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Time-Domain Nuclear Magnetic Resonance (TD-NMR) of 1H nuclei is used to monitor the maturation up to
30 days of three different endodontic cement pastes. The “Solid–liquid” separation of the NMR signals and
quasi-continuous distributions of relaxation times allow one to follow the formation of chemical compounds
and the build-up of the nano- and subnano-structured C–S–H gel. 1H populations, distinguished by their dif-
ferent mobilities, can be identified and assigned to water confined within the pores of the C–S–H gel, to crys-
tallization water and Portlandite, and to hydroxyl groups. Changes of the TD-NMR parameters during
hydration are in agreement with the expected effects of the different additives, which, as it is known, can
substantially modify the rate of reactions and the properties of cementitious pastes. Endodontic cements
are suitable systems to check the ability of this non-destructive technique to give insight into the complex
hydration process of real cement pastes.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

An ideal endodontic cement should have both biocompatibility/
osteoconductive characteristics and good workability properties in
order to be applied easily in the deep cavities subsequent to the re-
moval of infected and degenerated tissue, and in zones of mineral-
depleted tissue. Portland-type cements are widely used in dentistry
and their clinical use is destined to increase due to the evolution of
conservative therapy, the long term predictability of endodontic ther-
apy, and the many patients affected by endodontic pathology, espe-
cially among the elderly [1]. These cements have been extensively
studied and modified after the commercialization, in 1993, of the
Mineral Trioxide Aggregate (MTA) [2–6]. They are mainly composed
by a mixture of hydrophilic particles such as Tricalcium Silicate
(3CaO·SiO2), Dicalcium Silicate (2CaO·SiO2), Tricalcium Aluminate
(3CaO·Al2O3) which react in presence of moisture. Several additives
are employed within the composition of these cements in order to
improve specific properties such as hydration kinetics, microstructure
and setting properties.

A complex sequence of chemical–physical processes occur during
the hydration of the powder which leads to the formation of Calcium
+39 0512090457.
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Hydroxide (Ca(OH)2, Portlandite) and a quasi-amorphous, poorly
crystalline, Calcium Silicate Hydrate, called C–S–H gel made of calci-
um silicate particles with a layered structure.

These processes have been studied by different techniques. Small–
angle neutron and X-ray scattering (SANS and SAXS) are able to mea-
sure structure properties over a scale ranging from nanometers to
micrometers, but not at the internal sub-nanometers level of the par-
ticles [7]. Neutron and X-ray diffraction methods measure the Por-
tlandite formation at the micrometer scale [8]. Quasi-elastic neutron
scattering (QENS) can monitor the state of water, to distinguish free
and bound water within cement and quantify their changes during
the hydration process [8,9].

Allen et al. [7] gave a picture of the nanoscale C–S–H gel, repre-
sented in the form of nanometer scale particles, made of calcium sil-
icate sheets containing OH− groups, separated by inter-layer spaces
with physically bound water. A thin layer of water is adsorbed on
the surfaces of the particles and liquid water fills the nanopores be-
tween the particles.

In a recent computer simulation, the C–S–H is considered to be
made of rather irregular sheets, with water adsorbed in the inter-
layer regions (spacings a little over 1 nm) and in the distorted intra-
layer regions around the silica monomers [10].

Amajor summary of up-to-date composition and crystal structure for
the most important crystalline calcium (alumino) silicate hydrates is
given in [11], but notwithstanding great progress in the understanding
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of mechanisms of cement hydration and microstructure development
[12,13] research is still needed for a better understanding of the chemis-
try and physics of hydration kinetics [12].

