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A commercial blast furnace slag was activated using either

sodium hydroxide or hydrous sodium metasilicate, and the

degree of hydration was determined by 29Si magic angle spin-

ning nuclear magnetic resonance (NMR). The results are
compared with measurements made using scanning electron

microscopy image analysis (SEM-IA). The results from both
29Si NMR and the SEM-IA measurements indicated a fast ini-

tial reaction with the alkali, and similar degrees of hydration
throughout the reaction. The 29Si NMR results were analyzed

using two different methods for fitting the residual slag in the

decomposition of the
29
Si NMR spectra: the first method used

the spectrum of the anhydrous slag, whereas the second method

used the spectrum of the dissolution residue of the hydrated

sample. Only the first method provided a satisfactory simula-

tion. The degree of hydration and the Al/Si atomic ratio within
the C–S–H, deduced by 29Si NMR were in agreement with

SEM-IA and EDX analyses.

I. Introduction

THE use of industrial byproducts, such as blast furnace
slag, activated in an alkaline solution, shows great

promise as replacements for Portland cement, the primary
binder used in concrete.1,2 Before these replacement materials
can be used routinely, however, the hydration process must
be understood sufficiently so that important engineering
properties, such as strength and setting time, can be pre-
dicted and controlled on an industrial scale. The chemical
composition of the alkaline activator and the slag are the
most important factors in the development of high and early
strength.3,4 The reactivity of the slag is critical to controlling
the physical and chemical properties of the hydrated slag.
The main reaction products of alkali-activated slag are
calcium silicate hydrate (C–S–H) with a Ca/Si atomic ratio
near 1, and a hydrotalcite-like phase.4–8 As the reaction
between the slag and the alkali activator progress, the frac-
tion of the slag that has reacted corresponds to the degree of
hydration (DOH). Determining the DOH is difficult because
both the slag and the C–S–H are largely amorphous, and
have similar chemical composition. There are, however, num-
ber of different methods for determining the DOH: selective
dissolution of the hydrated products,9 scanning electron
microscopy image analysis (SEM-IA),4 and 29Si nuclear mag-
netic resonance (NMR).5

Each of these methods has both strengths and weakness.
The extraction method is known to give poor results in the
determination of the DOH due to the presence of insoluble
hydrotalcite-like phase. A significant proportion of the unre-
acted slag may also dissolve in the reagent.10 Alternatively,

29Si NMR can be used to determine the percentages of slag
reacted in alkali-activated slags11 or in blended cements.12 An
earlier study that compared the extent of reaction measured by
image analysis of backscattered electron images and 29Si
NMR13 suffered from significant drying shrinkage during
specimen preparation for SEM-IA, which led to an underesti-
mation of the slag DOH.13 As a result, there was a poor agree-
ment between extent of reaction deduced from NMR and that
deduced from SEM-IA (respectively, 72 and 64 wt%).13

Recently, Ben Haha et al. obtained backscattered images with-
out microcracks (due to drying shrinkage) and were able to
quantitate the DOH of fly ash in blended cements14 and the
DOH of slag in alkali-activated blast furnace slags.3,4

To obtain the DOH from 29Si NMR experiments, one
needs to simulate the NMR spectra so that one can decom-
pose the constituents. Determining the individual Si chemical
shifts by spectral decomposition is difficult because the posi-
tion of the slag chemical shift overlaps the C–S–H chemical
shift.16 Dyson et al.15 proposed two methods to overcome
this problem. The first one involved the manual fitting of
residual slag using the spectrum of the anhydrous slag.17 This
method assumes a congruent dissolution of the slag. Regourd
et al.18 showed, however, that the surface of a slag is modi-
fied as soon as it comes into contact with water. The glassy
phase richest in Ca and Al, has the greatest tendency to dis-
solve. The first silica elements to dissolve are (SiO4)

�4 (Q0),
(SiO3.5)

�3 (Q1) so that the surface layer of the slag is enriched
in less basic components, such as (SiO3)

