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A B S T R A C T

Intermediate level waste produced in UK nuclear power generation is encapsulated or immobilised in blended cements comprising blast furnace slag (BFS) and
Portland cement (PC), to be emplaced in a proposed geological disposal facility (GDF). The wasteforms are expected to be exposed to temperatures from 35 to 80 °C
during the initial 150 years of GDF operation. Thermodynamic modelling is applied here to describe the phase assemblages of hydrated 1:1, 3:1 and 9:1 BFS-PC
blends, with the participation of hydrogarnet as an important phase above 60 °C. The chemical composition of the main phase forming in these systems, an
aluminium rich calcium silicate hydrate (C-A-S-H), was well described by a solid-solution model with explicit Al incorporation, although the Al/Si ratio was
systematically slightly under-predicted. The developed thermodynamic model predicts the correct phase assemblage across varying temperature regimes, making it a
valuable tool to assess the effects of temperature on cements.

1. Introduction

Nuclear power has been used as an energy source across Europe for
approximately 70 years, and in the United Kingdom alone, approxi-
mately 146,520 m3 of radioactive waste has been produced as of 2016
[1]. Of this, 110,000 m3 will require processing and storing in a secure
facility. As in many countries, the current policy to manage today's and
future nuclear waste in England and Wales is to store it within a geo-
logical disposal facility (GDF) [2]. This facility would be the heart of a
multi-barrier defence system to ensure that nuclear waste is stored
safely and away from the biosphere. The GDF will be a subterranean
facility, up to 1 km below the ground, with vaults to store intermediate
level waste (ILW) and high level waste (HLW). When these vaults are
filled to capacity they will be sealed by Nirex Reference Vault Backfill
(NRVB) [3,4], a cementitious high-pH engineered material, to further
reduce any transport of radionuclides from the vaults.

To date, UK ILW has been encapsulated in blended cements, pri-
marily Portland Cement (PC) blended with blast furnace slag (BFS).
BFS-PC cements have desirable properties for treating nuclear fuel cycle
wastes [5–11]:

• The blended cement creates a highly durable, affordable wasteform
to store and transport the waste [10];

• High pH of the pore solution (≥12) reduces radionuclide solubility

[7–9];
• Cementitious hydration products create high surface area and

binding sites for the sorption and/or ionic substitution of radio-
nuclides [7,8];

• Blending PC with high volumes of BFS gives a lower heat of hy-
dration at early age, to avoid excessive temperature rises that may
be detrimental to stability [11];

• Stability at varying temperature ranges ensures good durability in a
changing temperature environment [11].

The required lifespan of a UK GDF remains to be defined, and a
location has not yet been selected. However, an approximate tem-
perature profile has been created to enable scientific work to support a
safety case, considering the possible extremes in the conditions to
which the cement wasteforms may be exposed (Table 1) [12–15].

1.1. Temperature profile of cemented wasteforms in the GDF

UK ILW waste packages are currently stored above ground at loca-
tions across the UK. An average expected temperature of 20 °C has been
assumed for this period based on the storage locations [12–15].
Thermal modelling conducted by the Nuclear Decommissioning Au-
thority (NDA) created an extreme case scenario based on the possible
heat output of ILW waste packages stored in underground vaults
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[14,15]. In this study heat output of 6 Wm−3 was used to model the
most extreme scenario (average heat output from low heat generating
waste – 1.1 Wm−3 until 2040 and declining to 0.5 Wm−3 by 2090; heat
generation from non-radiogenic mechanisms – 3 Wm−3 due to corro-
sion of waste; microbial degradation of materials – 2 Wm−3 [15]).

During the periods of transporting and storing the waste packages
within excavated GDF vaults, taking an expected 50 years, the general
air temperature was predicted to be 35 °C. A further period of 50 years
for care and maintenance is also expected to produce an average air
temperature of 35 °C. After the GDF has been filled with waste
packages, the vaults will be backfilled with NRVB. The expected heat
output from the hydration of the NRVB in an enclosed space, coupled
with reduced ventilation within the vault, is expected to raise the
temperature of the GDF to a maximum of 80 °C, for a period of 5 years.
After this point, the vaults are expected to cool to 50 °C for 25 years,

then eventually return to temperatures of 35–45 °C.

1.2. Effect of temperature on the mineralogy of cements

Changing the temperature of Portland cement alters the mineralogy
of the hydrate phases formed [16], including changing the solubility
relationships that determine the concentrations of key ions in the pore
solution, which define the stability of cement hydrates [17–19].

The solubility relationships that drive formation of calcium silicate
hydrate, C-S-H, the dominant binding phase in hydrated PC, are mod-
erately affected by temperature by reducing the solubility products and
the concentrations of calcium and silicon required to form C-S-H
[17,20]. Martinez-Ramirez and Frías [21], and Bahafid et al. [22],
showed that the Ca/Si ratio of C-S-H in hydrated Portland cements
decreased with increasing temperature, which resulted in a longer
mean chain length (MCL) of the C-S-H, and densification. Similar trends
are also observed in Al rich C-S-H (C-A-S-H), forming in Portland ce-
ments blended with supplementary cementitious materials (SCMs),
presenting an increased silicon content driven by an increased extent of
the pozzolanic reaction at higher temperatures [23–25]. At higher
temperatures, increased incorporation of aluminium from solution into
bridging sites of the C-A-S-H phase also increases the MCL [17,26], as
well as the Al/Si ratio [27,28].

Portlandite formation in hydrated PC is only marginally affected by
an increase in temperature [16,17,29]. Escalante-Garcia [30,31]
showed that during hydration of BFS-PC blends at elevated tempera-
tures, BFS exhibits a greater acceleration in its reaction kinetics than
alite. This increasing slag hydration reaction results in increased

Table 1
Approximate temperature profile of an ILW waste package due to GDF em-
placement and backfilling [12–15].

Phase of completion Timescale (years) Temperature (maximum - °C)

I Emplacement 50 30–40
II Care and maintenance 50 30–40
III Short-term backfill 5 80
IV Long-term backfill 25 50
V Post-closure of GDF – 35–45

Table 2
Major constituents of raw materials, as determined by X-ray fluorescence
(XRF) and represented as oxides.

Oxide (wt%) PC BFS

CaO 63.7 39.2
SiO2 20.8 35.1
Al2O2 5.1 13.4
Fe2O3 2.6 0.2
MgO 2.3 9.9
SO3

a 3.7 0.4
Na2O 0.6 0.2
K2O 0.8 0.6
TiO2 0.2 0.8
MnO2 0.1 0.2
P2O5 0.2 –

a The SO3 shown in the BFS oxide composition is most likely present as
S2− based on the reducing conditions that prevail during BFS production.

