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The long term behaviour of cement based materials is strongly dependent on the paste microstructure and
also on the internal chemistry. A CEM V blended cement containing pulverised fly ash (PFA) and blastfurnace
slag (BFS) has been studied in order to understand hydration processes which influence the paste micro-
structure. Solid-state NMR spectroscopy with complementary X-ray diffraction analysis and selective dis-
solution techniques have been used for the characterization of the various phases (C3S, C2S, C3A and C4AF) of
the clinker and additives and then for estimation of the degree of hydration of these same phases. Their
quantification after simulation of experimental 29Si and 27Al MAS NMR spectra has allowed us to follow the
hydration of recent (28 days) and old (10 years) samples that constitutes a basis of experimental data for the
prediction of hydration model.
l rights reserved.
© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cements are widely used in the world as building materials and
also for the storage and disposal of nuclear wastes in the nuclear indus-
try. The interest of this material is due to its mechanical and chemical
properties [1]. Portland cements are constituted by clinker (95%) which
is a polyphasic material including calcium silicates (Ca3SiO5=C3S or
alite, Ca2SiO4=C2S or belite), calcium aluminates and aluminoferrite
at which calcium sulphate is added [2]. These cements usually contain
50–75wt.% alite and 5–30wt.% belite. In order to reduce CO2 emission
and also because of their interesting transport properties in the case
of the use in waste disposals, blended cements and especially CEM V
cements in which clinker is blended with blastfurnace slag (BFS) and
pulverised fly ash (PFA) are more and more used [3,4]. Cement chem-
istry has been widely studied for decades and the effect of supple-
mentary cementitious materials (SCMs) such as BFS and PFA is more
recently extensively studied. However due to its complexity, the re-
activity of the ternary system clinker BFS PFA is less well known. So
it is crucial to understand the hydration mechanisms of these CEMV
cements, and the relation between the chemical properties and the
long term behaviour of this kind of material. The characterization of
anhydrous constituents and the estimation of the degree of hydration
of each component during time aim to constitute a basis of experimen-
tal data to predict the evolution of this cement material. Multinu-
clear magic-angle spinning (MAS) NMR has been successfully applied
[5–10] during recent years because local structural information can
be provided even in the absence of long-range structural order. 29Si
MAS NMR studies [11–13] have enabled to characterize the different
silicate phases in the clinker and to follow the hydration reactions
of alite, belite and industrial by-product additions in these cements.
Due to the overlapping of resonance lines of these various compounds,
their amounts are obtained by decomposition of 29Si MAS NMR spec-
tra. As CEM V cements contain relatively important quantities of alu-
minium (C3A, C4AF, PFA and BFS), it is also of interest to characterize
aluminium in anhydrous CEM V cements by 27Al MAS NMR [14–20]
and to follow the hydration of these aluminate phases. But the dif-
ficulty for nuclei with IN½ like 27Al is the quadrupolar interaction
which leads to broadened spectra. A good improvement for resolution
of different resonances may be obtained by recording 27Al MAS NMR
spectra at high field [9,15,20] together with high-speed spinning
frequency (νr≥10 kHz). 27Al MAS NMR has proven to be a very use-
ful tool to probe Al sites in cement materials since the 27Al isotro-
pic chemical shift distinguishes clearly between various tetrahedral
Al (IV) or octahedral Al (VI) coordination [21,22]: indeed in the an-
hydrous phases (with the exception of the ferrite phase C4AF) alu-
minium occurs in tetrahedral sites, whereas in the hydrated phases
it occurs only in octahedral sites (except for substitution for sili-
con in tetrahedral sites). Furthermore the 27Al quadrupole coupling
parameters (CQ and η) may give additional information about the
symmetry of the electronic environment around the Al nucleus. In
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Table 1
Composition of theCEMVcementwith thepercentage inweight of different components.

% Weight
in clinker

% SiO2 % Al2O3 % CaO % Fe2O3 % MgO

CEM V composition 100% 27.7% 11.6% 47.1% 2.9% 2.7%
Constituent composition
Clinker 55% 14.8% 5.3% 67.4% 2.2% 1.2%
Blastfurnace slag 22% 36.1% 10.9% 42.9% 0.7% 7.6%
Pulverised fly ash 23% 50.5% 27.4% 2.5% 6.6% 1.6%
Gypsum 5%

Table 2
Composition of the CEM V cement with the percentage in weight of different compo-
nents and silicate phases using Bogue and Rietveld analysis.

Proportion
by weight

Repartition of Si Repartition of Al

Clinker 55% 29.4% 9.6%
Bogue Rietveld Bogue Rietveld Bogue Rietveld

C3S 34.9% 36.4% 21.7% 23.3% – –

C2S 9.3% 7.1% 7.7% 6% – –

C3A 5.2% 5.6% – – 6.1% 6.1%
C4AF 5.6% 5.9% – – 3.6% 3.6%
Blastfurnace slag 22% 28.7% 19.3%
Pulverised fly ash 23% 41.9% 71%
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Portland cements Skibsted et al. [11] have shown that 29Si MAS NMR
spectroscopy is a very valuable tool for quantifying the silicate phases.
In this work we have characterized anhydrous CEM V and hydrated
cement pasteswith hydration times of 28days, 1year and also 10years
in order to quantify the various constituents (C3S, C2S, PFA and BFS)
and to follow the hydration of these various phases by 29Si and 27Al
NMR spectroscopy.

The main constituents of the CEM V used in this study are the
clinker, pulverised fly ash, blastfurnace slag and gypsum as shown in
Table 1where the percentage ofmajor components of each constituent
is also reported. These data show that 29Si MAS NMR should be a good
method for characterizing the clinker (i.e. C3S and C2S) and the blast-
furnace slag which are essentially constituted by SiO2 (36%), Al2O3

(11%) and also CaO (42%). The 27Al MAS NMR spectroscopy is comple-
mentarily well adapted for the characterization of pulverised fly ash
which is very rich in Al2O3 (27%). 29Si and 27Al MAS NMR spectra of
reference compounds have been recorded first for simulation of the
NMR spectra of CEM V cements.

A method of selective dissolution has also been used to follow the
hydration degree of the blastfurnace slag (BFS) and pulverised fly ash
(PFA). Recently it was shown [23] that these two techniques are use-
ful methods for estimating the degree of hydration of silicate and
aluminate phases in cement–blastfurnace slag blends. The portlandite
content in hydrated samples has also been evaluated by thermal
analysis (TGA).