Also nuclear magnetic resonance (NMR) techniques [14] have
been applied to study the formation and nanostructure of the ce-
ments, including diffusometry [15], imaging [16,17] and relaxome-
try (NMR in the time domain, TD-NMR) [18–29]. It is long known
that the relaxation rates R1 and R2 (reciprocals of the relaxation
times of the longitudinal (T1) and transverse (T2) components of
the 1H nuclear magnetization) of a pore fully saturated with
water, under the condition of fast diffusion, if the relaxation rates
of the bulk (not confined) water are negligible, are proportional
to the surface-to-volume ratio (S/V) of the pore (1/T1,2 = ρ1,2S/V):
the larger the pore, the longer the relaxation time of water 1H nuclei.
The constants of proportionality ρ1,2 are called surface relaxivities
(longitudinal and transverse, respectively) [30]. In Ref. [18] the spaces
of the gel pores are estimated to range from 10 nm down to less than
0.5 nm, and in Ref. [19] the thickness of tightly bound gel water layers
between the sheets is given as about 1–2 nm. Two-Dimensional Inverse
Laplace Transform (2D-ILT) T1–T2 and T2–T2 experiments showed a
distribution of pore sizes [20–24,26], and an exchange between two dif-
ferent structures in the gel was suggested. One pore size was evaluated
after four days of curing to be of the order of 1 nm, and another in the
range from about 10 up to about 25 nm (2.4 nm and 16 nm in Ref.
[26]). An alternate explanation of the NMR data could be the exchange
between two classes of pores of comparable sizes, but different surface
relaxivity. Newexperiments have shown that this alternate explanation
almost certainly does not apply [28].

In a recent study [29] the well known [18,27] existence of a popu-
lation of very lowmobility protons has been investigated by TD-NMR.
1H nuclei of water in capillaries (larger pores) and in C–S–H gel can be
resolved from those in solid phases, such as hydroxyl groups of Por-
tlandite and crystal water, thanks to the effect on T2 of molecular mo-
bility. The nuclei with lower-mobility, hereinafter called “solid-like”,
give signal decays of quasi-Gaussian form with T2 on the order of
10 μs, orders of magnitude shorter than T2 for exponential decay of
the higher-mobility nuclei, hereinafter “liquid-like”. Only a few
NMR studies of cements in different conditions have taken advantage
of this opportunity [18,27,29]. In Ref. [29], where relaxation analysis
was performed on progressively dried white cement paste, the gel
was considered as composed of tetrahedral silica layers interspersed
with layers of water and calcium ions in a sheet-like structure
(intra-C–S–H sheet water), randomly stacked with water in inter-C–
S–H-gel pore space. By the ratio of the solid echo to Free Induction
Decay (FID) signal amplitudes the authors could estimate the
relative specific area and the width of intra-C–S–H sheets and inter-
C–S–H gel pores, found in their experimental conditions to be
1.5 nm and 4.1 nm thick, respectively.

The maturation of the commercial endodontic cement (MTA) has
been studied in Ref. [27]. T1 and T2 quasi-continuous distributions
analysis was performed during hydration from 1 h to 30 days. The
separation of solid-like and liquid-like components has been made
on the FID signals, giving a 2D analysis on the physical basis of differ-
ent 1H mobility. After about a day two clearly solid-like components
appear, while from a day to a few days at least two liquid-like
populations can be identified, which progressively merge, giving a
single T1 or T2 peak. The growth of the solid-like population at
the cost of the liquid-like was shown, along with the rapid changes
of the T1 and T2 distributions of all components reflecting the
formation and evolution of the reaction products (C–S–H gel and
Portlandite) and of the C–S–H micro-nano-porous structure. At
30 days of hydration, a very short T1 and T2 liquid-like component
(T1≅200 μs and T2≅50 μs) was assigned to C–S–H intra-layer water
(thickness of the order of fractions of a nanometer) and the remain-
ing liquid-like signal to interlayer water (thickness of the order of
1 nm).
Recently, two new varieties of Portland-type endodontic cements
[31–34] have been commercialized with specific additive compounds
to make the hydration process faster and to improve the workability
and the mechanical, chemical, physical and biological properties [33].
Preliminary results have shown [27] that TD-NMR parameters can
distinguish the different hydration kinetics of the different cement
pastes.

In this study the extensive and detailed analysis of relaxation time
distributions performed on MTA has been repeated and performed on
these two new endodontic cement pastes, with particular attention to
the evolution of the T1 distribution of the solid-like component, sepa-
rated from the liquid-like one. The goal is to see how much these TD-
NMR methods are able to distinguish the evolution of the different
pastes, not only in order to give an efficient tool to study endodontic
cements, but also to give some more insight on the formation kinetics
of the chemical products and on the nanostructure formation of the
C–S–H gel in real cementitious materials.

