by the leaching of S and by
the continuous leaching of Ca, even after all the portlandite had been dissolved. Indeed, dissolution of
ettringite is expected to happen after portlandite dissolution has occurred, as observed in previous

studies where cementitious materials were placed in contact with demineralised water [71,202].
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Figure 6.45. BSE images of ettringite needles (a) in NRVB sample that was in contact with clay

groundwater for 6 months (high magnification); (b) in NRVB sample that was in contact with saline
groundwater 6 months.

As observed for the granitic groundwater, Mg- and Ca-bearing precipitates were observed in samples
of NRVB exposed to clay and saline groundwaters (Figures 6.27, 6.29, 6.39 and 6.41). The Mg-bearing
precipitate is likely brucite, which formed a crust-like outer layer on the samples; this was greater in
thickness for samples in clay groundwater than saline (~18 pm compared with ~10 um, respectively),
which is associated with the greater concentration of Mg in the clay groundwater (~9 mg/L compared
with ~138 mg/L for saline). The Ca-bearing precipitates were present mainly in saline groundwater:
HCOj3 was present in the saline groundwater, therefore, it is possible that the precipitates are composed
of calcite [66]. However, the clay groundwater did not contain HCOs™ (as requested by Radioactive
Waste Management), so the Ca-related phases visible in the sample might be mainly due to the

limestone flour present in the initial NRVB composition.

Chloride was present in high concentrations in both groundwaters (~6122 and ~1861 mg/L, for clay
and saline solutions, respectively). The uptake of this element was mainly observed at the beginning of
the experiment when Friedel’s and Kuzel’s salts were identified in the TG and SEM-EDX data (Figures
6.22, 6.29d, 6.34 and 6.41e). The formation of the mixed chloride-sulphate AFm phase Kuzel’s salt,
not very evident in the granitic groundwater, was promoted by the presence of S in the groundwater
solutions [204,206]. In NRVB contacted with clay groundwater for 18 months, Cl was incorporated in
C-S-H at the edge of the sample (Figure 6.41¢). This edge region also showed an elevation in Mg. This
is in agreement with the work of de Weerdt et al. [207], who showed that an increase of the chloride
binding in the C-S-H occurs when there is a decrease of the pH, and that this decrease of the pH can be
due to the local formation of hydroxide consuming phases such as brucite. Those authors also found

that when SO4% is present in the solution, there is a reduction of the CI binding, since SO4* will more
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readily be incorporated by the C-S-H. However, in the case of the clay groundwater an increase of the

leaching of S was observed at later ages, which might have promoted the Cl binding into the C-S-H.

The C-S-H structure of the NRVB in contact with saline and clay groundwaters was found to be
different from that of the control NRVB samples, as determined by NMR. As observed for samples
contacted with granitic groundwater, there was a slight decalcification of the C-S-H and the mean chain
length increased (from 3.5 at 6 months to ~6 at 18 months for both saline and clay solutions). This
increase of the mean chain length was higher than observed in the granitic groundwater (4.7 at 18
months, for both groundwaters). Different factors might be responsible for this difference, for example
the higher availability of different elements, like S and ClI, present in the saline and clay groundwater
(Table 6.1) to incorporate in the structure, or due to destabilisation of ettringite, which will lead to a
higher availability of Al. Aluminium incorporation in the C-S-H structure varied during the experiment;
at earlier contact times the incorporation was relatively low (Figures 6.12 and 6.24), which is attributed
to the inclusion of Al in ettringite. At later contact times, a reduction of the Al NMR peak corresponding
to ettringite was observed, and a consequent increase of the peak corresponding to aluminium in C-S-

H occurred. This is concurrent with the destabilisation of ettringite (described above).

In terms of porosity, as observed for the samples that were in contact with granitic groundwater, a
decrease of the macroporosity was observed with time. This might be due, once again, to the
precipitation of calcite and brucite in the areas where portlandite had been dissolved. The precipitation
of ettringite needles in these areas might also contribute for this reduction (Figure 6.45). This healing
effect, due to the precipitation of secondary phases, has been previously observed [180,197,200].
However, it seems that this decrease in the macroporosity was more evident for the granitic and clay
groundwater when comparing to the saline (~12 %, ~14 % and ~19 %, respectively). No clear
justification was found for these results, however it should be highlighted the high errors obtained

through this technique.

Regarding the nanoporosity, an increase of the volume of the smaller pores was observed (< 25 nm),
being this range of pores sizes related to the capillary porosity (space not occupied by hydrate phases).
A combination of the dissolution of ettringite and the observed slight decalcification of C-S-H, might
be responsible for this increase [201]. Nevertheless, it should be noted that the pore volume obtained in
the current measurements was very small, which might mean that these alterations occurred in a small

scale.

In previous work, where CEM | was placed in contact with either sea water or clay groundwater, a
zonation in porosity was observed, with the outermost layer presenting a lower porosity, which was
attributed to the precipitation of secondary phases such as calcite, brucite and ettringite [197,200]. A
second zone, inside this outer layer, showed an increased porosity [197,200]. In the current study, since

porosity analysis was performed on bulk samples, it was not possible to establish such differences,
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however, from the SEM-EDX analysis it seems that the precipitation of secondary phases was generally
observed throughout the sample, with the exception of Mg-rich phases, which were more evident at the
edge of the sample. The high porosity presented by the NRVB (when compared with CEM | materials)
is likely to be the reason for this observation, since the well connected pores present a route for

groundwater saturation for the entire sample.
pH vs time

Taking into account all the observed alterations in the microstructure and mineralogy, a comparison is
made with the buffering behaviour of NRVB that was proposed in [1], and shown in Figure 6.1. For all
groundwaters it was possible to observe the occurrence of the portlandite dependent buffering stage
(stage Il in Figure 6.1). In the case of granitic groundwater this lasted until the end of the experiment,
where almost no portlandite was detected. For the saline and clay groundwater, portlandite dissolution
occurred until 14 and 12 months, respectively. During this period, the pH was kept at around 13 for all
groundwaters (Figure 6.46).
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Figure 6.46. pH evolution of granitic, saline and clay groundwater over 18 months of contact with
NRVB.

With all of the portlandite consumed (or almost all consumed), destabilisation/dissolution of ettringite
and slight decalcification of C-S-H are the main factors that influence the buffering of the pH. This
stage (Il stage in the original schematic, Figure 6.1) was mainly achieved by the samples that were in
contact with saline and clay solutions, but the onset of this behaviour was also observed (mainly through
decalcification of C-S-H) in the granitic groundwater also. A decrease of the pH was then observed,
being at around pH 12 after 18 months. It seems that the start of the decalcification of C-S-H and
dissolution of ettringite occur once only a small amount of portlandite remains. Moreover, a continuous
leaching of Ca is occured (ICP-OES results) after the portlandite had been consumed, being indicative
that a combination of decalcification of C-S-H and ettringite destabilisation/dissolution are responsible

for the buffering capacity in stage 111 of Figure 6.1.
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6.6.3: Comparison between semi-dynamic and static experiment

To establish whether the accelerated nature of the semi-dynamic experiments influenced the changes
observed, a second experiment was performed, where NRVB samples were placed in contact with the
same groundwaters, but no replacement was performed, i.e. it was a static experiment. The data are

described in full in Appendix Il. A brief summary is as follows:

e The pH was kept constant throughout the experiment, being ~ pH 12.3 £ 0.2, 12.1 + 0.2 and
12.0 + 0.3, for the samples that were in contact with granitic, saline and clay groundwater,
respectively;

e Total consumption of portlandite occurred in all groundwaters by 18 months;

e Anincrease in the formation of ettringite and brucite for the NRVB samples that were in contact
with saline and clay solutions was observed throughout the experiment; and

e An equilibrium was reached between the cement system and the solution.

In summary, the static experiments largely gave the same results as the semi-dynamic experiments, in
terms of the phases formed. The main difference was the higher pH observed in the static experiments,

which is a result of not replenishing the groundwater solution at regular intervals.

6.7: Conclusions

A semi-dynamic experiment has been performed using three different types of groundwater, and
alterations in the mineralogy and microstructure were studied. When comparing to the NRVB control
samples (cured without contact with groundwater), it was visible that the alterations observed were due

to contact with groundwater and not due to ageing.

Once NRVB was placed in contact with the different groundwater compositions, an instant increase of
the pH was observed, reaching around pH 12 at the end of the experiment. In the case of the granitic
groundwater the pH buffering was controlled mainly by the dissolution of portlandite, whereas for the
saline and clay groundwater a combination of portlandite, C-S-H and ettringite dissolution were the

main phases responsible for maintaining alkaline pH values.

Although all of the groundwaters had similar chemical elements in their composition, the concentration
at which each element was present was different, and this significantly influenced the degree of
mineralogical alterations that occurred in the NRVB samples. It was visible that the samples that were
in contact with granitic groundwater seemed to the affected by the contact at a slower rate than the

samples that were in contact with saline and clay groundwater.
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The main differences were related with the concentration of S and Mg present in the groundwaters. In
the case of S, this element was present in very low quantities in the granitic groundwater, which led to
a destabilisation of ettringite. While, in the case of the saline and clay groundwater a higher content of
S was present, leading to an uptake of this element by the NRVB samples, which resulted in the
destabilisation of monocarboaluminate and the formation of more ettringite. However, once all of the

portlandite had been consumed, a destabilisation of ettringite was observed.

Moreover, the high concentration of Mg in the saline and clay groundwater resulted in a higher
precipitation of Mg-rich phases, for example brucite, than observed in the samples that were in contact
with granitic groundwater. An interesting observation was that for the groundwaters that contained
carbonates in their composition (granitic and saline), the precipitation of brucite was coupled with the
precipitation of calcite, which formed an outside layer. In the case of the clay groundwater, since no
carbonates were present in the composition, the precipitation of an outside layer rich in only magnesium

was instead observed.

It is important to point out that all the differences observed due to the contact with the different
groundwaters, were visible throughout the entire sample, highlighting the characteristic high porosity
of NRVB. However, a general decrease of the macroporosity was observed due to the precipitation of
secondary phases, like calcite, brucite and ettringite. In the case of ettringite, the formation of cracks
might be observed, due to the expansion behaviour that generally the formation of this phase can provide
[66,150,208]. On the other hand, there is not enough understanding of how crack formation will behave
under confining pressure in a geological disposal facility. Since one of the major requirements of NRVB
as a cement backfill is to maintain a high porosity, these results are potentially of significance to the
safety case. Further modelling work should be performed to try to understand if these differences
observed in the microstructure will affect the overall purpose of the NRVB, which is to provide an

alkaline environment for radionuclide uptake.

The main purpose of NRVB in a GDF context is to provide a high-pH environment when in contact
with groundwater. This was observed in the present study, regardless of the groundwater composition.
Moreover, when NRVB samples were in contact with granitic groundwater the mineralogical alterations
seem to have occurred at a lower rate when comparing to the saline and clay groundwater. These results
are of significance to the UK GDF concept where this backfill material is considered to be used, in a
crystalline rock [19,137].
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Chapter 7: Mineralogical and porosity assessment of the Cebama

Reference Cement in contact with simulated groundwater solutions

7.1: Introduction

Low-pH cements were formulated in the context of geological disposal facilities to minimise
detrimental effects that high-pH cements, such as Portland cement, can have on the surrounding
environment, particularly on clay buffers. The pore solution of this type of cement is expected to be
around pH 11, and so the buffering capacity will be mainly due to the dissolution of C-S-H (low Ca/Si

ratio), the main hydrate phase present.

Taking this into account, it is expected that the microstructural evolution of the Cebama reference
cement paste when in contact with the different groundwater compositions will be different from that
observed with NRVB in Chapter 6.

Recent studies have been performed using different formulations of low-pH cement in contact with
granitic and clay groundwater [42,73,84,209]. A comparison of these data with those from the current

study will be performed later in this Chapter.

In this Chapter, results from an extended experiment (carried out for 1 year) where Cebama reference
cement paste (cured for 28 days) was placed in contact with three different types of simulant
groundwater (granitic, saline and clay, Table 7.1) in the conditions described in the previous chapter
and shown in Chapter 3, will be presented. Analysis of the cement samples was performed every 2
months by XRD and TGA, and the solution chemistry was measured at the same time points by ICP-
OES and IC. At selected time points (6 and 12 months) further characterisation of the cement samples
was performed by SEM, #Si MAS NMR, ?’Al MAS NMR, XCT and MIP analysis. Parallel static
experiments (to ascertain the behaviour when solution is not regularly replaced) were also performed
(as detailed in Chapter 3).
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Table 7.1. Composition (mg/L) of the synthetic groundwaters utilised in Chapters 6 and 7.

Element Granitic Saline Clay
Groundwater | Groundwater Groundwater
Ca 20.0 796.0 300.0
Mg 4.9 9.7 138.5
S 3.2 128.2 480.9
Na 64.4 3218.6 1264.4
K 3.9 82.1 43.0
Cl 74.4 6122.2 1861.1
HCOs 122.0 122.0 -

These experiments aimed to determine the mineralogical and microstructural changes induced in
Cebama reference cement by contact with groundwater, as a function of time. This Chapter presents
results first for the Cebama control samples that were cured for the same period of time without contact
with groundwater, then data from the samples that were in contact with granitic, saline and clay
groundwaters are described.

7.2: Mineralogical and microstructural evolution of Cebama reference cement paste

without groundwater

Figure 7.1 shows the XRD data for the Cebama control sample that was cured for 12 months. No
significant differences were observed between the different XRD spectra at the different time points. A
possible slight reduction of the intensity of the peaks corresponding to the clinker phases, alite
(CasSiOs) and belite (Ca,SiO4), occured. In turn, a slight increase of the intensity of the hydrate phases
was observed. However, these differences are very small. Nevertheless, the main hydrate phases present
after 12 (CasAlz(OH)12(S04)3-26H20),
(CasAl(OH)12(C03)3-5H20), a hydrotalcite-like phase (MgsAl2(OH)14-3H,0, meixnerite), calcite
(CaCQOg), and C-S-H.

months  are:  ettringite monocarboaluminate
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Figure 7.1. XRD patterns of Cebama reference cement control samples cured for 12 months.

The same phases were identified through TG analysis (Figure 7.2), and no significant changes were
observed to occur with curing time. A slight increase of the peak between 50 and 100 °C [52,192] was

observed, and corresponds to the mass loss from loosely bound water within C-S-H. This is likely
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indicative of slow cement hydration with time. However, in terms of other hydrate phases, no significant
differences were observed, with the peaks corresponding to AFt and AFm phases (between 100 and
150 °C) very similar in intensity in all of the samples. The peak at around 800 °C corresponds to the

presence of calcite, in accordance with the XRD analysis.
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Figure 7.2. TG data for Cebama reference cement control samples cured for 12 months.

Due to the highly amorphous nature of this low-pH cement, further analysis by ?°Si MAS NMR and
ZIAl MAS NMR was performed to better understand the evolution, with time, of the amorphous
components, e.g. blast furnace slag (BFS), silica fume, and C-S-H.

Once again, no significant differences were observed in the Si MAS NMR spectra of the samples that
were cured for 6 and 12 months (Figure 7.3b). However, for a more detailed analysis of these results, -
guantification of the different sites (deconvolution shown in Figure 7.3a) was performed. The
deconvolution performed with these samples was very similar to that previously made in Chapters 4
and 5, and is as follows: (1) a broad peak was assigned to the glassy BFS component of the sample; (2)
unreacted alite and belite were identified, with the signal attributed to the former being composed of
two peaks; (3) silica fume has a very distinct peak at around -111 ppm; (3) for the C-S-H structure two
Q! environments were distinguished by the nature of the charge-balancing cations which, due to their
differingextent of shielding, resulted in separate resonances [116,117,162]; and lastly, Q?, Q?(1Al), Q*
and Q3(1Al) were also identified as part of the C-S-H structure. It should be noted that the overlap of

the BFS peak with many other peaks will influence the quantification performed, but for comparison
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purposes, these results were considered. This deconvolution approach was used for the Cebama

reference cement in all groundwater solutions described throughout the remainder of this Chapter.

