Rl 4

ELSEVIER

Available online at www.sciencedirect.com
C:: ey i o
*.” ScienceDirect

Cement and Concrete Research 37 (2007) 295-302

Cement and

Concrete
Research

Microstructure and texture of hydrated cement-based materials: A proton
field cycling relaxometry approach

J.-P. Korb **, L. Monteilhet?, P.J. McDonald °, J. Mitchell ®

* Laboratoire de Physique de la Matiére Condensée, UMR 7643 du CNRS, Ecole Polytechnique, 91128 Palaiseau, France
® School of Electronics and Physical Sciences, University of Surrey, Guildford, Surrey, GU2 7XH, UK

Received 18 November 2005; accepted 3 August 2006

Abstract

We show how the measurement of proton nuclear magnetic spin-lattice relaxation as a function of magnetic field strength (and hence nuclear
Larmor frequency) can provide reliable information on the microstructure (specific surface area and pore size distribution) throughout the
progressive hydration of cement-based materials. We present in details the experimental and theoretical characteristic features of the relaxation
dispersion to support an interpretation in terms of coupled solid—liquid relaxation at pore interfaces, surface diffusion, and nuclear paramagnetic
relaxation. The measurement does not require any drying temperature modification and is sufficiently fast to be applied continuously during the
progressive hydration of the material. Coupling this method with the standard proton nuclear spin relaxation and high resolution NMR allows us to

follow the development of micro-scale texture within the material.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The ability to directly and reliably probe the value of the
specific surface area, Sy, of a hydrated cement-based material is
fundamental to characterize the highly disordered internal porous
microstructure of the material. This is all the more important for
hardened cement paste where the value of S, is directly related to
the mechanical performance of cement-based materials such as
concrete. However, most of the existing techniques have been
shown to be largely inadequate. Widely dispersed values of S,
ranging from 80 to 300 m?/g have been obtained previously [1],
by, for instance: nitrogen gas sorption [2], mercury intrusion [3],
small-angle X-rays (SAXS [4]) and neutron scattering (SANS [5])
and nuclear magnetic relaxation (NMR [6-8]). Gas sorption
requires a preliminary drying and is limited to accessible pores.
Mercury intrusion requires high pressures that perturb the pore
structure. NMR measurements for proton [6] and deuteron [7]
have used only a single high frequency that makes the separation
of the surface and bulk contributions from the overall measured
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relaxation rate difficult. Moreover, some of these NMR mea-
surements require successive liquid saturation and drying [6] or
use of cryoporometry [9] that might perturb the microstructure.
We propose a new NMR approach to probe the surface
dynamics of proton species directly and obtain the specific
surface area for a hydrated cement-based material that does not
require any drying or temperature modification. Our method is
based on a clear separation of surface and bulk contributions of
the overall 'H nuclear spin-lattice relaxation rate (R;) of water
confined within the hydrated cement. For this purpose, we
measure the variation of R; as a function of magnetic field
strength; the nuclear magnetic relaxation dispersion (NMRD).
We have shown in various calibrated microporous media
[10,11], rocks [12,13], and mortars [14] that the benefit of
exploring the low frequency range is to clearly isolate the typical
NMRD dispersion features associated with different processes
of molecular surface dynamics. Here we outline our previously
proposed model [14] based on solid—liquid cross-relaxation,
proton surface diffusion, nuclear paramagnetic relaxation, and
high resolution NMR [15] in the presence of progressive
hydration to interpret the remarkable features of the proton
NMRD in different cement-based materials. This allows us to


mailto:jean-erre.korb@polytechnique.fr
http://dx.doi.org/10.1016/j.cemconres.2006.08.002

296 J.-P. Korb et al. / Cement and Concrete Research 37 (2007) 295-302

Ty I T ——

800 F "« = 3H .
e 5H30
A 11H

600 |- v 24H .
< 31H

= Theoretical fit ]

H spin-lattince relaxation rate (s™1)
5
o
1

White cement W/C=0.4
L e aaaaaal PR T

0.01 0.1 1 10
Frequency (MHz)

Fig. 1. Measured 'H spin-lattice relaxation rate as a function of the Larmor
frequency in white cement (w/c=0.4) for different durations of hydration. The
continuous lines are the best fits obtained with Egs. (2)—(5).

probe directly the dynamics of proton species at the surface of
CSH and the specific surface area of these materials.