�2 (Q2) and (SiO2.5)
�

(Q3). After this initial step, the slag dissolution becomes con-
gruent.19 Dyson et al.15 showed that a meaningful fit was not
possible in their hydrated blast furnace slag cement blends
using this method, probably due to a change in the initial
peak shape of the slag. The second method involved the man-
ual fitting of residual slag using the spectrum of the dissolu-
tion residue to represent the peak shape of the slag. However,
the authors observed the presence of an aluminosilicate gel
that may be a byproduct of the dissolution process or a true
product of slag hydration. The presence of such aluminosili-
cate gel could affect the NMR spectrum.

In this study, these two NMR methods are applied to a
simple system composed of an alkali-activated slag using two
different activators: sodium hydroxide (NaOH) and hydrous
sodium metasilicate (Na2SiO3·5H2O). The results are com-
pared with the DOH determined by SEM-IA.

II. Experimental Details

The slag chosen for this experiment was from a commercial
supplier and the composition of the slag is shown in Table I;
the slag is given the designation M13 because it contains
13 wt% MgO. This slag has been previously used in a study
of the influence of MgO content on the hydration of alkali-
activated slags.3 Two activators, 3.8 wt% sodium hydroxide
(labeled as NaOH) and 10.0 wt% hydrous sodium metasili-
cate Na2SiO3·5H2O (commonly referred to as water glass,
and labeled WG) were used, with the weight percent chosen
to achieve the same Na2O content in each mixture. The
activators were dissolved in water 24 h prior to mixing,
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sealed in jars, and stored at 23°C. The pastes were formu-
lated to have water to binder mass ratio of 0.4, and were
mixed using a high shear blender. The fresh paste was
poured into plastic bottles of 12 mL until completely filled;
the bottles were sealed, and then stored at 23°C. Prior to the
analyses by NMR, hydration was stopped after 1, 7, 28, and
100 days by submerging small pieces, each ~2–3 mm3, for
30 min in about 50 mL isopropanol and rinsing twice with
diethylether.

The 29Si magic angle spinning (MAS) NMR spectra were
recorded on a Bruker Avance 400 NMR spectrometer (field
strength of 9.4 T; Bruker Biospin AG, Fällanden, Switzerland)
at 79.49 MHz applying 4.5 kHz spinning rates on a 7-mm CP
MAS probe using ZrO2 rotors. Single-pulse experiments were
carried out by applying 90° pulses of 8.8 ls with 1H decou-
pling of 31.3 kHz (TPPM15) and recycle delays of 4 s to allow
for the relaxation time T1 of the species present in the samples
(a T1 of less than 1 s was determined for the slag by a T1 satu-
ration recovery experiment). The 29Si chemical shift was refer-
enced externally relative to tetramethylsilane at 0.0 ppm. The
observed 29Si resonances were analyzed using the Qn(mAl)
classification, where one Si tetrahedron is connected to n Si
tetrahedral with n varying from 0 to 4; m is the number of
neighboring AlO4 tetrahedra. The relative proportions of
silicon associated with the Qn units were determined by the
decomposition of the spectra using the Dmfit program.20 The
full procedure is outlined in the results section. The DOH
referred to the ignited weight is calculated according to Eq. (1):

DOH ¼ 100 1� Irelslag

� �
(1)

where Irelslag is the relative 29Si NMR intensity from the unre-
acted slag. This equation must be modified for the water
glass to take into account the silicon from the activator:

DOH ¼ 100 1� IRMN tð Þ� 1þ y

x
�WGSiO2

SlagSiO2

!" #
(2)

where y/x is the ignited mass ratio between the activator and
the slag (0.06), WGSiO2 (49.2 wt%) and SlagSiO2 (36.4 wt%)
are the relative amount of SiO2 in the water glass and in the
slag, respectively.