2. Materials and methods

2.1. Sample preparation

Three endodontic cements, obtained starting from Portland Ce-
ment were studied. MTA (ProRoot MTA, Dentsply Tulsa Dental Prod-
ucts, Tulsa, OK), is a Portland Cement with bismuth oxide added to
increase its radio-opacity, assumed as a reference (hereinafter R).
TECHBIOSEALER Standard (hereinafter S) (ISASAN s.r.l., Como, Italy)
is a White Portland Cement (WPC) with added calcium chloride (5%
by weight), which increases the initial rate of setting. TECHBIOSEA-
LER Fluoridated (hereinafter F) (ISASAN s.r.l, Como, Italy), is a WPC
with added calcium sulfate (1% by weight), to control the setting
and to slow down the hydration process, and sodium fluoride (1%
by weight) which provides F-ions to the structure of the enamel of
the tooth and gives the cement paste longer working time. The last
two cements have phyllosilicate added (montmorillonite 1% in
weight), a filler which makes water molecules available during set-
ting, and 15% by weight of bismuth oxide. The initial particle sizes
are less coarse for samples F and S than for regular WPC, as the
WPC grains were ground small.

All samples were pastes prepared by adding 250 mg of water to
500 mg of powder and mixed at the bottom of a 10 mm external di-
ameter glass NMR tube. This procedure was chosen to mimic the
odontoiatric preparation. The TD-NMR measurements were per-
formed from 1 h to 30 days after water addition. In total, a dozen of
samples were analyzed to check the reproducibility of the observed
behaviors of the cement pastes.

2.2. SEM analysis

For the morphological and elemental analysis a Scanning Electron
Microscope equipped with an energy-dispersive X-ray spectrometer
was used (SEM Philips 515 / EDX-EDAX Dx 4) with 20 kV accelerating
voltage, that excited a volume of about 16 μm3. Four samples from
each cement paste were examined under SEM.

SEM images taken at 30 days for one sample for each kind of ce-
ment paste (S, F and R), along with their elemental compositions,
are shown in Fig. 1.

2.3. Time-Domain Nuclear Magnetic Resonance

A relaxometer based on a JEOL electromagnet working at 0.47 T, cor-
responding to a Larmor frequency of about 20 MHz for 1H nuclei,
equipped with a Spinmaster console (Stelar, Mede, PV, Italy), was used.
Longitudinal relaxation curves for T1 measurements were acquired at
25 °C by Inversion-Recovery (IR) pulse sequences (πx−t−(π/2)x−FID
acquisition) [14]. CPMG sequences with 40 μs echo time were used for



Fig. 1. SEM and EDX analyses on the fracture surfaces of the three cement pastes after 30 days of hydration. The samples are: S (White Portland Cement with added CaCl2), F (White
Portland Cement with added NaF), R (MTA, White Portland Cement). The marker is 10 μm. The morphology is different even at this scale. Each image is representative of the whole
sample and of the paste. The x-axis of the EDX spectra is the energy of the X-ray in keV; the y-axis is the intensity of the X-ray signal (areas proportional to the counts). The second
peak of Calcium refers to kβ transitions.

Fig. 2. Ratio of solid-like to liquid-like signals α (a) and liquid-like FID decay rate R2FID
(b) as functions of hydration time for the three pastes. R2FID in the three pastes in-
creases as the pore space structure of the C–S–H gel forms. The parameters α and
R2FID both increase initially more rapidly for sample S than for F and R. The different be-
haviors of F and S reflect the different uses for which these cement pastes have been
planned.
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T2 relaxation time measurements. Relaxation decay data were inverted
to give relaxation time distributions by the algorithm UPEN [35,36],
implemented in UpenWin software [37]. At least two 1H nuclei popula-
tionswere visible on the FIDs of IR data sets, and the twowere separated
by fitting each FID to the sum of a quasi-Gaussian and an exponential.
The quasi-Gaussian corresponds to low-mobility 1H, the solid-like
population, and the exponential to higher-mobility 1H, the liquid-like
population. The ratio of the two extrapolated signals gives the solid-
like -to- liquid-like 1H ratioα. The relaxation time of the liquid-like com-
ponentmeasured on the FIDwill be called in the following T2FID, with the
corresponding rate, R2FID=1/T2FID. For more experimental details see
[27,38].

