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The chemical evolution of two hydrated “low pH” binders prepared from binary (60% Portland cement
+40% silica fume) or ternary (37.5% Portland cement+32.5% silica fume+30% fly-ash) mixtures was char-
acterized over one year at 20 °C, 50 °C, and 80 °C. Themain hydrates were Al-substituted C–S–H. Raising the
temperature from 20 to 80 °C caused a lengthening and cross-linking of their silicate chains. Ettringite that
formed in pastes stored at 20 °C was destabilized. Only traces of calcium sulfate (gypsum and/or anhydrite)
reprecipitated after one year in some materials cured at 50 °C and 80 °C. The sulfates released were there-
fore partially adsorbed on the C–A–S–H and dissolved in the pore solution. The pore solution pH dropped by
about 2 units as the temperature increased. Conversely, the soluble alkali fractions did not change signifi-
cantly. Only the ternary binder resulted in a pore solution pH below 11 at the three temperatures studied.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Blended cements, obtained by replacing a fraction of Portland ce-
ment by pozzolanicminerals (fly-ash, silica fume) or hydraulicminerals
(blastfurnace slag), are increasingly used in civil engineering [1] and for
nuclear waste conditioning and disposal [2,3]. By recycling byproducts,
these additives not only diminish the cost ofmanufacturing the binders,
but also limit CO2 emissions per metric ton of binder produced, and im-
prove some properties of the resulting cement materials: reduced
bleeding, limited heat of hydration, pore refinement, reduced diffusivity
and permeability. Moreover, theymodify the cement hydration process
(kinetics, type of hydrates formed, pore solution chemistry).

Such cements are currently investigated under national or interna-
tional projects with the objective of specifying materials that could be
used in a geological repository for radioactive wastes [4–6]. A range of
applications is considered: structural elements, sealing of tunnels, grout
for sealing cracks. They all have a common denominator, however: the
cement used must have low alkalinity and produce a material with a
pore solution pH near 11 (rather than 13.5 for conventional Portland
cement, hence the term “low pH cement”) to limit its aggressiveness
with respect to the repository environment (clay, glass, or spent fuel).

Most studies of low pH cements converge on binary blends of ordi-
nary Portland cement (OPC) and silica fume (SF), and ternary blends of
Portland cement, silica fume, and fly-ash (FA) or blast furnace slag
(BFS), with a high degree of Portland cement substitution (30 to 70%)
[7–12]. Pozzolans are added to consume portlandite—a phase produced
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by hydration of Portland cement, which would impose an equilibrium
pH of 12.5 or more in presence of alkalis. The calcium silicate hydrate
formed has a Ca/Si ratio below that in hydrated Portland cement, and
this has two advantages: (i) the alkali cation concentration in the pore
solution can be reduced, as the ability of C-S-H to bind Na+ and K+

ions increases when the Ca/Si ratio decreases [13]; (ii) the equilibrium
pH of the C-S-H decreases with the Ca/Si ratio [14,15].

The mineralogy of hydrated low pH binders has been studied
mainly at room temperature by X-ray diffraction and thermogravi-
metric analysis (Table 1). Low pH cement pastes consist mostly of
calcium hydrosilicate highly enriched in silica with small amounts
of aluminum. In studies lasting from 90 days to 1 year, they also
contain ettringite and residual anhydrous phases. Hydration of
binders initially incorporating magnesium-rich blast furnace slag
produces a hydrotalcite-type phase. Pastes prepared from binders
with the highest silica content (50% OPC+50% SF, 20% OPC+50%
SF+30% FA, 20% OPC+32.5% SF+47.5% BFS, 60% CEM V+40% SF)
contain no portlandite after 90 days. More diverging results are
obtained for a binary binder of 60% OPC+40% SF, and a ternary
binder containing similar fractions of OPC, SF and FA. In the first case,
Lothenbach [16] reported for instance the transient precipitation of
portlandite between 1 and 14 days (with a maximum at 4 days),
whereas Garcia et al. [12] and Codina et al. [11] continued to observe
this phase after 90 days and 1 year, respectively. The long-term persis-
tence of portlandite in somematerials can be attributed to poor disper-
sion of silica fume; Codina [11] noted the presence of a large number
of residual silica fume agglomerates in the pastes. Moreover, when
the same binder is used to prepare concrete, shearing due to the aggre-
gates during mixing improves the dispersion of the silica fume, and
portlandite is consumed more rapidly [17].

http://dx.doi.org/10.1016/j.cemconres.2012.03.009
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http://www.sciencedirect.com/science/journal/00088846


Table 1
Composition of low pH cement pastes.

Binder composition Type of material Phases observed Pore solution
pH

Reference

60% OPC–40% SF Cement paste (W/B=0.5
cured in sealed bag at 20±1 °C)

After 1 year: C-A-S-H (Ca/Si=1.5), portlandite (2%),
ettringite, calcite, C2S, C3S, hematite, quartz

12.2 [11]

Cement paste (W/B=0.5
cured at 98% RH at 21±2 °C)

After 90 days: C-A-S-H (Ca/Si=0.8–1.2), portlandite
(2.6%), ettringite, calcite, C2S, C3S, C4AF, quartz

12.2 [12]

Cement paste
(W/B=0.8)

After 1 year: C-A-S-H (Ca/Si=0.9), ettringite, C2S,
C3S, calcite

11.3 [16]

50% OPC–50% SF Cement paste (W/B=0.5
cured at 98% RH at 21±2 °C)

After 90 days: C-A-S-H (Ca/Si=0.8–1.2), ettringite,
calcite, C2S, C3S, C4AF, quartz

11.2 [12]

37.5% OPC–32.5% SF–30% FA Cement paste (W/B=0.5
cured in sealed bag at 20±1 °C)

After 1 year: C-A-S-H (Ca/Si=1.2), ettringite, calcite,
C2S, C3S, hematite, mullite, quartz, magnetite

11.7 [11]

35% OPC–35% SF–30% FA Cement paste (W/B=0.5
cured at 98% RH at 21±2 °C)

After 90 days: C-A-S-H (Ca/Si=0.8–1.2), portlandite
(1.6%) ettringite, C2S, C3S, C4AF

11.6 [12]

20% OPC–50% SF–30% FA Cement paste (W/B=0.5
cured at 98% RH at 21±2)°C

After 90 days: C-A-S-H (Ca/Si=0.8–1.2), ettringite,
C2S, C3S, C4AF

10.5 [12]

37.5% OPC–32.5% SF–30% BFS Cement paste (W/B=0.5
cured in sealed bag at 20±1 °C)