2. Experimental

2.1. Materials

Commercial anhydrous CEM V cement was used in this study and
obtained fromHolcimFranceBenelux. Its composition in termsofmetal
oxide composition is given in Table 1. Two series of hydrated samples
were prepared from this cement corresponding to initial water/cement
ratio of 0.3 and 0.4. For each series the hydration degrees of a recent
(28 days and 1year) and an old hydrated sample (10 years) were in-
vestigated. For the latter samples a CEMV cement from the same plant
with blastfurnace slag and fly ash from the same places was used. The
average composition of this cement as given by the producer was the
same as the new one and the standard deviation over 1year was less
than 2%. Some additional samples were also hydrated 1, 7 and 90 days
and analysed only by TGA and selective dissolution method. Samples
were mixed by hand and cast in cylindrical moulds (8 cm high and
6 cm in diameter). After 24 h theywere demoulded and stored at 20 °C
in saturated lime solutions. The 10 year old samples were kept 1year
in a saturated lime solution and then stored in closed containers at
constant temperature (20 °C and 100% of relative humidity). Before
analysis, hydrated samples were ground and sieved until most of the
material passed through a 63 µm sieve.

The SCMs reference samples, pulverised fly ash (PFA) and
blastfurnace slag (BFS) are those used in the CEM V. The reference
clinker phases (C3A, C4AF, alite and belite) are provided by Lafarge
LCR. The samples were kept in desiccators to prevent atmospheric CO2

contamination.
2.2. NMR measurements

29Si MAS NMR spectra were collected on a Bruker DMX 300 spec-
trometer (magnetic field of 7.05 T) using a CPMAS probewith 7 mmo.
d. ZrO2 rotors at a spinning frequency of 5 kHz. Recycle delays of 60 s
to 120 s were employed for single-pulse acquisition to ensure com-
pletely relaxed spectra and quantitative results. An estimation of the
29Si spin-lattice relaxation time T1 was derived by progressive satu-
ration methods using recycle delays of 60 s to 600 s. The total accu-
mulation time of a 29Si spectrum was typically between 1 and 2days.
Cross-polarization 1H–29Si experiments were performed on hydrated
samples using a recycle time of 2 s and a contact time of 1.5 ms.

27Al MAS NMR spectra were acquired on a Bruker Avance 500
WB spectrometer (magnetic field of 11.75 T) using 2.5 mm o.d. ZrO2

rotors. All experiments were acquired using a single-pulse excitation
with a non selective short pulse (π/12) to ensure quantitativenesswith a
2s relaxation delay and a spinning frequency of 31.25 kHz. For C3A and
C4AF a 4 mm o.d probe was used with a spinning frequency of 12.5 kHz.

29Si and 27Al chemical shifts are referenced to external samples
of tetrakis (trimethylsilyl)silane (TKS) and a 1 M aqueous solution of
AlCl3.6H2O, respectively. In order to perform a quantitative analysis, 27Al
MAS NMR spectra were fitted using a homebuilt package [24] im-
plementing advanced features for the description of the lineshape for
disordered materials [25]. Notably, in order to take into account the
effects of the NMR parameter distribution, a Gaussian Isotropic Model
(GIM)was used for thequadrupolar interaction andanormal (Gaussian)
distribution for the isotropic chemical shift. This fitting procedure
provides the mean and standard deviation value of isotropic chemical
shift, and the mean value of the quadrupolar coupling parameter PQ:

PQ = CQ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + η2

=3

q

where CQ is the quadrupolar coupling constant (CQ=e2qQ/h) and η
the asymmetry parameter of the electric gradient field (EFG) tensor.

2.3. XRD analysis

Anhydrous clinker was investigated by X-Ray Diffraction using a
Bruker D8 diffractometer equipped with a high-speed Advance detec-
tor. A quantitative analysis of the cement has been performed from the
X-ray pattern by the Rietveld method with the Topas software mainly
in order to estimate the proportionof alite andbelite and to compare to
the Bogue calculation. The results of both calculations are given in
Table 2. The contribution of each phase to the 29Si and 27Al NMR signal
is also reported. They were calculated from the chemical analysis of
each phase using the mineralogical composition.

2.4. Selective dissolution technique

The selective dissolution procedure used in this work is derived
from the procedure described by Luke and Glasser [26] for
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blastfurnace slag–cement blends. Preliminary tests showed that fly
ash appeared to be also insoluble in these conditions; accordingly we
used this procedure to determine the amount of unhydrated material.
Of course it is not possible to distinguish the fly ash from the slag in
this way.

In this procedure, 125 mL of 0.1 M Na2CO3 solution containing
also 0.05 M EDTA was prepared. 12.5 mL of a 1:1 triethanolamine:
water (by volume) mixture was then added with 125 mL of water.
The pH was then adjusted at 11.6±0.1 with a 0.1 M NaOH solution:
0.25 g of the ground and sieved powder was added to the dissolution
mixture and stirred on a vibrating table during 30 min. The residue
was filtered under vacuum and dried in an oven at 105 °C during 20 h.
All residual material was washed 7 timeswith 20 mL of distilled water
then 3 times with 20 mL of methanol before being dried once again at
105 °C during 24 h and weighted. The results are corrected from the
residue obtained by dissolving the clinker in the same conditions.

The ratio of slag+FA which was reacted is calculated according to

%reactedPaddition

= 100−w2 + ð%maddition × %additiondissolved × w1Þ−ð%mclinker × Cr × w1Þ
%maddition × w1

× 100

where:

- w1 is the mass of sample at 1000 °C
- w2 is the mass of the residue at 105 °C
- Cr is the percentage of residue in clinker
- %mclinker is the percentage of clinker in cement by weight
- %maddition is the percentage of additions in cement by weight
- %additiondissolved is the percentage of dissolved additions.

2.5. Thermal analysis

TG-DTG analysis was used to quantify the amount of portlandite in
the hydrated samples using a NETZSCH TG209 analyser. 10 to 15 mg
of the ground and sieved powder was submitted to a linear increase of
temperature from ambient to 1000 °Cwith a rate of 10 °C/min under a
nitrogen flow (10 mL/min). The amount of portlandite was estimated
from themass loss between 420 and 510 °C which are the limits of the
DTG peak in the experimental conditions, reported to the mass of the
sample at 1000 °C which is assimilated to the mass of anhydrous
cement.

3. Results and discussion

The composition of anhydrous CEM V cement can be determined
after identification and quantification of the various amorphous and
crystalline silicate phases present in thismaterial. The amount of these
various phases is obtained by decomposition of the 29Si MAS NMR
spectra as soon observed by Skibsted et al. for Portland cements [11–
13]. Themajor difficulty for the analysis of the 29SiMASNMR spectra in
the case of multi-component cements arose from the possible over-
lapping of resonance, so that the quantification procedure is rather
tricky. In the present work, the method we used consists of a prelim-
inary characterization of four reference compounds (alite, belite, BFS,
PFA), yielding reference subspectra. Subsequently, the identification
and the quantification of these various phases observed in a CEM V
spectrum are obtained from its fit by the aforementioned reference
subspectra. The sensitivity of the 29Si being very weak, acquisition
times of about 2days were found to be necessary. In order to ensure
a complete relaxation of 29Si signals (for sake of quantitativeness), we
have estimated by a progressive saturation method the 29Si spin-
lattice relaxation times T1. They are expected to be very long T1: from
10 s to 600 s have been previously reported [6]. The results obtained
by 29Si MAS NMR analysis have been compared with those obtained
by Rietveld analysis of the XRD pattern and Bogue calculation.