3. Results

The general characteristics of the changes over hydration time of
NMR signals observed in Ref. [27] are present in all the samples ex-
amined in this study. Details of these characteristics differentiate
the different endodontic cement pastes, as confirmed by checking dif-
ferent samples for each paste. The signal amplitude of the solid-like
population increases at the expense of the liquid-like during ageing,
so that a continuous increase ofα (see Fig. 2a) is seen, with a different
behavior for the three pastes. F shows the same initial behavior as R,
with α about constant for the first few hours and with a steep in-
crease at about 10 h. S shows a larger solid-like component already
in the very first hours, with a α ratio that starts to increase rapidly
right from the beginning of hydration. After 30 days, α is in the
range of 20–40% depending on the sample. Fig. 2b shows the evolu-
tion of the FID decay rates R2FID for the three samples of Fig. 2a. This
parameter shows different kinetics in the course of the first 50 h,
with a faster initial increase for sample S. Because of the large
liquid-like signal amplitude, R2FID is a robust parameter useful to
monitor the changes of the environment of the liquid-like 1H nuclei.
It should be noted that the FID decay of the liquid-like population is
not a single-exponential.

A detailed analysis of the evolution is obtained by the behavior
over time of the quasi-continuous T1 and T2 distributions. Figs. 3, 4
and 5 show the distributions at selected hydration times for samples
S, F and R of cement pastes. The same arbitrary units are used in all
parts of Figs. 3–5, but it should be noted that, because of the
Inversion-Recovery measurement sequence used, the signal for T1 is

image of Fig.�2


Fig. 3. A selection of quasi-continuous T1 relaxation time distributions as functions
of ageing time for the higher mobility component of the pastes: S (a), F (b) and R
(c). In all cases, the peaks shift to shorter relaxation times with ageing. For S, a sec-
ond (incompletely resolved) peak is recognizable even after 30 days. For F only one
peak is visible from the beginning of the process up to 30 days, although a slight tail
is seen toward short times.

Fig. 4. A selection of quasi-continuous T2 relaxation time distributions of the higher
mobility component as a function of ageing time for the samples of Fig. 3. As for the
distributions in Fig. 3, the distributions are shifted at 30 days to very short relaxa-
tion times, consistent with the model of water molecules absorbed in intra-layer
(half nanometer or less) and inter-layer (in the range of a nanometer) spaces of
the C–S–H gel.
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about double than for T2. Figs. 3 and 4 are for the liquid-like, Fig. 5 for
the solid-like. The T1 distribution of the liquid-like (Fig. 3) shows a
small liquid-like signal at times longer than 100 ms, which is due to
water in large pores (capillary pores). The comparison at short ageing
or hydration times shows different behaviors. At 1 h, samples R and F
show sharp T1 peaks centered at about 60 ms and 100 ms, respective-
ly. For sample S the peak is broader and ranges from 10 to about
100 ms. For all samples this peak shifts to shorter times and shows re-
duced area with ageing, and the timing and shapes of the changes are
different for the different cement pastes. At 1 day, as observed in Ref.
[27], MTA (R) shows two resolved peaks, in the range 0.4–10 ms, that
then merge into only one peak, which shifts to shorter and shorter
times. After 30 days the peak covers the range from 0.1 ms to a few
ms. The distribution for paste S shows two early peaks; the peak at
shorter times is already visible at less than 10 h. The two peaks
never fully merge into only one: at 30 days the two peaks are still ev-
ident, although not fully resolved, in the range 0.3–10 ms. Cement
paste F is characterized by a single liquid-like peak, which decreases
in amplitude, broadening and shifting to shorter relaxation times. At
30 days the peak covers the range between 0.2 and 10 ms. In summa-
ry, at 30 days the distributions for S, F and R show substantial differ-
ences: F shows only one peak, S shows two unresolved peaks, R
shows a peak at shorter times than F and at about the time of the
shorter-time unresolved peak of S.

The shifts to shorter relaxation times with ageing are shown also
by T2 distributions (Fig. 4), with less ability to characterize the differ-
ent cement pastes. It is worth noting that at longer hydration times T2
distributions show a tail down to 100 μs for S and F, and still less for R,
that is, shorter than the corresponding T2FID values, 300–700 μs (see
Fig. 2b for R2FID=1/T2FID). This signal is due to short-T2 nuclei, with
T2 values intermediate between the lowest-mobility nuclei (T2 on
the order of 10 μs), and the nuclei assigned to the liquid-like compo-
nent with much longer T2FID. These nuclei should correspond to the
nuclei with the shortest T1 in Fig. 3; otherwise there would be nuclei
with T1 less than T2, not physically acceptable. That means that a
liquid-like component with very short T2 and T1 has been partly
assigned to the liquid-like and partly to the solid-like in our solid–
liquid FID-separation.