Cebama 6 Months

(a) (b)

Experimentgl
12 Months|

Q'an QY(1Al

6 Months

T — 71 T T * T T T L — T T T ' T T T T T
-50 -60 =70 -80 =90 -1000 -110 -120 -130 -140 -40 -50 -60 -70 -80 -90  -100  -110
Chemical shift (ppm) Chemical shift (ppm)

Figure 7.3. (a) Deconvoluted 2°Si MAS NMR spectrum of Cebama reference cement cured for 6
months; (b) °Si MAS NMR spectra of Cebama reference cement control samples cured for 6 and 12
months.

Quantification of the different sites (Table 7.2) confirms the very slow hydration reaction of this
cementitious material (as also seen in Chapter 5), as no significant differences were observed between
the relative concentrations of components at 6 and 12 months of curing. Likewise, from the calculated
Ca/Si ratio, Al/Si ratio and mean chain length (MCL) (Table 7.3), no differences were observed between

the different curing times.

Table 7.2. Results of deconvolution of °Si MAS NMR spectra of Cebama reference cement control
samples. The estimated uncertainty in absolute site percentages is £ 2%.

Silica
Belite Alite BFS Q! Q?%(1Al) Q>  Q%1Al Q¢
fume
6 Months 3% 4% 34% 7% 12% 18 % 10 % 5 % 4%
12 Months 3% 4% 33% 6 % 11 % 18 % 10 % 4% 4%

Table 7.3. Summary of structural evolution of C-S-H formed in Cebama reference cement control
samples, based on the #Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.1+0.2 0.18 £0.02 9.2+33
12 Months 1.1+0.2 0.19+0.02 104 +4.2
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In the 2’Al MAS NMR spectra (Figure 7.4), it is possible to observe an increase of a broad tetrahedral
Al peak, between 80 and 50 ppm, which corresponds to Al'Y in C-S-H and also unreacted BFS. This is
not observed in the 2Si MAS NMR spectra, where no significant changes in the relative concentration
of C-S-H were observed. The reason for this discrepancy is not clear, but might be due to errors occurred
during the deconvolution process in the 2°Si MAS NMR. A slight increase of the intensity of the peak
corresponding to ettringite (at 14 ppm) was also observed to occur with time. This slight increase is not
so evident in the XRD and TGA, which might be indicative that this increase, if it is truly occurring, is

very small.
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Figure 7.4. ¥ Al MAS NMR spectra of Cebama reference cement control samples cured for 6 and 12
months.

To study the porosity of the Cebama reference cement paste, two different techniques were used: X-ray
Computed Tomography analysis was used to determine the porosity of the larger sized pores (> 1.5 um,
termed herein as macroporosity), and mercury intrusion porosimetry (MIP) for a wide range of pore

sizes, including smaller pores (smallest pore entry size detected of around 0.003 pm).

Through XCT analysis (Table 7.4), a slight decrease of the macroporosity between the sample cured
for 6 months and the sample cured for 12 months was observed. This decrease might indicate that more
hydrate phases (for example hydrotalcite-like phase, maximum particle size 4.5 um [210]) formed,
which filled the bigger pores. However, it should be noted that the values are within the error (relatively
high uncertainty is attributed to this technique, due to human error in thresholding), so the observed

decrease is not significant.
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Table 7.4. Porosity measurements obtained by XCT and MIP for Cebama reference cement control
samples. XCT errors calculated from standard deviation of triplicate thresholding. MIP errors
represent the intrinsic instrument error.

Macroporosity Porosity through MIP

through XCT (%) (%)
NRVB Control 6 Months 45+0.9 9+2
NRVB Control 12 Months 28+09 10+2

Figure 7.5 shows the pore entry size diameter relative to the cumulative intrusion for the Cebama
samples after 6 and 12 months of curing. For both samples, the curve allocates the bulk of the pores to
pore entry sizes below 0.15 um. However, it seems that for the 12 month cured sample the cumulative
intrusion was higher than for the 6 months sample, which means that more small pores were detected

in the former sample. However, the total porosity obtained through this technique was the same for both

samples, at around 9 + 2 %.
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Figure 7.5. Pore entry size distribution of Cebama reference cement control samples cured for 6 and
12 months, determined by MIP.
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7.3: Mineralogical and microstructural evolution of NRVB with Granitic Groundwater

(semi-dynamic experiment)

7.3.1: Mineralogical evolution of Cebama reference cement paste

After 12 months of contact with granitic groundwater, the XRD results (Figure 7.6) show slight
differences in the peak intensities of some of the phases as a function of time. A decrease of the intensity
of the peaks corresponding to the clinker phases, e.g. alite and belite, was observed. Although the peak
of alite overlaps with C-S-H (at 29° 20), making it difficult to observe the decrease here, the 2Si MAS
NMR spectra (results shown below, Table 7.5) show that a decrease in alite is apparent, indicating that
cement hydration had occurred. This decrease is in contrast to the control sample at the same age

(Section 7.2), where no significant changes were observed.

In terms of hydrate phases, a slight increase in the intensity of the peaks corresponding to ettringite was
observed with time. However, no other differences were visible, with the main hydrate phases present
after 12 months of contact with granitic groundwater similar to those in the control sample of the same
age: ettringite, monocarboaluminate, hydrotalcite-like phase (meixnerite), C-S-H and calcite. It is
interesting to note that no portlandite was observed in any of the XRD patterns at each sampling time
point, similar to the control sample. The absence of portlandite is expected in these cement systems due
to the presence of silica fume and BFS, which will convert this phase into C-S-H through pozzolanic

reactions.
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Figure 7.6. XRD patterns of Cebama reference cement samples that were placed in contact with
granitic groundwater for 12 months.

The results obtained through TGA agree well with the XRD data. In Figure 7.7, the peak between 50
and 100 °C correspond to the mass loss due to release of loosely bound water from within C-S-H, and
the peak around 100 °C corresponds to AFt and AFm phases [52,90,192]. An increase in the intensity

of these peaks was observed over time, even when compared to the control samples, indicating the
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enhanced hydration of Cebama reference cement paste when in contact with granitic groundwater. The
rate of increase in cement hydration seems higher when comparing 4 months to 6 months, whereas for
longer times the rate of increase of these peaks is less pronounced. The observed decrease of intensity
of the same peaks solely in the 8 months sample might be related to the procedure of stopping the

hydration, which potentially affected the results, although care was taken to minimise those effects.

The peaks observed at 680 and 840 °C correspond to CaCOs polymorphs [52,90,192], and no clear
differences were observed in the intensity of these peaks with time, showing that no increase of
carbonation of the sample was observed throughout the experiment.
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Figure 7.7. TG data for Cebama reference cement samples that were in contact with granitic
groundwater for 12 months.

Figure 7.8b shows the 2*Si MAS NMR results for Cebama reference cement paste after 6 and 12 months
of contact with granitic groundwater. From this Figure, a decrease of the peak intensity corresponding
to belite, at -71 ppm, was observed. Moreover, a decrease of the silica fume peak at -111 ppm is visible,
indicating that more hydration or dissolution of this material was occurring with time. This decrease
was not observed in the control sample, highlighting that these differences were due to the contact with

the simulant groundwater solution.
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Figure 7.8. (a) Deconvoluted 2°Si MAS NMR spectrum of Cebama reference cement cured for 6
months; (b) °Si MAS NMR spectra of Cebama reference cement that were in contact with granitic
groundwater for 6 and 12 months.

An increase of the hydration of this low-pH cement was confirmed through the slight decrease of the
relative concentration of belite, alite, silica fume and BFS (Table 7.5), when compared to the Cebama

reference cement paste control samples, being more evident for the 12 month-old samples.

An increase of the relative concentration of C-S-H with time was also observed, with the relative
concentration of C-S-H after 6 months of contact at 56 + 2 % and after 12 months 60 + 2 %, compared
with ~49 + 2 % in the control sample (Table 7.2 and 7.5). The relative concentrations of Q? slightly
increased, as hydration of BFS and silica fume occurs. The presence of Q* and Q3(1Al) are indicative
of cross-linking silicon (Q% and aluminium substitution within a cross-linking site in the C-S-H gel
(Q¥(LAI)).

Table 7.5. Results of deconvolution of ?Si MAS NMR spectra of Cebama reference cement samples

that were in contact with granitic groundwater. The estimated uncertainty in absolute site
percentages is + 2%.

Belite Alite Silicafume BFS Q' Q1A) Q? Q(lAl) Q°
6 Months 2% 4% 32 % 5% 11% 24% 10% 6% 5%
12 Months 2% 2% 30 % 4% 14% 2% 14% 5% 5%

From the deconvolution of the 2°Si MAS NMR spectra, it was observed that the Ca/Si ratio, the Al/Si
ratio and MCL did not significantly change as a function of time when this cement was in contact with
granitic groundwater, being 1.1 + 0.16, 0.19 £ 0.02 and 10.0 + 3.2, respectively, after 12 months of the
experiment (Table 7.6). A slight increase in the Al/Si ratio was observed when comparing to the control

sample, evidencing the reaction of the BFS in the samples that were in contact with granitic solution.
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Table 7.6. Summary of structural evolution of C-S-H formed in Cebama reference cement samples
that were in contact with granitic groundwater, based on the *Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.1+0.21 0.21+0.02 120+ 4.6
12 Months 1.1+0.16 0.19+£0.02 10.0+£3.2

In the 2’ Al MAS NMR spectra (Figure 7.9), differences were observed between the samples after 6 and
12 months of contact with granitic groundwater. The slight shift and increase observed in the broad
tetrahedral Al peak, between 80 and 50 ppm (which contains contributions from Al in C-S-H and
unreacted BFS), for the sample at 12 months shows again the increase of hydration of this low-pH
cement as a function of leaching time. A slight increase of the intensity of the peak corresponding to
ettringite (at 14 ppm) was also observed with time. These results are in agreement with previously

observed XRD and TG data.
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Figure 7.9. ’Al MAS NMR spectra of Cebama reference cement samples that were placed in contact
with granitic groundwater for 6 and 12 months.

In this experiment, epoxy was used to seal the ends of the cylinder monolith and so provide
unidirectional contact of groundwater. To help understand if an element / mineral phase assemblage
gradient is observed from the edge (area in direct contact with groundwater) to the centre of the sample

(area not in direct contact with groundwater), SEM-EDX analysis was performed.
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Figure 7.10a shows a BSE image and elemental maps (for Ca, Si and Mg) of Cebama reference cement
paste after 6 months of contact with granitic groundwater. Due to insufficient image quality of sulphur
and aluminium elemental mappings, these were not shown in Figure 7.10a. A small outside layer
composed mainly of calcium was observed. In the area before this layer, a decrease of the concentration
of Ca and an increase of the concentration of Mg is apparent. Elemental spot analysis was performed in
the edge (to the right of the white dashed line, Figure 7.10a) and centre of the sample (in the centre of
the sample, LHS of the image), and the spectra associated with each area are shown in Figure 7.10b,
with the corresponding atomic percentages of major elements shown in the Table. A visible difference
was observed in the atomic percentages of Ca and Mg between the edge and the centre of the sample,
demonstrating the formation of an outside Ca-rich layer. Also, more Al was observed in the edge, which
might be indicative of the slightly higher degree of hydration of BFS at the edge of the sample.
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Edge (at %) Centre (at %0)
Ca 9.58 + 0.57 15.32+0.80
Mg 0.71+0.08 1.15+0.10
Al 473+0.31 1.77+£0.13
Si 18.14+1.01 1477+ 0.75
S 0.50 +0.06 0.72 £0.07

Figure 7.10. SEM-EDX analysis of Cebama reference cement sample that was in contact with granitic groundwater for 6 months; (a) BSE image and
elemental maps; (b) spectra associated with point analysis; Table: point analysis in atomic %, with absolute error from the measurement.




After 12 months of contact with granitic groundwater (observed at a higher magnification, Figure
7.11a), the same Ca-rich layer at the edge of the sample was observed, followed by a decrease of calcium
concentration and an increase of magnesium concentration, as shown in Figure 7.11b. The thickness of
this Ca-rich layer is around 15 um after 12 months of contact with granitic groundwater. This outside
layer is believed to be formed due to the precipitation of CaCQs, since HCOjs is one of the components
present in the granitic groundwater. This carbonation reaction occurs as shown in Equations 7.1 and
7.2, and will lead to a decrease of the pH [66].

HCO; —» H* +C0% (7.2)

Cafsy +CO5~ - CaCO;  (7.3)
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Figure 7.11. SEM-EDX analysis of Cebama reference cement sample that was in contact with granitic
groundwater for 12 months; (a) BSE image and elemental maps; (b) Linescan of magnesium and
calcium in atomic %.

To better understand the differences between the edge and the centre of the sample, SEM-EDX point
analysis was performed, where between 100 to 150 points were manually placed in the edge and centre
of the sample. Different elemental ratio plots (Figure 7.12) were in this way used to identify differences
in the hydrate phase assemblage between the edge and centre of the sample. Compositional trend lines
connecting C-S-H and portlandite/calcite with other hydrate phases are shown, based on the ideal
compositions of the different hydrate phases. The edge region in this point analysis is the Mg-rich layer,
just before the Ca-rich layer (indicated in the image by the red dashed lines, Figure 7.11a). This was
chosen since the Ca-rich outside layer is mainly formed of calcium, which gives a Ca/Si molar ratio of
average 580.8, and many of the ratios plotted give values near to zero (for example the S/Ca molar ratio
of average 0.002). Moreover, it is believed that the main degradation process occurred before the
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formation of the carbonate layer, i.e. the area just before this protective layer where there is observed a

decrease of calcium (meaning decalcification of C-S-H might have happened).
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Figure 7.12. Elemental molar ratio plots of SEM-EDX point analysis in Cebama reference cement
sample that was in contact with granitic groundwater for 12 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs
(Al+Fe)/Ca; (c) Mg/Ca vs Al/Ca; (d) Ca/Si vs Mg/Si. The dashed lines are compositional trend lines
connecting C-S-H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —

monocarboaluminate; Ms — monosulphoaluminate; AFt — ettringite; AFm — Ms and Mc.

From the plot of Si/Ca vs Al/Ca molar ratio (Figure 7.12a), it is possible to observe that the edge point
analyses showed a higher Si/Ca ratio and Al/Ca ratio than the centre of the sample. This correlates well
with the observed decrease of concentration of Ca in this region (in Figure 7.12b), which is indicative
that some decalcification of C-S-H occurred in this area. Therefore, this area will have either C-S-H
with higher Si content, or the presence of Si-rich phases, or even the presence of M-S-H. An interesting
observation from the same plot is the observed higher Si/Ca ratio compared to the reference C-S-H,
which is due to the higher content of silicon, resulting from the presence of silica fume particles [209]

(i.e. the measured Si content also includes a contribution from silica fume, not only C-S-H).

The S/Ca vs (Al+Fe)/Ca diagram (Figure 7.12b), shows the presence of Al-rich phases low in S in the

edge area, indicating a decrease in ettringite content in this region, whereas for the points collected in
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the centre of the sample, an intermixing of ettringite and C-S-H (with possible incorporation of sulphur)
was observed. This decrease of ettringite in the edge might be due to decalcification of this phase, and
consequent dissolution [71,202]. This is visible through the leaching of S in the first 4 months of the
experiment (ICP-OES data; Figure 7.14c). Additionally, the points corresponding to the edge of the

sample have a higher concentration of aluminium, which was also observed in the Si/Ca vs Al/Ca plot.

In terms of Mg-rich phases, from the Mg/Ca vs Al/Ca plot (Figure 7.12c) it is possible to observe that
the edge area was richer in hydrotalcite when compared to the centre area. This might indicate that more
hydration of BFS occurs at the edge of the sample, since hydrotalcite is a product of BFS hydration
[49,162,190]. Moreover, from the Ca/Si vs Mg/Si plot (Figure 7.12d) it is possible to observe possible
presence of M-S-H with some amounts of Ca [211,212] is present in the edge area. It should be noted
that the Mg/Si ratio is quite low, which is related to the small amount of Mg present in the granitic
groundwater. It is interesting to note that in all plots, no portlandite was present, in agreement with
XRD and TG analysis, which is expected in this type of cement formulation [44,45,49,182,197].