The samemethod was used to investigate the 27Al MAS NMR spec-
tra for the characterization of the different anhydrous and hydrated
aluminium phases present in the studied multi-component CEM V
cement pastes. In addition to the isotropic chemical shift, aluminium
sites in the reference compounds were also characterized by their
quadrupolar interaction parameters: the quadrupolar coupling con-
stant CQ and quadrupolar asymmetry parameter η. Previous studies
[14,15,17–21] on Portland cements have proven the high potential
of 27Al MAS NMR in distinguishing and characterizing the tetrahedral
and octahedral coordinated aluminium, so that one can easily follow
the hydration progress of the aluminate phases thanks to the chemical
shift difference between the two types of Al coordination [22].

Hydration of cement proceeds in two simultaneous processes: the
different phases composing the cement are dissolved, and the dis-
solved species precipitate to form hydrates. Silicate phases lead to
the formation of calcium silicate hydrate (CaO–SiO2–H2O i.e. C–S–H)
which is the main hydration product. Aluminate phases lead to AFt
and AFm phases which derive from ettringite Ca6Al2 (SO4)3(OH)12·
26H2O and tetracalcium monosulfoaluminate hydrate Ca4Al2SO4

(OH)12·xH2O) respectively. Hydration degree may therefore be esti-
mated from the decrease in intensity of the NMR lines of anhydrous
species and/or the increase of the hydrated species lines, since the
resonances do not appear at the same chemical shifts. The consump-
tion of BFS and PFA may also be estimated by a selective dissolution
technique by which hydrated species and clinker phases are only
dissolved. The residue corresponds to the non hydrated BFS and PFA.
Finally, due to the difference in Ca/Si ratio of anhydrous silicates and
C–S–H, their hydration leads to the formation of portlandite Ca(OH)2.
But this product may be partially consumed to also form C–S–H from
BFS and PFA. It is then useful to follow the amount of portlandite in the
hydrated samples by thermal analysis.

3.1. Characterization of anhydrous silicate phases by 29Si MAS NMR

Chemical shifts of silicates range between −60 and −140 ppm
and allow the characterization of the various tetrahedral Qn environ-
ments, depending on their connectivity [6]. The 29Si MAS NMR spec-
trum of belite (Fig. 1a) exhibits a single narrow (width of about 30 Hz)
resonance at −71.3 ppm [8,11], in the chemical shift range for iso-
lated SiO4 tetrahedra (i.e.Q0 units) and in agreement with the crystal
structure of β–C2S [27] in which all silicon atoms are equivalent. The
absence of spinning sidebands is characteristic of an isotropic envi-
ronment and the very long recycle delay, about 240 s, necessary for
recording a fully relaxed spectrum is indicative of the absence of iron
in this phase. For alite which is the major component of the clinker,
the observed 29Si spectrum (Fig. 1b) is broadened due to the over-
lapping of nine resonances of the different SiO4 tetrahedra in the
triclinic MI form of alite [9,11] as confirmed by the XRD pattern. The
lack of resolution is due to the incorporation of small quantities of
impurities (Al3+, Mg2+, Fe3+ andMn3+) [13] in the crystal which dis-
tort the SiO4 tetrahedra. Consequently, the spectrum has been simu-
lated (Table 3)using three subspectrawithpeakpositions at−68.9 ppm,
−71.7 ppm and −73.5 ppm, and Gaussian/Lorentzian lineshapes in
the intensity ratio 1/0.5/3 in agreement with the crystal structure
reported for C3S [28]. The line widths are respectively equal to about
25 Hz, 25 Hz and40 Hz. Although the resonance lines of alite and belite
are in the same chemical shift range, it is nevertheless possible to
distinguish these two phases in CEM V cement and to estimate their
relative proportion from the decomposition of 29Si MAS NMR spectra
as earlier demonstrated by Skibsted et al. [11] for Portland cements.

The spectrum (Fig. 1c) of blastfurnace slag (BFS) whose major
elements are SiO2 and CaO is characterized by a single broad line at
−75.8 ppm, with intense spinning sidebands (1st and 2nd order are
observed, data not shown). This corresponds to depolymerized



Fig. 1. Experimental (solid lines) and simulated (dashed lines) 29Si MAS NMR spectra of:

a) belite C2S

b) triclinic MI alite C3S

c) blastfurnace slag

d) pulverised fly ash. Inset shows the full experimental and simulated spectrum exhibiting strong spinning sidebands as a result of the iron low content. The spinning sideband
pattern was simulated using a chemical shift anisotropy tensor (strength of 109 ppm and asymmetry parameter of 0.8). See text for more detail.

Each spectrum has been fitted to a Gaussian/Lorentzian lineshape with parameters given in Table 3.
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aluminosilicate units. Generally, a broad resonance line is observed
between −73 ppm and −75 ppm, depending on the type of slag
[23,29,30], i.e. a peak at −74 ppm has been observed for anhydrous
slag in the presence of chemical activators [31]. Considering the fast
relaxation of the 29Si signal observed in this compound, the
broadening of the line (about 350 Hz) can be ascribed to the presence
of a small quantity (0.7%) of paramagnetic Fe2O3 in this material. The
chemical shift observed for blastfurnace slag (BFS) at −75.8 ppm is
clearly distinct from that of C2S at −71.3 ppm and from that of C3S.
This should allow the identification and the quantification of these
different phases from the decomposition of the 29Si MAS NMR spectra
of cement.

The 29Si spectrum of pulverised fly ash (PFA) (Fig. 1d) shows a
broad resonance at −107 ppm corresponding to Q4 tetrahedra with
strong spinning sidebands (the full spectrum is shown in Fig. 1d) as
a result of the presence of significant quantities of paramagnetic ion
Fe3+ (from Fe2O3, 6.6wt.%). This spinning sideband manifold (along
with the significant increase of the linewidth) is a direct result of the
interaction of the 29Si nuclear spins with the unpaired electron spins
of the Fe3+ ions [32] but can be also induced by an increase of the
Table 3
29Si NMR simulation parameters (isotropic chemical shifts δiso, Gaussian Lorentzian
ratio and line widths) for the four reference compounds: belite, alite, blastfurnace slag
(BFS) and pulverised fly ash (PFA) present in CEM V cement.