The mean chain length and the Al/Si atomic ratio of the
C–S–H are calculated as described by Richardson et al.5

The 27Al MAS NMR spectra were obtained at
104.26 MHz on a 2.5-mm CP MAS probe using the above-

mentioned NMR system. Single-pulse experiments were
carried out at 20 kHz spinning rates by applying single-pulse
(p/12) excitation pulses of 0.5 ls and 0.5 s relaxation delays.
The 27Al chemical shifts were referenced relative to a
1.0 mol/L AlCl3-6H2O solution at 0.0 ppm.

To study the changes occurring in the unhydrated slag dur-
ing hydration, two different selective dissolution methods
were used. In the first method, the hydration products were
removed according to the method originally proposed by
Demoulian et al.,21 refined by Luke and Glasser9 and further
modified by Dyson et al.15 This method involves the mixing
of 125 mL of 0.05 mol/L EDTA di-sodium salt and 125 mL
of mol/L Na2CO3 in a 1-L flask. To this, 12.5 mL of a 1:1
triethanolamine: water (by volume) mixture was added and
the pH, checked to be 11.6 to assure complete dissolution.
Dissolution was achieved by adding 0.25 g of the ground
sample (<64 lm) to the solution, followed by continuous
shaking for 30 min. The suspension was then filtered under
vacuum using a GF/C filter paper and washed with deionized
water and methanol. The filter paper and contents were
placed in an oven at 105°C until a constant weight was
reached.

In addition, a second selective dissolution method was
used, where the ground sample was added to a 1 wt% aque-
ous solution of dimethyl formamide (DMF). The DMF is
thought to reduce the precipitation of silica gel by keeping
the silica in solution.22 After 30 min of continuous shaking,
the suspension is processed as described above.

For the microscopical investigations, slices of hydrated
samples were cut, immediately immersed in isopropanol,
and then subsequently dried at 40°C for 24 h. Afterward,
they were impregnated using a low viscosity epoxy and pol-
ished down to 0.25 lm using diamond pastes. The samples
were further coated with carbon (~5 nm) and examined
using a Philips FEG-XL30 scanning electron microscope
(FEI, Hillsboro, OR) coupled to energy dispersive X-ray
spectroscopy (EDX) analyzer from EDAX. Backscattered
electron images (BSE) were analyzed quantitatively to deter-
mine DOH at different hydration times using image analysis
(IA).14,24 Over 80 images were taken across a polished sec-
tion of a 20-mm diameter sample. The screen magnification
(1024 9 800 pixels) was 1.0 lm/pixel. The technique uses
the gray level histogram segmentation to determine the dif-
ferent phases observed in a BSE image.14,23–25 The sensitivity
of BSE to the chemical composition of the analyzed materi-
als leads to the phase contrast in the gray level histogram
observed in BSE images. The higher the average atomic
number of a phase, the greater the BSE pixel intensity.
Therefore, the different phases can be distinguished by
dividing the BSE histogram into distinct intensity ranges.
The densest phases (unreacted slag) are the brightest,
whereas less dense phases (porosity) are the darkest in the
image. The reaction of the anhydrous slag is measured by
comparing the volume of the anhydrous slag in the hydrated
pastes with the slag content in the unhydrated pastes prior
to the mixing. The measurement uncertainty is based on the
threshold and edge detection, as well as accounting for the
initial 2–3% porosity within the mixes.

The EDX point analyses were used to determine the
elemental compositions of the hydrate assemblage. The anal-
yses were carried out using an accelerating voltage of 15 kV
to ensure a good compromise between spatial resolution and
adequate excitation of the FeKa peak. Over 60 points (EDX
spots) per sample at each studied age were analyzed.

The degree of hydration is calculated by equation 3:

DOH ¼ 100 1� Vslag
f tð Þ

Vslag
f t ¼ 0ð Þ

!
(3)

where Vslag
f tð Þ is the volume fraction of the slag deduced

from SEM-IA at the time t and Vslag
f t ¼ 0ð Þ is the volume

fraction of the slag calculated from the initial composition.