7.3.2: Nano- and micro-structural evolution of Cebama reference cement paste

Through XCT analysis, the macroporosity was studied, and no significant differences were observed
between the control sample at similar age and the samples that were in contact with granitic
groundwater, with the macroporosity around 4 % at 6 months and around 2 % at 12 months (Table 7.7).
This slight decrease of the porosity observed for the samples at 12 months is indicative of the increase
of the hydration, as mentioned before.

Table 7.7. Porosity measurements obtained by XCT and MIP for Cebama reference cement samples
that were in contact with granitic groundwater. XCT errors calculated from standard deviation of
triplicate thresholding. MIP errors represent the intrinsic instrument error.

Macroporosity Porosity through MIP
through XCT (%) (%)
Cebama Granitic 6 Months 43+04 5+2
Cebama Granitic 12 Months 24+0.9 5+2

Figure 7.13 shows the pore entry size diameter in relation to the cumulative intrusion for the 6 and 12
month samples, and it is possible to observe that the curve allocates the bulk of pores to pore entry sizes

below 0.2 um, for both samples. However, it seems that for the 6 months sample, the cumulative
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intrusion is slightly higher than observed for 12 months sample, which means that fewer small pores
were detected in the sample after 12 months of contact with groundwater. A combination of the
formation of more C-S-H, as observed in the 2Si MAS NMR, and the occurrence of some carbonation
(observed in the SEM-EDX analysis outer layer), might be the reasons for the filling of the pores. The
total porosity obtained from this measurement was around 5 * 2 % for both samples, which is somewhat
smaller than the total porosity obtained for the control samples, ~ 9 + 2 % (Table 7.3). This initial
decrease of the porosity might be due to the increase of hydration observed for the samples that were in
contact with groundwater, and so more hydrate phases precipitated into the pores. However, with the
observed formation of a carbonate outside layer after 6 months of experiment, no changes of porosity
were further observed. This might mean that this carbonate layer might be acting as a protective layer

for further contact of groundwater with the cement.
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Figure 7.13. Pore entry size distribution of Cebama reference cement samples that were in contact
with granitic groundwater for 6 and 12 months, determined by MIP.

7.3.3: Solution chemistry

The pH (obtained at room temperature) of the solutions varied as a function of leaching time. For the
first 2 and 4 months, the pH of the solution increased to values of around 11.0 — 11.3(pH of the blank
was 8.5). Subsequently, a decrease of the pH occurred, being 9.2 — 9.5at 6 months and reaching similar
values to the blank after 12 months, of around8.3 — 8.6. This decrease of the pH after 4 months might

be related to the formation of the protective Ca-rich layer observed in the SEM-EDX images. The
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formation of this outside layer, which increased in thickness with time, might have led to less interaction
of the groundwater with the cement, and consequently a reduction in the leaching of alkaline portions

of the cement.

Figure 7.14 describes the concentration of each element present in solution, obtained through ICP-OES
and IC. The data are presented as “difference in measured concentration relative to the blank™, with the
blank being the groundwater solution used to replace the solution every two months (measured prior to
addition to Cebama reference cement). The blank value is equal to zero in every graph. In presenting
the results in this format, it is possible to observe where concentrations of elements were higher than in
the blank groundwater solution (i.e. elements leached out of the cement), or lower, indicating they had
been incorporated as a mineral phase within the cement. This also allows accountancy of minor
discrepancies in the composition of the groundwater added at each time point (the total volume used
over the 12 months duration of the experiment was several tens of litres, so it was necessary to prepare
new solution at each time point, and each solution was not always exactly identical due to minor errors

in weighing chemicals).

The Ca concentration in solution shows that this element leached from the cement to the solution during
the first 4 months of contact with groundwater (Figure 7.14a). However, from 6 months onwards, it was
possible to observe that an uptake of this element into the cement occurred. This correlates well with
the formation of the Ca-rich layer at the edge of the sample, observed through SEM-EDX analysis after
6 months.

Due to the high pH observed for the first 4 months (above pH 12), an initial precipitation/uptake of Mg
is visible, followed by a gradual dissolution of this element with the decrease of the pH as a function of

time, with the concentration of this element similar to that of the blank after 12 months (Figure 7.14b).

In respect to S and Si concentration, an initial leaching from the cement to the solution was observed
for both elements (Figure 7.14c and d). This leaching might be related to the dissolution of ettringite
observed at the edge of the sample (Figure 7.12b) and the dissolution of silica fume. From 6 months
onwards, the concentration of these elements was similar to the blank, which indicate that no further
leaching or uptake of S and Si occurred. This might be again a consequence of the formation of the Ca-

rich outside layer, which might prevent further leaching.

A very small uptake of chloride was observed for the first 2 months of contact with granitic
groundwater, which was followed by a combination of leaching and uptake until 8 months into the
experiment, from when the concentration of this element in solution was similar to that which was
present in the blank (Figure 7.14e). In EDX measurements it was not possible to detect this element due

the extremely low concentrations present.
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Figure 7.14. Elemental concentrations in solution (mg/L) obtained through the difference from blank
for Cebama reference cement samples that were in contact with granitic groundwater for 12 months:
(a) Ca concentration; (b) Mg concentration; (c) S concentration; (d) Si concentration; (e) Cl
concentration. Errors were calculated using the standard deviation of duplicate ICP-OES and IC
measurements.
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7.4: Mineralogical and microstructural evolution of NRVB with Saline Groundwater

(semi-dynamic experiment)

7.4.1: Mineralogical evolution of Cebama reference cement paste

XRD patterns obtained every two months for Cebama reference cement paste in contact with saline
groundwater are displayed in Figure 7.15, and showed similar results to those previously observed with

granitic groundwater.

The main differences observed were related to the decrease in the intensity of the peaks corresponding
to belite and alite. A slight increase of the intensity of the peaks corresponding to the hydrate phases
AFt (ettringite), AFm (monocarboaluminate) and hydrotalcite-like phase (meixnerite) was also
observed. The peak corresponding to SiO; in the sample at 12 months had higher intensity than observed
in the other samples, which might be due to some contamination of quartz when the sample was being
prepared.
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Figure 7.15. XRD patterns of Cebama reference cement samples that were placed in contact with
saline groundwater for 12 months.

In the TG analysis (Figure 7.16), the peaks corresponding to the loss of water from C-S-H (between 50
to 100 °C) and to the formation of ettringite (around 100 °C) increased as a function of time. This rate
of increase was higher for the samples at 6 months when compared to longer contact times. The peaks
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corresponding to carbonates (between 600 and 800 °C) show that no increase of carbonation occurs
over time.
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Figure 7.16. TG data for Cebama reference cement samples that were in contact with saline
groundwater for 12 months.

The 2°Si MAS NMR spectra of the samples that were in contact with saline groundwater for 6 and 12
months, and the corresponding deconvolutions (described previously in Section 7.2.1), are shown in
Figure 7.17. A similar trend was observed when comparing to the samples that were in contact with
granitic groundwater, where a decrease in the intensity of the peak corresponding to silica fume is
visible. The relative concentration of silica fume after 6 months was around 33 + 2 %, and 28 + 2 %
after 12 months (Table 7.8). This is significantly less than the control sample after 12 months (33 + 2

%), suggesting that silica fume had either been leached, or consumed in hydration reactions.

Between 6 and 12 months of contact with saline groundwater, no significant differences were observed
in the relative concentration of alite, belite and BFS (Table 7.8). This indicates that no further increase
of the reaction of these components occurred after 6 months. When comparing to the control sample, it

is evident that more hydration occurred as a consequence of the contact with the saline solution (Section
7.2, Table 7.2).
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Figure 7.17. () Deconvoluted ?Si MAS NMR spectrum of Cebama reference cement cured for 6
months; (b) 2°Si MAS NMR spectra of Cebama reference cement that were in contact with saline
groundwater for 6 and 12 months.

Table 7.8. Results of deconvolution of 2°Si MAS NMR spectra of Cebama reference cement samples
that were in contact with saline groundwater. The estimated uncertainty in absolute site percentages
is £ 2%.

Silica
Belite Alite BFS Q'  QY1A) Q? Q3(1Al) Q¢
fume
6 Months 2% 4% 33% 4% 10% 25 %

12 Months 2% 3% 28 % 4% 15% 22%

11 % 5% 5%
12 % 4 % 4 %

Table 7.9 details the Ca/Si ratio, Al/Si ratio and MCL obtained in the different samples, and no
significant differences were visible between the samples. However, an increase of the Al/Si ratio when

comparing to the control samples occurred, as a consequence of the increase of BFS reaction.

Table 7.9. Summary of structural evolution of C-S-H formed in Cebama reference cement samples
that were in contact with saline groundwater, based on the *°Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.1+£02 0.22+0.02 13.7+5.38
12 Months 1.1+0.2 0.19+£0.02 8.3+3.7

Figure 7.18 shows the 2’ Al MAS NMR spectra, and after 12 months of contact with saline groundwater
an increase of the intensity of the peak corresponding to AFt phases (at 14 ppm), in this case ettringite,
was observed. A slight increase of the broad resonance attributed to both Al'Y in C-S-H and unreacted
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BFS [164] was observed, indicating the formation of more C-S-H with time, in agreement with the
previous data (TGA and #Si MAS NMR).
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Figure 7.18. 2’Al MAS NMR spectra of Cebama reference cement samples that were placed in contact
with saline groundwater for 6 and 12 months.

From the SEM image and elemental maps presented in Figure 7.19 for a sample that was in contact
with saline groundwater for 6 months, it is possible to observe a layer forming on the edge of the sample.
Due to the nature of the image obtained, it is quite difficult to understand if the Ca-rich layer at the edge
area is part of the sample or not. Nevertheless, a Mg-rich layer near the outside of the sample was
observed. It is interesting to note that S was observed throughout the sample, especially inside of the

cracks/holes, which might be indicative of the formation of ettringite needles in these areas.

Point analysis was performed (Figure 7.19 and Table), and the main difference observed between the
edge and the centre of the sample was a higher concentration of aluminium present at the edge (5.92 =
0.35 at%). As mentioned in the discussion of exposure of this cement to granitic groundwater, this might
be indicative of the higher degree of hydration of BFS in this area.
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Figure 7.19. SEM-EDX analysis of Cebama reference cement sample that was in contact with saline groundwater for 6 months; (a) BSE image
and elemental maps; (b) spectra associated with point analysis; Table: point analysis in atomic %, with absolute error from the measurement.
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Edge (at %) Centre (at %0)
Ca 10.87 £ 0.59 12.49 + 0.68
Mg 1.04 £0.09 1.21+£0.10
Al 5.92+0.35 157 +0.12
Si 17.97 £ 0.92 15.11+0.78
S 0.42 £ 0.06 1.15+0.09




For a better understanding of the evolution of these results with time, a higher magnification SEM-EDX
analysis was performed on a sample after 12 months of contact with saline groundwater. From Figure
7.20a, the formation of a distinct layer at the edge of the sample can be observed. This layer, according
to the elemental map, was rich mainly in Ca and some S, having a variable thickness with a maximum
of 20 um (Figure 7.20b). As for the sample that was in contact with granitic groundwater, the formation
of this layer is related to the presence of HCOs™ in the saline groundwater composition which, according
to the reactions presented in the previous section (Section 7.3.1), will lead to the release of CO3?,
reacting afterwards with the free Ca present in the groundwater for the precipitation of CaCOs [66].

Just before this Ca-rich outside layer, there was an area depleted in Ca but rich in Mg, similar to the
results observed in the samples that were in contact with granitic groundwater. The linescan results

shown in Figure 7.20b, demonstrates these two layers.
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Figure 7.20. SEM-EDX analysis of Cebama reference cement sample that was in contact with saline
groundwater for 12 months; (a) BSE image and elemental maps; (b) Linescan of magnesium and
calcium in atomic %.

SEM-EDX point analysis was performed in the same way as described before, and molar ratio plots
(Figure 7.21) were used to identify differences in the mineral assemblage between the edge (being the
area just before the Ca-rich layer, indicated in the image by the red dashed lines, Figure 7.20a) and the
centre of the Cebama reference cement sample. A similar justification as given with the Cebama sample
that was in contact with granitic groundwater (Section 7.3.1) is given here for the chosen edge area to

be presented (the Ca/Si molar ratio of this layer was around 415.9 average and the S/Ca molar ratio was
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0.02 average), i.e, the edge corresponds to the area of the sample where more alteration occurred due

to the interaction with the groundwater before the precipitation of the outside Ca-rich layer.
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Figure 7.21. Elemental molar ratio plots of SEM-EDX point analysis in Cebama reference cement
sample that was in contact with saline groundwater for 12 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs
(Al+Fe)/Ca; (c) Mg/Ca vs Al/Ca; (d) Ca/Si vs Mg/Si. The dashed lines are compositional trend lines
connecting C-S-H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFt — ettringite; AFm — Ms and Mc.

From the Si/Ca vs Al/Ca molar ratio diagram (Figure 7.21a), it is possible to observe that the points

corresponding to the edge area have a higher Si/Ca molar ratio than the points corresponding to the

centre, which agrees well with the depletion of Ca in this area. Consequently, in this area it is possible

that some decalcification of C-S-H is occurring.

In terms of S incorporation (Figure 7.21b), it is possible to observe that the edge area has less S

incorporation than the centre, where the presence of AFt phases is more evident. As observed for the

granitic groundwater, it is believed that dissolution of ettringite is occurring in the edge region due to

contact with the saline solution, leading to the leaching of Ca and S, confirmed by ICP-OES results

(Figure 7.23a,c). It is also clear the presence of more Al in the edge when comparing to the points
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collected in the centre of the sample. This might be a consequence of a higher degree of reaction of BFS

at the edge of the sample, but further analysis is required to provide more evidence for this.

In the edge area, due to the higher concentration of Mg, it was possible to observe the formation of
more Mg-phases (Figure 7.21c,d). In the Mg/Ca vs Al/Ca ratio diagram, the presence of more
hydrotalcite intermixed with M-S-H is observed for the points collected at the edge of the sample when
compared with the centre. Moreover, the presence of M-S-H intermixed with C-S-H in the edge area is
confirmed in the Ca/Si vs Mg/Si molar ratio plot, where Mg/Si ratio of the points is between 0.25 and
0.55[211,212].

7.4.2: Nano- and micro-structural evolution of Cebama reference cement paste

Through XCT and MIP it was not possible to observe any significant differences in the total porosity
as a function of time in contact with saline groundwater (Table 7.10). However, when comparing to the
control sample a decrease of the porosity was observed (from 4.5 and 2.8 + 0.9 % in the control sample
to 0.52 and 1.6 = 0.4 % in the sample that was in contact with saline solution, at 6 and 12 months,
respectively), evidencing the increase of the hydration observed in these samples when in contact with

saline groundwater.

Table 7.10. Porosity measurements obtained by XCT and MIP for Cebama reference cement samples
that were in contact with saline groundwater. XCT errors are calculated from standard deviation of
triplicate thresholding. MIP errors represent the intrinsic instrument error.

Macroporosity Porosity through MIP
through XCT (%0) (%)
Cebama Saline 6 Months 052+04 6+2
Cebama Saline 12 Months 1.6+0.4 4+2

From Figure 7.22, it was possible to observe that for the 6 months sample, the bulk of the pores had
pore entry sizes < 0.6 um, whereas for the 12 months sample the pore entry size was < 0.05 pm,
evidencing the smaller pore structure presented by the Cebama sample that was in contact with the
saline groundwater for 12 months. However, no significant changes were observed in the total porosity
obtained, which was around 6 + 2% for the 6 months sample and 4 + 2% for the 12 months (Table 7.10).

The observed reduction of the overall porosity of the Cebama reference cement paste as a function of

leaching time might be an outcome of the increase of the hydration observed in these samples, which
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led to the precipitation of more hydrate phases such as hydrotalcite, ettringite and C-S-H. Also, the
precipitation of CaCOsz mainly on the outside layer, observed through SEM-EDX analysis, but also

possibly throughout the sample, might decrease the overall porosity of this cementitious material.
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Figure 7.22. Pore entry size distribution of Cebama reference cement samples that were in contact
with saline groundwater for 6 and 12 months, determined by MIP.