Compound −δiso (ppm) Ratio (L/G) gb (Hz)

C3S 68.9 0.5 25
71.7 0.5 25
73.5 0.5 40

C2S 71.3 0.5 30
BFS 75.8 0.3 350
PFA 107 1 600
anisotropy of the bulk magnetic susceptibility as described by Kubo
et al. [33]. Both effects can be well simulatedwith the help of chemical
shift anisotropy tensor as shown in Fig. 1d. It is worth noticing that
the signal to noise of the PFA was much lower than those of the other
studied samples. The 29Si NMR simulation parameters for the four
reference compounds are reported in Table 3.

3.2. Characterization of anhydrous aluminate phases by 27Al MAS NMR

It is now well established that 27Al MAS NMR can be used for the
characterization of complexmineralogicalmaterialswhere aluminium
occurs in several environments which are tetrahedral or octahedral
sites [15,22,34] as in cement pastes. In anhydrous phases (tricalcium
aluminate 3CaO·Al2O3 or C3A) with the exception of the ferrite phase
C4AF, aluminium occurs in tetrahedral sites characterized by chemical
shifts ranging from 50 to 100 ppm [13,14,19,22]. Adversely in hydrated
phases aluminium occurs in octahedral sites characterized by a chem-
ical shift range from +20 to −10 ppm [14,19]. AlO5 units have been
also observed between 30 ppm and 40 ppm [16,19–21]. The experi-
mental 27Al MAS NMR spectrum of the tricalcium aluminate C3A is
shown Fig. 2a. It displays two overlapping central transitions from the
two tetrahedral coordinated Al sites in agreement with the crystal
structure of C3A. The fit of the spectrum yields the NMRparameters for
the two Al (I) and Al (II) sites: δiso=81.4 ppm, CQ=8.9 MHz, η=0.32
and δiso=81 ppm, CQ=9.5 MHz and η=0.56, respectively (Table 4a).
These values are very close to those previously reported by Skibsted
et al. [14,34] and Massiot et al. [35], except for the isotropic chemi-
cal shift δiso which is found here to be slightly higher. This could be
ascribed to the incorporation of impurity ions in very weak quantities,
such as for instance Al3+ which may be substituted by Fe3+.

Oldfield et al. [36] have shown that the presence of ferromagnetic
Fe3O4 or antiferromagnetic Fe2O3 leads to a significant increase of
the intensities and number of spinning sidebands [36,37]. Skibsted



Table 4b

Fig. 2. Experimental and simulated 27Al MAS NMR spectra of:

a) C3A tricalcium aluminate

b) C4AF calcium aluminoferrite. Comparison between experimental and simulated 27Al MAS NMR spectra using two models (CSA and GIM, see text for description). The
contribution for each site (Al (IV) and Al (VI) is displayed at the bottom. At the top of the figure, the isotropic line for each site is indicated, other lines are spinning sidebands.

The parameters used for simulation are given in Tables 4a and 4b.
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et al. [38] have also shown that the 27Al nucleus–Fe3+ unpaired elec-
tron dipolar coupling gives a severe line broadening in 27Al MAS NMR
spectra, with possibly an intensity loss. Consequently, aluminium in
the ferrite phase C4AF is expected to be more difficult to detect be-
cause of its high Fe3+content. However, in this sample, we observe
(Fig. 2b) two relatively well-separated aluminium broad resonances
at about 70 ppm and 9 ppm, but with an intense spinning sideband
manifold. A similar 27Al MAS spectrum was earlier described by Skib-
sted et al. [38] on synthetic calcium aluminoferrites. The resonances
at 70 ppm and 9 ppm are attributed to Al (IV) in tetrahedral sites and
to Al (VI) in octahedral sites, respectively. The crystalline structure
of Ca2AlFeO5 contains octahedral (Fe, Al) O6 and overall tetrahedral
(Fe, Al) O4 [39] with estimated site occupancies which are about Fe0.76
Al0.24O6 and Fe0.24Al0.76O4. Generally the intensity loss for the 27Al
signal increases with augmentation of the Fe2O3 content. In this
sample, the two sites can be well observed, as a result of the relatively
low concentration of Fe2O3 (about 6.5%). Twomodels have been com-
Table 4a
27Al NMR simulation parameters (δ iso, asymmetry parameter η and quadrupolar
coupling constant CQ) for the three reference compounds: C3A, BFS and PFA present in
CEM V cement.

Compound δiso (ppm) η CQ (MHz) % References

C3A Al (I) 81.4 0.32 8.9 50% [a]
Al (II) 81 0.56 9.5 50%
Al (I) 80 0.33 8.7 50% [33]
Al (II) 77.8 0.54 9.3 50%
Al (I) 79.5 0.32 8.7 [5,14]
Al (II) 78.3 0.54 9.3

BFS Al (IV) 74.3 0.62 6.9 100% [a]
PFA Al (IV) 63 0.61 6.1 65% [a]

Al (VI) 8 0.61 5.7 35%

[a] Our values.
pared to fit the C4AF spectrum. In a first approach (denoted CSA in
Fig. 2b), we have used Gaussian lines including for both sites Al (IV)
and Al (VI) including Lorentzian broadening and a chemical shift
anisotropy for reproducing the observed strong spinning sidebands
pattern. The chemical shift anisotropy (CSA) together with the Lorent-
zian broadening is in fact reflective of the 27Al–Fe3+ electron dipolar
coupling (as alreadymentioned for 29Si, paramagnetic couplings affect
the overall MAS NMR spectrum lineshape such having the spectral
appearance of a CSA pattern). It was found that both lines could be
well fitted using the same CSA interactions and Lorentzian broaden-
ing. This yielded parameters given in Table 4b. The fact that the
Gaussian width contribution Al (VI) line is much narrower than the
one of Al (IV) and because the Al (VI) was found to be slightly asym-
metric, we have made an attempt to include a quadrupolar
27Al NMR simulation parameters used to fit the C4AF spectrum.