The determination of the pore size distribution is also very
important for characterizing the microstructure of cementitious
material. However, exploring the porosity in the micropore range is
so far poorly described because most of existing methods are inva-
sive and perturbating. We have recently proposed an original
method based on both proton nuclear magnetic relaxation dis-
persion and high resolution NMR spectra to investigate the
microstructure of synthesized Ca;SiOs hydrated cement paste [15].
This method allows a clear assessment of the local proton chemical
sites as well as the determination of dynamical information of mo-
ving proton species in pores. Here, we just present an application of
the proton field cycling relaxometry to evidence the pore size
distribution of a 1-year-old C5S paste between 1.8 and 600 nm. One
should also mention some recent 2D correlation relaxometry expe-
riment that proved to be also a particularly sensitive probe of pore-
water dynamics providing, in complement to field cycling relaxo-
metry, direct information on pore size distribution and exchange of
water between the gel and capillary pore networks [16].

2. Materials

Cement pastes were prepared using Ketton white cement,
obtained from Castle Cement. White cement was used because
of its low content of paramagnetic constituents. We carefully
measured and mixed the amount of cement and distilled water
for a water-to-cement (w/c) ratio of 0.4. We put the early paste
into a small tube 0.7 cm in diameter and 5 cm long to a depth of
1 cm. The sample was then covered by a small quantity of water
to ensure the pore structure remained saturated during the curing
time. We closed the small tube with PTFE (Teflon) tape and
inserted it into a larger NMR tube, 20 cm long and 1 cm diameter.
The mortar sample was prepared by mixing cement, sand, silica
fume, water and superplasticizer with a w/c ratio of 0.65; more
details on this sample can be found in Ref. [14]. The C5S sample
was synthesized by calcination of stoichiometric mixture of
CaCOgj and silica at high temperature (1100 °C) with a variable
amount of Fe,03. Ca3SiO5 was ground to a mean particle size of
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Fig. 2. Renormalization of the data presented in Fig. 1 for all hydration times.
The continuous line is the best fit obtained with Eq. (6).

10 pm. The material has been prepared with a very low iron
oxide (Fe,O3) mass ratio of 0.05% to facilitate the field cycling
relaxometry measurements of a 1-year-old material.

3. Results

We present the variation of R; as a function of proton Larmor
frequency or nuclear magnetic relaxation dispersion (NMRD) of
water in hydrated white cement pastes (Figs. 1 and 2), OPC (Fig. 3)
and mortar (Figs. 4 and 5) collected for all durations of hydration.
The measurements have been performed at 25 °C over a large
range of Larmor frequencies from 10 kHz up to 20 MHz using a
Fast Field Cycling NMR spectrometer manufactured by Stelar.
These NMRD data have been renormalized following a method
presented below in the theoretical section. We note two remarkable
features in the frequency dependence of all these NMRD data.

(1) There is a plateau below a cross-over frequency wy ~ 22 kHz

that corresponds to the residual proton dipole—dipole energy
in the solid state.
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Fig. 3. Renormalization of the measured 'H spin-lattice relaxation rate as a
function of the Larmor frequency in OPC (w/c=0.4) for all hydration times. The
continuous line is the best fit obtained with Eq. (6).
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Fig. 4. Measured 'H spin-lattice relaxation rate as a function of the Larmor
frequency in mortar (w/c=0.65) for different durations of hydration. The
continuous lines are the best fits obtained with Eqs. (2)—(5).

(i) Above wy, one observes a bi-logarithmic dispersion beha-
vior, characterized by a 10/3 slope ratio, for every duration of
hydration. This frequency behavior is unambiguously con-
sistent with a two-dimensional proton-water diffusion in the
proximity of the paramagnetic relaxation centers [10—14].

The renormalization proves that the same nuclear magnetic
relaxation process occurs for any duration of hydration. The
unique cross-over frequency wy is indicative of a fundamental
modification in the relaxation when the correlation time reaches
the value Tyigiq ~ 1/004=7.2 pus which appears to be due to the
cross-relaxation between solid and mobile proton species.