Table 3
Sample reference IDs for the different curing profiles; t is time in days.

Sample name Curing temperature profile

tA Samples cured at 35 °C for time, t.
tB Samples cured at 35 °C for 1 year, then cured at 50 °C for time, t.
tC Samples cured at 35 °C for 1 year, then cured at 60 °C for time, t.
tD Samples cured at 35 °C for 1 year, then cured at 80 °C for time, t.
tE Samples cured at 35 °C for 1 year, then cured at 80 °C for 1 year,

and finally cured for 28 days at 50 °C.

Table 4
Comparison of the molar ratios of the BFS, obtained from XRF and SEM-EDS data, and the corrected values obtained by calibration of the EDS data using information
from XRF.

Ca/Si Si/Ca Al/Si Al/Ca Ca/Al Mg/Si Mg/Al Mg/Ca

XRF 1.20 0.85 0.45 0.38 2.63 0.42 0.94 0.36
Original EDS (μ ± σ) 1.32 ± 0.13 0.76 ± 0.10 0.45 ± 0.05 0.34 ± 0.06 2.90 ± 0.46 0.40 ± 0.04 0.90 ± 0.10 0.31 ± 0.05
Post-corrections 1.20 0.84 0.44 0.38 2.66 0.41 0.93 0.35

Table 5
Elemental correction factors used to correct the SEM-EDS analysis.

Silicon Aluminium Calcium Magnesium Sulphur

0.97 0.96 0.88 1.00 1.00

Fig. 1. Degree of hydration (DoH) of BFS determined from EDTA selective
dissolution, within BFS-PC blended cements of ratio 1:1, 3:1 and 9:1, for the
temperature profiles 360A, 28B, 28C and 28D.
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consumption of portlandite and leads to a further reduction in por-
tlandite content in the system [23,25].

It has been well documented that ettringite (Ca3Al2O6·3CaSO4·32H2O)
becomes less stable above 48 °C in hydrated PC and blended cement systems
[16,18,19,32]; above 48 °C, AFm-structured calcium monosulphoaluminate
(‘monosulphate’ - Ca3Al2O6·CaSO4·12H2O) becomes the dominant sulphoa-
luminate phase [33,34] up to ~80 °C. Carbonate AFm phases (‘mono-
carbonate’ - Ca3Al2O6·CaCO3·11H2O and ‘hemicarbonate’ -
Ca3Al2O6·0.5CaCO3·12H2O) are also stable up to 40–90 °C [18].

Silica-free hydrogarnet (katoite - Ca3Al2(OH)12) is stable at

temperatures above 8 °C, however SO4
2− and CO3

2– tend to destabilise
katoite in favour of sulphate or carbonate AFm phases up to 55 °C
[18,32,35,36]. Siliceous hydrogarnet (Ca3Al2(SiO4)y(OH)4(3−y);
0 < y < 3) has been synthesised at temperatures up to 350 °C [37],
and at higher temperatures, more [SiO4]4− ions replace the OH– ions.
At lower temperatures (25–55 °C), the higher pH in hydrated PC drives
the solid solution towards a higher OH– content, thus reducing the si-
licon uptake in this phase. When the temperature increases, the pH
drops and siliceous hydrogarnet is more stable than katoite or AFm
phases [35].

Fig. 2. XRD patterns of a) 1:1, b) 3:1 and c) 9:1 BFS-PC samples cured at 35 °C for 1 year (360A) and then at either 60 °C (tC) or 80 °C (tD) for a further 28 days.
Phases identified are: C – C-A-S-H, P – portlandite, E – ettringite, M – monosulphate, H – hemicarbonate, Mc – monocarbonate, Ht – hydrotalcite, B – belite, and Si –
siliceous hydrogarnet.
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Hydrotalcite-group layered double hydroxide (LDH) type phases
(Mg(1−x)Alx(OH)(2+x)·mH2O, 0.2 ≤ x≤ 0.33) [38] are prominent in
blended or alkali-activated cements due to the high levels of magne-
sium and aluminium in the precursor materials [39–41]; these remain
stable throughout the temperature range of interest here (30–80 °C).

It is essential to understand how temperature changes in the context
of a GDF will affect the hydrate phases in blended cements that en-
capsulate ILW, to enable reliable prediction of how the waste packages
will evolve over the millennia that they will be stored. Therefore, this
study considers the influence of temperature changes on cured BFS-PC
cements with varying BFS:PC ratios and temperature profiles, to si-
mulate anticipated GDF conditions. It should be noted that no inter-
action with the backfill material or groundwater is described in this
work; the scope of this study relates solely to the performance of the
wasteforms themselves. Thermodynamic modelling has been shown to
accurately and reliably predict the stability of cement hydrate phases
under different conditions [16,18,41]. Therefore, thermodynamic
modelling can predict phase assemblage, and hence enabling to infer
how cementitious wasteforms may perform under GDF conditions.

2. Experimental methodology

2.1. Mix design

Cementitious grouts with ratios of 1:1, 3:1 and 9:1 BFS:PC (com-
positions in Table 2) were produced with a water/solids (w/s) mass
ratio of 0.35, to span the formulation envelope for UK ILW grouts. The
precursor materials used were Ribblesdale CEM I 52.5N PC and Port
Talbot ground granulated BFS (BS EN 15167-1 GGBS), supplied by the
National Nuclear Laboratory. The oxide compositions of the precursors
used are displayed in Table 2. Samples were mixed in batches then
poured into 50 mL tubes, sealed, and cured in an oven according to the
specified temperature regime (see below) until testing.

After 360 days of curing at 35 °C, the samples were transferred to
ovens at either 50 °C, 60 °C or 80 °C. Samples were analysed 1, 3, 7 and
28 days after being transferred to the higher temperature ovens, and
also 360 days after being transferred to an oven at 80 °C. Additional
samples that had been cured at 35 °C for one year and exposed to 80 °C

for another year were then transferred to an oven at 50 °C for 28 days.
Samples were also cured at 35 °C for up to 720 days as a reference point.
The notation used throughout the manuscript for each temperature
profile is summarised in Table 3. While the timeframes used in this
study do differ from those shown in Table 1 for reasons of practicality,
this was deemed the most suitable approach to testing the applicability
of thermodynamic modelling to these systems.