Compound δiso (ppm) gb (ppm) lb (ppm) CSA (ppm) η csa %

C4AF
Model CSA (a)
Al (IV) 59.9 4 12.5 −208 1 71%
Al (VI) 0.5 0.2 12.5 −208 1 29%

δiso (ppm) gb (ppm) lb (ppm) P Q (ppm) %

Model
GIM+spinning
sidebands (b)

Al (IV) 66 0.2 12.5 3.7 71%
Al (VI) 3.5 0.2 12.5 2.2 29%

–Model CSA (a): as a constraint, the same CSA and lb parameter was used for both sites
for describing the Al–Fe coupling effects.
–Model GIM+spinning sideband manifold (b): as a constraint, lb parameter was used
for both sites for describing the Al–Fe coupling effects.
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parameter distribution. This could be expected from the random Fe/Al
substitution which would lead to a disordered electric field gradient
(EFG) over the sample. For the latter, we have used a Gaussian Iso-
tropic Model [25]. As shown in Fig. 2b, this yielded a slightly better fit
of the experimental spectrum (the discrepancy as measured by χ2

was found to decrease by a factor of 2) but satisfactorily, the same
population ratio Al (IV)/Al (VI) was obtained. The 27Al NMR param-
eters used to fit the C4AF spectrum are given in Table 4b. The occu-
pancy of the octahedral coordinated aluminium Al (VI) site is of about
29%. This is in very good agreement with the estimated (about 24%)
site occupancies in the crystal structure for Ca2AlFeO5 [39]. With the
present data, it is difficult to further discuss the quadrupolar con-
tribution to the width of each line but the use of 2D NMR MQMAS
experiments could be appropriate to address this question, or MAS
NMRmeasurements at different magnetic fields [32]. In this synthetic
sample of ferrite the content of Fe2O3 is low (6.5%) and hence the loss
of 27Al NMR signal intensity is relatively weak. Generally in most fer-
rites, as a result of the high content of Fe2O3 (20% to 35% in weight),
only a small proportion of the expected intensity is observed on the
27AlMASNMR spectrumand hence a quantitative estimation for the Al
(IV)/Al (VI) ratio is rather difficult.

For blastfurnace slag (BFS), Fig. 3a (bottom), we observe a single
asymmetric broad resonance line at about 74 ppm corresponding to
Al (IV). The spectrum is of relatively good quality probably due to the
fact that this industrial by-product contains a very weak quantity of
iron (0.7%), and the significant increase of the spinning frequency
employed (31.25 kHz). The range of chemical shifts for tetrahedral
aluminosilicates is generally around 70–85 ppm which would corre-
spond to the structure of blastfurnace slag (BFS). The aluminium
inside the anhydrous slag is on a tetrahedral site and has been soon
observed at this same chemical shift at high field [31]. This asym-
metric and broad line is typical of disordered sites, so that we used
our procedure (see Experimental Section) for fitting the spectrum.
This yielded mean values of the quadrupolar coupling parameter and
Fig. 3. Experimental and simulated 27Al MAS NMR spectra acquired at MAS frequency of 31

a) pulverised fly ash and blastfurnace slag. Each spectrum has been simulated using quadr

b) anhydrous CEM V. The spectrum has been simulated from quadrupolar parameters of P
isotropic chemical shift of CQ=6.9 MHz and δiso=74.3 ppm, respec-
tively (Table 4a). The same kind of lineshapes was observed in pul-
verised fly ash (PFA) Fig. 3a (top), for two resonances around 60 ppm
and 5 ppm. For this sample, it was observed that the 27Al relaxation
was fast and the spinning sidebandmanifold wasmore intense, which
is indicative of an important quantity of iron (about 6.6%) present in
this material. These resonances are respectively attributed to Al (IV)
in tetrahedral site and to Al (VI) in octahedral site. The NMR param-
eters as provided by the fit of the spectrum are presented in Table 4a:
Al (IV): δiso=63 ppm and CQ=6.1 MHz; Al (VI): δiso=8 ppm and
CQ=5.7 MHz. An approximate estimation of the intensities of the
resonance lines in the 27Al MAS NMR spectrum of pulverised fly ash
indicates a predominance of Al3+ ions in the tetrahedral sites (about
65%).

3.3. Composition of the anhydrous CEMV

To determine the composition of the anhydrous CEM V samples
from 29Si and 27AlMASNMR, their spectrawere decomposed using the
subspectra of the reference compounds (Figs. 1, 2 and 3a) but taking
into account an additional line broadening arising from the presence of
impurities or paramagnetic ions due to the clinkerization process. The
aim of this method is to quantify the silicate and aluminate phases in
this type of cement, previously described by Skibsted et al. [11] for
Portland cements.

3.3.1. 29Si MAS NMR
On the experimental 29SiMASNMR spectrumof the anhydrous CEM

V cement (Fig. 4) appears a broad resonance line around −73.3 ppm
due to alite and a narrow line at −71.3 ppm due to belite. A shoulder
at −75.8 ppm arising from blastfurnace slag (BFS) is also seen. The
very broad resonance around −100 ppm arises from Q4 sites of pul-
verised fly ash (PFA). The spinning sidebands (not shown here) are
due to the presence of BFS and PFA and the relaxation of 29Si
.2 kHz:

upolar parameters given in Table 4a

FA and BFS (Table 4a).



Fig. 4. 29Si MAS NMR experimental and simulated spectra of anhydrous CEM V cement.
Error corresponds to the difference between the two spectra. The simulated subspectra
of alite, belite, blastfurnace slag andpulverisedfly ash are presented below. Their simula-
tion parameters are given in Table 3. The composition of anhydrous cement is given is
given in Table 5.
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resonances is faster in these twomaterials due to the presence of iron.
The spectrum of the CEM V cement is hence composed by the sub-
spectra of alite (C3S), belite (C2S), blastfurnace slag (BFS) and pul-
verised fly ash (PFA). The simulated spectrum (Fig. 4) of the CEM V
cement is obtained from the four simulated subspectra as previously
described but taking into account the fact that the line widths and
positions in the 29Si MAS NMR spectrum of CEM V cement may differ
from references due to the clinkerization process. These effects have
been taken into account by allowing line broadening of 29Si resonances
from alite and belite with the Fe2O3 content of cement and allowing
slight variations of the chemical shift for pulverised fly ash resonance.
Such a procedure has been already used by Skibsted et al. [11] for the
quantification of silicate phases in Portland cements from completely
relaxed 29Si signals. The repartition of the silica among the four silica
materials is obtained by decomposition of the 29Si MAS NMR spectra
taking into account the intensities of spinning sidebands in the main
resonances for blastfurnace slag (BFS) (about 40% of the main reso-
nance) and pulverised fly ash (PFA) (about 70%). The intensities of
spinning sidebands can be neglected for the two other phases, alite
and belite. The proportions are about 24% in alite, 6% in belite, 31% in
blasfurnace slag (BFS) and 38% in pulverised fly ash (PFA) (Table 5).
Nevertheless these values must be taken with carefulness for the
method is derived from simulation of resonance lines which are
slightly overlapping. The molar belite/alite ratio is about 0.25, in good
Table 5
Percentage of different silicate phases (C3S, C2S, BFS and PFA) present in anhydrous and
hydrated CEM V cement from simulation of 29Si NMR MAS spectra.