7.4.3: Solution chemistry

At each time point of sampling, the pH of the solution was measured (at room temperature), and for the
first 6 months of the experiment, the pH increased to values of around 10.3 — 10.6(pH of the blank was
8.2). After 8 months, a decrease of the pH was observed, from 9.4 — 9.7at 8 months to 8.3 — 8.6by the
end of the experiment at 12 months. As observed in the samples that were in contact with granitic
groundwater, this might be a consequence of the formation of the Ca-rich outside layer, which prevented

any further leaching behaviour of the saline groundwater.

From the ICP-OES analysis of the solutions (Figure 7.23), it was possible to observe that the leaching
of Ca occurred for the first 6 months, which was followed by a slow uptake of this element until the
end of the experiment (Figure 7.23a), presumably to form the Ca-rich outside layer observed in the
SEM-EDX results. Precipitation of Mg was observed for the first 6 months, correlating well with the
higher pH observed during that period (Figure 7.23b). From 8 months until 12 months, the concentration
of Mg is similar to the blank, evidencing the pH dependence of the stability of Mg in solution. Also,
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the formation of a protective outside layer might have reduced the interaction of the groundwater with
the cement sample.
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Figure 7.23. Elemental concentrations in solution (mg/L) obtained through the “difference from
blank” for Cebama reference cement samples that were in contact with saline groundwater for 12
months: (a) Ca concentration; (b) Mg concentration; (c) S concentration; (d) Si concentration; (e) ClI
concentration. Errors were calculated using the standard deviation of duplicate ICP-OES and IC
measurements.

For S and Si, similar behaviours were observed (Figures 7.23c,d). At the start of the experiment,

leaching of these elements into solution was visible, which might be due to the dissolution of ettringite
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and silica fume. This was followed by a gradual slow decrease of the leaching, and after 12 months, for
both elements, the concentration in solution had decreased to similar values to those observed in the
blank. Once again, the observed formation of the outside Ca-rich layer might have led to a decrease of

the interaction of the groundwater with the cement sample.

With regard to chloride concentration (Figure 7.23e), and taking into account the error bars obtained,
no significant changes from the blank was observed for the duration of the experiment.

7.5: Mineralogical and microstructural evolution of NRVB with Clay groundwater (semi-

dynamic experiment)

7.5.1: Mineralogical evolution of Cebama reference cement paste

From the XRD patterns of the Cebama reference cement paste in contact with clay groundwater for 12
months (Figure 7.24), the main differences observed were similar to those described in the previous
groundwater compositions. A reduction of the peak intensity of belite and alite was observed over time.
Also, a reduction of the intensity of the peak corresponding to SiO, was observed, corresponding to the
hydration of silica fume. Increases of the peak intensities of ettringite, monocarboaluminate and
hydrotalcite-like phase (meixnerite) occurred as a function of time.
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Figure 7.24. XRD patterns of Cebama reference cement samples that were placed in contact with clay
groundwater for 12 months.

Through TG analysis (Figure 7.25), the increase of the hydration of the Cebama reference cement as a
function of time in contact with clay groundwater was visible. From Figure 7.25, it is possible to identify
the peak corresponding to the loosely bound water from within the C-S-H structure (between 50 and
100 °C) and the peaks related to AFt and AFm phases (between 100 and 150 °C), and an increase is
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observed in the intensity of these peaks, mainly after 6 months and until the end of the experiment at
12 months.

As observed previously with the results from the other groundwater compositions, the presence of
carbonates (from 650 °C onwards) seems not to change over time. Once again, and when comparing to
the control samples (Section 7.2.1), it is evident that these differences are due to the contact with clay
groundwater.
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Figure 7.25. TG data for Cebama reference cement samples that were in contact with clay
groundwater for 12 months.

In the 2°Si MAS NMR spectra of the samples at 6 and 12 months (Figure 7.26b), a decrease of the peak
intensities for belite and silica fume was observed. When the deconvolution (Figure 7.26a) and semi-
quantification (Table 7.11) of Si MAS NMR spectra are performed, the increase of the hydration is

more evident.
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Figure 7.26. (a) Deconvoluted ?°Si MAS NMR spectrum of Cebama reference cement cured for 6
months; (b) **Si MAS NMR spectra of Cebama reference cement that were in contact with clay
groundwater for 6 and 12 months.

A decrease of the relative concentration of belite, silica fume and BFS is observed with time (Table
7.11). An increase of the relative concentration of C-S-H is, consequently, visible from 55 + 2% at 6

months to 60 £ 2% at 12 months (Table 7.11).

Table 7.11. Results of deconvolution of 2Si MAS NMR spectra of Cebama reference cement samples
that were in contact with clay groundwater. The estimated uncertainty in absolute site percentages is

+ 2%.
] ) Silica
Belite Alite BFS Q! Q1A) Q? Q3(1Al) Q?
fume
6 Months 2% 3% 29 % 6% 14% 23 % 10 % 4% 4%
3% 27 % 4% 18% 21 % 11 % 5% 5%

12 Months 1%

With regard to the Ca/Si and Al/Si ratios and MCL, no significant differences were observed with time,
with the Ca/Si ratio being around 1.2 £ 0.2, the Al/Si ratio 0.19 + 0.02 and the MCL around 7.7 + 2.9

after 12 months of contact with clay groundwater (Table 7.12).

Table 7.12. Summary of structural evolution of C-S-H formed in Cebama reference cement samples
that were in contact with clay groundwater, based on the °Si MAS NMR deconvolutions.

Ca/Si Al/Si MCL
6 Months 1.2+£0.2 0.22 £0.02 9.8+3.7
12 Months 1.2+0.2 0.19 £0.02 7.7+29
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The Al MAS NMR spectra (Figure 7.27) show similar results to those observed previously, with an
increase of the peak intensity corresponding to the Al incorporated into the C-S-H as hydration of the

BFS increased, and an increase of the peak intensity corresponding to AFt phases (at 14 ppm).
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Figure 7.27. 2’Al MAS NMR spectra of Cebama reference cement samples that were placed in contact
with clay groundwater for 6 and 12 months.

After 6 months of contact with clay groundwater, a layer at the edge of the sample composed mainly of
Mg was observed in the SEM-EDX analysis, as shown in Figure 7.28a. Also, in the edge area it is
possible to observe a higher amount of Al, around 6.27 + 0.40 at%, when compared to the centre area
where the Al atomic percentage was 1.22 + 0.11 at% (Figure 7.28, Table). As mentioned in the
discussion of previous groundwaters, this might be indicative of further hydration of BFS at the edge

of the sample.

Regarding the overall sample, it was possible to observe, from the elemental maps, the presence of high
concentrations of Mg and S. This is expected since the composition of this particular groundwater has

high amounts of these two elements.
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Figure 7.28. SEM-EDX analysis of Cebama reference cement sample that was in contact with clay groundwater for 6 months; (a) BSE image and
elemental maps; (b) spectra associated with point analysis; Table: point analysis in atomic %, with absolute error from the measurement.
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Edge (at %) Centre (at %)
Ca 11.24 + 0.67 11.28 + 0.66
Mg 116 £0.11 0.96 +0.10
Al 6.27 £0.40 1.22+0.11
Si 16.71 £ 0.93 18.50+1.00
S 0.60 = 0.07 0.57+0.07




Figure 7.29 shows SEM-EDX analysis, at a higher magnification, of a Cebama reference cement paste
sample after 12 months of contact with clay groundwater. The Mg-rich layer at the edge of the sample
was observed; this area was also depleted in Ca (Figure 7.29b). Unlike the samples contacted with the
other groundwater solutions, which developed a protective Ca-rich outer layer, when in contact with
clay groundwater, high concentrations of S and Al were identified throughout the entire sample (Figure
7.29a).
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Figure 7.29. SEM-EDX analysis of Cebama reference cement sample that was in contact with clay
groundwater for 12 months; (a) BSE image and elemental maps; (b) Linescan of magnesium and
calcium in atomic %.

From the various point analysis plots (Figure 7.30), differences can be observed in the phase assemblage
between the edge and the centre area of the sample. The Si/Ca vs Al/Ca plot clearly shows the Ca

depletion observed in the edge area, with the higher Si/Ca ratio of the C-S-H when compared to the
points collected in the centre.
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Figure 7.30. Elemental molar ratio plots of SEM-EDX point analysis in Cebama reference cement
sample that was in contact with clay groundwater for 12 months: (a) Si/Ca vs Al/Ca; (b) S/Ca vs
(Al+Fe)/Ca; (c) Mg/Ca vs Al/Ca; (d) Ca/Si vs Mg/Si. The dashed lines are compositional trend lines
connecting C-S-H or portlandite/calcite with other hydrate phases. P — portlandite; C — calcite; Mc —
monocarboaluminate; Ms — monosulphoaluminate; AFt — ettringite; AFm — Ms and Mc.

The high S content present in the clay groundwater had some effects on the overall phase assemblage
of the sample, with the formation of more S-rich phases like ettringite (Figure 7.30b). It is also
interesting to point out, in the same plot, the higher amount of Al present in the points collected at the
edge, agreeing well with the results observed after 6 months of contact with clay groundwater (Figure
7.28, Table). This might be a consequence of a higher degree of reaction of BFS at the edge of the
sample, but further analysis is required to provide more evidence for this. Moreover, the presence of
ettringite seems to be more evident at the centre of the sample, which might be indicative of a possible

dissolution of this phase at the edge of the sample.

In terms of Mg, since an outside layer rich in this element was found in EDX mapping, the formation
of more Mg-like phases is expected in the edge area. The Mg/Ca vs Al/Ca plot shows exactly that, with
the points collected at the edge present more at the right side of the diagram showing the presence of

both hydrotalcite and M-S-H/brucite (Figure 7.30c). The points collected at the centre of the sample
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plot towards the left side of Figure 7.30c, showing the intermixing of phases present, such as C-(A)-S-
H, AFt and AFm phases. The presence of M-S-H intermixed with some C-S-H in the edge area is
confirmed in Figure 7.30d, where points with high Mg/Si molar ratio are observed [211,212].

7.5.2: Nano- and micro-structural evolution of Cebama reference cement paste

No significant differences over time were observed in the porosity in the samples that were in contact
with clay groundwater (Table 7.13). Nevertheless, when comparing to the control sample a decrease of
the macroporosity obtained through XCT was observed, from 2.8 + 0.9% for the control sample to 0.4
+ 0.2% for the sample in contact with clay solution, at 12 months. This is due to the increase of the
formation of hydrate phases, as an increase of the hydration was observed (XRD, TG and NMR results).
Table 7.13. Porosity measurements obtained by XCT and MIP for Cebama reference cement samples

that were in contact with clay groundwater. XCT errors calculated from standard deviation of
triplicate thresholding. MIP errors represent the intrinsic instrument error.

Macroporosity Porosity through MIP
through XCT (%) (%)
Cebama Clay 6 Months 14+04 4+2
Cebama Clay 12 Months 04+0.2 5+2

From Figure 7.31, it is apparent that the bulk of pores have pore entry sizes <0.2 um, for both samples
at 6 and 12 months. However, the volume of pores is somewhat higher for the sample at 12 months,
meaning that an increase of porosity with leaching time. This is observed in the total porosity obtained
from this measurement, being the total porosity for 6 months around 4 + 2% and 5 + 2% for the sample
at 12 months (Table 7.13). Nevertheless, this increase in porosity is small (and possibly negligible)
when the errors of the measurement are considered, so one can assume that no significant differences
in the total porosity are observed between the sample at 6 months and 12 months of experiment. Once
again, when comparing to the control samples, a decrease of the porosity was evident (from 10 £ 2% to
5 + 2% at 12 months for control sample and sample in contact with clay solution), showing the effects

of the contact with groundwater and the consequent increase of the hydration.
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Figure 7.31. Pore entry size distributions of Cebama reference cement samples that were in contact
with clay groundwater for 6 and 12 months, determined by MIP.

7.5.3: Solution chemistry

The solution pH for the samples that were in contact with clay groundwater (pH of the blank was 7.5)
increased to around 9.6 — 9.9for the first 6 months of experiment, staying more or less constant
throughout the rest of the experiment (being around 9.2 — 9.5 after 12 months). From ICP-OES and IC
analysis of the solutions, slightly different results were obtained for the experiment with clay
groundwater (Figure 7.32) when compared with the previous experiments. Starting with the Ca
concentration (Figure 7.32a), it is possible to observe that a continuous leaching of this element

occurred with time, with an initially high concentration (at 2 months), and then lower concentrations
for the remainder of the investigation.

With regard to Mg (Figure 7.32b), precipitation/uptake of this element was observed throughout the
experiment, with the uptake of this element after 12 months being smaller compared with the first time
point of sampling. This is related to the formation of the Mg-rich outside layer after 6 months of

experiment; presumably, this region was then saturated with respect to Mg, which is why the uptake
was lower at later time points.

It is interesting to observe that the S concentration varied between leaching and uptake as a function of
time (Figure 7.32c). This might be occurring due to some destabilisation of ettringite at the edge of the
sample (leaching of S is occurring), and the formation of this phase at the centre of the sample (uptake
of S is happening), which was observed in the SEM-EDX spot analysis (Figure 7.30b).
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In terms of Si concentration, the continuous leaching of this element was apparent, initially with a higher
amount of leaching, then progressively less leaching, but never reaching the values of the blank (Figure
7.32d). These results are opposite to those observed with granitic and saline groundwater, where the
leaching of Si stopped when the formation of the Ca-rich outside layer was observed, evidencing the

possible protective nature of that layer for further groundwater interaction.

No changes were observed in the Cl concentration, with the values detected in solution similar to the
those observed in the blank (Figure 7.32e).
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Figure 7.32. Elemental concentrations in solution (mg/L) obtained through the difference from blank
for Cebama reference cement samples that were in contact with clay groundwater for 12 months: (a)
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Ca concentration; (b) Mg concentration; (c) S concentration; (d) Si concentration; (e) ClI
concentration. Errors were calculated using the standard deviation of duplicate ICP-OES and IC
measurements.

7.6: Discussion

7.6.1: Comparison with control samples not in contact with groundwater

From the results presented, it was found, for all groundwater compositions, that there was an increase
of the hydration reaction of the Cebama reference cement paste when comparing to the control samples
(cured without contact with groundwater). As observed in the previous Chapters (Chapters 4 and 5),
this low-pH cement is characterised by its slow hydration reaction, with the presence of clinker phases,
BFS and silica fume even after 1.5 years of hydration (also observed in other studies, e.g. [119]). This
is a consequence of both the presence of slow reacting BFS and silica fume, and the low amount of
water used in this formulation (w/s ratio of 0.25, [64]). At the start of this experiment, the Cebama
reference cement paste had been hydrated for 28 days, and so the hydration reaction was far from being
completed (as observed in Chapter 4 and 5). From Section 7.2, showing the results for the control
samples cured for 12 months, only a slight increase of the hydration was observed through XRD, TG
and NMR. Therefore, when this cementitious material was placed in contact with the groundwater, the
presence of extra water allowed the reaction to proceed. This increase of hydration was observed
through XRD, which showed a decrease of the peak intensity of the clinker phases and an increase of
the hydrated phases, and TG analysis, which showed an increase of the peak corresponding to the
loosely bound water from within C-S-H. Through 2°Si and ?’Al MAS NMR results, the increase of
hydration was also observed with a decrease in the relative concentrations of belite, alite, BFS and silica
fume, and a consequent increase in the quantity of C-S-H and AFt phases. Moreover, in all samples
placed in contact with the different groundwater compositions, the Ca/Si, Al/Si and MCL did not vary
for the duration of the experiment (Tables 7.3, 7.6 and 7.9). However, there were slight variations
observed especially in the Al/Si ratio when comparing to the control samples, which was due to the
increase of the hydration of BFS. It is important to mention that these techniques were applied to bulk
cement samples, meaning that any gradient (e.g. between the edge and the centre of the samples) was

not visible in the results presented with these techniques.

In terms of porosity, an overall decrease of the porosity was observed when comparing the samples that
were in contact with the different groundwaters and the control samples. That decrease was more
evident in the saline and clay groundwater, which seem to be the samples that were more affected by

the contact of the groundwater, as it will be explained below.
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In previous studies [42,45,197,209,213], where interactions of low-pH cementitious materials with
different geological environments were studied, there was no discussion of the increase of hydration.
This might be due to possible differences in the curing ages (although not all of the studies reported the
curing age of the cementitious materials at the start of the experiment), and different w/c ratios (the use
of higher ratios increase the hydration reaction). However, in the Calvo et al. [42] investigation of low-
pH cement samples in contact with granitic groundwater, it was mentioned that in the non-degraded
zone of the cement, a decrease of anhydrous cement grains was observed, which could be interpreted
as an increase of hydration observed in that area (although in the study, this conclusion was not drawn
directly).