2.2. Analytical techniques

Upon reaching the specified testing exposure time, hardened spe-
cimens were crushed and ground using acetone as a lubricant, to a
particle size below 63 μm. The powders were then submerged in
acetone for 15 min and vacuum filtered, to ensure that hydration had
ceased [42].

Analysis of mineralogy was performed using powder X-ray diffrac-
tion (XRD) on a Bruker D2 Phaser instrument with Cu Kα radiation
(1.54 Å) and a nickel filter. Scans were conducted with a step size of
0.020°, for 2 s per step, with front-loading sample holders. The
Inorganic Crystal Structure Database (ICSD) and the Powder Diffraction
File (PDF) were used in phase identification.

Scanning electron microscopy (SEM) was performed using a Hitachi
TM 3030 instrument with a 20 kV accelerating voltage, a working
distance of 8 mm and a backscatter detector. Samples were cut and
polished using non-aqueous lubricants immediately prior to analysis.
An evenly distributed selection of points across a representative
400 μm × 400 μm section of the sample was analysed using a Bruker
Quantax 70 X-ray energy dispersive spectroscopy (EDS) detector to
determine chemical compositions.

Comparison of the EDS data with the XRF results for the BFS was
performed to provide an external calibration for the EDS results on the
basis of molar elemental ratios (Table 4). The EDS data analysis was
conducting using 20 points from each of 5 identifiable slag grains that
were embedded in the grout matrix of the 9:1 system that had been
hydrated for 360 days at 35 °C; the points selected were for areas which
had clearly not undergone any hydration.

A slight difference between some of the molar ratios was observed
when comparing the EDS and XRF results, particularly the ratios

Fig. 2. (continued)
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Fig. 3. Highlighted low-angle regions of the XRD patterns of a) 1:1, b) 3:1 and c) 9:1 BFS-PC samples cured at 35 °C for 1 year and then at either 60 °C (C) or 80 °C (D)
for up to 28 days. Phases identified are: E – ettringite, M – monosulphate, H – hemicarbonate, Mc – monocarbonate, and Ht – hydrotalcite.
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containing calcium and magnesium. As the EDS was conducted on a
benchtop SEM instrument, its precision is expected to be challenged by
the differences in interaction volume in elemental analysis for lower vs.
higher atomic number elements [43], and the difficulty in mapping of
oxygen [44,45]. Using a linear regression solver, correction factors for
the measured EDS intensities of silicon, aluminium, calcium and mag-
nesium were created to best match the EDS molar ratios to the XRF
results, Table 5. These correction factors were applied to calibrate the
point analysis data obtained for the hydrated samples.

Degree of hydration values for the Portland clinker and BFS in each
blend after 360 days at 35 °C were taken from Prentice et al. [46]. For
samples that were cured for longer durations, the degree of hydration of
slag was determined using the same selective dissolution technique as
described in [46].

Thermodynamic modelling was performed using GEM-Selektor v3
(GEMS) [47,48] using the CEMDATA14 database which is an updated
version of CEMDATA07 [16]. Activity coefficients for aqueous species
were determined using the Truesdell-Jones extension to the Debye-
Hückel equation [49]:
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Here, γi and zi are the activity coefficient and charge of the ith
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background electrolyte [49,50].

Mineral phases within CEMDATA14 are recorded at standard con-
ditions (298 K and 1 atm), therefore temperature corrections for the
apparent Gibbs energy of formation, ∆aGT0

0, of these minerals are re-
quired to extrapolate to the temperatures of interest, T. Integration of
the heat capacity function (Eq. (2)) is used in GEMS [16,19,32]:
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where ∆fGT0

0 is the standard Gibbs energy of formation, ST0

0 is the
standard absolute entropy at T0 = 298 K, Cp

0 is the heat capacity, and
a0, a1, a2, and a3 are the empirical coefficients of the heat capacity
equation Cp

0 = a0 + a1T + a2T−2 + a3T−0.5. The apparent Gibbs free
energy of formation, ∆aGT0

0, refers to the free energies of the elements,
and ST0

0 is the standard absolute entropy at T0 = 298 K.

Fig. 4. XRD patterns for 1:1 BFS:PC cements after curing at 35 °C for one year
and being transferred to 80 °C for up to 360 days (temperature profile D). The
C3AS0.41H5.18 and C3AS0.84H4.30 chemical formulae depict the siliceous hydro-
garnet phases available in the CEMDATA14 database.

Fig. 5. Unit cell size as a function of Si-hydrogarnet composition: PDF data used
include card numbers 24–0217 (a = 12.57 for C3AH6); 32–0151 (a = 12.29 for
C3ASH4); 31–0250 (a= 12.00 for C3AS2H2) and 33–0260 (a= 11.846 for
C3AS3). References include: [35–37,56] and t.s. = this study.

Table 6
Molar ratios of common cement phases (precursors and hydrates) which may affect the chemical composition measurements.

Phase Chemical formula Al/Ca Si/Ca S/Ca Mg/Al Al/Si Ca/Si

Alite C3S – 0.33 – – – 3.00
Belite C2S – 0.50 – – – 2.00
BFS – 0.38 0.85 – 0.90 0.45 1.20
Siliceous-Hydrogarnet (Si molar ratio = 1.0) C3ASH4 0.67 0.33 – – 2.00 3.00
Siliceous-Hydrogarnet Hydrogarnet (Si molar ratio = 0.84) C3AS0.84H4.3 0.67 0.28 – – 2.38 3.57
Katoite C3AH6 0.67 0.00 – – – –
C-A-S-H (Ca/Si = 1.2, Al/Si = 0.1) C1.2A0.1SH 0.17 0.83 – – 0.20 1.20
C-A-S-H (Ca/Si = 1.4, Al/Si = 0.075) C1.4 A0.075SH 0.11 0.71 – – 0.15 1.40
C-A-S-H (Ca/Si = 1.6, Al/Si = 0.05) C1.6A0.05SH 0.06 0.63 – – 0.10 1.60
Ettringite (AFt) C6As3H32 0.33 – 0.50 – – –
Monosulphate (AFm) C4AsH12 0.50 – 0.25 – – –
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3. Experimental results and discussion

3.1. Degree of hydration of BFS

In all blends, BFS hydration increased slightly when transferring a
sample that had been cured at 35 °C for a year to a higher curing
temperature for an additional 28 days (Fig. 1), consistent with pre-
viously reported data showing that BFS hydration in BFS-PC cements
increases at higher temperature [31,51]. However, the maximum in-
crease in hydration degree was 2.2%, as the majority of the anhydrous
material had already reacted during the first year of curing at 35 °C, and
variations of the calculated values lie within the experimental errors. A
lack of pore space due to the initially low w/s used for producing the
assessed cements (w/s 0.35) may also have restricted the further hy-
dration after one year of curing. For curing regimes 360D and 28E, each
blend showed an increase of no > 2% in BFS hydration degree beyond
the degree reached for a given condition (i.e. the 80 °C point in Fig. 1).