Species C3S C2S BFS PFA Q1 Q2 (1Al) Q2p Q2 Hydrates

Initial 24% 6% 31% 38%

w/c=0.3
28 days 4% 5% 21% 36% 10% 7% 6% 12% 35%
1 year 4% 4% 20% 28% 10% 10% 8% 16% 44%
10 years 3% 3% 18% 27% 12% 11% 9% 18% 50%

w/c=0.4
28 days 2% 5% 17% 30% 10% 9% 9% 18% 46%
1 year 1% 4% 16% 28% 10% 12% 10% 20% 52%
10 years 1% 2% 13% 27% 4% 15% 13% 26% 58%
agreement with the value obtained by XRD of 0.19 by weight, i.e. 0.26
molar ratio, for slightly different compositions of alite and belite. These
values derived from NMR and XRD analysis fairly well agree with
the calculated percentage of SiO2 from the composition of the CEM V
cement (Table 2). The agreement between XRD analysis and NMR
results confirms the validity of parameters used for the decomposition
of NMR spectra and demonstrates that 29SiMASNMR can be a valuable
tool for quantifying alite, belite and other silicate phases in multi-
component cements. This useful method requires completely relaxed
29Si signals combined with the simulation from 29Si MAS NMR sub-
spectra of reference compounds.

Against the Bogue analysis the amounts of alite and of belite are
respectively equal to about 22% and 7% which gives a ratio for belite/
alite equal to 0.31. This ratio is relatively higher than for other pre-
vious determinations but this calculation generally overestimates the
belite content at the expense of alite as it was soon shown in Portland
cements [11]. The greater discrepancies with the calculated reparti-
tion (Table 2) concern the BFS (31% comparatively to 29%) and PFA
(38% comparatively to 42%). BFS and PFA have the broadest lines and
an underestimation of PFA is probable.

3.3.2. 27Al MAS NMR
The 27Al spectrum for the anhydrous CEM V cement (Fig. 3b)

shows an intense resonance around 60 ppm attributed to Al (IV) in
Td site, mainly in pulverised fly ash and in slag, and another broad
resonance around 5 ppm corresponding to Al (VI) in Oh site in the
pulverised fly ash and in C4AF phase in agreement with our previous
observations and other data [38]. From the estimation of the relative
proportion of the different aluminated compounds present in the
cement (Table 2), it appears that the amount of aluminium present
in the pure calcium aluminium phases as C3A and C4AF is weak (6%
and less than 4% respectively) and that it is essentially present in pul-
verised fly ash (PFA) (71%) that are particularly rich in aluminium and
also in blastfurnace slag (BFS) (19%). Indeed the spectrumof anhydrous
CEM V cement (Fig. 3b) looks like spectra of PFA and BFS shown in
Fig. 3a. Previous 27Al MAS NMR studies [15] on Portland cements have
shown that Al3+ ions can substitute Si4+ in the calciumsilicates as alite
and belite, to about 1wt.% Al2O3 in clinker, so that it can be fully neg-
lected in CEMV. Taking into account these data, the experimental
spectrum of anhydrous CEM V was simulated from the two spectra
of PFA and BFS (Fig. 3b) and with the following intensity constraint
for the ratio Al(IV)/Al(VI) about equal to 65%/35% for PFA. The advan-
tage of experiments at high MAS frequency (31.25 kHz) is that there
are no spinning sidebands. Fig. 3b shows the relatively good agree-
ment between experimental and simulated spectra (except the
presence of few fine lines probably due to hydrated products). Results
presented in Table 6 are given within ±5% and are therefore only
semi-quantitative. These values are slightly different from those given
for the composition of the CEM V cement (Table 2). Nevertheless they
show that aluminium is essentially incorporated in pulverised fly
ash (PFA). Our results from 27Al MAS NMR simulated spectra confirm
previous observations [13,40,41] on anhydrous aluminate phases
Table 6
Percentage of different aluminate phases (BFS, PFA, ettringite and C–S–H–Al) present in
anhydrous and hydrated CEM V cement from simulation of 27Al NMR MAS spectra.

Species Anhydrous w/c=0.4 w/c=0.4

28 days 10 years

Al (IV) BFS 31% 3% 3%
Al (IV) PFA 45% 40% 36%
Al (VI) PFA 24% 22% 20%
Al (VI) ettringite 26% 25%
Al (IV) C–S–H–Al 9% 15%
% Al (IV) 76% 52% 54%
% Al (VI) 24% 48% 45%
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showing that aluminium are essentially present in tetrahedral sites
(80%) contrary to octahedral sites (20%).

3.4. Composition of the hydrated CEM V pastes

3.4.1. 27Al MAS NMR
Previous 27Al MAS NMR studies [17–21] have shown that the

hydration of calcium aluminate phases can be followed from the
resolution of tetrahedral and octahedral coordinated Al species [22].
In particular the Al (VI)/Al (IV) ratio provides a good estimate of the
progress of the hydration reaction of the aluminate phases. In this
work we made an attempt to follow more accurately the hydration
of aluminate phases from the behaviour of individual reference com-
pounds. The spectra of hydrated (w/c=0.4) CEMV samples at 28 days
and 10 years shown on Fig. 5a are quite different from those observed
for the anhydrous CEM V sample (Fig. 3b): a narrow resonance near
13 ppm is clearly visible and attributed to hydration products such as
AFt phases according to literature data [14], AFm and hydrated mag-
nesium aluminate such as hydrotalcite which were identified on XRD
patterns. The very broad resonance near 65–75 ppm arises from blast-
furnace slag (BFS) and fly ash (PFA). The experimental spectrum ob-
served at 10 years was hence simulated using the NMR parameters of
these two reference compounds, as previously determined (Tables 4a
and 4b) and considering a narrow contribution (13 ppm) arising from
hydrated aluminate phases. It was also necessary to consider another
resonance at about 74 ppm, which was found to significantly improve
the fit. We assign this broad resonance (δiso=74 ppm CQ=3.7 MHz
and η=0.60) to tetrahedral aluminium Al (IV) sites incorporated in
the C–S–H [8,9,15,29,49]. This assignment is supported by the obser-
vation of the Q2 (1Al) resonance in 29Si MAS NMR spectra of Portland
cements where aluminium preferentially substitutes for tetrahedral
coordinated Si in the C–S–H chains [9]. The simulated spectrum shown
on Fig. 5a is in relatively good agreement with the experimental
Fig. 5. 27Al MAS NMR experimental (solid lines) and simulated (dashed lines) spectra of sa

a) hydrated cement at w/c=0.4 after 28 days (bottom) and 10 years (top). MAS frequenc