After 1 year: C-A-S-H, portlandite, ettringite,
hydrotalcite, calcite, C2S, C3S

12.2 [11]

20% OPC–32.5% SF–47.5% BFS Cement paste (W/B=0.5
cured in sealed bag at 20±1 °C)

After 1 year: C-A-S-H (Ca/Si=1.0, Al/Si=0.07),
ettringite, hydrotalcite, calcite, C2S, C3S

11.7 [11]

60% CEM Va–40% SF Cement paste (W/B=0.5
cured in sealed bag at 20±1 °C)

After 1 year: C-A-S-H, ettringite, hydrotalcite,
calcite, C2S, C3S, quartz, mullite

12.1 [11]

a Comprising 55% OPC clinker, 22% BFS and 22% FA.
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Using 29Si-MAS NMR, Lothenbach [16] estimated the rate of silica
fume consumption by pozzolanic reaction in a paste comprising 60%
OPC and 40% SF. Silica fume was consumed at a high rate during the
first two months, but much more slowly thereafter. The residual silica
fraction was about 40% after one year.

Low pH cement pastes have a pore solution pH at least one unit
lower than in specimens of OPC or cements containing blast furnace
slag and fly-ash, and the pH varies little after 90 days [11,12]. The differ-
ences between the values reported in the literature for the same
formulation are attributable to different degrees of pozzolanic reaction
progress in the materials due to the variable dispersion of silica fume.
The pore solutions are all characterized by a strong reduction in their
sodium and potassium concentrations (between 1 and 5 mmol/L) com-
pared with Portland cement (70 to 90 mmol/L) [11,18]. In addition, the
potassium fraction retained by the hydrated binders is greater by a fac-
tor of about 4 than for sodium ions.

All these studies were carried out at room temperature. In some
areas of a geological repository, however, cementmaterials could be ex-
posed to temperatures of up to 80 °C [19]. This article describes a study
of the chemical evolution of two low pH binders (prepared from a
binary blend of OPC and SF, and a ternary blend of OPC, SF, and FA)
when hydrated at 50 °C or 80 °C.

2. Experimental data

2.1. Raw materials

Table 2 shows the chemical composition and properties of the raw
materials used in the formulation of low pH binders. Portland cement
was selected for its low alkali content. It was rich in tricalcium silicate
and depleted in aluminates (73% C3S, 11% C2S, 4% C3A, 6% C4AF, and
3% gypsum). Silica fume comprised more than 96% amorphous silica.
Using a mechanically densified form was a tradeoff between the re-
quired reactivity and ease of implementation. The aluminosilicate fly-
ash corresponded to class V according to European standard EN 197-1.

2.2. Low pH cement pastes

Two low pH binders were investigated in this work: (i) a binary
binder, B40, comprising 60% OPC and 40% SF; (ii) a ternary binder,
T1, with 37.5% OPC, 32.5% SF, and 30% FA.
To improve the dispersion of silica fume in the paste, the binder
constituents were ground together in a planetary ball mill (Retsch
PM400 mixer-mill: 250 rpm, 150 g of material and 50 g of 10 mm di-
ameter stainless steel balls in a 250 mL grinding jar, particle size dis-
tribution after grinding : d10=2 μm, d50=11 μm, d90=31 μm). The
cement pastes (water/binder (W/B) mass ratio=0.55) were blended
in a standard mortar mixer (per European standard EN 196-1)
according to the following sequence: (i) pour water into mixer
bowl, (ii) add dry filler while stirring at low speed, (iii) mix at low
speed for 3 min, then at high speed for 3 min.

Twenty-four samples were prepared for each formulation. They
were stored in hermetically sealed 50 mL polypropylene containers
and submitted to three types of curing: (i) in a controlled-
environment chamber at 20 °C with 95% relative humidity, (ii) in an
oven at 50 °C, (iii) in an oven at 80 °C. To prevent drying, the samples
were placed in water-filled boxes. Curing was initiated 30 min after
mixing.
2.3. Material characterization

2.3.1. Characterization of solids
Both test formulations were characterized after 3, 6, and

12 months of hydration. The protocol adopted for the 3-month char-
acterization consisted of three steps: (i) quenching the materials in
liquid nitrogen on removal from the oven to freeze the mineralogical
state formed above room temperature; (ii) fragmentation of the sam-
ple to centimeter scale, followed by quenching again in liquid nitro-
gen; (iii) sublimation of the ice in a freeze drier until constant
sample weight was obtained.

However, this protocol had a major drawback: freeze-drying
resulted in dehydration of ettringite [20] and suppression of its X-ray
diffraction signal. The second and third steps in the method for termi-
nating hydration were therefore modified for the 6- (T1) and 12-
month (T1 and B40) paste samples: after quenching (to avoid any
phase assemblage rearrangement which may occur during slow cool-
ing), the samples were ground into very fine fragments and then rinsed
5 times in isopropanol, which was eliminated by drying the samples at
room temperature in a desiccator with 23% relative humidity main-
tained by a saturated solution of potassium acetate. This value was
chosen both to avoid water absorption by the samples and to limit
water loss from ettringite.



Table 2
Characteristics of binder constituents.

CEM I Silica fume Fly-ash

Chemical composition (wt.%) CaO 66.90 0.50 5.10
SiO2 22.00 96.30 51.50
Al2O3 3.30 b0.20 25.20
Fe2O3 2.74 0.10 5.80
MgO 0.60 b0.20 1.80
MnO b0.02 0.02 0.06
Na2O b0.20 b0.20 0.40
K2O b0.05 0.34 1.33
Na2O+K2O b0.25 0.34bb0.54 1.73
TiO2 0.18 b0.05 1.31
P2O5 0.24 0.09 0.98
Sulfides b0.10 b0.10 b0.10
Sulfates 2.40 0.24 0.66
Loss on ignition
(1000 °C)

2.02 2.21 4.78

Mean particle diameter (μm)a d10=3.2
d50=16.6
d90=49.5

d10=5.0
d50=18.0
d90=46.1

d10=3.0
d50=24.2
d90=136.1

Specific surface area (m2/g)b 1.3 23.0 2.2
Phases observed by X-ray diffractionc C3S (+++)

C2S (+++)
Brownmillerite (+)
C3A (+)
Gypsum (+)
Anhydrite (+)
Calcite (+)

Cristobalite (+++)
Quartz (++)
Maghemite (++)
Silicon (+)
Silicon oxide (+)

Quartz (+++)
Mullite (++)
CaO (+)
Maghemite (+)

a Grain size distribution determined by laser particle size analysis (powder dispersed in absolute ethanol).
b Specific surface area measured using the BET method by nitrogen adsorption.
c Intensity of main diffraction peak: + + + strong, + + moderate, + weak.
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After grinding to a particle size below 80 μm, the mineralogy of
the cement pastes was characterized by X-ray diffraction (Siemens
D8, copper anode, λKα1=1.54056 Å, 40 mA and 40 kV, scanning
from 2θ=5° to 60° in 0.017° steps, 50 s measurement time per
step). Thermogravimetric analysis of the powder was also performed
under nitrogen atmosphere on 50±2 mg samples (Netzsch TGA/DSC
STA409 PC, 10 °C/min heating rate from 30 to 1000 °C). The Ca/Si and
Al/Si ratios in the hydrates were determined by X-ray microanalysis
on polished cross sections observed with a scanning electron micro-
scope (Philips XL30, 15 kV acceleration voltage, EDX PGT detector,
calibrated on alumina and wollastonite, statistics on 80 measurement
points).