Table I. Composition of the Slag M13

Chemical analyses (wt%)† Slag M13

Ignition loss (950°C) �0.4
SiO2 36.4
CaO 33.4
MgO 13.2
Al2O3 11.3
Mn2O3 1.4
Fe2O3 1.4
K2O 1.0
Na2O 0.5
TiO2 0.5
P2O5 0.02
Total 99.0
density (g/cm3) 2.94
Phase composition (wt%)‡

X-ray amorphous 98.5
Merwinite 1.3
Melilite 0.2
†XRF data.
‡From Rietveld analysis (see ref. 3 for details).



III. Results and Discussion

(1) Hydration Products
The 29Si MAS NMR spectra of the activated slags at differ-
ent hydration times are presented in Fig. 1. The signal of the
anhydrous slag near �74 ppm is present in all samples. As
previously shown for NaOH-activated slags,17,26 the spectra con-
tain three well-defined resonances from C–S–H near �78, �81,
and �84 ppm, respectively, assigned to Q1, Q2(1Al), and Q2

species. The 29Si NMR spectra for slag activated with WG
are similar to those for slag activated with NaOH, but with a
broadening of the peaks, as already observed,7,27 reflecting
an increase in disorder in the C–S–H structure (higher distri-
bution of Si–O bond lengths and Si–O–Si angles). For a
given activator, we obtain similar spectra after different reac-
tion times, with the exception of the 1-day sample activated
with NaOH, where the relative amount of Q1 species was
more pronounced. This indicates a similar DOH of the slag
and a similar mean chain length of the C–S–H after 2 days
and longer for a given activator.

Based on XRD and SEM-EDS analyses, a hydrotalcite-
like phase and the C–S–H are the only hydration products
observed.3 The 27Al MAS NMR spectrum of synthetic
hydrotalcite reveals a single peak28 that corresponds to the
peak observed at around 9 ppm for the activated slags as
shown in Fig. 2. We observed a broadening of this peak with
the WG activator that reveals a lower crystallinity of the
hydrotalcite phase. The small shoulder at around 3.5 ppm
observed in the spectrum of the WG-activated slag after
100 days of hydrolysis is related to an Al(VI) site. Two
hypotheses may be found in literature to explain this peak:

1. An amorphous aluminate phase precipitates at the sur-
face of a C–S–H (peak around 5 ppm)30 or precipitates
as separate phase (this hypothesis is well-supported
both by NMR39 and TEM11 data), and

2. Al located into the interlayer region of the C–S–H
(evident as a peak near 3 ppm).29

The 27Al NMR spectra also show signals in the Al(IV)
range near 65 ppm from Al substituting Si bridging sites in
the C–S–H.31 As already noted by Schneider et al.,32 an
additional sharper resonance can be observed around

72 ppm in the NaOH-activated samples. In the case of
NaOH activator, two types of C–S–H with similar Ca/Si
atomic ratio around 1 are observed by SEM and XRD,3,4

(i) a C–S–H similar to that observed with the WG activator
and (ii) a more ordered C–S–H with a more pronounced na-
nometric size of the coherent domain. The sharper signal at
72 ppm for the NaOH activator may be attributed to the Al
substituting Si bridging site in the more ordered C–S–H.

(2) Decomposition of 29Si MAS NMR Spectra
The 29Si MAS NMR spectrum of the unhydrated slag is
presented in Fig. 3 and can be simulated by a pseudo-Voigt
line shape with a mixing parameter g of 0.3 (g = 0 for a
Lorentzian and g = 1 for a Gaussian line shape) centered at
�74 ppm with a full width at half maximum (FWHM) of
~19 ppm. By comparison, the spectra of the dissolution resi-
due after the selective extraction procedures, which should
correspond to the unhydrated fraction of the slag after
1 day, is also displayed (Fig. 3). Although the shape of the
dissolution residue is different from the unhydrated slag,
the signal of the dissolution residue, as well as the amount of

Fig. 1. 29Si MAS NMR spectra of the anhydrous slag, and the
NaOH and WG-activated slags as a function of hydration time.