b) Simulated spectrum after 10 years (middle) whose individual components are presente
given in Table 6.
spectrum at 10 years and the individual simulated spectra are pre-
sentedonFig. 5b. For the resonance at 13 ppm, thequadrupolarparam-
eters extracted from our simulation (δiso=13 ppm, CQ=1.8 MHz and
η=0.60) are quite in agreement with the data from literature [14]
for ettringite. 27Al MAS NMR results demonstrate that the substitu-
tion cannot be neglected and that a more accurate description of the
evolution of anhydrous and hydrate aluminates can be obtained from
simulation of 27Al spectra. A semi-quantitative estimation of percent-
age Al in the hydrated phases (Table 6) indicates that after 10 years,
15% of Al is incorporated in C–S–H when 25% is in ettringite and AFm.
From these values, the Al/Si ratio in C–S–Hmay be evaluated to 0.11. In
addition, the proportion of tetrahedral coordinated Al (IV) has greatly
decreased from about 80% in the anhydrous CEM V cement to approx-
imately 45% in the hydrated cement after 1month without notable
modification after 10 years. The most striking feature is the consump-
tion of BFS of which the percentage has clearly decreased, contrary
to PFA that are much less consumed. This worthwhile NMR result
(Table 6) indicates a rather different behaviour for the two SCMs. The
quantity of Al incorporated in the C–S–Hhas been determined directly
by simulation of 27Al MAS NMR spectra whereas a more complex and
indirect simulation would be used for simulation of 29Si MAS NMR
spectra.

3.4.2. 29Si MAS NMR
The 29Si MAS NMR experimental spectrum of the hydrated CEM

V (w/c=0.3, 10 years) displayed on Fig. 6a is quite different from the
29Si MAS NMR spectrum of the anhydrous cement sample (Fig. 4). We
observe a narrow resonance at −71.3 ppm due to belite, a resonance
at −73.3 ppm from alite and a broad shape of unresolved resonances
with peaks at about −81.4 ppm and−84.3 ppm which are attributed
toQn unit tetrahedra [13,42,43] of the calcium silicate hydrate (C–S–H)
formed by hydration of the cement. This study only aims at dif-
ferentiating the anhydrous and hydrated phases of the CEM V sample,
mples of:

y was 31.2 kHz.

d at right (b) and correspond to PFA, BFS, ettringite and C–S–H–Al. The composition is



Fig. 6. 29Si MAS NMR spectra of samples of hydrated cement at w/c=0.3 and 10 years.

a) Experimental (solid lines) and simulated (dashed lines) spectra.

b) Experimental spectrum recorded using a cross-polarization sequence.

The compositions are given in Table 5.
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so that a detailed identification of the different Qn units will not be
presented here. For such an investigation, 1H–29Si cross-polarization
(CP) experiment is a very useful tool because it allows one to selec-
tively observe the silicon sites close to proton sites, such as in H2O
molecules or in OH groups. The comparison of the spectrum Fig. 6a
(direct acquisition) with Fig. 6b (cross-polarization) confirms the at-
tribution of broadened lines to C–S–H sites; the resonance lines at
−71.3 ppm and−73.3 ppm belonging to alite and belite are no more
Fig. 7. 29Si MAS NMR experimental (solid lines) and simulated spectra (dashed lines) of sa

a) hydrated cement at w/c=0.4 and 28 days

b) hydrated cement at w/c=0.4 and 10 years.

The compositions are given in Table 5.
visible in Fig. 6b. As the hydration time increases, the intensities of
the resonances at −71.3 ppm and −73.3 ppm decrease and result in
an increase of the intensities for the resonances from the C–S–H phase
at w/c=0.4 (Fig. 7a and b). The structure of calcium silicate hydrates
(C–S–H) has been the subject of numerous 29Si MAS NMR studies
[13,42–46] showing that the chains of silicate tetrahedral consist of a
three-unit repetition pattern with an end-chain tetrahedral Q1 reso-
nating at −79.5 ppm, bridging tetrahedral Q2p at −82.6 ppm and
mples of:



Table 7
Hydration degree: 1−α (%) for silicate and aluminate phases at different hydration
times (28 days, 1 and 10 years) and for w/c=0.3 and 0.4.

Species C3S C2S BFS PFA BFS⁎ PFA⁎

w/c=0.3
28 days 83% 17% 33% 5%
1 year 83% 33% 35% 26%
10 years 88% 50% 42% 29%

w/c=0.4
28 days 93% 17% 45% 21% 90% 10%
1 year 96% 50% 48% 26%
10 years 96% 67% 58% 29% 90% 19%

⁎Aluminate part.

Fig. 8. Evolution versus time of the hydration of CEM V pastes (w/c=0.3)

− Percentage deduced from the fits of the 29Si NMR spectra and from the dissolution
method.

− Portlandite content estimated from TGA.
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nonbridging Q2 at −85 ppm. Recent Double Quantum 29Si–29Si ex-
periments [46] have revealed the connectivities between the different
tetrahedral units along the chains. It is well known that the sub-
stitution of silicon by aluminium in the silicate network causes a low
field shift from about 3–5 ppm of neighbouring silicon sites [6,47] and
is confirmed by 27Al MAS [16,19–21,48]. However, the positions of the
Q2p and Q2 (1Al) resonances are often too close so that their assign-
ment is often not obvious. The resonance line for Q2 (1Al) has been
proposed to be about−81.4 ppm [18–21]. The 29Si NMR spectra have
been decomposed from the spectral parameters of alite, belite, blast-
furnace slag, pulverised fly ash and also from the four resonance lines
Q1, Q2p, Q2(1Al) and Q2 of the C–S–H. Only slight variations in the
chemical shifts and line widths have been taken into account in the
simulations because of the probable incorporation of impurities or
paramagnetic ions (mainly Fe3+) in the cement. For a greater con-
fidence in these complex simulations two constraints were taken into
account. It was first assumed that the “dreierketten model” for C–S–H
could be retained, so that the ratio between Q2p and Q2 intensities is
equal to ½. Secondly using the following equation:

Al= Si = 1
=2Q

2ð1AlÞ= Q1 + Q2p + Q2 + Q2ð1AlÞ
h i

given by Richardson et al. [48] and Andersen et al. [19] for the degree
of Al substitution in the tetrahedral chains (Al IV/Si), a supplementary
relation between the intensities of the Q1, Q2p and Q2 (1Al) could be
obtained from the Al/Si ratio. That is for w/c=0.4 the calculated
values of Al/Si at 28 days (0.095) and 10 years (0.124). This allowed
a better adjustment on the positions and linewidths of the various
sites Qi. The experimental and simulated spectra are presented in
Fig. 7a and b. The obtained isotropic chemical shifts (δiso (ppm) and
Gaussian broadening gb (ppm)) found were then used for the simu-
lation of other 29Si spectra (w/c=0.3 at 28 days, 1 and 10years). This
yielded values of Al/Si fromabout 0.10 to 0.11 supporting our hypothe-
sis. From 29Si NMR simulations of the six hydrated samples (w/c=0.3
and 0.4) the mean values obtained for the chemical shifts are re-
spectively−82.6±0.2 ppm forQ2p and−80.8±0.4 ppm forQ2 (1Al).
Those values are in agreement with previous studies reported in liter-
ature [18–21,46]. The hydration evolution is clearly visible on Fig. 7a
and b showing an increase of the quantity of formedhydrates (C–S–H).
This quantitative estimation of the various silicate components is
presented in Table 5. The present analysis of the 29Si MASNMR spectra
indicates that the Al/Si ratio varies from about 0.10 to 0.12 for all
hydrated samples. But as the intensities of individual resonance lines
are givenwithuncertainties of about±5%, it follows that theAl/Si ratio
given by 29Si NMR must be considered with care. Nevertheless these
values which are in agreement with those obtained by 27Al MAS NMR
can be considered as relatively typical values for such systems.