3.2. X-ray diffraction and qualitative analysis

3.2.1. Effect of curing temperatures at 60 and 80 °C
The powder diffraction patterns for the cement pastes cured with

temperature profiles 1 to 28C and 1 to 28D (i.e. pastes transferred to 60
or 80 °C after a year at 35 °C), with 360A as a reference point, are
presented in Fig. 2. All pastes show some residual belite peaks; there are
also minor contributions from alite and ferrite clinker components (see
Section 4.1), although these are too small to mark on Fig. 2.

The three formulations showed minimal loss or alteration of por-
tlandite (ICSD #15471), or C-A-S-H formation, when exposed to higher
temperatures for 28 days after initial curing at 35 °C for one year. In the
3:1 and 9:1 cements after 1 and 3 days at both 60 and 80 °C, the peak at
29.4° 2θ attributed to a C-A-S-H type phase resembling Al-substituted
tobermorite (PDF #34-0002) becomes sharper as the sudden elevation
in temperature causes a spike in crystallinity of the C-A-S-H phase. After
28 days of curing at high temperature the reflection broaden and the
sharpness become less prominent, which is attributed to lengthening of
the aluminosilicate chains with silicate polymerisation at elevated
temperature [52,53], inducing some structural disorder.

The impact of temperature on the sulphate and carbonate AFm and
AFt type phases can be observed in Fig. 3. Ettringite (ICSD #16045) was
only observed in the 1:1 cement after 360 days at 35 °C. After 3 days at
60 °C, the majority of the ettringite reflection peak was depleted, in-
dicating that ettringite had been destabilised at higher temperature.
This depletion was completed within 1 day at 80 °C. At both of these
temperatures, the resulting release of sulphate into the pore solution led

to the formation of monosulphate (ICSD #100138).
The monosulphate peak intensity increased continuously with time

in the samples transferred to 60 °C because of the decomposition of
ettringite; this also occurs in the 80 °C samples up until 3 days.
However, after 7 days at 80 °C, monosulphate can no longer be ob-
served in the 1:1, 3:1 or 9:1 cements, although it persists at a curing
temperature of 60 °C in the 1:1, 3:1 and 9:1 cements after 28 days.

Depletion of the hemicarbonate (PDF #00-036-0129) reflection in-
tensity at 60 °C was observed in the 1:1 and 3:1 systems after 28 days at
elevated temperature. This is attributed to depletion of OH− ions cor-
responding to the known phenomenon of a pH drop at increased tem-
perature [19]. There is some overlap of the main reflection peaks as-
signed to monocarbonate (approx. 11.7° 2θ, PDF #00-036-0377) and
the broader peak attributed to the hydrotalcite-like LDH (11.2–11.6° 2θ,
PDF #00-014-0525), making it difficult to differentiate between these
two phases [54]. Similarly to the sulphate-containing AFm phases, after
28 days at 80 °C, hemicarbonate peaks were no longer observable, and
the remaining peak at 11.6° 2θ was most likely to represent hydro-
talcite-like LDH. The significantly lower solubility of magnesium and
aluminium [55] from the hydrotalcite-like LDH caused this phase to
persist at higher temperatures. The peak at 11.6° 2θ may be attributed
to monocarbonate, however due to the low content of carbonate in the
system, this phase was unlikely to persist at this temperature.

In general, hydrates containing higher contents of water became
destabilised by the increase of temperature more rapidly than those
with lower water content. This is evident through the persistence of the
portlandite (2 mol of water per formula unit), C-A-S-H phase (2–4 mol
of water), and the formation of siliceous hydrogarnet (3–6 mol of
water) at 80 °C. The exception to this trend was hydrotalcite-like LDH
(10–14 mol of water), as this phase is more stable against dissolution as
mentioned above, and there are not obvious less-hydrated magnesium
aluminates to which it could be converted in this temperature range.

3.2.2. Siliceous hydrogarnet (Ca3Al2(SiO4)3−y(OH)4y) formation at 80 °C
Within the CEMDATA14 database used in GEMS, there are two

forms of siliceous hydrogarnet: C3AS0.41H5.18 and C3AS0.84H4.30.
Understanding which phase to use in this instance was based upon the
method of Dilnesa et al. [36], and Okoronkwo and Glasser [35]. The
silicon content of the cubic siliceous hydrogarnet structure was de-
termined using the lattice parameter a, obtained from XRD analysis and
interpolating between grossular (C3AS3) and katoite (C3AH6) on a
linear scale; Kyritsis et al. [37] and Rivas et al. [56] have shown ex-
perimentally that this method is effective, and highlighted the mis-
cibility gap between C3AS0.41H5.18 and C3AS0.84H4.30. The lattice
parameter values for C3AS0.41H5.18 and C3AS0.84H4.30 are 12.480 and

Fig. 6. Histograms of the molar ratios of spot analyses of the 1:1 BFS-PC cement cured at 35 °C for 360 days, showing a) Si/Ca and b) Al/Ca molar ratios determined
from calibrated SEM-EDS analysis.
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12.376 Ȧ, respectively, and these were used to determine which form of
siliceous hydrogarnet was most similar to the phase formed at 80 °C in
the cements used in this study.

From Fig. 4 it is evident that the higher-Si siliceous hydrogarnet
phase (C3AS0.84H4.30) was more representative of the phase observed in
the XRD data obtained for the BFS-PC cements assessed in this study.
The lattice parameter a of siliceous hydrogarnet determined using the
samples cured at 35 °C for 360 days then at 80 °C for a further 360 days
(360D) was 12.355 Ȧ for the 1:1 blend, and 12.324 Ȧ for the 3:1 and 9:1
blends as displayed in Fig. 5. These values equated to a silicon content
of 0.92 mol in the 1:1, and 1.05 mol in the 3:1 and 9:1 cements, Fig. 5.
The bulk Ca/Si ratio in the 1:1 cement was higher than in the 3:1 and
9:1 cements due to the lower slag replacement, which gave a lower
level of silicon replacement within the siliceous hydrogarnet structure.
Therefore, when utilising GEMS for the higher temperatures, the higher
silicon content solid solution model (C3(A,F)S0.84H4.30) which con-
tained the C3AS0.84H4.30 phase, was used to represent siliceous hydro-
garnet, as this was the model within the database that gave the closest
correspondence to the experimental results. The additional silicon
content observed in the BFS-PC cements evaluated can be attributed to
the high availability of silicon and the moderate pH of these cements,
which favours incorporation of silicate over hydroxide in the hydro-
garnet structure.