Additional characterizations were performed by 27Al MAS NMR
and by 29Si MAS NMR on the 6-month old ground cement pastes.
The tilt angles were π/6 and π/2 respectively. The 27Al MAS spectra
were recorded at a Larmor frequency of 208.5 MHz using a Bruker
Avance II 800 MHz (18.8 T) spectrometer. The spectra were made
up of 2048 free induction decays with a pulse length of 1 μs and a re-
laxation delay of 1 s to ensure quantitative reliability of the intensi-
ties observed for the 27Al central transition for sites experiencing
different quadrupole couplings. The samples were spun at 24 kHz
in 3.2 mm probe, and the chemical shifts were referenced to
Al(H2O)63+. The 29Si MAS spectra were recorded at a Larmor frequen-
cy of 79.5 MHz using a Bruker Avance 400 MHz (9.4 T) spectrometer.
The spectra were obtained with 256 scans (pulse length of 5 μs and
optimized relaxation delay of 120 s). The samples were spun at
5 kHz in a 7 mm probe, and the chemical shifts were referenced to
trimethysilylsilane (TMS). Spectral decomposition was performed
with DMFit software [21].

2.3.2. Characterization of pore solutions
The pore solution pH in the low pH materials was estimated by the

suspensionmethod,which ismuch easier to implement than extraction
of the pore solution under high pressure [22]. It has been shown that in
low pH materials, the pH of the pore solution is controlled by the equi-
librium dissolution of C-S-H [11]. The dilution during preparation of the
suspension was insufficient to desaturate the solution with respect to
this phase and the measured pH was representative of the pore solu-
tion. Conversely, with Portland cement paste, the alkali ions present at
high concentrations in the pore solution are involved in controlling
the pH, and the dilution induced by preparing the suspension results
in a decrease in the measured pH.

A cement suspension was prepared with ultrapure water (decar-
bonated by boiling for 1 h, then cooling in a stream of nitrogen) and
cement paste ground to a particle size below 80 μm (5 g of solid in
45 mL of water). The pH was determined after 24 h of stirring under
inert atmosphere (N2) at the initial sample curing temperature (20,
50 or 80 °C). The high alkalinity measurement electrode was first cal-
ibrated at the same temperature with buffer solutions: borate (pH
9.23 at 20 °C, 9.01 at 50 °C, and 8.88 at 80 °C), carbonate (pH 10.06
at 20 °C, 9.83 at 50 °C, and 9.73 at 80 °C) and calcium hydroxide
(pH 12.63 at 20 °C, 11.71 at 50 °C, and 10.99 at 80 °C). The suspension
was then filtered at the test temperature and the filtrate was acidi-
fied. Its composition was analyzed by ICP-AES (Vista Pro Varian, Ca,
Si, Al, S, Na, K standardization with matrix reconstitution).

3. Results and discussion

3.1. Effect of temperature on the mineralogy of cement pastes

3.1.1. X-ray diffraction
The diffraction patterns of the cement pastes stored at 20 °C, 50 °C,

and 80 °C are compared in Fig. 1 (B40) and Fig. 2 (T1) after 12 months
of curing. Similar results were obtained at earlier age, after 3 and
6 months of curing. The samples consisted mainly of calcium hydrosili-
cate; no portlandite was detected. Raising the temperature resulted in
slightly lower intensity of the C2S reflections (especially at 80 °C),
which could indicate greater reaction progress. It had no effect on the
reflections of C-S-H. No well crystallized calcium hydrosilicate was
identified, even at 80 °C. This result is consistent with observations per-
formed on Portland cement paste at 85 °C [23]. It is in contradiction,
however, with data obtained with synthetic phases showing that stor-
ing C-S-H with a Ca/Si ratio of 0.85 for 145 days at 85 °C results in crys-
tallization of tobermorite, while C-S-H with Ca/Si ratios of 1.1 and 1.4
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lead to the formation of jennite, and C-S-H with a Ca/Si ratio of 1.8 re-
sults in the precipitation of afwillite [24]. For samples that were not
freeze-dried (T1 paste after 6 and 12 months, B40 paste after
12 months), the disappearance of ettringite was observed above
50 °C; this can be explained by the fact that the stability range of ettrin-
gite decreases with temperature in favor of calcium monosulfoalumi-
nate hydrate [25,26]. No new sulfate phase was detected in the
samples stored at 50 °C and 80 °C after 3 and 6 months. After one year
of conservation, however, the diffractogram for B40 paste showed
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Fig. 3. X-ray microanalysis results for B40 and T1 pastes after 6 months of curing at 20 °C ve
0.5) is the Al/Si ratio limit of 0.25 observed in the C-A-S-H [44].
low-intensity peaks characteristic of gypsum (2θ=11.6° and 20.7°
observed at 50 °C and 80 °C) and anhydrite (2θ=25.5° observed at
80 °C). In the case of T1paste, only gypsumwas detected at 80 °C.More-
over, non reactive anhydrous fly-ash phases (mullite, quartz, hematite)
were detected at all temperatures as expected. Glasser et al. [24] inves-
tigated the hydration of binders rich in fly-ash (40% OPC 40% and 60%
FA) at 55 and 85 °C, and reported the formation of zeolites (thomsonite,
phillipsite). Such compounds were not observed in T1 paste after up to
one year.

Increasing the curing time from 3 to 12 months did not result
in any significant change in the sample mineralogy, except for the
precipitation of calcium sulfate in the samples stored at 50 and 80 °C.

3.1.2. X-ray microanalysis
The Ca/Si and Al/Si molar ratios in the cement paste hydrates were

estimated by EDS analysis on polished cross sections prepared from
6-month old samples. To take into account the local heterogeneity
of the materials, 80 measurements were carried out per sample on
different zones, avoiding the residual anhydrous phases (Figs. 3 to 5).