Fig. 2.
27Al MAS NMR spectra of NaOH and WG-activated slag

as a function of hydration time, anhydrous slag, and the dissolution
residue of NaOH-activated slag after 1 day of hydration.

Fig. 3. 29Si MAS NMR spectra of anhydrous slag and dissolution
residues isolated with and without using dimethyl formamide (DMF)
of NaOH-activated slag after 1 day of hydration.



the residue after dissolution are similar for both activators
(the spectra of the water-glass-activated slag is not shown).
Also, the use of DMF in the dissolution procedure does not
influence the NMR spectra indicating that the use of DMF
does not seem to play a relevant role in the case of alkali-
activated slags. The shape of the NMR spectra of the disso-
lution residue is close to those reported by Dyson et al.15

Figure 4(a) shows the 29Si MAS NMR spectrum of
NaOH-activated slag after 1 day of hydration. We still
observed the broad signal of anhydrous slag at around
�74 ppm. The decomposition obtained by subtracting the
spectrum of the dissolution residue was not successful due to
significant deviations between the experimental and the simu-
lated data between �70 and �100 ppm. The excess of the
signal from the residue compared to the spectra of the unhy-
drated slag may indicate the presence of some hydration
products altered by the dissolution process rather than an
effect of the incongruent dissolution. This may be related to
the aluminosilica gel observed in dissolution residues by Dy-
son et al.15 using transmission electron microscopy (TEM).
The presence of this gel may also explain the appearance of
the resonance at 57.5 ppm in the 27Al NMR spectra of the
residue (see Fig. 2). We can also note the presence of the sig-
nal of undissolved hydrotalcite-like phase at 9 ppm in the
27Al NMR spectrum of the residue. Better fits were obtained
with the initial line shape of the anhydrous slag (see Fig. 2).
These results indicate that the first dissolution method is
preferential, although Dyson et al.15 did not find a meaning-
ful fit in the case of hydrated slag cement blends. The analy-
ses of blended cements may require fitting the additional
peaks (from the C–S–H33 or from carbonation13) to obtain a
satisfactory fit, rather than a modification of the slag peak
shape.

For the following decomposition procedure, we assumed
(i) that the line shape of the slag will not change with hydra-
tion time (i.e., congruent dissolution of the slag) and (ii) a
pure Lorentzian shape for the C–S–H phase.34 The decompo-
sition of the 29Si NMR spectrum after subtraction of the
signal of anhydrous slag is shown in Fig. 4(b). The signals of
the C–S–H phase are well resolved. Both “manual” fitting

and automatic line-shape fitting with the positions, the
FWHM, and the amplitudes as free parameters lead to simi-
lar results. The evaluated parameters are presented in
Table II. We also simulated the rotational bands (Fig. 5), the
intensities of which, relative to the central bands are higher
for the anhydrous slag than for hydrated products. If the
spinning sidebands are not taken into account in the simula-
tion, an increase of up to 3 wt% in the DOH can be
observed. The parameters for the line shape and line width
of the rotational bands were set to those for the center
bands. Their positions were deduced from the spinning rate
so that only the intensities varied during the fit. Using higher
spinning rates (e.g., on a 4-mm probe) would be an alter-
native to avoid the simulation of rotational bands,35 but
the drawback of such a change would be a considerably
prolonged acquisition time.

The same procedure of line shape simulation has been
used for the decomposition of the 29Si NMR spectra of the
WG-activated slag (Fig. 6). Owing to the considerably
broadened resonances, spurious results were obtained when
all three parameters (position, FWHM, and amplitude) were
fitted simultaneously. Constraints in the positions of the peak
have been added and the FWHM was increased slightly. The

Fig. 4.
29Si MAS NMR spectra of NaOH-activated slag after 1 day

of hydration with the spectra of anhydrous slag and dissolution
residue (a), decomposition after subtraction of the signal from
anhydrous slag of the NaOH-activated slag spectra (b), difference
plot between experimental and simulated data (c).