3.3. Determination of chemical composition of the C(-A)-S-H phase by SEM

The composition of the C-A-S-H phase was determined by SEM-EDS
point analysis, which was conducted manually by choosing 200 points
focusing on C-A-S-H regions by selecting points on the darker rims
around anhydrous grains and the light grey areas found in the cement
matrix. Due to the nature of cement hydration, these areas are inter-
mixed with other hydrate phases. Elemental ratio plots were used si-
milarly to previous studies [24,44,45,57] to determine the least inter-
mixed regions containing C-A-S-H phases, and quantification of the
elemental ratios was calibrated as described in Section 2.2 using the
XRF and EDS data for anhydrous BFS grains. In a plot of Al/Ca vs. Si/
Ca, the high Si/Ca (0.6–1.0) cluster of points represents the composi-
tion of the C-A-S-H phase, is summarised by the molar ratio compar-
isons in Table 6. Durdzinski et al. [45] and Rossen et al. [44] used a
statistical approach to determine the area of least intermixing. A point
two standard deviations above the mean (μ+ 2σ) of the distribution of
Si/Ca values was deemed to best represent the point of least inter-
mixing; this is larger than 95% of values assuming a normal distribu-
tion, and is therefore considered one of the highest Si/Ca values which
can best describe pure C-A-S-H phases. The mean Al/Ca value is used to
define the molar content of aluminium within C-A-S-H phases [44,45].
Dividing the Al/Ca by the Si/Ca value, it was possible to obtain the Al/
Si value of the C-A-S-H phases.

An example of the analysis of the 1:1, 3:1 and 9:1 BFS:PC for-
mulations after 360 days of curing at 35 °C can be seen in Fig. 6 and
Fig. 7. The histogram plots shown in Fig. 6 show the Si/Ca and Al/Ca
values obtained from the EDS measurement of the 1:1 BFS-PC blend,
which appear to be well described by a normal distribution. Most of the
data points fall outside of the C-A-S-H phase region, shown in Fig. 7;
this is expected for these blended cement systems because of the in-
timate intermixing of hydrate species on a length scale finer than the

Fig. 7. Al/Ca versus Si/Ca graph of the a) 1:1 b) 3:1 and c) 9:1 BFS-PC cement
cured at 35 °C for 360 days. The dashed oval highlights the region where a C-A-
S-H phase with Ca/Si ~1.0–1.6 and Al/Si ~0.1–0.2 would appear. The tie lines
leading from the centre of the circle lead to the other prominent cement hy-
drates which may intermix with C-A-S-H (AFt – ettringite, AFm – mono-
sulphate, CH – portlandite). The red square denotes the statistically determined
Ca/Si and Al/Si ratio for the individual formulations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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EDS analysis spot size. However, there is clear evidence that the
monosulphate and ettringite phases are heavily intermixed and varied
within the sample, since not many of the points follow a distinct tie line
to the other phases. Ettringite, monosulphate, hemicarbonate and
monocarbonate may all shift the spread of data points to higher Al/Ca
values, as summarised in Table 6.

This approach can also be applied to the 80 °C samples, although the
siliceous hydrogarnet also contains silicon and will consequently in-
fluence the Si/Ca values observed. The maximum Si/Ca value the si-
liceous hydrogarnet may exhibit, based on the lattice parameter data, is
0.35. Fig. 8 highlights the impact of siliceous hydrogarnet on the 3:1
cement at 35, 50, 60 and 80 °C. There was clear evidence of siliceous
hydrogarnet EDS data points at 80 °C.

The backscattered electron (BSE) images in Fig. 9a–d highlight the
variation of the morphology of the 3:1 BFS-PC cement cured at different
temperatures. Region 1 in Fig. 9a represents a fully hydrated BFS par-
ticle and the inner-product C-A-S-H phase (intermixed with hydro-
talcite-group LDH) in close proximity to the slag grain. Region 2 in
Fig. 9b highlights the more porous structure of the outer-product C-A-S-
H phase which forms within the initially fluid-filled space of the cement
matrix. These regions appeared denser at higher temperatures,

specifically highlighted in the 80 °C sample in region 3. Region 3 ap-
pears from its angular shape to have been a slag grain similar to region
1, but which has almost fully dissolved. Other hydrated and partially
hydrated slag grains are observed in regions 4 and 5, respectively.

A decrease in Ca/Si and increase of Al/Si ratio (Table 6 in [58]) at
higher temperature was observed across the three formulations. Con-
densation reactions of the monomeric and dimeric silicates may lead to
an expulsion of calcium ions and water from the C-A-S-H phase, leading
to higher polymerisation of the gel at increasing temperatures [53],
consistent with this observation. The Ca/Si decrease was greatest in the
1:1 BFS-PC blend, with the ratio decreasing by as much as 0.1 units
from 35 °C to 80 °C. The Ca/Si decrease may be more prominent in the
1:1 formulation because there was more available Ca to be redistributed
upon a change in temperature. This may be the cause of the greater
variation in the Ca/Si observed in the work of Bahafid et al. [22]
compared with the work of Burciaga-Diaz et al. [59]: Bahafid et al.
considered a high Ca/Si class G cement and observed a drop in Ca/Si by
0.2 between 25 and 90 °C, whereas Burciaga-Diaz et al. studied alkali-
activated slag cement systems (with much less Ca than class G cement)
at 20 and 60 °C in which there was no clear overall change in the Ca/Si
or Al/Si values.