For B40 paste cured at 20 °C (Fig. 4), the Al/Si ratio was relatively
invariable at 0.04±0.01, a value near the initial Al/Si ratio of the an-
hydrous binder (0.046). Aluminum appeared to be mainly inserted in
the C-A-S-H (Fig. 3). The Ca/Si ratio exhibited greater dispersion. The
distribution mode occurred at 0.85±0.05 (for an initial Ca/Si ratio of
0.84 in the anhydrous binder), but a significant number of analyses
gave much lower values—as low as 0.3. EDS mapping of silicon
showed the presence of unreacted or partially reacted silica fume ag-
glomerates (Fig. 6). Therefore, the low Ca/Si measurements probably
originated from the existence of a submicronic mixture of C–A–S–H
and residual silica.

The results for the ternary binder stored at 20 °C were more dis-
persed (Fig. 5). The distribution modes for the Ca/Si and Al/Si ratios
were 0.75±0.05 and 0.07±0.01, respectively. These values are
respectively higher and lower than for the anhydrous binder
(Ca/Si=0.52 and Al/Si=0.19), which can be attributed to a large
unreacted fly-ash fraction. Within the hydrated phases, aluminum
was mostly incorporated in the C-A-S-H (Fig. 3).

For both cement pastes, raising the curing temperature from 20 to
80 °C produced silica enrichment in the C-A-S-H, which resulted in a
slight decrease in the Ca/Si ratio and a more significant drop in the Al/
Si ratio. Under these conditions, the pozzolanic reaction exhibited
greater progress. The dispersion of results was also reduced, which
could indicate greater homogeneity of the hydrates.

3.1.3. Thermogravimetric analysis
Bound water could be compared from one sample to another only

when identical protocols were used to stop hydration. Regardless of
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Fig. 4. Ca/Si and Al/Si ratios measured by X-ray microanalysis in the hydrates of B40 paste (cured for 6 months).
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the curing temperature, the bound water fraction increased steadily
between 3 and 6 months in B40 paste, and between 6 and 12 months
in T1 paste (Fig. 7). Hydration continued throughout these periods,
although no significant mineralogical evolution was observed.

For any given formulation, the bound water fraction appeared to
decrease slightly as the temperature increased (except for the B40
binder after 3 months). This result seems to be in contradiction with
the hypothesis that hydration progressed with temperature, unless
the C-S-H formed at 50 or 80 °C contained less water than those pre-
cipitated at 20 °C. This was actually showed by Odler and Skalny [27]
who investigated hydration of tricalcium silicate at elevated temper-
ature (50, 75 and 100 °C). With increasing temperature, the H/S ratio
of the C–S–H decreased.

3.1.4. NMR
The previous characterizations have shown that C-A-S-H consti-

tutes the main hydrate in low pH materials. X-ray diffraction is not
well adapted for its characterization because of its nanocrystalline
properties. The C-S-H peaks in the diffractograms of Figs. 1 and 2
are broad, poorly resolved, and show no evolution with the sample
curing temperature. In Portland cement and blended (OPC+fly-
ash) cement, higher temperatures are known to modify the C-S-H
structure by lengthening the silicate chains [28–31]. High-resolution
magic-angle spinning NMR is one of the few tools providing
information on the local structure of C-S-H [32–42]. B40 and T1
pastes were therefore characterized by 27Al and 29Si MAS NMR after
6 months of curing at 20 °C, 50 °C and 80 °C.

3.1.4.1. 27Al MAS NMR. The naturally abundant 27Al nucleus (spin 5/2)
has a high gyromagnetic ratio, making it suitable for detection by
NMR. However, analysis of 27Al MAS NMR spectra is complicated by
quadrupolar broadening, which can result in overlapping resonance
peaks when several sites are present. The resolution was enhanced
by using a strong magnetic field and a high rotational speed. There-
fore, we will use the peak maxima for discussion.

The main information derived from the chemical shift of aluminum
concerns the coordination number. It is possible to discriminate between
tetrahedral environments (shifts between 50 and 100 ppm), pentahe-
dral environments (25 to 40 ppm), and octahedral environments (−10
to 20 ppm) (Table 3). 27Al NMR spectroscopy has beenwidely used to in-
vestigate the Al insertion into C–S–H [32–34,37,41–45]. Related 27Al
NMR spectra may exhibit various resonances from Al in IV-, V- and VI-
fold oxygen coordination. Three types of aluminum incorporation in
the tetrahedra of the dreierketten silicate chain have been reported: an
Al[Q3] bridging site across the interlayer [42] or between two dreierket-
ten chains adjacent to the same calcium oxide plane [45], an Al[Q2p]
bridging site charge-balanced by interlayer Ca2+, and an Al[Q2] paired
site [45] (sketch in Fig. 8). Three Al[VI] resonances have been described
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Fig. 5. Ca/Si and Al/Si ratios measured by X-ray microanalysis in the hydrates of T1 paste (cured for 6 months).
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in hydrated Portland cement: δ≈13 ppm for ettringite, δ≈11 ppm for
AFm phases, δ≈5 ppm related to C–A–S–H formation. Three main as-
sumptions have been postulated to assign this latter resonance: it may
correspond to an amorphous aluminate hydrate, designated TAH [34],
to insertion of octahedral aluminum in the interlayer space of C–S–H to
compensate for negative charges of themain layers [42], or to adsorption
on the boarder of the C–S–H particles [45]. It has been shown recently
[45] that there seems to be no relationship between the amount of Al
[V] and Al[VI] and the charge to compensate on the C–S–H main layers,
which contradicts the second assumption. In this article, the third
hypothesis was considered in a first approach, meaning that Al[VI] was
attributed to C–A–S–H for mass balance.

• B40 paste: The spectra for B40 paste are shown in Fig. 9a. Although
the samples were freeze-dried prior to characterization, a sharp
peak corresponding to ettringite was noticed for a chemical shift
of 13.2 ppm. According to Skoblinskaya and Krasilinov [46,47], the
decomposition of ettringite in vacuum occurs in four discrete stages.
Initially, zeolitic water is lost, the water content decreasing from 32
H2O to ~30 H2O per formula unit. In stages 2 and 3, water bonded
to calcium is lost in two stages, decreasing from ~30 H2O to ~18 H2O,
and subsequently to ~6 H2O. The ettringite structure seems to
collapse during this third stage and becomes X-ray amorphous.
Zhou et al. [48] investigated more carefully the structure of metta-
ettringite, the dehydroxylated product containing 11–13 H2O per
formula unit, and concluded that the columns [Ca3Al(OH)6]3+ are
preserved but, as intercolumnar water is lost, individual columns
move closer together and order at long distance is lost. Freeze-
drying thus strongly affected the X-ray diffraction pattern of ettrin-
gite but, the local environment of aluminium atoms in the columns
being preserved, this mineral could still be detected by 27Al-MAS
NMR.