7.6.2: General comparison between different groundwater compositions

The aim of this semi-dynamic experiment was to elucidate the behaviour of the low-pH cement, Cebama
reference cement paste, when in contact with three different types of groundwater, representative of the
different geological environments. This Section discusses the differences in behaviour as a function of

groundwater solution composition.

Cebama mineralogy and porosity as a function of groundwater composition

As mentioned above, when in contact with the different groundwater solutions, an increase of the
Cebama reference paste hydration was observed through analysis of the bulk of the sample. However,
to discern if any degradation zones were formed in the cement samples, since unidirectional flow was

allowed in this semi-dynamic experiment, SEM-EDX analysis was performed.

In the case of the samples that were in contact with granitic and saline groundwater, it was possible to
observe the formation of a Ca-rich outside layer. The formation of this layer is thought to have occurred
due to the initial decalcification observed in the ICP results (Figure 7.14 and 7.23), and the presence of
HCOs in both groundwater compositions. As mentioned before, in the presence of dissolved Ca (from
the decalcification of the C-S-H) and CO?%*; (from the dissociation of HCOz3) in the pore solution,
precipitation of carbonate phases is observed [66]. Previous studies [199,214] have found similar results
when concrete samples were in contact with sea water for a long-period of time, with the formation of

a calcite crust at the edge of the samples.

The type of decalcification mentioned was observed in the samples in contact with granitic and saline
groundwater, in the area just before the Ca-rich outside layer. This layer is mainly characterised by a
depletion of Ca and it is rich in Mg (Figures 7.11 and 7.20). It has been mentioned in previous studies

that this observed decalcification may cause a “charge defect”, which is compensated by a progressive
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inclusion of Mg [42]. This decalcified, Mg-rich layer appears to be two times thicker in the sample that
was in contact with saline groundwater when compared to the sample that was in contact with granitic
groundwater. ICP-OES results support this evidence, since it is possible to observe a longer leaching
time of Ca in the saline groundwater (for 6 months of experiment), whereas the leaching of Ca in the
granitic groundwater only occurred for 4 months. Moreover, the concentration of Mg present in the
saline groundwater is higher (Table 7.1), thus more incorporation of Mg was observed. The main
hydrate phases observed in this layer, as determined through spot analysis (Figures 7.12 and 7.21), were
Mg-rich phases, like hydrotalcite and M-S-H. These results agree with those reported by Calvo et al.
[42] when low-pH cement was in contact with granitic groundwater, where the inclusion of Mg was
observed in the areas where decalcification occurred, leading to the formation of Mg-rich phases. Also
with saline groundwater, similar results were observed where depletion of Ca combined with an

increase of the concentration of magnesium led to the formation of M-S-H [199].

In the case of the samples that were in contact with clay groundwater, slightly different results were
observed in terms of the degradation zones. In this experiment, a clay groundwater composition without
any bicarbonate addition (HCO3") was utilised, as requested by the project sponsors, Radioactive Waste
Management (RWM, UK). Although it is known that this composition is not representative of the real
conditions observed in a clayey environment [84,197,209,213,215], the RWM request for this
groundwater composition was to see possible effects that the absence of carbonates might have in the

groundwater interaction with cementitious materials.

The first main difference observed with clay groundwater was the absence of the formation of a Ca-rich
outside layer throughout the experiment. This observation supports the statement that the formation of
a carbonate layer in the granitic and saline groundwater is due to the presence of HCOjs in both
groundwater compositions, and not due to atmospheric carbonation. Moreover, in terms of leached
layers, a decalcified, Mg-rich zone was observed in the outside part of the sample at the interface with
the solution (Figures 7.29 and 7.30). The formation of Mg-rich phases, especially M-S-H, was observed
in all previous studies which involved low-pH cements in contact with clay groundwater or in a clayey
environment [84,197,209,212,213,215].

The M-S-H phase observed in all groundwater compositions, being more evident in the clay
groundwater due to the higher Mg/Si ratio (around 0.8, whereas for granitic and saline groundwaters
Mg/Si ratio was around 0.2 and 0.5, respectively), was intermixed with C-S-H, showing the coexistence
of both phases in the degraded area. The formation of this phase has been reported in many different
studies where low-pH cement or concrete has been in contact with different types of groundwater
(granitic and clay) or sea water [42,73,180,212,216].

In all of the groundwaters depletion of ettringite in the degraded zone (the Mg-rich layer) was observed

when compared to the centre of the sample (where no clear alteration was observed due to interaction
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with the groundwater). Similar results were observed in the study performed by Dauzeres et al. [197],
where no ettringite was observed in the decalcified zone of the sample. They stated that this was due to
the low pH observed, which led to the destabilisation of ettringite in this area [147,150,217]. In this
study, it is also believed that dissolution of ettringite occurred, possibly contributing to the buffering of
the pH (through the leaching of Ca), at the same time as decalcification of C-S-H. Indeed, it has been
shown in previous studies that dissolution of AFt phases can be significant enough to buffer the pH
[71,202].

Concerning Cl uptake, in this study and for all the groundwater compositions, no significant interaction
was observed (IC results, Figures 7.14e, 7.23e and 7.32e). These results agree with those observed by
Dauzeres et al. [197], but are opposite to the results observed by Calvo et al. [42], who observed a
chloride-rich zone where decalcification occurs. A possible explanation for the low Cl uptake is the fact
that the Cebama reference cement paste is composed of high replacements of supplementary
cementitious materials, i.e. BFS and silica fume, which provides a dense structure with low porosity

and so retards the chloride ingress [218,219].

With these mineralogical changes, the total porosity of the cementitious samples was affected. A slight
decrease of the porosity was observed for all of the samples over the period of time of the experiment.
As mentioned previously, this decrease, when comparing to the control samples, was mainly due to the
observed increase of the hydration reaction, which meant the formation of more hydrate phases, like C-
S-H, and consequent decrease of porosity. Another factor that influenced this decrease of the porosity,
especially in the samples that were in contact with granitic and saline groundwater, was the carbonation
which, besides forming an outside protective layer, might also have precipitated in some of the pores in
the sample, reducing the porosity [66]. However, when comparing the two time points analysed for

each sample (6 and 12 months), the variations in the porosity were within the error.

It is important to note that the porosity measurements were performed in the bulk sample, not being
possible to differentiate the degraded zone (edge of the sample) from the centre of the sample (area not
affected by the groundwater). However, from the SEM images shown in this Chapter, no evident
differences were observed in terms of pores between the edge and the centre of the sample. In previous
studies, an increase of the porosity was observed in the degraded zone when compared to the sound

zone of the sample (area where solution does not interact with the cementitious material) [197,215].

Nevertheless, through these porosity measurements, and also through the SEM images, it was possible

to observe how dense this cementitious material is, presenting a very low total porosity.
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pH vs time

For all groundwater compositions, an initial increase of the pH was observed, varying between pH 10
and 11 depending on the groundwater being buffered (Figure 7.33). These pH values are in agreement
with previous studies and are expected for this type of low-pH cement [42,44,45,49,197]. Buffering
capacity is provided by decalcification of the C-S-H and also by the dissolution of ettringite for all of
the samples; in the spot analysis plots it was observed that the edge points were higher in Si/Ca ratio
and lower in S/Ca ratio than the centre points. However, in the case of the samples that were in contact
with granitic and saline groundwater, a decrease of the pH was observed as a function of time, being
after 12 months similar to the pH of the blank solutions. This decrease is thought to be related to the
formation of the Ca-rich outside layer, which protected the cement from further interaction with
groundwater, and so no additional buffering of the pH occurred [214]. For the granitic groundwater, the
decrease of pH was observed after 4 months (Figure 7.33), correlating well with the uptake/precipitation
of Ca observed in the ICP-OES results (Figure 7.14a). Whereas for the saline groundwater, it occurred
after 6 months (Figures 7.33 and 7.23a). In the case of the clay groundwater, since no carbonate layer

was formed, the pH values were kept more or less constant throughout the experiment (around 9.5).
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Figure 7.33. pH evolution of granitic, saline and clay groundwater over 18 months of contact with
Cebama reference cement.

7.6.3: Comparison between semi-dynamic and static experiments

A static experiment was performed to help to establish, as mentioned in Chapter 6, if the accelerated
nature of the semi-dynamic experiments influenced the changes observed. The data are fully described

in Appendix I1l. A brief summary is given as follow:

e There was an increase of the hydration reaction of Cebama reference cement samples when
compared to the control sample, with an observed decrease of the clinker phases and SCM (BFS
and silica fume), and an increase of the hydrate phases, like hydrotalcite-like phase,
monocarboaluminate, ettringite and C-S-H. This was the same as observed for the semi-
dynamic experiments.

e The pH was kept constant throughout the experiment at around 9.5 + 0.3, 9 £ 0.3 and 10 £ 0.3,

for the granitic, saline and clay groundwater, respectively. This difference between the semi-
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dynamic and static experiments might be due to a possible no formation of an outside protective
layer. As it can be seen in Figure 7.34, mainly constant leaching of Ca, even though in small
guantities, is observed throughout the experiment. It is also interesting to observe that Mg
uptake is only occurring in the samples that were in contact with clay groundwater, a result
similar to the semi-dynamic experiment.

e A chemical equilibrium was reached between the elements present in the groundwater and in

the cementitious material (Figure 7.34).

In summary, an increase of the hydration was generally observed for the static experiment, being in
agreement with the observed in the semi-dynamic experiment. However, some differences were
observed between the two experiments, specifically related to the pH. In this experiment, the pH was
constant throughout the 18 months, which was opposite to observed in the semi-dynamic experiment
(mainly for granitic and saline groundwater). This might be a result of the no formation of an outside
protective layer, as a lower groundwater interaction rate was obtained due to the no replacement of the

groundwater.
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Figure 7.34. Ca and Mg concentrations in solution (mg/L) obtained through the difference from blank
for Cebama reference cement paste samples that were in contact with granitic (a and b), saline (c and
d) and clay (e and f) groundwater for 18 months. Errors were calculated using ICP-OES instrument

error.

7.7: Conclusions

The Cebama reference cement paste, a low-pH cement, was placed in contact with three different types

of groundwater (granitic, saline and clay groundwater) in a semi-dynamic experiment. This
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cementitious material, when in contact with the different groundwater compositions, was observed to
buffer the pH between 10 and 11, which are around the values expected for a low-pH cement. The

buffering of the pH was mainly due to the decalcification of C-S-H and dissolution of ettringite.

In the cement samples, the main differences observed in the bulk of the sample were related with an
increase of the hydration reaction. As was observed in the previous Chapters, the hydration process of
this specific formulation is very slow, with the presence of clinker and supplementary cementitious
materials present even after 18 months of curing. The combination of the use of very slow reacting raw
materials (BFS and silica fume, when agglomerated) and the use of a low w/c ratio, are the main factors
responsible for this slow hydration. In this way, once Cebama reference cement paste was placed in
contact with any of the groundwater compositions, the extra available water was straight away used to
increase the hydration reaction. Therefore, a decrease of the relative concentration of the clinker phases,
like belite and alite, and of the silica fume and BFS was visible, with a consequent increase of the
formation of hydrate phases like hydrotalcite and C-S-H. This increase in the hydration led to the

observed decrease of the porosity.

However, the main differences observed due to the contact with the different groundwater compositions
were visible when the centre and the edge of the sample were differentiated, since unidirectional flow

of the groundwater was allowed in this experiment.

More alterations in the phase assemblage were observed at the edge of the sample than in the centre,
and this was observed in all of the groundwater compositions. However, for the samples that were in
contact with granitic and saline groundwater, the precipitation of a Ca-rich outside layer, with some
incorporation of Mg, was observed after 6 and 10 months, respectively. This was due to the presence
of carbonates in the groundwater compositions, which reacted with the free Ca from the observed initial
decalcification of C-S-H and ettringite. The precipitation of the outside layer acted as a protective
barrier for further contact of groundwater, which resulted in a decrease of the pH to values similar to
the blanks.

In the case of the samples that were in contact with clay groundwater, since no carbonates were present
in the composition, a continuous leaching was observed. However, the precipitation of more Mg-rich
phases was visible at the edge of the sample. Nevertheless, the thickness of the degradation zone was
quite small, in the range of a few microns, which might be due to the dense, low porosity nature of this

low-pH cementitious material.

For all of the samples, the degradation zone was characterised mainly by decalcification of C-S-H,

depletion of ettringite and the formation of Mg-rich phases like hydrotalcite and M-S-H.

The results presented in this chapter are of extreme importance for many European countries safety

case, where clay/bentonite barriers are considered to use. Specifically, the importance of the
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cementitious material to provide a low-pH environment when interactions with the geological
environment occur, which was observed in the current work. Moreover, the observed formation of a
protective layer when carbonates were present in the groundwater composition is a crucial result, as it
shows that this protective layer reduced further interactions of the cementitious material with the

groundwater.
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Chapter 8: Conclusions and Future work

8.1: Summary and Conclusions

The aim of this Thesis was to evaluate the long-term performance of two different cementitious
materials considered for use in a geological disposal facility context, when in contact with three
different types of groundwater representative of the different geological environments. NRVB is a high-
pH cement considered to be used in one of the UK disposal scenarios as a backfill material, whereas
Cebama reference cement paste is a low-pH cement designed to be used in many European countries to

prevent issues associated with bentonite clay interactions.

Through a detailed characterisation of both cementitious materials (Chapters 4 and 5), changes in the
mineralogy and microstructure of these materials, as a function of curing time and temperature were
ascertained. For NRVB it was observed that the main hydrate phases present after 28 days of curing
were portlandite, calcite, ettringite, hemicarboaluminate, monocarboaluminate and C-S-H. With the
long-duration synchrotron XRD experiment combined with 2°Si MAS NMR analysis (Chapter 5) it was
visible that the total hydration of the clinker phases (Portland cement components) had occurred after
2 months of hydration. Moreover, with the total reaction of belite and alite, a maximum formation of
C-S-H was obtained, as these phases are the only source of Si in this cementitious system. Porosity is
one of the most important characteristics of NRVB, since it will allow interaction with the groundwater
to provide a high-pH environment. The total porosity obtained in the present study was around 35 %
after 28 days of curing, which is significantly lower than previously reported, despite using similar

materials, identical synthesis methods and characterisation.

In the case of the Cebama reference cement paste, the main hydrate phases identified were: ettringite,
monocarboaluminate, hydrotalcite and C-A-S-H. However, in this cementitious system the presence of
unreacted material, including clinker phases, BFS and silica fume, was visible, even after 1.5 years of
curing. A combination of the high replacement percentages of supplementary cementitious materials
(SCMs), and their characteristic slow degree of reaction at low pH, and the low wi/s ratio of this
formulation, are responsible for this slow reaction. Moreover, agglomeration of silica fume was
observed in these samples, which consequently reduced its reactive surface area, further reducing the
pozzolanic reaction of the silica fume. This slow reaction of the SCMs was noticeable through the
presence of portlandite at the early ages of curing. However, with further increase of the hydration and

reaction of the BFS and silica fume, portlandite disappeared due to the pozzolanic reaction. In terms of
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porosity, Cebama reference cement paste was found to be very dense and to have a low porosity,

decreasing with increasing curing times (from ~19 % at 28 days to ~10 % after 1.5 years).

Different cementitious materials, with very different mineralogical and microstructural characteristics,
are expected to behave differently when in contact with groundwater. To understand these differences,
extended experiments were performed, where the cement samples were placed in contact with granitic,

saline and clay groundwater.