Fig. 8. Al/Ca versus Si/Ca graphs for the 3:1 BFS-PC cement cured at 35 °C for 360 days and then exposed to (a) 35 °C, (b) 50 °C, (c) 60 °C and (d) 80 °C for a further
28 days. The dashed oval highlights the region where a C-A-S-H phase with Ca/Si 1.0–1.6 and Al/Si 0.1–0.2 would appear. The tie lines leading from the centre of the
circle lead to the other prominent cement hydrates which may intermix with C-A-S-H (AFt – ettringite, AFm – monosulphate, and CH – portlandite). The red square
denotes the statistically determined Ca/Si and Al/Si ratio for the individual formulations. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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An increasing abundance of silicate chain sites becoming available
as a result of the condensation of calcium silicate species provided an
opportunity for aqueous aluminium species to bridge gaps in the silicate
chain. The additional opportunity for bridging in the aluminosilicate
chains may be the cause for the increase of the Al/Si in all three for-
mulations. The 1:1 formulation displayed the greatest rise in Al/Si
ratio, increasing by 0.04 units. The 9:1 formulation exhibited the largest
Al/Si values, at Al/Si reaching 0.19.

4. Evaluation of the efficacy of thermodynamic modelling

4.1. Selection of potential phase assemblage constituents

Two modelling approaches were followed in this study, with cal-
culations conducted with (“SH approach”) and without (“NS approach”)
the presence of a siliceous hydrogarnet; the phases available for hy-
dration are summarised in Table 7 of the accompanying Data in Brief
article [58]. A similar methodology was applied by Deschner et al. [24]
and by Dilnesa et al. [60] for low pH cements and 3 year old cements,
respectively. This approach was intended to ensure the correct phases
form at the different temperatures, incorporating restrictions which
may be kinetic rather than thermodynamic in foundation. Taylor and

Richardson [61] showed that siliceous hydrogarnet does not form in
blended cements up to 20 years of curing at 20 °C, therefore high-
lighting that its inclusion in potential phase assemblages at lower
temperatures is unwarranted. Deschner et al. [24] used the SH ap-
proach for temperatures above 50 °C, which causes the monosulphate,
monocarbonate and hemicarbonate phases to become destabilised as
siliceous hydrogarnet is a more stable alternative. In the current study,
monosulphate, monocarbonate and hemicarbonate phases were ob-
served up to 60 °C by XRD, and therefore the upper limit of the NS
method and the lower limit of the SH method were changed to 60 °C.

Alkali distribution ratios (Rd) to simulate alkali uptake in the C-A-S-
H phase were used for sodium and potassium. The distribution ratios
calculate the uptake of alkalis from solution based on the mass of C-A-S-
H formed and the concentration of alkalis in solution:

=R c w
c sd
s

d (3)

where, cs is the concentration of the alkali in the solid phase (mol/ml),
cd is the concentration of the alkali in solution (mol/ml) and w/s is the
water to solid ratio (ml/g). Alkali distribution ratios for Na2O and K2O
of 2 and 1.2, respectively, were used for C-A-S-H phase for both mod-
elling approaches, following the method of Lothenbach et al. [16].
These values were chosen as they are similar to the values determined
by Hong and Glasser [62,63] for C-S-H and C-A-S-H phases with Ca/Si
values between 1.2 and 1.6.

A constant degree of reaction of the BFS and clinker phases was used
for each system. The DoH of BFS at 60 °C was used for the NS method
and the DoH of BFS at 80 °C was used for the SH method (Fig. 1). The
reaction of slag was assumed to be congruent. The DoH values of
clinker phases were taken from Prentice et al. [46], with an additional
5% reaction included to replicate the increase of temperature on the
clinker phases. A summary of the DoH values can be seen in Table 7.
Calcite and gypsum were observed in the anhydrous PC XRD dif-
fractograms, and were quantified by Rietveld analysis (data not shown)
to be 4.5 and 3.5 wt%, respectively of the PC fraction of the systems.

a) b)

c) d)

1 2

3

4

5

Fig. 9. BSE-SEM images of 3:1 BFS-PC cement cured at a) 35 °C for 360 days and then exposed to b) 50 °C, c) 60 °C, and d) 80 °C for a further 28 days.

Table 7
Clinker degree of hydration values used in thermodynamic modelling. Taylor-
Bogue analysis determined the clinker phase ratios in the initial PC:
C3S = 71.9 wt%, C2S = 6.8 wt%, C3A = 8.0 wt%, C4AF = 7.7 wt% [46].

Clinker phase DoH (%)

1:1 3:1 9:1

C3S 87 93 95
C2S 68 55 47
C3A 100 100 100
C4AF 81 81 81
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4.2. Phase assemblage as a function of temperature

The phases predicted by thermodynamic modelling to form in the
1:1 BFS:PC system exposed to temperatures below 60 °C were C-A-S-H,
portlandite, ettringite, monosulphate, monocarbonate and hydrotalcite-
like LDH (Fig. 10a). The ettringite phase was no longer stable above
52 °C, consistent with the XRD results of this study where ettringite was
still observed up to 50 °C as seen in Fig. 11a and Fig. 3a, and only after
28 days at 60 °C does it appear to have mostly converted into mono-
sulphate. Contrary to the XRD results the ettringite content increases in
the thermodynamic modelling up until the point of destabilisation
(52 °C). The influence of the C-A-S-H model to withdraw aluminium
from solution caused an increased SO3/Al2O3 ratio within the aqueous
solution. At the point of 52 °C, sum of the chemical potentials of the
aqueous species become more negative than the chemical potential of
ettringite and the ∆G becomes positive (∆Gr,T = μettringite, T − (6
μCa,T + 2 μAlO2-,T + 4 μOH-,T + 3 μSO4-2,T + 30 μH2O,T)) which causes
monosulphate to become the only sulphate phase because mono-
sulphate requires lower Ca2+, AlO2

−, SO4
2−, OH– and H2O con-

centrations to form, despite the excessive SO3/Al2O3 ratio necessary to
form ettringite. Monosulphate, required lower concentrations of the
aqueous species formed in place of ettringite. Increasing temperature,
increased the SO4

2− concentration in the NS method, due to this de-
stabilisation of ettringite as was similar to the Deschner et al. study [24]
which considered FA-PC hydration at different temperatures. Within
the SH method, no sulphate or carbonate containing phases form due to
the greater stability of the Ca-Al-Si-OH phases. This resulted in a greater
concentration of sulphate in the simulated pore solution of the SH
method compared to the NS method, because all available sulphur in the
systems were present in the pore solution in the SH method.

The increased sulphate concentration in solution in both methods
may have led to increased sulphate adsorption to the C-A-S-H phase
[64], however, a sulphate uptake model similar to alkali uptake (Eq.
(3)) was not employed in this work and therefore this was not taken
into account in the mass balance calculations.