Fig. 5 shows a selection of T1 distributions of the solid-like popula-
tion for S (5a), F (5b) and R (5c). At 1 h only a very wide low peak
from 0.2 to 1000 ms is observed in S and from 0.2 to less than
10 ms in F and R. At 10 h the signals are higher, the distributions
are more reliable, and they start to suggest the presence of more
than one group of solid-like spins. At 1 day one can observe the
growth of the signal in the 0.1–10 ms range and also a peak at hun-
dreds of ms for all the samples. At longer hydration times all samples
have the peak at longer T1, and the peaks at lower T1 are quite differ-
ent for the three cements.
4. Discussion

It is difficult to compare NMR data from the literature because
they refer to different preparations and often to very different

image of Fig.�3
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Fig. 5. A selection of T1 relaxation time distributions as functions of ageing time for the
lower mobility components of the samples in Figs. 3 and 4. The T1 peak at longer times
can be assigned mainly to 1H of crystal water and Ca(OH)2 (Portlandite) and the peak
with intermediate T1 to 1H nuclei of Ca–OH and Si–OH groups. The shoulder or exten-
sion to shorter times may be part of a population with very short T1 and T2, partly at-
tributed to the liquid-like and partly to the solid-like in our solid–liquid separation of
the FIDs.
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hydration times. The results of this paper highlights how the choice of
the hydration time is extremely important for consistent comparisons
since the TD-NMR parameters change over time significantly and in
different ways for different preparations.

The increase of the solid-like component at the cost of the liquid-
like, with the corresponding increase of the α parameter (Fig. 2), is
due to the chemical reactions leading to the progressive production
of Portlandite and the formation of C–S–H gel, at the cost of the
water molecules initially added to the cement powder. The kinetics
of the formation of the solid-like population shows that cement S
has the most rapid initial evolution, with α larger than 5% already
at 1 h and reaching a value larger than 15% at 7 h, while cements F
and S are still at the initial low value. F behaves as R in the first few
hours, with slower initial changes, and then shows a strong accelera-
tion later, in the period between 10 h and 2 days. It is known that
CaCl2 is an accelerator [13,39], and an acceleration is expected in S
[40,41]. Our data show clearly the effect of this additive, with the
fast growth of the α value in sample S in the first 10 h. The lower ac-
celeration of cement F during the first period of ageing might be relat-
ed to the added calcium sulfate.

Moreover, the pore space structure changes in different ways for
the different cement pastes, this is shown in one way by the behavior
of the parameter R2FID (Fig. 2b), related to the changes of the sizes of
the pores confining liquid water (the larger the rates, the smaller the
pore-sizes) and in a more detailed way by the T1 and T2 distributions
of the liquid-like population in Figs. 3 and 4. The evolution of the T1
and T2 distributions can be associated with C–S–H gel build-up,
thanks to the dependence of relaxation times on the surface-to-
volume ratios of the pores. The changes and the shifts of the distribu-
tions in Fig. 3 reflect the gradual formation and reduction in pore sizes
in the C–S–H gel. The progressive buildup of the pore structure of the
gel, with higher and higher surface-to-volume ratios, leads to shorter
and shorter relaxation times as the process of hardening proceeds, in
different ways in the different cements, reflecting the different kinet-
ics and the different structure at 30 days of the three cements, with
cement R exhibiting shorter liquid-like relaxation times than S and F.

Our data are in accordance with the diagram of C–S–H particles
given in [7]. The liquid-like with longer T1 is from water in larger
spaces. The tail of the T1 distributions at shorter times can be assigned
at the sub-nanometer scale. By assuming [30] a surface relaxivity on
the order of 1 μm/s for T1, one can achieve the estimation of charac-
teristic pore sizes. At the end of the 30 days period, the tail at very
short times (0.2–0.3 ms for S and F, and 0.1 ms for R) should corre-
spond to spacings of a half nanometer or less, that may correspond
to intra-layer spaces of the gel. The relaxation times at about 1 ms
and more should correspond to inter-layer or inter-grain spaces on
the order of nanometers. This is consistent with the results of the
computer simulation described in [10].