Chapter 6 has shown that the mineralogy and microstructure of NRVB samples were strongly affected
when in contact with the different groundwater compositions. Once NRVB samples were placed in
contact with the different solutions, a rapid increase of the pH was observed, due to the initial dissolution
of portlandite. Depending on the groundwater, the rate of dissolution of the different hydrate phases
responsible for the pH buffering was different. In the case of the granitic groundwater, the pH was
mainly buffered due to portlandite consumption and slight decalcification of C-S-H, whereas for the
saline and clay groundwater a combination of dissolution of portlandite and the beginning of dissolution
of C-S-H and ettringite were the main phases responsible for keeping the pH alkaline. Moreover, for
the saline and clay groundwater, due to their higher concentration in S and Mg (S ~128 and 481 mg/L
and Mg ~10 and 138 mg/L respectively) when compared to the granitic groundwater (S ~3 mg/L and
Mg ~5 mg/L), further mineralogical alterations occurred with the formation of more ettringite and
brucite, respectively. Likewise, in the groundwaters that contained carbonates in their composition
(granitic and saline), precipitation of calcite was also observed, forming a protective outside layer. The
precipitation of these secondary phases resulted in a general decrease of the porosity of NRVB. As
having a high porosity is one of the requisites for NRVB as a backfill material, this observed decrease
in the porosity is potentially significant to the UK safety case. Nevertheless, with this experiment it was
evident that NRVB buffering capacity was fulfilled, as the pH was kept above 12 throughout the

duration of the experiment.

In the Cebama reference cement paste, the alterations observed due to the contact with the groundwaters
(Chapter 7) were different from those observed with the NRVB samples. As the hydration reaction was
not completed before the experiment started, due to the very slow rate of hydration observed in Chapters
4 and 5, the main differences observed in the bulk of the sample were related to an increase of the extent
of hydration once in contact with groundwater. This resulted in an overall decrease of the porosity. As
a dense material, with very low porosity, the main alterations in terms of mineralogy were mainly
observed at the edge of the sample. An overall decalcification of C-S-H and ettringite were observed,
which were the main phases responsible for buffering the pH to values between 10 and 11. However, a
decrease of the pH was observed, to values similar to those in the granitic and saline blanks, due to the
formation of a protective outside layer, which formed as a result of a carbonation reaction with

carbonate present in the groundwater solution. In the case of the clay groundwater, this was not observed
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as no carbonates were present in the composition, and so the pH was kept more or less constant during
the experiment. The high Mg content in the different groundwaters led to the formation of Mg-rich

phases in the degraded zone, like hydrotalcite.

Figure 8.1 details the main differences in the pH buffering capacity between the two cementitious

materials:

e In NRVB, portlandite content is high, being the main phase responsible for buffering; also high
porosity leads to higher area for groundwater interaction.

o Cebama reference cement paste does not have any significant quantity of portlandite, thus,
decalcification of C-S-H and AFt phases the main hydrates responsible for pH buffering; also,
due to their very low porosity, the area of sample in contact with the groundwater was quite
low, decreasing even more with the formation of the outside protective layer, when carbonates

were present in the groundwater composition.
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Figure 8.1. pH evolution of granitic, saline and clay groundwater when in contact with: a) NRVB for
18 months; b) Cebama reference cement paste for 12 months.
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Ultimately, with the work presented in this Thesis, it was possible to demonstrate the feasibility of using
the different cementitious materials in the GDF context when in contact with groundwater. In the case
of NRVB, the main purpose of this cementitious material is to provide a high-pH environment when in
contact with groundwater. Independently of the groundwater composition, this was observed in the
present study. Moreover, when NRVB samples were in contact with granitic groundwater the
mineralogical alterations seem to have occurred at a lower rate when comparing to the saline and clay
groundwater. These results are of significance to the UK GDF concept where this backfill material is
considered to be used, in a crystalline rock [19,137].

Regarding Cebama reference cement paste, this cementitious material was designed to provide a
lowerpH environment when interactions with the geological environment/engineered barriers occur,
especially in a clay context. The buffering of the solutions to a low-pH was obtained in the current
work. Additionally, when carbonates were present, the formation of a protective layer was observed
and resulted in a reduction of the interaction with the groundwaters. These results are of great
importance for many European countries safety case, where clay/bentonite barriers are considered to
use, as this protective layer will reduce possible interactions of the cementitious material with the
groundwater. And therefore, this will reduce the probability of changes in the structure of the cement

to occur that might affect the cement overall performance

Although this Thesis has added to the knowledge of cements interaction with groundwater and
consequent mineralogical alterations, some questions remain that need to be answered, as it will be

detailed below.

8.2: Future Work

The extended experiments were performed within the time-frame of a PhD. However, it is well known
that for geological disposal of radioactive waste, timescales are on the order of 10,000’s of years. For
this reason, further work should include geochemical modelling, where the results obtained from these
experiments can be used to predict the long-term mineralogical evolution of these cementitious

materials, and consequent buffering capacity.

In Chapter 6 it was observed an overall decrease of the porosity of NRVB, due to contact with
groundwater. High porosity is one of the main characteristics/requirements for this specific backfill
material, and alterations in their porosity will possibly affect their permeability. Therefore, reactive

transport modelling could be a way to better understand these alterations.

It was observed that one of the main alterations of Cebama reference cement paste when in contact with
the different groundwater compositions was the increase of the hydration reaction. Greater information

could be gained by performing a similar groundwater experiment, but with Cebama samples that were
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cured for longer time periods, as different time scales for possible groundwater interaction may occur

depending on the chosen geology.

Moreover, unlike the results observed in the NRVB static experiment, where similar results to the semi-
dynamic experiment were obtained, with the Cebama reference cement slightly different results were
observed in the static experiment. Therefore, additional work to understand how different groundwater

flow rates would affect Cebama microstructure, would be of great interest.
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Abstract

In a conceptual UK geological disposal facility for nuclear waste within a high-strength, crystalline
geology, a cement-based backfill material, known as Nirex Reference Vault Backfill (NRVB), will be
used to provide a chemical barrier to radionuclide release. The NRVB is required to have specific
properties to fulfil the operational requirements of the geological disposal facility (GDF); these are
dependent on the chemical and physical properties of the cement constituent materials and also on the
water content. With the passage of time, the raw materials eventually used to synthesise the backfill
may not be the same as those used to formulate it. As such, there is a requirement to understand how
NRVB performance may be affected by a change in raw material supply. In this paper, we present a
review of the current knowledge of NRVB and results from a detailed characterisation of this material,
comparing the differences in performance of the final product when different raw materials are used.
Results showed that minor differences in the particle size, surface area and chemical composition of the
raw material had an effect on the workability, compressive strength, the rate of hydration and the
porosity, which may influence some of the design functions of NRVB. This study outlines the
requirement to fully characterise cement backfill raw materials prior to use in a geological disposal

facility and supports ongoing assessment of long-term post-closure safety.

Keywords: Geological disposal; Nuclear waste; Cement; Mineralogy; Microstructure
1. Introduction

Intermediate Level Waste (ILW) comprises a significant proportion, approximately 450 000 m?, of the
UK’s projected inventory of radioactive waste [5]. This includes waste arising from the reprocessing of
spent nuclear fuel (e.g. spent fuel cladding) and from the operation, maintenance and decommissioning
of nuclear facilities (e.g. sludges from the treatment of radioactive liquid effluents) [220]. This waste is
destined for final disposal in a Geological Disposal Facility (GDF) [2], where the conditioned waste
packages will be placed in vaults excavated in host rock, deep underground [1]. In a conceptual scenario
where a high-strength crystalline rock will host the facility, the vaults will be backfilled with a cement-
based material to provide a physical and chemical barrier to radionuclide release [1]. For this purpose,
the Nirex Reference Vault Backfill (NRVB) has been considered [19].

NRVB was designed in the 1990s to fulfil a number of specific requirements for use in a UK geological
disposal facility [19,80]. These include [20,21,29]:

- providing a high alkaline buffered environment, through the dissolution of the different cement

hydrate phases by groundwater, to suppress dissolved concentrations of many radionuclides;
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- possessing high permeability and porosity to ensure homogeneous chemical conditions, to allow the
escape of the gases generated in the GDF and to provide a high surface area for radionuclide sorption;
and

- exhibiting low strength to facilitate the possibility of re-excavation of the vaults, if required.

Despite an initial assessment of NRVB at the time of the design and patent [19] , and subsequently,
several assessments of various aspects of this material (e.g. mineralogy, strength, or porosity, as
described below), there has not been a comprehensive characterisation of NRVB, where all tests are
performed on a consistent batch. Additionally, some of the raw materials used in early development of
NRVB are no longer available due to changes in the powder suppliers [12], therefore, materials to be
used when a GDF is in operation may differ in composition and other key characteristics. It is important
to understand how the chemical and physical properties of the backfill raw materials may affect the
short- and long-term performance of the backfill, to support development of GDF engineering and post-
closure safety assessment. We here present a literature review of the published data on NRVB, even

where datasets are incomplete, or details pertinent to the analysis of the data are absent.
1.1. NRVB hydration

Portland cement (PC), calcium hydroxide [Ca(OH).] and calcium carbonate (CaCQg3) are the main
components of NRVB [80]. The original formulation used a water/solid ratio (w/s) of 0.55 and,
according to this composition, Holland and Tearle [24] described the expected mineralogy of NRVB
and the respective changes in relation with temperature. Theoretically, at ambient temperature, the
phase assemblage of NRVB is expected to contain calcium hydroxide (also known as portlandite),
calcite (CaCO0:s), calcium silicate hydrate (C-S-H), AFt (ettringite) and AFm (monocarboaluminate)
phases, and possibly hydrotalcite if magnesium carbonate is present in the limestone flour or in the
Portland cement (Holland and Tearle, 2003) . At high temperatures (80 °C), the formation of
hydrogarnet-type phases was also predicted, according to the thermodynamic modelling (database not
specified) performed by the same authors [24], although more recent advances in cement chemistry and
phase assemblage prediction models indicate that this may be less likely due to the high quantity of
carbonate present in this cement formulation. Experimental X-ray diffraction (XRD) performed on fresh
(uncured) NRVB revealed that the main phase present was calcite, whereas for NRVB cured for 4

months and 3 years, the phase assemblage was dominated by portlandite [26].

Portlandite and C-S-H are expected to provide the high alkaline-buffering capacity of NRVB. It is
proposed that when the backfill material is first in contact with groundwater, the pH will be buffered
by the dissolution of the more soluble phases, alkali (i.e. Na, K) hydroxides and sulfates. After the
removal of the alkali metal salts, buffering will continue through the dissolution of portlandite; a
solution saturated with respect to portlandite is formed with a pH of about 12.5 at 25 °C [19]. After the

portlandite has been exhausted, pH buffering will be maintained by the incongruent dissolution of C-S-
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H phases with relatively high calcium/silicon molar ratios (Ca/Si), around 1.5. From this, dissolution
will result in the release of calcium and hydroxide ions, thus lowering the Ca/Si ratio and reducing the
pH value at which the water is buffered [23,35]. The buffering timescale and capacity of NRVB will
depend mainly on the composition and rate of groundwater leaching [7,19]. According to a recent study
regarding the leaching behaviour of C-S-H using demineralised water, even with a low Ca/Si ratio, the
dissolution of C-S-H will buffer the pH to ~ 10 [221].

1.2. Physical properties of NRVB

The physical properties of NRVB were summarized by Francis et al. [19] and Bamforth et al. [7]. The
compressive strength of the NRVB (w/s = 0.55) was found to be 4.9 MPa, 5.9 MPa and 6.3 MPa after
7, 28 and 90 days of curing respectively [19]. When comparing with compressive strength values
obtained for Portland cement (w/s = 0.50), (e.g. 31 MPa, 45 MPa and 46 MPa after 7, 28 and 90 days,
respectively, from Menéndez et al. (2003)), the values obtained for NRVB are very low. This relatively
low strength thus allows retrievability of waste packages from within NRVB-backfilled vaults
[20,21,29].

Since the repository operating temperatures will be higher than the 20 °C used for standard cement
curing, studies have been performed to assess the effect of curing temperature (30 °C, 60 °C and 90 °C,
cured in moist or excess volume of water) on the strength of NRVB [19]. Results showed that increasing
the temperature of curing corresponds to a reduction in the strength, for example after 28 days of curing
at 90 °C, the compressive strength was halved when compared to curing at 30 °C [19]. Similar results
have been obtained with Portland-limestone cement, where a temperature increase negatively
influenced compressive strength (Lothenbach et al., 2007). It should be noted, however, that such high

curing temperatures (90 °C) are not expected within a GDF vault for ILW.
1.3. Microstructural properties of NRVB

Porosity and permeability must be carefully considered when designing a cementitious material for a
GDF, since these properties will influence the transport characteristics of groundwater and radionuclide
species through the cement. For example, having a high porosity (more than 30%) allows the ingress of
groundwater, dissolution of the different hydrate phases, so providing a high alkaline environment. It
also allows the diffusion of gases produced in the waste packages and gives rise to a high surface area,

capable of sorbing radionuclide species.

NRVB is relatively porous; the total porosity of NRVB (w/s = 0.55; wic ratio 1.367), includes a high
quantity of unreacted material, was reported to be 50 % using mercury intrusion porosity and nitrogen
desorption methods, at an unspecified curing age [19]. However, comparing the density obtained in dry

and water we can calculate the porosity to be 35%. X-ray computed tomography (XCT) gave a
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segmented porosity of ~ 40 % for large scale samples in the non-carbonated region of an NRVB-

carbonation trial [31].

After closure, the formation of gases is expected to occur in the GDF, e.g. from corrosion of Magnox
cladding, fuel fragments, uranium and steel under anaerobic conditions; microbial degradation of
organic compounds and; radiolysis of water [32]. As a result, the permeability of NRVB should be
sufficient to allow gas movement without significant over-pressurisation and cracking [19]. The gas
permeability coefficient for argon and helium in NRVB at 28 days of curing (in a membrane of NRVB
20 mm thick, average pressure of 100 kPa) was found to be approximately 2 x 10-** m? in dry conditions
and 5 x 10"Y” m? in saturated grout [19,32]. The average pore radius was determined to be 0.45 pm, with
a pore size distribution ranging from 5 nm to > 1 um [32]. Harris and colleagues concluded, using the
premise that a material is considered to crack if the calculated stress exceeds the tensile strength, that

NRVB is able to release gas at a sufficient rate without generating cracks [32].

Most of the results presented in the above summary were reported on the basis of unspecified testing
methods and precursor materials, and little other detailed information is available about the cement
hydration and microstructure of NRVB. Due to the importance of a backfill material in stabilising
radioactive waste in a GDF, a thorough understanding of these properties of NRVB is crucial to build
a robust post-closure safety case. In this paper, a full characterisation of NRVB is performed. The
hydration reaction, the mineralogy and the mechanical properties are studied using two different types
of raw materials to assess the implications of security of cement material supply on cement
characteristics and performance. These results will have important implications regarding the

applicability of older studies to present day materials in the disposal of nuclear wastes.

2. Materials and Methods

2.1. Materials

Batches of NRVB paste were prepared according to the formulation presented in Table 1, with a
water/solid ratio (where solid includes all the powder materials used) of 0.55. It is possible to find in
the literature data pertaining to NRVB prepared with laboratory (pure) materials (e.g. Corkhill et al.,
2013) and also with industrial materials (e.g. Butcher et al., 2012). To verify the consistency between
the cement formed using these two types of starting materials, two different batches of NRVB were
studied. For the NRVB formulated using laboratory chemicals, denoted NRVB (Lab), the starting
materials were: CEM 1 52.5 N sourced from Hanson Cement Ltd, Ribblesdale works (i.e. Sellafield
specification; BS EN 197-1:2011); Ca(OH). (= 95.0 %) and CaCOs (= 99.0 %) were sourced from
Sigma-Aldrich. In the case of NRVB formulated using industrial materials, denoted NRVB (Ind), the

following products were used: CEM | 52.5 N (as above); hydrated lime sourced from Tarmac Cement
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& Lime (Tunstead Quarry, Buxton, UK); and limestone flour sourced from National Nuclear
Laboratory (Tendley Quarry, Cumbria, UK; BS EN 13043:2002).

Table 1. NRVB formulation [19,80]

Material Content (kg m™®)
CEMI1525N 450
Ca(OH), / Hydrated lime 170
CaCOs / Limestone flour 495
Water 615

The particle size distribution was measured using a Mastersizer 3000 PSA, and the results analysed

using Malvern Instruments software.

