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Abstract

The results of one- and two-dimensional 'H nuclear magnetic resonance (NMR) pulsed
field gradient (PFG) diffusometry studies of water in white cement paste with a water-to-
cement ratio 0.4 and aged from 1 day to 1 year are reported. The study shows that the NMR-
PFG method is primarily sensitive to the capillary porosity. Data is fit on the basis of a log-
normal pore size distribution with pore size dependent relaxation times. The volume mean
capillary pore size is 4.2 um in mature paste, similar to 1 week suggesting that hydrates and
gel porosity do not form in the capillary porosity once the latter has been substantially
created. No evidence is found of capillary pore anisotropy in cement paste.
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1. Introduction

A detailed understanding of microstructure, pore-water interactions and water diffusion in
cement, the binder phase of concrete, remains elusive even though concrete is used globally
in vast quantities. This is because cement is highly heterogeneous and morphologically
complex on multiple length scales. Nuclear magnetic resonance (NMR) pulsed field gradient
(PFG) diffusometry [1,2] 1s a well established method for measuring the self diffusion
coefficient, D, of small molecules in liquids. The time dependence of the apparent diffusion
coefficient D,,, for liquids in porous media — restricted diffusion - can yield information
about the confining microstructure. The method has been applied previously to cements
[3,4]. However, cements pose multiple challenges. First, large magnetic field gradients due to
inhomogeneity of the sample magnetic susceptibility can swamp the applied field gradients
making quantitative measurement difficult. Second, cement paste has small pores, so mean
free paths are very limited. Third, NMR relaxation times (spin-spin and spin-lattice) are very
short, limiting the maximum length, 6, and separation, A, of the gradient pulses that can be
applied. For these reasons, the method is primarily sensitive to capillary pore water.
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We report one- and two-dimensional '"H PFG studies of water in white cement paste.
Pastes are cured for periods of one to fourteen days and one year. We have adapted a well
known expression for restricted diffusion in a Gaussian distribution of pore sizes [5] to the
case of a log-normal distribution for which the relaxation times 7 and 7, are pore size
dependent. The pore sizes discovered are micron in size and correspond to the capillary
network. It is believed that smaller gel and inter calcium silicate hydrate (C-S-H) layer
spaces in cement are broadly planar [6,7]. Therefore, we have looked for evidence of
anisotropy in the nascent gel and capillary pore network of young samples using two-
dimensional NMR PFG methods. No anisotropy was seen.

2. Materials and methods

2.1. Materials

Low C;A white cement was obtained from the Nanocem consortium (www.nanocem.org).
Cement was mixed into paste with a water to cement ratio of 0.4 by mass using methods
established by Nanocem [8]. Samples were cast in 8§ mm diameter and 7 mm deep cylindrical
moulds and, once set (15 hrs), cured under saturated Ca(OH); solution. Hence, sufficient
capillary water remained to measure even after 1 year. Prior to NMR-analysis, samples were
dabbed dry and placed in sealed NMR tubes with glass rods to take up the free volume.

2.2. Methods

NMR measurements were made using a 400 MHz Chemagnetics Infinity spectrometer
equipped with a 10 mm Fraunhofer Institute 'H probe and an 89 mm bore Magnex
superconducting magnet. The 90° pulse width was 10 us and the spectrometer dead time 6-8
us. NMR PFG studies have been realised in one- and two-dimensions. In one-dimension, the
spin-echo (SE) pulse sequence [9] was used with echo times (21;) ranging from 12 to 28 ms
and gradient pulses of duration 6 = 2 ms and maximum amplitude G, = 1.5 T/m and with
encoding time A = 7. The three pulse stimulated-echo (STE) sequence [10] was also used
with storage times 7; and encoding times A = 7+  up to 50 ms. Sequences are available to
negate the deleterious effects of internal magnetic field susceptibility gradients. A popular
choice, as discussed by [11], is that due to Cotts et al. [12]. The Cotts sequence introduces
bipolar gradient pairs separated by additional 180° pulses in place of each gradient pulse of
the STE sequence. We implemented the Cotts variant shown in Figure 4a of reference [12]
using a bipolar pair of 1 ms gradient pulses in place of each 2 ms pulse. Up to 1024 averages
with a repetition time of 1 s were recorded per echo spectrum. In two dimensions, diffusion-
diffusion correlation experiments (DDCOSY) [13] comprising of two spin echoes created by
two pairs of pulsed field gradient were carried out with encoding times of 6 ms and gradients
in x and y-directions. 7, distributions in pastes were measured using Carr Purcell Meiboom
Gill experiments with a pulse gap interval of 25 us and 200 echoes. Echo decays were
inverted using the Inverse Laplace Transform algorithm due to Venkataramanan et a/ [14].
Other analysis was conducted using in-house MatLab® codes.