In the experimental results, hemicarbonate was observed at 50 and
60 °C (Fig. 11), however due to the high CO2/Al2O3 ratio in the pore
solution, monocarbonate was calculated to be more beneficial to the
mass balance in the 1:1 BFS:PC system. Matschei et al. [65] highlighted
the importance of the SO3/Al2O3 and CO2/Al2O3 ratios within Portland
cement systems, determining which of the sulphate and carbonate AFm
or AFt phases form in each specific instance, as there are small energetic
differences between various members of these families. In the 1:1 ce-
ment the SO3/Al2O3 and CO2/Al2O3 ratios were 0.4 and 0.2, respec-
tively. According to Matschei et al. [65], this pair of ratios should form
monosulphate and hemicarbonate. However, due to the presence of the
more thermodynamically stable C-A-S-H and hydrotalcite-like LDH
phases, which withdraw the aluminium from solution, the effective
sulphate and carbonate contents become much higher with respect to
Al2O3. This causes the thermodynamic model to predict the formation
of higher SO3 and CO2 rich-phases. Within the 3:1 (Fig. 10b) and 9:1
(Fig. 10c) cements, monosulphate was consistently observed in the
modelling and experimental results up to 60 °C. Hemicarbonate became
destabilised at higher temperatures in the 3:1 cement, however as CO2/
Al2O3 increases with increasing temperature, formation of mono-
carbonate occurred. The CO2/Al2O3 ratio was consistently lower in the

Fig. 10. Phase assemblages of a) 1:1, b) 3:1 and c) 9:1 BFS-PC cements de-
termined using the thermodynamic modelling software GEMS [47]. The pre-
diction of phase formation was determined as a function of temperature while
the remnant precursor content was kept constant. Siliceous hydrogarnet was
only allowed to form above 60 °C, and each graphic shows a break at this point
to reflect the change in model assumptions. The phase notations correspond to:
BFS – Blast furnace slag, PC – Portland cement, C – C-A-S-H, P – portlandite, E –
ettringite, M – monosulphate, H – hemicarbonate, Mc – monocarbonate, Ht –
hydrotalcite, and Si – siliceous hydrogarnet.
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9:1 cement as this contained the lowest amount of calcite (supplied by
the PC), therefore it was possible for hemicarbonate to persist.

A trend of decreasing volume of C-A-S-H and increasing portlandite
was observed in the 1:1 and 3:1 blends as the temperature increased.
The densification of the C-A-S-H phase at higher Al/Si and lower Ca/Si
ratios (see the specific volumes of each end-member in the C-A-S-H
model in Table 7 in the accompanying Data in Brief paper [58]) led to a
decreasing volume of the C-A-S-H phase as temperature increased. More
calcium is available for formation of other phases as a result of the
decreasing Ca/Si of the C-A-S-H, therefore the volume of portlandite
increases.

Thermodynamic modelling appropriately describes the phases
forming at the various temperatures investigated, however simulating
the decrease of temperature from 80 °C to 50 °C using the NS and SH
methodology may not be as effective. Fig. 11 shows that the phases
observed experimentally were the same as those predicted using the SH
method, however the suggested protocol of determining the phase as-
semblage up to 60 °C disagrees with the recorded phase assemblage for
the tE temperature profile, where the sample has been held at 80 °C for
an extended period before returning to lower temperature. Therefore, it
is recommended that once the cement has reached a temperature at
which the siliceous-hydrogarnet phase may form, the SH method must
be used to accommodate this change. This gives further indication that
the limitation on formation of siliceous hydrogarnet at near-ambient
temperature is kinetic rather than thermodynamic, as this phase persists
after cooling once it has formed at higher temperature. Conversely, it is
possible that a longer period at 50 °C may be necessary to determine
whether the phase assemblage will re-equilibrate to a hydrogarnet-free
state in the very long term.

The possibility that the waste packages may reach a temperature of
80 °C is still considered the most extreme scenario for use in safety case
development, providing an upper limit on what may occur in practice
[12].

Volume expansion of the hydrates is not expected based on the re-
sults from Fig. 10. If it did take place, this would be a cause of concern
for potential cracking in the waste packages. The reduced possibilty of
cracking can be seen as a positive to reinforce the notion that cement
encapsulation is a viable option for long-term storage of ILW. Small
levels of shrinkage are expected as a result of the densification of the C-
A-S-H phase.

4.3. Chemical composition of C-A-S-H phase using thermodynamic
modelling as a function of temperature

The different phases allowed to form within a simulation of hy-
dration of cements affect the predicted composition of the C-A-S-H
phase (Fig. 12). The NS method predicted a decline in Ca/Si and an
increase in Al/Si for each cement up to 60 °C, coinciding with what was
determined from SEM-EDS analysis. A notable decrease in the Ca/Si
ratio (Fig. 12a), with an increase in Al/Si (Fig. 12b), was observed at
52 °C and 50 °C in the 1:1 and 3:1 cements, respectively, in the ther-
modynamic model outputs. This is caused by the decomposition of et-
tringite in the 1:1 BFS:PC system and the conversion of hemicarbonate
to monocarbonate in the 3:1 cement. In each case, it is likely that an
increase in aluminium concentration in the pore solution caused the
sharp rise of Al/Si within the C-A-S-H phase.

As a result of the dominance of the hydrogarnet phase in the SH
method, a more consistent pattern in Ca/Si and Al/Si values was ob-
served in those simulations. The highly stable siliceous hydrogarnet
competes with the C-A-S-H phase for the calcium, aluminium and si-
licon in the system. Dilnesa et al. [36] highlighted the minimal effect of
increasing temperature on the C3AS0.84H4.3 hydrogarnet phase. Ac-
cordingly, the Ca/Si value of the 9:1 system described by the SH model
did not vary a great deal (Fig. 12a) because of the strong competition
for the available silicon and calcium between the two phases: C-A-S-H
and siliceous hydrogarnet. Without the formation of portlandite, which

Fig. 11. XRD patterns of a) 1:1, b) 3:1 and c) 9:1 BFS-PC cements exposed to
different temperature regimes. Samples cured at 35 °C for 1 year (360A) and
then at either 50 °C (tB), 60 °C (tC), 80 °C (tD) for time, t (days), or at 80 °C for
1 year and then at 50 °C for a further 28 days (tE). Phases identified are: C – C-
A-S-H, P – portlandite, E – ettringite, M – monosulphate, H – hemicarbonate, Mc
– monocarbonate, Ht – hydrotalcite, B – belite and Si – siliceous hydrogarnet.
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was predicted in the 1:1 and 3:1 cements but not at 9:1, the C-A-S-H
phase composition was influenced by the formation of the hydrogarnet
phase. The hydrogarnet phase has a similar solubility to that of C-A-S-H
at pH > 11.5 [36,66], so both phases co-exist in the 9:1 cement. The
amount of siliceous hydrogarnet remains relatively constant throughout
the SH method simulations for each BFS-PC ratio as a function of tem-
perature.