The amount of paramagnetic ferric ions was evaluated through
a double integration of an Electron Spin Resonance (ESR)
spectrum obtained using an ESR Bruker spectrometer operating at
9.6 GHz (Fig. 6). We calculated a quantity of ns=1.67x10'®
paramagnetic ions Fe®* per gram of dry material and a negligible
amount of Mn”". The ESR spectrum was calibrated by including a
single monocrystal of CuSO, with a precisely measured mass in
our sample. Assuming a uniform density of paramagnetic
impurities, we can deduce a population of surface Fe* impurities
as os=NyqE=2.5x10" Fe*"/em?, where pg=2.5 g/em® is the
density of the material, and =6 A is the average interlayer
distance between two Fe** impurities [17] to which the relaxation
of liquid protons in the saturated porous media is sensitive.
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Fig. 5. Renormalization of the data presented in Fig. 4 for all hydration times.
The continuous line is the best fit obtained with Eq. (6).

—— ESR signal

M n2+

ESR signal (arb. units)

500 1000 1500 2000 2500 3000 3500 4000 4500
Magnetic field (Gauss)

Fig. 6. Electron spin resonance spectra of a dry white cement powder. We display
in the same plot the integrated spectrum obtained after correction of the baseline.
This clearly shows the importance of the contribution coming from Fe** ions in
comparison to Mn>" ions.

We have followed the progressive hydration of the paste by
measuring the 'H spin-lattice relaxation rate at a single Larmor
frequency of 10 kHz (Fig. 7). This allowed us to monitor the
hydration from a few minutes to several days. Each experiment
requires an intrinsic duration ranging from 2 min (at early stage
of hydration) to 1 h (in later stages) to maintain an acceptable
signal-to-noise ratio. The method has been extended to follow
the pore size distribution at very long times for a 1-year-old
C5S-paste sample (Fig. 9). Here the proton relaxation presents a
multiexponential longitudinal magnetization decay. But all the
dispersion curves associated to each of the individual relaxation
rates present the same dispersion curves (NMRD) while they are
scaled as the surface to volume ratio of separated pore sizes.

4. Theory of nuclear magnetic relaxation dispersion
(NMRD) in cementitious materials

In a previous publication [14] we proposed a theoretical model
that reproduces all the relaxation features reported in Figs. 1-5
and 9. Here, we just outline the essential features of such a model.
Basically, when considering the nuclear relaxation of water
embedded in solid hydrated cement, there are two longitudinal
magnetizations associated with the liquid and solid: m,, and my,
respectively (Fig. 8a). Introducing the dimensionless variable for
the departure from equilibrium M(¢)=[m(f) —m*1)/m*9, these two
spin magnetizations are coupled through the cross-relaxation at
the solid—liquid interface and are also coupled to the lattice as
follows [14]:

(1) (e () o

where R, , and R, ¢ are the spin-lattice relaxation rates for the
confined liquid-proton water and solid protons in the solid
hydrates, respectively. k is the dipolar cross-relaxation rate from
the water protons to the solid-proton species, and F is the ratio of
the solid-proton population to the liquid-proton population at
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Fig. 7. 'H spin-lattice relaxation rate as a function of the hydration time measured at a Larmor frequency of 10 kHz in white cement (w/c=0.4). We note a bi-
exponential relaxation behavior after 10 h of hydration. The weighting factors for each of the relaxation components are indicated. The inset represents the NMR
specific surface area deduced from the data in the main figure using Egs. (2) and (3).

equilibrium: F=mg/m (Fig. 8a). The solutions of Eq. (1) are
bilinear combinations of exponentials with fast (Rp,g) and slow
(Rs1ow) recovery terms given by the eigenvalues of the matrix of
Eq. (1). However, with the fast-field cycling spectrometer, one
observes only the slow recovery term, Rgjo:
1

Rsjow=~ {Ris + Riw + k(14 1/ F) Ry~ Ruy k(11 /P + 482 /] (2)

We have also recently proposed a theoretical model for the
proton Larmor frequency dependence of R; (w)) [14]. Basical-
ly, we consider a large number of protons (/) in spin-bearing
water molecules diffusing in pores with a surface density og of
fixed Fe’" paramagnetic impurities (S) (Fig. 8b). Since the
gyromagnetic ratio of the electron, yg, is much larger than that of
the proton, y; (ys=658.217y), the reduced liquid proton spin-re-
laxation rate R, , is due to the modulation of the dipole—dipole
interactions between the / and S spins through translational diffu-
sion. The model proposed is built on the following considerations:

(1) The interpretation of the relaxation curves in Figs. 1-5 and 9
is based on the general biphasic fast-exchange model
between the protons transiently belonging to the surface
and the bulk in a given pore [18]. This model assumes that
the molecular exchange between these two phases is faster
than individual proton relaxation times. A consequence of
this model is a drastic enhancement of the surface
contribution of R, ,, in Eq. (2), especially at low frequencies
and for a microporous media where the surface to volume
ratio S/V'is very large [10,11].