The chemical composition of the starting materials, as calculated using X-ray fluorescence
(PANalytical Zetium XRF) of powdered materials, is shown in Table 2. The composition was very
similar for both Ca(OH). and hydrated lime. However, a slight difference was observed between CaCOs
and limestone flour. For example, CaCOs contained more CaO than the limestone flour (57 wt% and
48 wt%, respectively). On the other hand, limestone flour presented a higher concentration (between
1.6 and 5.4 wt%) of SiO,, Fe O3, MgO and Al,Os than reagent grade CaCOs, which contained below
0.05 wt% of these elements (Table 2).

Table 2. Composition of raw materials, as determined by X-Ray Fluorescence analysis (precision £ 0.1
wit%).

Compound CEMI525N  Limestone Flour CaCOs; Hydrated Lime Ca(OH).

(wt. %) (Ind) (Lab) (Ind) (Lab)
Na,O 0.3 0.2 <0.1 <0.1 <0.1
MgO 1.2 1.6 <0.1 0.5 05
Al,O; 5.2 1.9 <0.1 <0.1 0.1
SiO, 19.7 54 <0.1 0.5 0.7
P20s 0.2 0.1 <0.1 <01 <0.1
K20 0.5 0.3 <0.1 <01 <0.1
Cao 64.1 48.1 57.0 73.9 74.5
Fe;0s3 2.1 1.7 <0.1 <0.1 <0.1
SOs - 893 ppm 37 ppm - -
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Both cement batches were mixed using a Kenwood benchtop mixer for 5 minutes. Subsequently, the
cement pastes were placed in centrifuge tubes or steel moulds (for compressive strength analysis) and
cured at 20 °C and 95 % relative humidity, for 28 days.

2.2. Analytical Methods

Mechanical properties

The workability of both NRVB formulations was investigated using a mini-slump test [223]. The
cement paste was placed in a cone (19 mm top opening x 38 mm bottom opening x 57 mm height)
resting on a sheet of polymethyl-methacrylate. The cone was lifted vertically upwards and the resulting

slump area measured using a scale. Each mini-slump test was repeated in triplicate.

The setting time was ascertained using a Vicatronic automatic recording apparatus (Vicat needle
method) and 400 g of paste at 19-21 °C and 30-38 % relative humidity. The penetration of a needle
(1.13 mm diameter) was monitored and the initial setting time was considered as the time when the

needle penetration was 35 mm; the final setting time corresponded to less than 0.5 mm of penetration.

After 28 days of curing, compressive strength was measured on cubes with dimensions of 50 x 50 x
50 mm, in triplicate. Cubes were placed within a Controls Automax automatic compressive tester for
analysis, with a loading rate of 0.25 MPa/s. The density of both formulations was measured using He
pycnometry (Micromeritics AccuPyc Il 1340) using approximately 0.40 g of powder (< 63 pum). A fill
pressure of 82.7 kPa was purged 50 times over 20 cycles at 25 °C with an equilibration rate of 34.5
Pa/min.

Chemical analysis (hydration)

The heat flow resulting from the NRVB hydration reaction was studied using isothermal calorimetry
analysis (TAM Air, TA Instruments) at 20 °C. Approximately 20 g of cement paste was mixed and the

measurements were performed for 7 days. As reference sample, tap water was used.

For identification of the hydrate phases present in NRVB at an early age (28 days of curing), XRD and
TGA-MS were performed on powder samples (< 63 um). The former was carried out using a Bruker
D2 Phaser diffractometer utilising a Cu Ka source and Ni filter. Measurements were taken from 5° to
70° 26 with a step size of 0.02° and 2 s counting time per step. For TG-MS analysis, a PerkinElmer
Pyris 1 thermogravimetric analyser was used. The temperature ranged from 20 °C to 1000 °C with a
heating rate of 10 °C/minute under N, (nitrogen) atmosphere. A Hiden Analytical mass spectrometer
(HPR-20 GIC EGA) was used to record the mass spectrometric signals for H,O and CO..

257



Scanning Electron Microscopy (SEM) imaging and Energy Dispersive X-ray (EDX) analysis were
performed on NRVB monolith samples mounted in epoxy resin and polished to a 0.25 um finish using
diamond paste. Backscattered electron (BSE) images were recorded using a Hitachi TM3030 scanning
electron microscope operating with an accelerating voltage of 15 kV. EDX analysis was performed

using Quantax 70 software and elemental maps were collected for 10 minutes.

Solid-state nuclear magnetic resonance (NMR) spectra for 2Si were collected on a Varian VNMRS 400
(9.4 T) spectrometer at 79.435 MHz using a probe for 6 mm o.d. zirconia rotors and a spinning speed
of 6 kHz, a pulse width of 4 ps (90°), a relaxation delay of 2.0 s, and with a minimum of 30000 scans.
2IAl NMR spectra were collected on the same instrument at 104.198 MHz using a probe for 4 mm o.d.
zirconia rotors and a spinning speed of 12 kHz, a pulse width of 1 us (25°), a relaxation delay of 0.2 s,

and a minimum of 7000 scans.
Microstructure analysis (porosity)

To determine the Brunauer-Emmett-Teller (BET) surface area, nitrogen adsorption-desorption
measurements were studied at 77 K on a Micromeritics 3 Flex apparatus. Powder samples of raw
material were cooled with liquid nitrogen and analysed by measuring the volume of gas (N2) adsorbed
at specific pressures. The pore volume was taken from the adsorption branch of the isotherm at
P/Po = 0.3. Mercury intrusion porosimetry (MIP) was used to study the total porosity and pore
distribution of the samples. Small pieces of cement paste were placed into the sample holder of an

Autopore V 9600 (Micromeritics Instruments). Washburn’s law was used to determine the pore
diameter, by applying the following equation: D = (—4cos0)y/P, where D is the pore diameter (um), 6

the contact angle between the fluid and the pore mouth (°), y the surface tension of the fluid (N/m), and
P the applied pressure to fill the pore with mercury (MPa). The maximum pressure applied was

208 MPa, the surface tension was 485 mN/m and the contact angle was 130°.

The XCT scans were performed at the University of Strathclyde using a Nikon XTH 320/225 system,
equipped with a 225 kV reflection gun, a microfocus multimetal target, and a 2000 x 2000 pixel flat
panel photodetector (cell size 0.2 x 0.2 mm). The rotation stage position was set so the X-ray source-to
sample distance was minimal and allowed a minimum voxel size of 3 micrometres. Scanning conditions
were an accelerating voltage of 100 keV, 28 pA current (corresponding to power 2.8 W) using a silver
target. The exposure time for each projection was 2.829 seconds, lasting 3141 projections (1 frame per
projection) and leading to a scan-time of 2.5 hours. Gun conditions would not saturate photodetector,
consequently no metallic filter was required during the scans. Projections were overlapped in 3 different
heights of the sample with CT Pro 3D software (© 2004-2016 Nikon Metrology) to reconstruct the
centre of rotation of the 3D volumes. Once reconstructed, a software built-in algorithmic correction has
been applied to correct for artifacts related to beam-hardening [132]. All volumes were reconstructed

in 16 bit greyscale, and converted to a .tif stack. A volume of interest (VOI) was selected for each
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sample, using standards previously reported in the literature, i.e. the VOI should be at least 100 pm?3, or
higher than 3 to 5 times the size of the largest distinct feature, to minimise finite size error. In this study,

the VOI size chosen was 0.42 mm? (250 x 250 x 250 voxels at 3 pm resolution).

3. Results and Discussion

3.1. Mechanical Properties

The workability, determined by mini-slump testing, of NRVB (Lab) and NRVB (Ind) was found to be
56.5 + 0.8 mm diameter and 68.4 + 1.7 mm diameter, respectively. The higher fluidity of NRVB (Ind)
is likely related to the difference observed in the particle size distribution between the sources of
calcium carbonate (Figure 1a), where 50 % of the particles were smaller than 19.7 um for CaCOs, and
11.5 um for limestone flour. For laboratory and industrial grade Ca(OH) (Figure 1b), the particle size

distribution was found to be very similar.
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Fig 2. Particle size distribution of (a) CaCOs; and limestone flour and; (b) Ca(OH), and hydrated lime.

For general applications, the initial setting time of a cement should not be less than 45 min, and the final
setting time should not be greater than 10 hours [52,56]. Using the Vicat method, it was possible to
obtain an initial setting time of 5.3 hours, and a final setting time of 7.7 hours for NRVB (Lab). For

NRVB (Ind) the values were very similar, with the initial and final setting times at 5.5 hours and 7.3



hours. This is in contrast to the initial NRVB formulation study, where an initial setting time of 4.05
hours and a final setting of 4.50 hours was observed [19]. Since the wi/s ratio in the present study is the
same as that used by Francis et al. [19], this difference is likely to be related to the use of different raw

material, and a consequent difference in the reactivity of the materials.

After 28 days of curing, the compressive strength and density of the two materials were compared. The
compressive strength was determined to be 8.2 + 0.2 MPa for NRVB formulated using laboratory
materials and 7.15 £ 0.04 MPa for NRVB formulated with industrial materials. This is somewhat greater
than that measured by Francis et al. [19], who found a compressive strength of 5.9 MPa at 28 days for
NRVB prepared using components available in the early 1990s. Since no characterisation of these
starting materials was published, it is not possible to ascertain which component of this early NRVB
formulation gave rise to the reduced strength, although it may be postulated that the 52.5 MPa grade
cement used in our trials was of a higher strength grade than the materials used historically, as cement
production at this high strength grade was much less common in the early 1990s. The density was
determined by helium pycnometry to be 2.251 + 0.001 g/cm?® for NRVB (Lab) and 2.328 + 0.002 g/cm?®
NRVB (Ind); previous measurements of NRVB density using the Archimedes method (100 mm cubes)
gave a density of 1.7 g/cm? in water-saturated NRVB samples and 1.1 g/cm®in oven dried samples [19].
This lower value could reflect the difference in the methodology used; the Archimedes method
determines bulk density, whereas pycnometry allows the determination of solid density as helium gas
reaches all of the pores within the cement.

3.2. Chemical analysis (Hydration)

Figure 2a shows the isotherm generated for both NRVB formulations during hydration. It is possible to
identify the four main hydration stages, as observed in a plain Portland cement. In comparison to
Portland cement, the heat flow was lower (Figure 2b) by a factor of ~2 [46]. This is related to the much
lower fraction of material undergoing hydration in the NRVB formulation. Comparing the two
formulations of NRVB, it can be observed that the heat flow was very similar, however one subtle
difference was observed: the curve corresponding to the sulfate depletion period (labelled 4, Figure 2a)
of NRVB (Ind) indicates that it evidenced a more intense reaction than NRVB (Lab). One possible
explanation is the formation of additional calcium monocarboaluminate hydrate in NRVB (Ind) as
observed in XRD and NMR data (discussed below). In accordance with the particle size analysis (Figure
1a), determination of the surface area of the CaCOs sources indicated that the limestone flour used in
NRVB (Ind) had a significantly higher surface area than CaCOs used in NRVB (Lab), with values of
5.2+ 0.2 m?g and 3.7 + 0.2 m?/g, respectively. The higher surface area is responsible for a higher rate
of calcite dissolution and also the availability of more nucleation sites, resulting in the formation of

more hydration products [138]. Another factor to consider is the higher content of sulfate present in the
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industrial raw material, which give rise to the observed differences; the limestone flour of NRVB (Ind)
had 893 ppm sulfur, compared with 37 ppm in the hydrated lime of NRVB (Lab) (Table 2).

- ——NRVB (Lab)
(a) ] ----NRVB (Ind)

Heat Flow (mW/g)
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Fig. 3. (a) Isothermal calorimetry of NRVB (Lab) and NRVB (Ind). Thermal features identified are:
(1) dissolution and CsA reaction; (2) induction period; (3) reaction of alite and formation of calcium
silicate hydrate; (4) sulfate depletion; (b) Cumulative heat of NRVB (Lab) and NRVB (Ind).

The main phases identified in the NRVB formulations by X-ray Diffraction (XRD) were calcite
(CaCOgs; PDF 01-086-0174) and portlandite (Ca(OH).; PDF 01-072-0156) (Figure 3a). Ettringite
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(CasAl(OH)12(S04)3:26H,0; PDF  00-041-1451), calcium  monocarboaluminate  hydrate
(CasAl(OH)12(CO3)3-5H,0; PDF 01-087-0493) and calcium hemicarboaluminate hydrate
(CasAlz(OH)12[OH(CO3)05]-5.5H,0; PDF 00-041-0221) were also identified. These results are in
agreement with those identified previously in NRVB cured at ambient temperature [26]. While the
phase assemblage for each formulation was similar, subtle differences were observed in the peak
intensities of several reflections; monocarboaluminate reflections were more intense in NRVB (Ind)
than NRVB (Lab), while reflections of calcite were more intense in NRVB (Lab), which is also apparent
in the XRD patterns corresponding to limestone flour and CaCOs (Figure 3b). These differences may
be attributed to the chemical composition, particle size distribution and surface area of the CaCOs and
limestone flour, however, preferential orientation cannot be ruled out, especially for layered or platy
phases such as monocarboaluminate and portlandite.
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Fig 4. X-ray diffraction patterns for (a) NRVB (Lab) and NRVB (Ind) after 28 days of curing, and (b)

Limestone Flour and CaCQs. Crystalline phases are labelled.

TG-MS analysis confirmed the presence of these phases (Figure 4). The two peaks between 100 and
200 °C can be attributed to the presence of ettringite and monocarboaluminate, while the peaks between
400 to 500 °C, and 650 to 800 °C correspond to portlandite and calcite, respectively [27,30]. The same
peaks were observed for both formulations, however for the NRVB (Ind) (Figure 4b) an additional peak
was observed at ~ 650 °C, corresponding to the presence of magnesian calcite and supported by the
presence of more Mg in NRVB (Ind) than NRVB (Lab) (Table 2).
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Fig. 5. TGA-MS for (a) NRVB (Lab); and (b) NRVB (Ind) after 28 days of curing.

Through SEM imaging and EDX analysis it was possible to identify the microstructure of the different
hydrate phases, as shown in Figure 5. The large Ca-containing rhombohedral crystals (labelled A,
Figure 5) are portlandite. The Ca and Si-rich phase surrounding portlandite crystals (labelled B, Figure

5) may be C-S-H. The areas containing higher concentrations of aluminium (labelled C, Figure 5)
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suggest the presence of AFm phases. The areas labelled D are indicative of the presence of sulfate-
containing AFm phases and/or ettringite, due to the higher concentration of both aluminium and sulfate.
Comparing the SEM images of the two formulations, it is possible to identify the same hydrate phases,
however the matrix of NRVB formulated with industrial materials has a more fine grained morphology,

consistent with the analysis of limestone flour.

Fig. 6. BSE SEM micrograph of (a) NRVB (Lab) and (b) NRVB (Ind) at 28 days of curing, with the
corresponding EDX maps.

In the 2Si MAS NMR spectra (Figure 6) it was possible to identify some unreacted Portland cement
through the presence of alite (chemical shifts -69 and -73.9 ppm) and belite (-71.2 ppm) [90] in both
NRVB formulations. Contributions from Q! (-79 ppm), Q%(1Al) (-83 ppm) and Q? (-84 ppm) silicate
environments were also observed in both formulations; these chemical shifts are characteristic of C-S-
H [139,140]. A small resonance was also observed at -90 ppm corresponding to Q3(1Al). The presence
of Al shows the incorporation of this element in the C-(A)-S-H [140]. Comparison of the two

formulations reveals a small difference in the spectra (Figures 6a,b) between NRVB (Lab) and NRVB
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(Ind); this is related to the intensity of Q? (-84 ppm), Q%(1Al) (-83 ppm) and Q3* (1Al) (-90 ppm). A
possible reason is the difference observed in the reactivity of the raw materials used in the two

formulations, specifically the higher surface area of the limestone flour.
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Fig. 7. 2Si MAS NMR spectra, and deconvolution results, for (a) NRVB (Lab) and; (b) NRVB (Ind)
after 28 days of curing.