The Ca/Si values within C-A-S-H were generally under-predicted in
the NS method due to the competition with other calcium containing
phases. However, the Al/Si was generally over-predicted due to the
lower Gibbs energy of the 5CA and INFCA end-members (end-member
model used to describe C-A-S-H phase, Table 7 [58]). This was ex-
hibited further by the sudden increase of the Al/Si in the C-A-S-H phase
once the decomposition of ettringite occurs. A combination of these two
factors led to an increase in availability of calcium for higher portlan-
dite formation observed in the 1:1 and 3:1 cements. Within the 9:1
systems, the Ca/Si was over-predicted consistently due to the lower Ca/
Si end-members withdrawing the calcium from solution in place of
forming portlandite.

The Ca/Si ratio in the SH method was generally over-predicted due
to the C-A-S-H phase containing a higher calcium content when com-
pared to siliceous hydrogarnet which was competing for calcium.
Similarly, the Al/Si within C-A-S-H was reduced in the SH method
compared to the NS method due to siliceous hydrogarnet containing a
higher Al/Si ratio than the end-members used for the creation of C-A-S-
H and was stable throughout the temperature range (60–90 °C),
whereas phases such as ettringite were not stable across the tempera-
ture range in the NS method (30–60 °C).

This impact on the level of change of the Ca/Si and Al/Si at each
temperature point was not explicitly observed via the SEM-EDS data,
however the general trends of decreasing Ca/Si and increasing Al/Si
with the increase of temperature were observed in both modelling
methods and in the SEM-EDS data as exhibited in Fig. 12.

For both methods, the polymerisation of the aluminosilicate chains
was well represented due to the resulting reduction of Ca/Si and in-
crease in Al/Si in the C-A-S-H phase, with increased curing tempera-
ture. For the 1:1 and 3:1 samples, the Ca/Si was under-predicted and
the Al/Si was over-predicted by up to 2.1% and 13.8% respectively.
Integrating aluminium-containing end-members into C-A-S-H models
has been a continual issue. Recreating aluminium end-members with
lower (Al/Si = 0.1) or very high (Al/Si = 0.33) Al contents based on
the additive method proposed by Kulik [67] and by Myers et al. [68]

did not provide useful additions to the C-A-S-H model for the ce-
mentitious systems simulated in this study. The highly stable nature of
the current end-members causes a redundancy in other end-members
because they do not form in any meaningful amounts to contribute to
the phase assemblage of blended cements or the chemical composition
of C-A-S-H in varying environments. This is further highlighted by the
results for the 9:1 cement system, which rigidly maintains a Ca/Si ratio
between 1.3 and 1.37, accumulating the remaining calcium in the
system that cannot reach the higher Ca concentration required to form
portlandite. As a result of the C-A-S-H phase restricting the formation of
portlandite, its Ca/Si ratio was over-predicted in the 9:1 system by up to
7.4%. The higher Al/Si ratio expected in the 9:1 cement resulted in
greater accuracy, whereby the Al/Si was over-estimated by no more
than 7.6%.

5. Conclusions

The alteration in phase assemblages in hydrated mature BFS-PC
systems which are subjected to step-changes in temperature occurs
relatively rapidly, and is of importance in the context of emplacement
of cemented nuclear waste in a geological disposal facility. Sulphate
and carbonate containing AFm and AFt type phases are not greatly
affected by the increase of temperature from 35 to 50 °C after 360 days
of curing at 35 °C; transferring these samples to an environment of 50 °C
did not cause major phase changes. However, the higher water content
phases such as ettringite and hemicarbonate become destabilised at
around 60 °C. When a 360-day cured cement is transferred from 35 to
80 °C environments, a rapid transition occurs: after 3 to 7 days, the
sulphate and carbonate AFm and AFt phases have been destabilised and
replaced by siliceous hydrogarnet.

Thermodynamic modelling of these systems has been shown to ac-
curately replicate the changes in phase assemblage observed when ce-
ments are transferred to higher temperature after 360 days of curing,
when held at the elevated temperature for 28 days at a range of tem-
peratures, and up to 360 days in the case of a transfer to an 80 °C en-
vironment.

The phase assemblage formed after a subsequent decrease of tem-
perature from 80 °C to 50 °C (after 360 days at 35 °C and another 360
days at 80 °C) could be accurately predicted by a model which allowed
siliceous hydrogarnet to form, although this phase needed to be sup-
pressed in simulations of the samples which had never been heated
above 60 °C. This provides further evidence that the absence of siliceous

Fig. 12. Molar ratios of a) Ca/Si and b) Al/Si within C-A-S-H as a function of temperature, predicted using the two different modelling approaches (SH above, and NS
below, a cutoff temperature of 60 °C in each case), as a function of the BFS:PC ratios. The symbols correspond to SEM-EDS results, while the lines represent the
modelling results. The solid line represents the NS method and the dotted line represents the SH method.
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hydrogarnet from cement phase assemblages at near-ambient or slightly
elevated temperature is due to kinetic, rather than pure thermo-
dynamic, limitations.

Description of the chemical composition of the C-A-S-H phase fol-
lowed the trends observed experimentally in BFS-PC cements. The Ca/
Si values were very slightly under-predicted for the 1:1 and 3:1 systems,
and over-predicted in the 9:1 cement by up to 7.4%. The Al/Si ratio was
over-predicted in all cements, by up to 13.8% in the worst cases.
Inclusion of additional end-members with low (Al/Si = 0.1) or high Al/
Si (Al/Si = 0.33) values based on the additive method did not con-
tribute any meaningful change on the chemical composition of the C-A-
S-H phase.

Understanding of how the C-A-S-H phase forms and alters with
composition, and the quantity of other phase formation, is important in
waste immobilisation applications as it enables prediction of how this
key phase interacts with dissolved species including radionuclides.
Additional studies are required to determine the effects of alkali, alu-
minium and groundwater leaching effects on the C-A-S-H phase, but
this study has provided essential insight into the temperature effects
that may influence PC-BFS blends in this safety-critical application.
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