(it) The main contribution of the proton relaxation R, ,, at low
frequencies comes from the two-dimensional diffusion of

the water molecules across the pore surface near the fixed
relaxing sinks S that modulates the dipole—dipole
interaction between the proton species and the Fe*" ions
fixed at the surface [10,11,14].

(iii) The numerous two-dimensional /—S molecular reencoun-
ters are responsible for the net frequency dependence
observed for the longitudinal spin-relaxation rate R .

(iv) The residence time of the liquid at the pore surface
depends on the existence of potential chemical bonds with
specific surface groups.

(v) At high frequencies (10—100 MHz), the electron para-
magnetic relaxation controls the proton relaxation [19,20].

Taking these considerations into account, we find that the
following theoretical analytical expression of R, y, allows us to
reproduce all the observed frequency features after substitution
into Eq. (2):

Xé

Ry w(w1>wd)= R puik+ 50 OSP4 SpNMR (Y ¥sT) S(S + 1)

n 1 1
X {Sjrm {7ln<l +70)§T$n> + 3ln<1 +7w12112n>}

8ne? 7 . 3
s 1+ o3 1+ ot

3)

+—5T

where wq~22 kHz corresponds to the residual proton dipole—
dipole energy in the solid state. p,, is the density of the water,
£=3.8 A is the water molecule size, and xe~10 A is an
interfacial water layer according to previous calorimetry and
NMR studies [21]. One has xepS, nmr=Ns/N which is the
ratio of the number of water molecules at the pore surface,
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Fig. 8. (a) Schematic diagram of coupled magnetizations between liquid, solid and lattice. The various relaxation rates are indicated. (b) Schematic diagram of the two-
dimensional diffusion of water molecules in vicinity of Fe** ions on the solid—liquid pore surface interface. The correlation time for molecular jumps is T,,; the surface
residence time is 7, (approximately equal to T4, see text). (c) Calculated frequency dependence of R, from Egs. (2)—(5). We have presented the main contributions
of Eq. (3) in light continuous lines and the overall result given by Egs. (2) and (3) as a bold line.

N, to the total number, N, of exchangeable water molecules
in the sample, and S, xmr=Spf" is the NMR-based value of
the specific surface area S,. Also in Eq. (3), 7, is the
correlation time characterizing the two-dimensional diffusion
of the proton species at the surface of the pores; r1g=2.7 A is
the distance of minimal approach between / and S spins,
§=5/2 for Fe**; n is the population of bounded water molecules
in the ligand field of the Fe®" ions. The correlation time . of the
nuclear paramagnetic relaxation is given by 1/7.=1/7e,+ 1/T g~ 1/
T1re Where T (Tox>>Tre) is the lifetime of water in the ligand
field of the ferric ions. The electronic spin-lattice relaxation time
of the paramagnetic impurity 7y, (of the order of 10~'" s) is
defined as Tpi(ws)=Har l(1+wét?) ' +4(1+4wdt?) '1[19,20],
where 7, is the correlation time for the electron-lattice relaxation
interaction and H3 is the intensity of the electronic spin
fluctuations. The relaxation rate in the bulk phase, R;.
put~0.5 s~ ! is caused by the fast molecular reorientations and
translations and is independent of frequency in the low field range
studied [22].

Substituting Eq. (3) into Eq. (2) gives the calculation of the
frequency dependence of Ry () displayed in Fig. 8c. We
have plotted individually (in light continuous lines) the main
effects of the different components of Eq. (3). The overall
frequency dependence is shown by the bold line.

When o1<wyq=22 kHz, and k<R, ,, R 5, and (R) R, ),
F <1, the system reaches a long correlation time limit typical

of the rigid-lattice limit: Tygiq=1/wq=7.2 ps. The cross-re-
laxation becomes very efficient (k/F > k) and is only limited by
the transfer of dipolar energy (spin diffusion). Under these
conditions Eq. (2) simplifies to:

Rslow(w1<wd) zRLS + ]C/F7 with RI,SERl,w(wI = wd) (4)

The observed plateau below wyq is thus characteristic of the rigid-
lattice limit of the solid-proton hydrates. The absolute value of
such a plateau is thus indicative of the specific area precisely at
the solid—liquid interface. This plateau has thus been useful to
follow directly the time evolution of the specific surface area
(Fig. 7).