The disappearance of ettringite was obvious for curing tempera-
tures of 50 and 80 °C, and a component was clearly observed for a
chemical shift of 10.1 ppm in the samples stored at 20 and 50 °C. Such
a shift is characteristic of aluminum at an octahedral site in an AFm
phase [49]. This type of phase was not detected by X-ray diffraction,
because of its very low content and/or its poor crystallinity. B40 paste
thus appeared to contain small quantities of an AFm phase, perhaps
hemicarboaluminate due to incipient carbonation, or to the cement car-
bonates reaction. Hemicarboaluminate is unstable above 50 °C [50],
which could account for its disappearance in the sample stored at 80 °C.

Spectral decomposition was performed. In ettringite, aluminum
occurs in a highly symmetrical sixfold coordination. It experiences
no electrical field gradient and no quadrupolar effect, and the corre-
sponding lineshape used was a simple Lorentzian. The Czjzek model
has been shown to be applicable to quadrupolar nuclei with a coordi-
nation at least equal to four in a wide range of disorderedmaterials. In
particular, it was successfully applied to 27Al NMR spectra of calcium
monosulfoaluminate hydrate and TAH [51]. We thus used this model
for spectral decomposition of asymmetric peaks related to Al[V], Al
[VI], and in some cases to Al[IV]. Fig. 9b, for example, shows a simulat-
ed 6-component spectrum for B40 paste cured at 20 °C and Table 4
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summarizes the distribution of the aluminum sites versus tempera-
ture. As previously explained, we assumed in a first approach that
Al[VI], which was closely associated with C–A–S–H, could be attribut-
ed to this hydrate for mass balance.

In the C-A-S-H, raising the curing temperature slightly increased the
aluminum fraction at Q2p or Q3 sites, whichwas offset by smaller alumi-
num fractions at pentahedral sites. The peak recorded for chemical
shifts between 58.2 ppm and 64.6 ppm (Al Q2p and/or Q3 site) could
be correctly fitted by a Gaussian distribution for the sample stored at
20 °C, but included two asymmetric components (at 64.4–64.6 ppm
and 57.1–57.9 ppm) for samples stored at higher temperatures.

• T1 paste: Analysis of the spectra for T1 paste was complicated by
the superimposed resonance peaks of fly-ash and cement hydrates
(Fig. 10), and only qualitative analysis was performed. Ettringite
was partially destabilized by curing at 50 °C, and completely at
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80 °C. At all three curing temperatures, the samples contained an
AFm phase that had not previously been identified by X-ray diffrac-
tion. The resonance peaks of ettringite and the AFm phase were
3 ppm higher than in the reference data, which could be due to the
presence of iron (supplied by fly-ash) in these compounds.

3.1.4.2. 29Si MAS NMR. The 29Si nucleus (spin 1/2) exhibits very low
natural abundance (4.7%), with a low gyromagnetic ratio γ. It there-
fore has low NMR sensitivity. In addition, its relatively long relaxation
time (up to several hundred seconds in some cases) required long re-
cording times (about 9 h) to obtain a usable signal/noise ratio. The
chemical shifts for silicates in the solid phase ranged between −60
and −120 ppm compared with TMS. This range can be subdivided
according to the degree of connectivity of the silicate tetrahedra
[52]. In C-A-S-H, the chemical shifts of silicates with first-neighbor
aluminates are modified by:

• a 3 to 5 ppm increase in the chemical shift of a silicate with one
neighboring aluminate, designated Qn(1Al),

• a 10 ppm increase in the chemical shift of a silicate with two neigh-
boring aluminates, designated Qn(2Al).

Fig. 8 summarizes locations of silicates observed by Pardal et al.
[45] and the corresponding chemical shifts. The overlapping reso-
nance peaks for adjacent chemical shifts make it difficult to identify
the silicate sites without a clear idea of the short-range material
structure. Spectral decomposition constraints were thus added by as-
suming the C-A-S-H model as described in Fig. 8, in which tetrahedral
aluminum is substituted for silicates at Q2, Q2p and Q3 sites (all quan-
tities are in percentages).

(i) The dreierketten structure of C-A-S-H silicate chains requires:

Q2p þ Q2p 1Alð Þ þ Q3 þ Q3 1Alð Þ ¼ 1=2 Q2þ Q2 1Alð Þ½ � ð1Þ

(ii) Each Si at a Q2p(1Al) site has an Al neighbor substituted for Si
at a Q2 site.

Q2p 1Alð Þ% ¼ Al IVð Þ at a Q2site ð2Þ



Table 3
Chemical shifts (δ), asymmetry parameters (η) and quadrupolar coupling constants (CQ) of aluminum in cement phases investigated by 27Al-MAS NMR.

Phase Coordination number Chemical shift Reference

Alite, belite Al[IV] Al[IV] δiso=86 ppm [65]
Al[IV] δcg1/2–1/2≈86 ppm with B0=14.1 T [34]

C3A Al[IV] Al(1): δiso=79.5±0.5 ppm, CQ=8.69±0.05 MHz, η=0.32±0.02
Al(2) :δiso=78.3±0.5 ppm, CQ=9.30±0.05 MHz, η=0.54±0.02

[49]

δcg1/2–1/2≈81 ppm, Al in an impure form in C3A with B0=14.1 T [34]
Al1 : δiso=81.4 ppm, CQ=8.9 MHz, η=0.32 (50%)
Al2 : δiso=81 ppm, CQ=9.5 MHz, η=0.56 (50%)

[66]

Al1 : δiso=86 ppm CQ=8.7 MHz η=0.3 (43%)
Al2 :δiso=88 ppm CQ=8 MHz η=0 (57%)

[67]

C–A–S–H Al[IV] Al[IV] at Q2 or Al[IV] at Q2p compensated by Al[V] or Al[VI] between
layers : δcg1/2–1/2≈74 ppm with Bo=17.5 T

[42]

δiso=74.6 ppm CQ=4.5 MHz or δcg1/2–1/2≈72 ppm with B0=14.1 T [33]
δcg1/2–1/2≈70 to 73.7 ppm, with B0=9.4 T [68]
δcg1/2–1/2≈70 ppm, with B0=7.05 T [69]
δcg1/2–1/2≈71 ppm, with B0=19.6 T [70]
δiso=74 ppm CQ=3.7 MHz η=0.6 [66]
δiso=60–67 ppm—Al[IV] in Q2p site with charge compensation by Ca2+

between layers and Al[IV] in Q3 site
[45]