Figure 7 shows the 2’Al NMR spectra of NRVB (Lab) and NRVB (Ind). The small peak observed at
approximately -69 ppm (more evident for NRVB Ind) is attributed to the substitution of Al for Si in C-
S-H (Lothenbach et al., 2008), in agreement with the observation of small peaks corresponding to
Q%(1Al) and Q3(1Al) in the 2°Si MAS NMR spectra (Fig. 6). The peaks visible at approximately +13
and +9 ppm indicate the presence of octahedrally coordinated Al in ettringite and AFm phases. As stated
previously in the literature (Lothenbach et al., 2008), it is not possible to distinguish between the
different AFm phases due to the similar chemical shift. Comparing the two formulations, it is possible
to see a difference in the proportion of ettringite and AFm phases present; the presence of more AFm
in NRVB (Ind) is related to the higher availability of dissolved carbonate (higher surface area) and
consequent formation of monocarboaluminate, in accordance with the results observed by isothermal

calorimetry (Figure 2a) and XRD (Figure 3a).
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Fig. 8. 27Al MAS NMR spectra of NRVB (Lab) and NRVB (Ind) after 28 days of curing.

3.3. Microstructure (Porosity)

A two-fold approach was applied to determine the porosity of the two NRVB formulations, to ensure
all pore sizes were considered in the analysis. Mercury Intrusion Porosimetry, where it is understood
that the pore diameters obtained correspond to the pore entry size and not the real size of the pore [90],
was performed to compare the trend and changes in the pore size distribution between the two NRVB
formulations [122]. Figure 8 shows the pore entry size diameter in relation to the cumulative intrusion
for NRVB (Lab) and NRVB (Ind). The curve for NRVB (Lab) allocates essentially all of the pores to
threshold pore entry radii below 0.8 pum, whereas for NRVB (Ind) the curve allocates all of the pores to
sizes below 0.5 pum. This small difference is also evident in the total porosity obtained, where for NRVB
(Lab) the percentage of total porosity obtained was 38 £ 1 % and for NRVB (Ind) was 32 = 1 %. It is
important to note that, due to the low compressive strength of NRVB (around 8 MPa), this technique
(which reaches pressures of 208 MPa in the instrument used in this study) might not be suitable to use
to quantify the finer pores due to the potential for collapse of pores during analysis. This is expected to
occur at ~0.14 mL/g of intrusion for NRVB (Lab) and at ~0.15 mL/g for NRVB (Ind) based on the
strength data.
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Fig. 9. Pore entry size distribution of NRVB (Lab) and NRVB (Ind) using MIP.

X-ray Computed Tomography was also used to study the porosity of NRVB. This technique has the
advantage of being non-invasive and to allow three-dimensional reconstructions, but has limitations in
spatial resolution. Figure 9 shows selected slices of the VVOI for the two samples analysed. Quantitative
analysis was performed using segmentation of the VOI. A threshold value was chosen based on the line
shape of the image histograms, which show peaks of higher and lower absorption voxels, where the
lower absorption voxels correspond to surrounding air and internal void space [130], allowing
discrimination between pore space and binder phases (solid). The MIP results were used to guide the
thresholding process, so the comparison between the results obtained by the two techniques is to some

degree influenced by this.
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Fig. 9. XCT data of (a) NRVB (Lab) and (b) NRVB (Ind). Top: Slices through the tomographic
reconstruction, showing the selected VOI (square); centre: selected slices through the VOI in each

sample; and bottom: segmented into solid (white) and pore (black) regions.
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No cracks were observed in the samples at this early age (28 days of hydration).The porosities obtained
from tomographic data were 39 % for NRVB (Lab) and 35 % for NRVB (Ind). This difference is related,
once more, to the difference observed in the hydration reaction of both cements, due to the smaller

particle size and higher surface area of limestone flour.

The porosity results are in the same range presented by Heyes et al. [31] (~ 40 %), however they are
lower than those reported by Francis et al. [19], where the porosity measured using MIP and nitrogen
desorption was around 50 %. It is important to note, however, that by estimating the porosity using the
density values measured in Francis et al. (~35 %), the results obtained in this paper are very similar.
Differences in the characteristics between the raw materials used in the 1990°s and those used in the
present study are likely to be responsible for the differences observed. Also, in the early

characterisation, there may have been more air bubbles that influenced the total porosity detected.

3.4. Influence of precursor materials on NRVB characteristics and properties

In summary, the differences in the surface area and chemical composition of the raw materials,
particularly CaCOs and limestone flour, impacted the properties of the NRVB formulations. In addition
to differences between the NRVB formulations investigated here, we also observed differences between
the results obtained in this study when compared to the characterisation performed in the early 1990’s,
likely due to differences in the raw material and other unspecified properties. The impact of raw material

selection on properties required for geological disposal are discussed below.

Workability, compressive strength and setting time were affected by the use of different raw materials.
In the present study, the higher surface area of limestone flour resulted in a higher workability and lower
compressive strength for NRVB formulated with industrial raw materials when compared to NRVB
formulated with laboratory raw materials. When comparing our data with those from the early 1990°s
[19], the workability and setting time were a factor of ~ 1.5 lower in the present study, which we
attribute to differences in fineness of the precursor materials used. The differences observed should not
strongly influence the ability for the backfill to be poured within vaults, and the compressive strength

values obtained are low enough to allow re-excavation of the vaults if necessary.

With regards to the long-term behaviour of NRVB, differences in the rate of hydration, the quantity of
different hydrate phases, and the hydrate phase assemblage may influence the buffering capacity of the
material. In the present study, the rate of hydration was faster in NRVB formulated with industrial raw
materials due to the high surface area of limestone flour. The quantity of monocarboaluminate was also
greater, which is a consequence of the higher availability and reactivity of dissolved carbonate in
limestone flour. Furthermore, small differences in the chemical composition of limestone flour, for

example, the presence of S (and, to a lesser extent, Mg) influenced the rate of hydration. This may have
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implications for the hydrate phase assemblage at timescales longer than 28 days of curing; further work

is required to investigate this.

Through #Si MAS NMR spectroscopy we have shown the incorporation of aluminium in the C-(A)-S-
H of NRVB, and that the choice of raw material influences the quantity incorporated (Figs. 6 and 7).
Previous studies have shown that aluminium incorporated into amorphous silica reduces significantly
the dissolution rate, even in high alkaline environments [224-226]. Therefore, the buffering behaviour
of the repository may not occur on the predicted time scale, or result in a pH comparable to that
estimated when considering C-S-H dissolution only [1].

Finally, we observed that the choice of raw material also influences the 28-day porosity of the final
NRVB, which is associated with the differences in hydration reaction outlined above; the formation of
more hydrate products in NRVB formulated with industrial materials resulted in a slightly lower
porosity. Significantly, the porosity measured in this study (~32 — 39%) was much lower than that
reported by Francis et al. (1997), which was 50%. In a repository environment, such a difference may
strongly influence the rate of groundwater ingress and the egress of gas, which are key design functions
of NRVB.

4, Conclusion

The use of different raw materials in the synthesis of NRVB has been investigated, and the differences
in workability, setting time, hydration and porosity analysed. These results are compared with those
previously reported in the literature for this material, and the potential effects of differences in raw
materials on the final use of NRVB have been explored. Surface area, fineness and chemical
composition of the raw materials, particularly limestone flour, have been shown to influence, to a small
extent, final backfill properties including setting time, compressive strength and buffering capacity. The
effects on porosity seem to be significant, but this may also be due to differences in analysis techniques
applied to investigate this property. This study highlights the importance of a detailed characterisation
of raw materials used in the formulation of NRVB for use in a geological disposal facility, especially

in light of concerns surrounding security of cement supply for future applications.
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Appendix Il

Static experiments performed with NRVB in contact with groundwater

From the analysis of the NRVB samples, it was possible to observe that similar results to the ones
observed in the semi-dynamic experiment were obtained in this static experiment. In Figure Al.1a, XRD
pattern of NRVB samples that were in contact with granitic, saline and clay groundwater for 18 months
are compared to NRVB control sample that was cured for the same amount of time, but without contact
with groundwater. The disappearance of the peak corresponding to portlandite is observed for all the
samples, and correlates well with the results obtained through TGA (Figure Al.lb), where the
disappearance of the peak at around 450 °C, corresponding to portlandite, is visible. In addition, it is
possible to observed an increase of the peak intensity of ettringite for the samples that were in contact
with saline and clay groundwater (Figure Al.1a). Semi-quantitative analysis of the XRD data showed
an increase of the relative concentration from 9 + 2 wt% for the control sample (cured for 18 months
without contact with groundwater) to 28 + 2 wt% for the sample that was in contact with saline
groundwater and 35 *+ 2 wt% for the sample that was in contact with clay groundwater. That increase
is evident in the TG data, being the peak corresponding to ettringite at around 100 °C (Figure Al.1b). It
is also evident that for the NRVB samples that were in contact with clay groundwater more ettringite
was formed, which is due to the higher S content in this groundwater composition (480.9 mg/L) when
compared to the saline (128.2 mg/L).

Additionally, in the XRD pattern it is possible to observe a decrease, in the case of the samples that
were in contact with granitic groundwater, or the disappearance, in the case of the other samples, of the
peak corresponding to monocarboaluminate (Figure Al.1la). As observed in the semi-dynamic
experiment, the high content of sulphur in the saline and clay groundwater compositions led to the

formation of more ettringite and consequently the destabilisation of monocarboaluminate [147].

In the Figure Al.1b, and extra small peak is observed at around 325 °C for both samples that were in
contact with saline and clay groundwater, corresponding to the formation of brucite. The increase of
the formation of carbonates in the samples that were in contact with the different groundwaters is

observed between 550 and 800 °C, with the appearance of different polymorphs of calcite [192].
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Figure Al1.0.1. (a) XRD patterns and (b) TGA of NRVB samples that were placed
in contact with granitic, saline and clay groundwater for 18 months.

As it was observed in the semi-dynamic experiment, once NRVB samples were placed in contact with
the three groundwater compositions an increase of the pH was observed. No variation of the pH was
observed throughout the experiment, being the pH around 12.3 £ 0.2, 12.1 + 0.2 and 12.0 £ 0.3, for the

samples that were in contact with granitic, saline and clay groundwater respectively. This stabilisation

Temperature (°C)

of the pH is indicative that a steady state has been reached in this experiment [74,227].
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Figure AL.0.2. Ca and S concentrations in solution (mg/L) obtained through the difference from blank
for NRVB samples that were in contact with granitic (a and b), saline (c and d) and clay (e and f)
groundwater for 18 months. Errors were calculated using ICP-OES instrument error.

Figure Al.2 demonstrates ICP-OES analysis of the solutions performed every month for 18 months of
experiment. In this figure, it is shown the results for the calcium and sulphur concentration present in

the different groundwater compositions.

An initial increase of the calcium concentration is observed for all of the samples, reaching a plateau

after around 3 months of the experiment, meaning that the calcium concentration becomes constant as
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a function of time. The reaching of an equilibrium state in a static experiment is expected and has been

previously observed in different studies, including some modelling results [37,72,74,227,228].

Differences are observed in the sulphur concentration in solution for the different groundwater
compositions. In the case of the granitic groundwater, a linear leaching of the sulphur is observed over
time, reaching an equilibrium after 14 months of experiment. On the other hand, an uptake of this
element is observed in the case of saline and clay groundwater. These differences observed between the
different solutions is due to the initial concentration of sulphur present in the blanks of the different
groundwater compositions. In the case of granitic groundwater, the concentration of sulphur present in
the blank is very small, about 0.1 mmol/L, therefore a leaching of this element is observed until a
chemical equilibrium between the cement and the groundwater is reached. Whereas, in the case of the
saline and clay groundwaters, the concentration of sulphur present in the blanks is much higher, around
4 and 15 mmol/L, respectively, as mentioned before. Consequently, an uptake of this element is
observed throughout the experiment, hence the formation of more ettringite observed in these samples
(Figure AlLL).

In the static experiment, the conditions of the system will approach inevitably an equilibrium between
the mineral assemblage and the solution, whereas in the semi-dynamic experiment a constant change
of the gradient will lead to a more aggressive reaction between the different elements. This key
difference is what makes the results observed in the solution chemistry slightly different. However, the
overall mineralogy results obtained for the NRVB samples in the different groundwater compositions
is very similar to the results obtained in the semi-dynamic experiment. Meaning that, although the
interaction will occur more slowly and an equilibrium is reached in a static experiment, a similar
outcome is observed, with the main aim of buffering the pH to values of around 12 being reached in

both experiment set-ups.
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Appendix 11

Static experiment performed with Cebama Reference Cement paste in contact with

groundwater
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Figure All.0.1. (a) XRD patterns and (b) TGA of Cebama reference cement paste samples that were
placed in contact with granitic, saline and clay groundwater for 18 months.
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Figure All.1 display the XRD pattern and TG analysis of the Cebama reference cement paste samples
after 18 months in contact with granitic, saline and clay groundwater compared with Cebama control
sample after 18 months of curing. Similar results to the ones observed in the semi-dynamic experiment
are obtained here, where it is possible to observe an increase of the hydration reaction for all of the
samples. In the XRD pattern (Figure All.1a), a decrease of the peak intensity corresponding to belite
(at around 32° and 32.5° 20) is visible. In the case of the sample that was in contact with clay
groundwater an increase of the peak corresponding to hydrotalcite is observed, which might be related
with the higher amount of magnesium present in this groundwater composition when compared to the

granitic and saline groundwater.

In the TG graph (Figure All.1b), an increase of the intensity of the peak between 50 and 100 °C,
corresponding to the loosely bound water within the C-S-H, and the peaks between 100 and 150 °C,
corresponding to AFt and AFm phases, is observed. As observed in the semi-dynamic experiment, this
increase is indicative of an increase of the hydration, which is expected once more water (in this case

groundwater) is in contact with the Cebama reference cement paste samples.

At each time point of sampling, the pH of the different solutions was measured and an increase was
observed for all the solutions. In the case of the samples that were in contact with granitic and clay
groundwater the pH was kept constant throughout the experiment in around 9.5 + 0.3 and 10 £ 0.3,
respectively. In the case of the samples that were in contact with saline groundwater the pH was kept
around 9 £ 0.3. It is interesting to point out that, no variation of the pH is observed during the
experiment, which is opposite to the observed in the semi-dynamic experiment, where a reduction of
the pH was observed over time. This is due to the fact that a lower chemical gradient is being used in

this static experiment, and so a steady rate of dissolution is expected.

Since, for this static experiment, the solution chemistry was analysed every month, interesting results
are expected, as no replacement of the groundwater was performed. ICP-OES results for Ca and Mg

concentration for all groundwater compositions are shown in Figure All.2.
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Figure All.0.2. Ca and Mg concentrations in solution (mg/L) obtained through the difference from
blank for Cebama reference cement paste samples that were in contact with granitic (a and b), saline
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(c and d) and clay (e and f) groundwater for 18 months. Errors were calculated using ICP-OES
instrument error.

In terms of Ca concentration, a continuous leaching of this element is observed mainly in the granitic
groundwater and in a small extent in the clay groundwater, whereas for saline groundwater a
combination of leaching and uptake is observed. Concerning Mg concentration, and since the pH for

all groundwater compositions was below 10, an uptake of this element was observed, mainly for the
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clay groundwater. These results show that a chemical equilibrium is reached between the elements
present in the groundwater and in the cementitious material, i.e. the system can be assumed to be at a
steady state when the different element concentrations become constant as a function of time. With the
Cebama reference cement paste, it seems that the steady state is reached in the first few months for all
groundwater compositions, with just very small variabilities at certain time points. This might be related
to the fact that this cementitious material is considered to be very dense and have low porosity, therefore

interaction with the groundwater will be limited.

These results are slightly different from the ones observed in the semi-dynamic experiment. With
continuous replacement of the groundwater, a constant change of the elemental gradient is observed,
and with this a quicker reaction of the different chemical elements. Whereas, in the static experiment,
the gradient between cement porewater and the groundwater will decrease, and so the leaching/uptake

of the different elements will slow down.

A previous study, where Portland cement was placed in contact with NaCl and MgCl; rich solutions in
a static experiment, observed that equilibrium conditions were reached [72]. Other studies, including
modelling approaches, found the same conclusions, i.e. in the beginning of a static experiment the initial
leaching/uptake rate will be high, and then these rates will slow down with time [37,74,227,228].
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