When o;>wq4 and for k<< R, Ry s and (R s— R, w), F <1,
the system experiences correlation times typical of a surface
liquid with correlation times much shorter than T,4;4. Here Eq.
(2) simplifies to:

Rslow(wl>wd) :Rl,w(wl>0)d) +k (5)
i.e. the relaxation is dominated by the surface water-proton
dynamics as shown by the typical bi-logarithmic dispersion
curves displayed in Fig. 8c.

When 10 MHz < w; <100 MHz, the nuclear paramagnetic
relaxation is dominant and enhances the relaxation in a narrow
band in the highest frequency range of our measurements. Its
contribution appears when a certain population of bounded
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Fig. 9. Logarithmic plot of the dispersion curves showing the four longitudinal
relaxation rates 1/7 versus the external magnetic field expressed in terms of the
Larmor frequencies of the proton for a C;S paste hydrated 1 year with w/c=0.4
at room temperature. The four curves have been successfully renormalized in the
inset. The continuous lines correspond to the best fit obtained by the relaxation
model using Eq. (3).

water molecules (typical value of n ~ 2) exists in the ligand field
of the Fe** ions. We see in the high frequency part of Fig. 3, the
beginning of such an enhancement. We show in Fig. 9 some
characteristic frequency dependence (a bump around 60 MHz),
realized on aged CsS pastes, that are typical of this relaxation
process.

When w;>100 MHz, one reaches the usual domain of fast
bulk dynamics where the relaxation becomes almost frequency
independent.

5. Discussion of nuclear magnetic relaxation dispersion
(NMRD) in cementitious materials

5.1. Surface diffusion coefficient
The limiting expressions (Egs. (4) and (5)) indicate the way

to renormalize the collected NMRD data R (w;, ?) obtained

Table 1

Results on surface diffusion of proton species for different cement-based materials

for all durations, ¢, of hydration and provides the correlation
time (mean jump time t,) for water diffusing on pore sur-
faces. By subtracting the limiting constant bulk value R py at
high frequencies and dividing the resulting data by the value
of the respective low frequency plateau, one has:

Rgiow (@1, 1) =R puik
Rtow (0r<wq) =R\ pulk
- Rjow (01, 1) =R puik
"~ Riw(or = 0q) + k/F—R pu

R™ (o, 1) =

slow

As almost all the parameters present in Eqs. (2)—(6) are
either known or measured independently, we can fit easily the
NMRD data presented as continuous lines in Figs. 1-5 and 9.
First we use Eq. (6) to obtain the surface translational
correlation time 7, from a single parameter fit of (Figs. 2, 3
and 5). We find similar results for various cement-based
materials: white cement paste (Figs. 1 and 2), OPC (Fig. 3)
and mortar (Figs. 4 and 5), which suggests a quasi-uni-
versality and pore scale invariance of the water dynamics on
the pore surface in CSH with t,,, approximately equal to 1 ns.
Finally, one deduces the translational diffusion coefficient
Dg.s at the pore surface from Stokes—Einstein relation:
Dyui=€%/(41,) that is about 1/60 of that of bulk water (Table 1).
These values of the diffusion coefficients of water in hy-
drated cement pastes and mortars obtained from proton field
cycling NMR spin-lattice relaxation over three orders of
magnitude in magnetic field strength are in good agreement
with values from molecular dynamics simulations of water on
the surface of tobermorite [23]. The level of agreement from
these two independent approaches provides support for their
validity.

5.2. Specific surface area

Concerning the measurement of the NMR specific surface
area S, xmr, We have enlarged the potential use of proton
field cycling up to 100-h-old white cement paste by mea-
suring the time evolution of the spin-lattice relaxation rate
Ri wobserved(@1=10 kHz, 7) only at a single very low fre-
quency (10 kHz). At 10 kHz, we have shown that one probes
only the relaxation rate coming from the solid hydrates
([14,15]). Moreover at this low frequency, one can neglect the
bulk and the nuclear paramagnetic contributions in Eq. (3)
(see Fig. 8c). One can thus obtain the following expression of