Al[V] δiso=33 ppm low intensity [45]
δcg1/2–1/2≈35 ppm with B0=14.1 T [34]
δiso=38.5 ppm, [37]
δcg1/2–1/2≈30 ppm with B0=7.05 T [69]
δiso=39.9 ppm CQ=5.1 MHz or δcg1/2–1/2≈33.5 ppm with B0=14.1 T [33]

Al[VI] δiso=3.5 ppm [45]
Mullite Al[IV] δcg1/2–1/2≈56 ppm with B0=7.05 T [56]

Al[VI] δcg1/2–1/2≈-2 ppm with B0=7.05 T [56]
Ettringite Al[VI] δiso=13.1±0.1 ppm, CQ=0.360±0.010 MHz, η=0.19±0.03 [49]

δiso=13.2 ppm [51]
δiso=13 ppm, CQ=1.8 MHz, η=0.6 [66]

Silicated katoite Al[VI] δiso ~12 ppm (main signal), and δiso ~4 ppm (lower intensity) [67]
Calcium monosulfoaluminate hydrate or other AFm
phases (e.g. Friedel's salt or C4AH13)

Al[VI] δiso=11.8±0.2 , CQ=1.7±0.2 MHz [49]
δ=10.3 ppm, asymmetric peak, Czjzek model [51]
δcg1/2–1/2≈9.5 ppm with B0=14.1 T [34]

γ-AH3 Al[VI] Al(1) δiso=8.1 ppm (main signal) and δiso=−1.6 ppm (lower signal) [67]
Amorphous aluminum hydroxide (TAH) or calcium
aluminate hydrate produced as a separated phase or
as a nanostructure precipitate on the C-S-H surface

Al[VI] δiso=5±0.1 ppm CQ=1.13 MHz Degradation at about 70–90 °C [34]
δiso=6.5 ppm, asymmetric peak, Czjzek model [51]
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(iii) Each Al substituted for Si at a bridging site (Q2p or Q3) has two
Si neighbors at a Q2(1Al) site, and each Al substituted for Si at
Q2 has a Q2(1Al) neighbor.

Q2 1A1ð Þ% ¼ 2A1 IVð Þat a bridging site

þ1 Al IVð Þ at a Q2 site

ð3Þ
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Fig. 8. Schematic representation of finite aluminosilicate chains in a C-A-S-H structure (cal
Given the quantities of aluminum and silicon in B40 paste, the sil-
icon fractions at Q2p(1Al) and Q2(1Al) sites could be inferred from the
aluminum NMR results (Table 5). Q2p(1Al) sites accounted for less
than 1%, and were not taken into account in the remainder of the
study. Finally, the possible variation range for chemical shifts related
to each type of site was bounded on the basis of published findings
(Fig. 8).
p
l)

2 Q2 Q2 Q1 Q1
Q2

(1Al)
Q2

(1Al) Q1

Q3
(1Al)

1 Q2
(1Al)

Q2
(1Al)

Q1
Q1 Q1

Al[IV]
Q3

Q2 Q2

Q2p

Al[IV]
Q2p

l) Q2p Q2 Q3(1Al) + Q3

81] [−83; −82] [−86; −85] [−93; −86]

cium planes are not shown)—silicate locations and corresponding chemical shifts [45].
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• B40 paste. The 29Si spectrum for B40 paste versus the curing tem-
perature (Fig. 11) decomposed into 8 components using Gaussian and
Lorentzian line shapes (Table 6). The fraction of residual anhydrous
phases (C2S, C3S) diminished when the curing temperature increased
from 20 to 80 °C, resulting in greater progress of hydration as already
shown by X-ray diffraction. Raising the temperature from 50 to 80 °C
also resulted in a significant drop in the Q4 signal for silica fume, al-
though SEM observations revealed the presence of residual silica in
the paste even at that temperature. It should be noted, however,
that all three spectra included a component near −100 ppm, the
area of which increased significantly between 50 and 80 °C. This
type of chemical shift is characteristic of Si at Q3 sites in silica fume
[53]. Raising the temperature from 50 to 80 °C therefore depolymerized
Table 4
Distribution of aluminum sites (%) in B40 cement paste according to curing temperature
(figures in parentheses correspond to fractions calculated with respect to the C-A-S-H
sites only).

Chemical
shift (ppm)

Line shape
used

Assignment of peaks Temperature (°C)

20 50 80

[72–74.1] Gaussian C-A-S-H Al(IV) at Q2 site b1 (b1) 2 (2) 2
[58.2–64.6] Gaussian

Czjzek model
C-A-S-H Al(IV) at Q2p

or Q3 sites
44 (65) 67 (69) 72

[29–30] Czjzek model C-A-S-H Al(V) 8 (12) 5 (5) 5
13.2 Lorentzian Ettringite 27 0 0
[11.0–11.1] Czjzek model AFm 6 3 0
[4.5–5.9] Czjzek model C-A-S-H Al(VI) 15 (22) 23 (24) 21
Total C-A-S-H 68 97 100
the silica fume byhydrolysis.Moreover, the pozzolanic reactionwas en-
hanced, as evidenced by the reduction in the proportion of silica fume
(Q3+Q4 sites). The fractions of Q2(1Al) sites were slightly underesti-
mated with respect to the values calculated from 27Al NMR spectra.
The dreierketten structure constraint was satisfied within the uncer-
tainty on the occupancy of the different sites ([Q2p+Q3+Q3(1Al)]/
[Q2+Q2(1Al)]=0.48 at 20 °C, 0.50 at 50 °C and 0.51 at 80 °C). Increas-
ing the curing temperature resulted in lengthening (fewer Q1 sites) and
cross-linking (additional Q3 and Q3(1Al) sites) of the silicate chains.
Lengthening of these chains has already been observed in Portland ce-
ment pastes [28]. However, under identical curing conditions, the
chain length in these materials is always much shorter than that mea-
sured for B40 paste (Q2/Q1 ratio for C-A-S-H: 0.8 at 20 °C, 1.3 at 50 °C
and 1.7 at 80 °C in Portland cement paste [54], and 4.3 at 20 °C, 6.8 at
50 °C and 24.3 at 80 °C in B40 paste). The fraction of silica fume con-
sumed in B40 paste after six months of curing was assessed from the
29Si NMR spectra: it ranged from 77 to 86% depending on the tempera-
ture (Table 7). This fraction was higher than that estimated by Lothen-
bach et al. [16] on a 1 year-old cement paste of similar composition. In
our study, the reactivity of silica fume was improved by the co-
grinding treatment applied to the binder before mixing. Our results
were however in good agreement with a previous work of Le Saout et
al. [55] investigating by 29Si MAS-NMR the pozzolanic activity progress
of silica fume in two low permeability cement recipes developed for oil-
well cementing. The silica fume to cement ratio was initially equal to
0.24. After 7 months of curing at 20 °C and 105 Pa, or 80 °C and
7×106 Pa, the fractions of silica fume consumed were 75% and 88%
respectively.
Table 5
Estimated silicon fractions at Q2(1Al) and Q2p(1Al) sites in B40 pastes based on 27Al
NMR results.