3.4.3. Evolution of the percentage of the different phases with hydration
time

The simulation of the 29Si and 27Al NMR spectra allows quantifying
the percentage of reaction of each component of CEMV during the
hydration of the pastes. Moreover, it is also possible to evaluate for
SCMs the reaction of the aluminate and silicate parts separately. The
percentage of reaction of each component or part of component is
expressed as 100−αcomponent (%) where:

αcomponentðtÞ = Int:ðtÞ component = Int: ðt0Þcomponent

with:

Int. (t)=Si or Al relative intensity for the component at time t
(28 days, …) in the CEM V hydrated paste.
Int. (t0)=Intensity for the component in the anhydrous CEM V
cement.
The percentage of reaction of each component or part of compo-
nent is reported on Table 7.

After 1month, most of alite is consumed, the percentage of reac-
tion reaches 93% at w/c=0.4 but at this stage only 17% of belite is
hydrated and the degree of hydration increases after 10 years to 50
and 67% at w/c=0.3 and 0.4 respectively. Concerning BFS, the silicate
part follows the same trend as belite does, after 28 days 33% is con-
sumed at w/c=0.3 and 45% at w/c=0.4. On the contrary, the alumi-
nate part of BFS is nearly fully hydrated (90%) at 28 days and does not
change with time anymore. This can be explained by a heterogeneity
of the slag with probably more reactive aluminium richer regions.
Concerning the PFA, hydration of both its silica and alumina parts is
very limited; it begins from about 5% at 28 days (w/c=0.3) to reach a
maximum of about 30% for the silica part and no more than 20% for
the aluminate part (w/c=0.4).

27Al MAS NMR spectra (Figs. 3b and 5a) show an important evo-
lution of the hydration reaction in the aluminate phases without
notable modification between 1month and 10years. Taking into
account the uncertainties due to fit parameters, it follows that the
values deduced from 29Si and 27Al NMR measurements are in rela-
tively good agreement for they indicate that after 1month hydration
time the mean proportion of hydrated phases represents about 50%
and that this ratio remains about constant after a long time of hydra-
tion (10years).

The variation of the hydration degree of the CEM V hydrated paste
constituents derived from the fits of the 29Si and 27Al NMR spectra is
compared to the evolution deduced from the dissolution method and
to the evolution of the portlandite content on Fig. 8 for water/cement
ratio equal to 0.3 and Fig. 9 for water to cement ratio equal to 0.4.



Fig. 9. Evolution versus time of the hydration of CEM V pastes (w/c=0.4)

− Percentage deduced from the fits of the 29Si and 27Al NMR spectra and from the
dissolution method.

− Portlandite content estimated from TGA.
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The portlandite content increases continuously during the first
14days of hydration corresponding to the hydration of the silicate
phases of the clinker, mainly alite, when the additions (BFS and PFA)
do not dissolve yet. Then between 14 and 28 days occurs the most
important dissolution of the slag and the portlandite content remains
constant. That means that the excess of calcium hydroxide provided
by the hydration of C3S and C2S is exactly consumed to form C–S–H
with the slag. Between 28 days and 90 days when C3S, C2S and the slag
remain roughly constant, the portlandite content decreases due to its
consumption by the fly ash which partially reacts. After 90 days, the
evolution of the hydration of the CEMV pastes is very weak and slow
despite the fact that the pastes are stored in saturated conditions. This
demonstrates the low diffusion through the formed microstructure.
The percentage of reaction of BFS and PFA deduced by the selective
dissolution method reflects well the evolution deduced from the de-
composition of the NMR spectra. Obviously, in this case, it is not pos-
sible to distinguish between slag and PFA and more between their
silicate and aluminate parts. Nevertheless the general trend is well
captured.
4. Conclusion

29Si and 27Al MAS NMR spectroscopies have been shown to be
valuable tools for the identification of anhydrous and hydrated phases
in recent and old hydrated CEM V pastes. The four silicate materials
(alite, belite, PFA and BFS) present in the anhydrous cement have been
characterized by 29Si MAS NMR for getting reference spectra. From the
simulation of 29Si NMR spectra of CEM V cement, quantitative infor-
mation were obtained for silicate phases present in the CEM V before
and after long time hydration (10 years).

The clinker components especially alite have quickly reacted con-
trary to slag and especially fly ash of whom the hydration is delayed.
In particular the hydration of PFA is the weakest in the cement and
BFS represents themajor part of hydration of SCMs in thematerial. The
difference between the hydration for each component is important
and can vary from a very weak hydration degree (only few percent for
PFA) to a quasi complete hydration for C3S. The percentage of hydrated
phases is about 50% after 28 days and remains quasi constant after
10 years meaning a rather incomplete hydration reaction in CEM V
cement.

27Al MAS NMR allowed to characterize the main aluminate phases
(C3A, C4AF, PFA and BFS) by their quadrupolar parameters and their
different isotropic chemical shifts that have been used to distinguish
between anhydrous and hydrated phases in the material. In anhy-
drous CEM V cement it appears from our simulations that aluminium
is essentially present as tetrahedral sites in PFA and BFS. The spectra of
hydrated samples (w/c=0.4) after 1month are quite different from
the anhydrous but without further noticeable modifications after
10 years. Our results showed that the aluminate part of BFS has
practically fully reacted at 28 days when the PFA content only slightly
decreased. Al is present in hydrated materials in AFt and AFm phases
and also in Al (IV) sites incorporated in C–S–H which represent about
40% of Al in the hydratedmaterials. While less quantitative, the chem-
ical methods such thermal analysis for the determination of calcium
hydroxide content and selective dissolution method to estimate the
degree of reaction of SCMs, allow to catch easily the major trends of
the evolution. Finally, even cured in wet conditions, old CEMV paste is
far from being fully hydrated proving the peculiar microstructure of
this kind of material.
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