After 30 days, the T1 distribution of the liquid-like of S in Fig. 3
suggests two unresolved components at short times, with a larger
amount of water in the nanometer spaces for S than for F and R.
This suggests that the hydration process of S is probably not yet com-
plete. At this stage the CaCl2 additive, which initially accelerates the
formation of the solid-like component, slows down the hydration ki-
netics later. The results are in agreement with the expected behavior
of cement pastes S and F, planned for different uses. F paste is less vis-
cous immediately after preparation, so it can be easily inserted in the
endodontial canal and then sealing it [34]. S paste hardens more
quickly, so it is more suitable for retrograde endodontic practice
[31,34].

The T1 distributions for the solid-like 1H components of the three
cement pastes (Fig. 5) show gradual formation over time of two peaks
and a shoulder at shorter times. This is consistent with the reported
results obtained using also high resolution Magic Angle Spinning to
suppress the effect of dipole–dipole interactions [21,26]. In these
works five populations of 1H nuclei have been found at three months
of hydration. In addition to the 1H of water, a population of 1H with T1
of 1 ms was assigned to Si–OH group, probably located within the
intralayers of C–S–H; the T1 on the order of 103 ms was assigned
mainly to Portlandite; the peaks with intermediate T1 were assigned
to 1H mobile species of Ca–OH and Si–OH groups and water, in fast
exchange with the bulk in different classes of C–S–H pores [21,26].
In Fig. 5, the T1 peak at longer times (100–1000 ms) can be assigned
mainly to 1H of the Ca(OH)2 group of crystals of Portlandite; the sig-
nal with intermediate and lower T1 values can be assigned to 1H spe-
cies of Ca–OH and Si–OH groups, the shoulder, or extension to about
0.1 ms, may be part of the liquid-like population mentioned in the Re-
sults with very short T1 and T2, partly attributed to the liquid-like and
partly to the solid-like in our solid–liquid separation of the FIDs.

A comparison can be made of our results with the QENS [8,9,12].
By using the definition given in Ref. [9], the Bound Water Index
(BWI) is given by the ratio of the bound to total water, defined as:

BWI ¼ Aþ Bð Þ= Aþ Bþ Cð Þ;

where, A is associated with the chemically bound hydrogen atoms, B
is the constrained water (adsorbed onto pore surfaces, and contained
within the nanoscale gel pores of C–S–H), and C is free (liquid) water.

In Ref. [9] for a tricalcium silicate paste, BWI increased from much
less than 5% to about 55% during the first day of hydration (their
Fig. 1). By considering the 24 h data in our Figs. 3 and 5, and assuming

image of Fig.�5
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as bound water the sum of the amount of signals in the peaks below
about 3 ms in Fig. 3 (constrained water) plus the total solid-like signal
of Fig. 5 (crystal water, 1H nuclei in Portlandite, and in Ca–OH and Si–
OH groups), and as free water the signal in the peaks at about 10 ms
in Fig. 3, one gets for BWI 30.2%, 30.7% and 25.4% for S, F and R respec-
tively. The lower values can be justified by the larger water/cement
ratio used in our sample preparation, and with the addition to ce-
ments S and F of phyllosilicates, a filler which makes water molecules
available during setting.

5. Conclusion

Notwithstanding continuous progress in the understanding of the
morphology of the C–S–H gel, questions still are open that need a bet-
ter knowledge of the water mass fraction and location [7]. TD-NMR
analysis of 1H nuclei can help in getting a deeper insight into the
state of water, the sizes of the space where water is confined at the
nanometer and sub-nanometer scales and the kinetics of the forma-
tion of the compounds containing 1H nuclei. TD-NMR can monitor
and quantify the kinetics of reaction products formation and nano-
structure evolution, with the continuous changes of 1H signals from
liquid-like to solid-like, corresponding to the formation of crystalliza-
tion water and of the OH groups in the calcium silicate layers and in
Portlandite. Our data show, for the cements analyzed, different kinet-
ics of the onset of the solid-like signal, as expected, and different
structures of the gel at 30 days, and are in full agreement with the
expected behavior of cement pastes S and F, that have different addi-
tives, planned for different endodontic uses.

Moreover, this kind of analysis, able to distinguish and quantify
signals from low and higher mobility 1H nuclei through the solid–
liquid separation, and to follow their evolutions in terms of quantities
and characteristics through the quasi-continuous distributions of re-
laxation times, can be used to compare real cement pastes in a non-
destructive way not requiring radio-protection, in order to optimize
their performances for different applications.
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