Sample B40

Curing temperature (°C) 20 50 80
Paste mass (g) after end of hydration 10 10 10
Total mass loss by TGA (%) 18.6 17.1 17.0
Cement mass (g) 8.14 8.29 8.30
Al (mmol) 3.289 3.350 3.354
Si (mmol) 70.06 71.35 71.44
Q2p(1Al) sites (%Al) 1 2 2
Q2(1Al) sites (%Al) 89 136 146
Q2p(1Al) sites (mmol) 3.289×10−2 6.700×10-2 6.708×10-2

Q2(1Al) sites (mmol) 2.927 4.556 4.897
Q2p(1Al) sites (%Si)a 0.05 (±0.05) 0.09 (±0.09) 0.09 (±0.09)
Q2(1Al) sites (%Si)a 4.2 (±0.3) 6.4 (±0.3) 6.9 (±0.3)

a Uncertainties calculated assuming the fractions (%) of each site are determined
within ±2%.



Table 7
Effect of curing temperature on residual silica fraction and on Al/Si ratio in C-A-S-H for
B40 pastes.

Sample B40

Curing temperature (°C) 20 50 80
Paste mass (g) after end of
hydration

10 10 10

Al (mmol) 3.289 3.350 3.354
Si (mmol) 70.06 71.35 71.44

Silica
fume

% of Si sites relative to silica
fume

17 18 11

Residual silica fume (mmol) 11.9 12.8 7.86
Residual silica fume (g) 0.716 0.772 0.472
Initial silica fume (g) 3.256 3.316 3.320
Residual silica
fume (%)

22 (±3) 23 (±3) 14 (±3)

C-A-S-H % of Si sites relative
to C-A-S-H

79 79 87

% of Al sites relative
to C-A-S-H

71 98 100

Si in C-A-S-H (mmol
for 10 g sample)

55.3 56.4 62.2

Al in C-A-S-H (mmol
for 10 g sample)

2.34 3.28 3.35

Al/Si 0.04
(±0.01)

0.06
(±0.01)

0.05
(±0.01)

Al/Si estimated by EDX 0.04
(±0.01)

0.035
(±0.005)

0.03
(±0.005)
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Fig. 11. (a) 29Si MAS NMR spectra for B40 paste after 6 months at 20 °C, 50 °C and
80 °C; (b) example of spectral decomposition for a sample stored at 20 °C.
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Using the data provided by 29Si and 27Al NMR, it was also possible
to assess the Al/Si ratio in the C-A-S-H, which ranged between 0.04
and 0.06 (Table 7). It should be noted that very similar results were
achieved by assuming that the peak at δ~5 ppm on 27Al NMR spectra
corresponded to Al[VI] in a distinct phase from C–A–S–H (Al/Si=0.03
at 20 °C, 0.04 at 50 °C, and 0.04 at 80 °C). The Al/Si ratios calculated
from NMR results were in fairly good agreement with those measured
by EDS analysis.

• T1 paste: The 29Si spectrum for fly-ash (Fig. 12) had four components
that could be identified by their chemical shift: mullite (−88.1 ppm
[56]), amorphous silica at Q3 (−101.9 ppm [53]), amorphous silica
Table 6
Distribution of silicon sites (%) in B40 cement paste according to curing temperature
(figures in parentheses correspond to fractions calculated with respect to the C-A-S-H
sites only).

Shift (ppm) Assignment of peaks Temperature (°C)

20 50 80

[−73.5; −74.9] C2S, C3S 5 4 1
[−79.2; −79.6] C–A–S–H Q1 11 (14) 7 (9) 2 (2)
[−81.0; −81.7] C–A–S–H Q2(1Al) 3 (4) 3 (4) 3 (3)
[−82.7; −82.8] C–A–S–H Q2p 13 (17) 12 (15) 12 (14)
[−85.3; −85.8] C–A–S–H Q2 43 (54) 45 (57) 53 (61)
[−90.7; −91.3] C–A–S–H Q3(1Al) and Q3 9 (11) 12 (15) 17 (20)
[−98.1; −100.4] Silica fume Q3 3 4 10
[−108.9; −111.1] Silica fume Q4 14 14 1
Total C-A-S-H 79 79 87
Total silica fume 17 18 11
at Q4 (−112.8 ppm [53]), and quartz (−108 ppm [56]). Decomposi-
tion of the 29Si NMR spectra for T1 paste was complicated by overlap-
ping of the resonance peaks of the cement hydrates with those of fly-
ash and only qualitative analysis was performed (Fig. 13). As for B40
paste, raising the temperature from 50 to 80 °C resulted in silica
fume depolymerization: the silica fraction significantly diminished
at Q4 sites, and increased at Q3 sites. Increasing the curing tempera-
ture resulted in lengthening (fewer Q1 sites) and cross-linking (addi-
tional Q3 sites) of the silicate chains.

3.2. Effect of temperature on the chemical composition of cement paste
pore solutions

The pH of the cement paste pore solutions was assessed by the
suspension method (Table 8). Increasing the curing temperature
from 20 to 80 °C lowered the cement suspension pH by between 1.8
unit (T1 paste after 3 months) and 2.3 units (B40 paste after
3 months). The pH reduction resulted from the temperature-
dependent variation of the activity coefficients (the pKe of water di-
minishes from 14.17 at 20 °C to 13.26 at 50 °C and 12.60 at 80 °C),
and from silica enrichment of the C-S-H. The pore solution pH varied
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Fig. 12. 29Si MAS NMR spectra for fly-ash.
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Fig. 13. 29Si MAS NMR spectra for T1 paste after 6 months at 20 °C, 50 °C and 80 °C.
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only slightly between 3 and 12 months. Only T1 binder resulted in a
pH below 11 at all these temperatures.