Samples OPC, w/c=0.4 OPC+10% PVA Ketton white cement+ Ketton white cement, Mortar+silica fume+
(latex) excess of water w/c=0.4 adjuvant
Correlation time of translational diffusion 0.8 ns 0.07 ns 1.2 ns 1 ns 1 ns

at the pore surface

Translational diffusion coefficient at
the pore surface Dgyp

Dguer /Dot 1/49 1/4.2

4.5x1077 cm?/s

5.2x107° cm%/s

3.0x1077 cm?/s 3.6x1077 cm?/s 3.6x1077 cm?/s

1/73 1/61 1/61
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the NMR specific surface area S, yvr that is directly propor-
tional to Ry y observed(®@1=10 kHz, 7):

Ri wobserved (0,10 kitz, )

SpNMR (1)=
{%o;pw(msh)ZS(s +1) &t {71:1(1 + a7 ) + 31n(1 + 1'—2)] }

(7)

where all the terms in the denominator of the rhs of Eq. (7)
is known or measured. We present in Fig. 7 the variation of
R w,observed(®w; =10 kHz, #) with the hydration time in white
cement paste (w/c=0.4). An interesting feature is the bi-
exponential character of the relaxation observed after 10 h of
hydration. Here one notes two branches in the time evolution
of Ry wobserved(®w;=10 kHz, f) whose relative intensity
changes with time. The inset of Fig. 7 shows the time
evolution of the NMR specific surface area, S, nmr, Obtained
from this experiment with Eqs. (2) and (3) and the value
found for 7. It is interesting to note that, after the setting
period, S, nmr continues to slightly increase with hydration
similarly with the evolution of the degree of chemical
advancement measured from calorimetry.

5.3. Pore size distribution

Fig. 9 shows the NMRD curves of a 1-year-old C5S sample.
The renormalization of all these dispersion curves to a single one,
shown in the inset of Fig. 9, proves that the same relaxation process
occur at each of the four classes of relaxation rates from 1 to
4000 s~ '. The continuous lines in Fig. 9 are the best fits obtained
with Eq. (3). At low frequencies, as shown in the theoretical
section, the relaxation is due to the modulation of dipole—dipole
interaction between the two-dimensional diffusing proton species
and the Fe*" ions fixed at the surface [ 14]. At high frequencies, the
electron paramagnetic relaxation controls the proton relaxation
[19,20]. This mechanism leads to a characteristic peak observed in
the 10—100 MHz. The frequency dependence of the overall spin-
lattice relaxation rate, mainly due to the surface contribution,
shows that the renormalization factors for the four classes of the
relaxation rates are proportional to the surface to volume ratio.
Provided that the amount of paramagnetic ferric ions is evaluated
through a calibrated electronic spin resonance (ESR) experiment
(Fig. 6), these renormalization factors lead to the following values
of average pore sizes (R;)={1.8, 7.0, 50 and 600 nm}. Such a
discrete pore size distribution obtained at long times in a range of
length scales between 2 and 600 nm is typical to previous nuclear
relaxation works on cement pastes that observed several distinct
relaxation rates that were attributed to the existence of different
pore sizes [24—-31]. It is also supported by recent cryoporometry of
Valckenborg et al. [30]. The most plausible interpretation is that the
first two smaller pore sizes are associated with the interbrick and
intercrystallites of CSH comprising the gel, while the last two
larger sized pores are associated to packing defects and capillary
pores. We have studied in detail in Ref [15] how these pore sizes
evolve in time and reach progressively a hierarchical surface fractal
distribution. Some of these results are confirmed by recent 2D
correlation spin relaxation study [16].

6. Conclusion

Based on proton magnetic relaxation dispersion (NMRD) of
various cement-based materials, we have proposed a continuous
and direct measurement of surface dynamics of proton species
Ty and specific surface area Spxmr of various cement-based
materials. This technique allows a clear separation of the NMRD
of mobile water at the surface of the pores from that of the bulk.
Though S, ~mr ranges within the results of most other
techniques, there are several advantages in favour of our
measurements. (i) Proton NMRD is neither invasive nor
destructive because one measures the response of the mixing
water itself in the normal saturated state of cement. No liquid or
gas intrusion, no drying or other temperature and pressure
modifications are required that risk damaging the microstruc-
ture. (ii) The measurement is sufficiently fast to be applied
continuously during the progressive hydration and setting of the
material. (iii) The remarkable features of the proton NMRD at
low frequency allow one to probe directly the proton surface
dynamics that contribute to S, xmr. The technique has also been
applied to characterize the average pore sizes and distribution.
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