Table II. Calculated
29
Si NMR Parameters (Positions, Full

Width at Half Maximum FWHM, and Area) for Simulation

of NaOH and WG-Activated Slag Spectra at 100 days

Qn

Center (ppm) FWHM (ppm) Area (%)

NaOH WG NaOH WG NaOH WG

Q0 – �75.8 – 3.9 – 5
Q1 �78.7 �78.7 2.1 2.7 35 22
Q2(1Al) �81.5 �81.5 2.4 2.7 39 31
Q2 �84.5 �84.5 2.0 2.7 26 42

Fig. 5.
29Si MAS NMR spectra, including rotational bands of

NaOH-activated slag at 1 day of hydration with the spectra of
anhydrous slag and dissolution residue (a), decomposition after
subtraction of the signal from anhydrous slag of the WG-activated
slag spectra (b), difference plot between experimental and simulated
spectra (c).



simulation required the fit of an additional resonance at
around �75.8 ppm which may be attributed to hydrated
monomeric silicate tetrahedra or Q1(1Al).36 29Si cross-polari-
zation MAS NMR experiments on samples containing fewer
paramagnetic species would be needed to confirm this signal
assignment. The relative intensity of this species remains low
in the samples and depends on the way the operator per-
forms the zero and first-order phasing during NMR data
treatment.

(3) Degree of Hydration of the Slag Using 29Si NMR and
SEM-IA
The DOH obtained by 29Si NMR and SEM-IA are presented
in Table III and a graphical comparison of the DOH is
shown in Fig. 7. Both methods indicate a very fast early reac-
tion of the alkali-activated slag. The measured DOH of the
slag is similar for both activators. The DOHs deduced from
NMR and SEM-IA typically agree within ~3% error of both
measurement techniques. In general, the difference in DOH is
in range of 2–3%, the biggest difference (5%) is observed for
the WG-activated slag after 7 days (Table III). The good
agreement between the two techniques shows the importance
of preparing SEM samples that are free of microcracks.

The SEM-IA was also used to determine HOD, and the
technique requires the user to verify the accuracy of the seg-
mentation process. The combination of filters and gray level
thresholding to distinguish the unreacted slag and the
hydrated phases yield results that agree well with the NMR
results. This independent consistency suggests that both tech-
niques are accurate.

We can also assume that the relative high concentration
of paramagnetic species in the slag had no significant impact
on the technique but further work is needed to determine
the influence of iron in the slag on the final quantitation
results.

(4) C–S–H Composition Using 29Si NMR and SEM-EDX
Previous studies using XRD and SEM-EDX have shown the
presence of two types of C–S–H in the case of NaOH activa-
tor and one type of C–S–H for the WG activator.3,4 The
NMR analysis indicates the presence of only one “mean”
C–S–H type. The Al/Si atomic ratio deduced by 29Si NMR
is slightly smaller than the ratio determined by SEM-EDX.
The 29Si NMR analysis can potentially overestimate or
underestimate the Al/Si atomic ratio. The C–S–H is com-
posed of silicate chains that are kinked with repeat intervals
of three SiO4 tetrahedra (dreierketten chains). In each inter-
val of three tetrahedral SiO4, two are linked to the Ca–O
sheet. As reported by Richardson et al.,37 aluminum enters
the tetrahedral chains by substitution for the third or bridg-
ing tetrahedra Q2

B, which is not linked to the central Ca–O
part of the layer. As shown in Table III, C–S–H with mean
chain length of 8 and Al to Si ratio of 0.15 were present in
the WG-activated slag. A mean chain length of 8 implies a
C–S–H composed in average of 2Q1, 4Q2, and two bridging
Q2, and an average Al to Si atomic ratio of 1/3 in this C–S–
H. The measured Al/Si atomic ratio of 0.15 obtained by
NMR and SEM-EDX indicates that not all the bridging sites
are occupied by Al. As the 29Si NMR chemical shift of the
Q2(1Al) is in the same range as the Q2