The composition of the liquid fraction in the suspensions used to
measure the pH was analyzed by ICP-AES (Table 8). The consistency
of the results (taking into account all the major species and the mea-
surement accuracy) was estimated by comparing the experimentally
measured pH with the value calculated using JChess [57] based only
on the experimentally measured Ca, Al, Si, S, Na and K concentrations
and the temperature (adjusting the hydroxide ion concentration to
ensure electroneutrality). The results obtained using both methods
were generally in good agreement, validating the experimental
protocol.

Assuming that the solutions were in equilibrium with the phase as-
semblages, the saturation indexes of the cement phases were calculated
from the solution compositions at 20 °C. According to the thermodynam-
ic database used, which contained two C-S-H stoichiometries (C-S-H
(1.1) with a Ca/Si ratio of 1.1, and C-S-H (1.8) with a Ca/Si ratio of 1.8)
[58,50], the solutions obtained with B40 paste were at equilibrium with
ettringite and C-S-H (1.1), which is in good agreement with the experi-
mental results. The T1 paste solutions were slightly over- or undersatu-
rated with respect to ettringite and C-S-H (1.1), but also with respect
to gibbsite. The latter phase was not demonstrated experimentally, per-
haps because the aluminum was partially inserted in the C-S-H, which
was not taken into account by the model.

Raising the curing temperature of B40 and T1 pastes resulted in a
sharp increase in the sulfate concentration in solution, as already ob-
served with Portland cement paste [59]. Mineralogical analysis of the
solid revealed the disappearance of ettringite from the samples stored
at 50 °C and 80 °C and the precipitation of traces of calcium sulfate
(gypsum, and possibly anhydrite) after curing for one year. The
Table 8
Composition (concentrations in mmol/L) and pH of the liquid fraction of cement suspensio

Paste Curing time
(months)

Temp.
(°C)

Ca Si S Na K Al Measured
pH

Calculated
pH

P

B40 6 20 4.1 1.1 2.7 1.5 0.8 0.01 11.5 11.7 E
50 9.2 0.8 9.6 2.5 1.9 0.03 10.3 10.6 –

80 9.1 1.5 9.9 2.7 2.4 0.02 9.3 9.9 –

12 20 4.0 0.8 2.5 1.4 0.8 0.04 11.5 11.7 E
50 8.0 0.8 9.1 2.4 1.9 – 10.2 10.4 –

80 10.4 0.7 11.9 2.3 1.6 0.02 9.3 9.3 –

T1 6 20 3.2 2.1 3.2 1.8 1.1 0.01 11.0 11.0 C
E

50 6.0 2.0 6.6 2.2 1.4 0.01 10.1 10.1 –

80 6.5 3.0 7.4 2.5 1.7 – 9.1 9.3 –

12 20 4.2 1.2 4.5 1.9 1.1 0.01 11.1 11.2 E
G

50 6.8 1.5 7.6 2.1 1.5 – 10.1 10.0 –

80 7.1 2.2 8.5 2.5 1.7 – 9.1 9.2 –
calculated saturation indexes showed that solutions in contact with
B40 and T1 binders after 12 months of curing at 80 °C were over-
saturated with respect to anhydrite (log β=0.256 and 0.052 respec-
tively). The solubility of gypsum does not vary significantly with
temperature between 25 °C and 90 °C (0.0154 mol/L at 25 °C,
0.0153 mol/L at 45 °C, 0.0146 mol/L at 70 °C, 0.0136 mol/L at 90 °C
[60,61]). In contrast, anhydrite exhibits retrograde solubility and
becomes more stable than gypsum at temperatures above 40±2 °C
[62,63]. The gypsum observed in some samples stored at high
temperatures was thus not thermodynamically stable.

The soluble sulfate fraction was always less than 100% (Table 8),
even in samples where ettringite degradation was observed without
reprecipitation of a sulfate phase. Part of the sulfate therefore
remained in the solid phase, probably adsorbed on the C-A-S-H. How-
ever, the ability of calcium hydrosilicate to sorb sulfates decreases
with their Ca/Si ratio [64], which explains why the sulfate fraction
in solution in low pH binder suspensions at 50 and 80 °C is much
higher than that obtained under the same conditions with Portland
cement (3.1% for a paste hydrated for 6 months at 80 °C [54]).

The concentrations of other ionic species tended to increase more
slowly with temperature. This could result mainly from the variation
of their activity coefficients which are known to decrease with a tem-
perature increase. Assuming almost constant activities would imply a
slight increase in their concentrations.

4. Conclusion

Several conclusions can be drawn after one year of observation of two
low pH cement pastes prepared from a binary binder (B40: Portland ce-
ment+silica fume) or a ternary binder (T1: Portland cement+silica
fume+fly-ash).

(1) The C-A-S-H, which constitutes the main hydrate, was poorly
crystallized at the three curing temperatures studied. It was
characterized by low Ca/Si ratios (0.75 and 0.85, respectively,
for T1 and B40 pastes cured for 6 months at 20 °C, compared
with 1.7 for a Portland cement material). The C-A-S-H for T1
paste differed from that of B40paste by its higher aluminum con-
tent (Al/Si ratios of 0.07, comparedwith 0.04 for B40 binder). The
C-A-S-H in B40 and T1 pastes had much longer silicate chains
than in Portland cement paste, which is consistent with its
lower Ca/Si ratio. Increasing the temperature resulted in a slight
reduction in the Ca/Si ratio. At a structural level, lengthening and
cross-linking of the C-A-S-H silicate chains were observed.

(2) Ettringite in the pastes stored at 20 °C was destabilized by the
temperature rise. The sulfates released were partially adsorbed
on C-A-S-H and dissolved in the pore solution. Traces of calci-
um sulfate (gypsum and anhydrite for B40 paste, gypsum for
ns.

hases at equilibrium with solution Fraction of sulfates
released in solution (%)

ttringite log β=2.152 C–S–H(1.1) log β=0.161 15.4
54.0
56.1

ttringite log β=3.39 C–S–H(1.1) log β=0.064 15.1
53.4
70.4

–S–H(1.1) log β=−0.424 Gibbsite log β=−0.604
ttringite log β=−0.669

23.3

46.0
52.1

ttringite log β=0.678 C–S–H(1.1) log β=−0.427
ibbsite log β=−0.733

33.1

54.9
60.7
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T1 paste) were detected after one year in samples stored at
80 °C (B40 and T1) and 50 °C (B40).

(3) The temperature rise reduced the pore solution pH by about 2
units and caused the sulfate concentration to increase through
dissolution of ettringite. Conversely, the soluble alkali fractions
did not change significantly.

Hydration remained incomplete in all the materials investigated,
even after one year of curing at 80 °C. With regard to the use of
these materials in a geological repository, it will be important to
determine the final state toward which they could evolve.
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