B (ranging from �80
to �82 ppm38 and from �81.5 to �83 ppm33,34 respectively),
the intensity of the peak assigned to Q2(1Al) may contain
some signals from Q2(1Al) and Q2

B. The calculation in
Table III is based on the Q2(1Al) assignment, and so, the Al/
Si atomic ratio may be overestimated. Conversely, as stressed
by Andersen et al.,39 the SEM-EDX method does not distin-
guish between Al in fourfold and sixfold coordination in the
C–S–H, whereas 29Si NMR provides the Al(IV) to Si ratio.
As it is not yet clear if Al(VI) belongs to the C–S–H, the Al/
Si atomic ratio may be underestimated by NMR analysis.

However, there are also errors in the Al/Si ratios estimated
from the SEM-EDX analyses. As shown by Richardson
et al.,40 some significant differences can occur between SEM-
EDX and TEM-EDX analyses as different hydration prod-
ucts are intermixed in volumes that are much smaller than
the interaction volume in the SEM.

Fig. 6.
29Si MAS NMR spectra of WG-activated slag at 1 day of

hydration with the spectra of anhydrous slag and dissolution residue
(a), decomposition after subtraction of the signal from anhydrous
slag of the WG-activated slag spectra (b), difference plot between
experimental and simulated spectra (c).

Table III. Ca/Si, Ca/(Al+Si), and Al/Si Atomic Ratios for C–S–H and Mg/Al Ratio for Hydrotalcite-Like Phase

Obtained Using SEM-EDX Analysis, Al/Si Atomic Ratio and Mean Chain Length (CL) for C–S–H Obtained from
29
Si NMR

and Degree of Hydration Determined Using SEM-IA Analysis and 29Si NMR

Activator Time (days) Ca/Si

Ca/(Al+Si)
Mg/Al

Al/Si
CL

DOH

SEM ± 0.05 SEM ± 0.05 NMR NMR ± 0.3 SEM ± 3 NMR ± 2.5

NaOH 1 0.89 0.77 2.08 0.15 0.18 5.1 44 47
7 0.89 0.77 2.05 0.16 0.19 7.1 49 51
28 0.90 0.77 2.04 0.17 0.19 6.3 52 55

100 0.88 0.75 2.06 0.17 0.19 6.7 56 59
WG 1 0.82 0.71 1.98 0.15 0.17 8.0 40 41

7 0.83 0.73 1.96 0.14 0.17 8.6 47 52
28 0.82 0.71 2.02 0.15 0.18 8.7 52 55

100 0.82 0.71 1.97 0.15 0.17 9.2 54 53



IV. Conclusions

The difference in the degree of hydration determined using 29Si
NMR and SEM-IA is within the error bars (±2.5 and ±3 for
NMR and SEM-IA, respectively), whereas the degree of hydra-
tion obtained using selective dissolution experiments is known
to give poor results due to the presence of insoluble hydrotal-
cite-like phase and the formation of an aluminosilicate gel.

Two different methods, based on the decomposition of the
29Si NMR spectra of blended cements have been proposed by
Dyson et al.15 to obtain the degree of hydration of slag. The
first method involves the fitting of residual slag using the
spectrum of an anhydrous slag. The second method involves
the fitting of residual slag using the spectrum of the dissolu-
tion residue to represent the peak shape. In the present study,
these two methods have been applied to a less complex sys-
tem, alkali-activated slag. The fitting of residual slag using an
anhydrous slag spectrum gives satisfactory estimates for the
degree of hydration and the Al/Si atomic ratio of the C–S–H,
which are in agreement with SEM-IA and SEM-EDX analy-
ses. The second method involving chemical extraction with or
without DMF leads to problems in the decomposition that
may be explained by the presence of hydration products
altered by the selective dissolution process. The first method
is thus recommended also for the decomposition of blended
cement that contains slag, although some additional peak
may be necessary in the decomposition process as observed in
the case of WG activator.
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