3. Theory and models

3.1. PFG SE and PFG STE

The NMR echo intensity recorded in the presence of a pair of field gradient pulses of
strength G, duration 6 and separation A is smaller than the echo in the absence of the gradients
due to diffusive attenuation. For small molecules diffusing in bulk liquids the additional echo
attenuation /(G)/I(0) is given by:
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m=exp(—q (A-8/3)D) (1)

where ¢ = yGd and yis the (‘"H) nuclear magnetogyric ratio. The equivalent result for echo
attenuation for the Cotts sequence is given as Eq. (5) in [12]. It includes a factor for the applied
gradient similar to Eq. (1), a corresponding term for the background gradient and a cross term.
Note the notation used throughout this work, which follows [9] differs from that adopted in
[12], most notably in the definition of A.

There is much further literature on the form of the echo attenuation in the case of molecules
in porous media. For small pores, size r, in the long time limit model (A >> rz/D) it has been
shown by Callaghan et al. 5] that the echo attenuation is well approximated by:

KD _ exp(-pr)

1(0) (2)

where 87 = ¢°/5. The same authors go on to present a development of this result applicable to a
Gaussian volume distribution of spherical pore sizes:

1(8,G,r,,0) 1 i
= R I
1(0) J1+20° 82 1+20°p

©)

where ry is average pore size and ois standard deviation. However in cement pastes the nuclear
spin relaxation times are strongly pore size dependent. It has previously been shown that, to a
good approximation, 7} = 7> and that 7> = r/3A [15-17] (assuming spherical pores) where 4 is
the surface relaxivity and a is a constant. Hence, we prefer to explicitly write the integral
formulae for a distribution of sizes:

I(G,r)=f10(r)exp(— 2ifz)exp(—6)tr2 /r)exp(-3Az, / ar)dr )

where 1 1s zero and T, is the pulse gap in the SE experiment and 7; and » are the separation of
second and third and first and second RF pulses respectively of the STE pulse sequence, and
Io(r) 1s proportional to the distribution of pore volumes. The signal attenuation can be
calculated by numerical integration and a global fit to data acquired as a function of A =1, + 1,
7, and G. Experimentally, in similar pastes at 20 MHz, =4 and A=0.0037 nm/us. At
400 MHz, « is about =~ 9 times larger [18], while A is expected to be comparable [16].

3.2. Diffusion-diffusion correlation in study of local order
Full details of the DDCOSY experiment analysis are to be found in the literature [1,13]. A
2D Inverse Laplace Transform of the resultant data set,
1(4;.95)

0

= exp(-¢; DA, )exp(=g;DaA,) (5)

yields a spectrum that reveals anisotropy of the diffusion tensor. The powder average for a
system with locally axially symmetric diffusion tensor, see references, is especially tractable
and commonly studied.
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4. Results and analysis
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4.1. Internal gradients: Comparison of the Cotts and STE sequences.

The use of the Cotts sequence was compared to STE. Figure 1 shows the direct
comparison for water, and for a cement paste after 2.5, 4 and 9 days hydration variably for
A =18 or 30 ms. It is seen that agreement between the two data sets is excellent in the case of
water, as expected. It is also surprisingly good in the case of white cement. This suggests that
background gradients due to heterogeneity of the magnet susceptibility is having
substantially less effect than might have been expected. One reason that the internal gradients
may not be as severe as expected is that iron (the leading, but nonetheless small, source of
paramagnetic impurity in white cement) does not distribute uniformly throughout the paste
but rather aggregates in nano-crystalline AFm or hydrogarnet phases [19]. Given this finding,
we do not use the Cotts sequence, nor consider background gradients further in this work.
This is for two reasons. First the presence of the cross term in the Cotts echo attenuation
formulae, and the fact that the background gradient is probably pore size dependent,
significantly complicate the calculation of pore size distributions using Eqs (3) and (4).
Second, the requirement to introduce additional gradient switching delays into the pulse
sequence that increase signal relaxation attenuation, and other signal loss mechanisms, as
discussed by Wu et al. [20], reduce the signal-to-noise ratio of the experiment when this is
already a severe limitation.

4.2. Diffusion during early hydration of cement paste

CPMG decays were measured as a function of hydration time for a cement paste. As
reported elsewhere [21,22] they showed that from 1 day onwards, the overwhelming majority
of the signal has 7, relaxation times of the order of, or less than, 1 ms corresponding to
bound water and water in nanometre sized pores. Only a very small fraction had substantially
larger relaxation times corresponding to water in micron sized capillary pores. Nonetheless, it
is this fraction that dominates the echo signal seen in PFG experiments.
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During the early stages of hydration, the sample morphology is evolving too quickly to
enable a full multi-parameter data set to be measured. Rather, measurements with sufficient
signal-to-noise ratio can only be made for one value of A and 6 (here 6 and 2 ms
respectively) and for a series of values of G. Fig. 2 shows the results of such measurements
for a sample after 15 hrs, 2 days and 14 days of hydration. It is seen that the log-echo decays
are non-linear indicating restricted diffusion. Consequently, the data sets have been fit to Eq.
(3). The resultant mean pore size as a function of hydration time is shown in Fig. 1 bottom
right. It attains 4 um by 1 week. The pore size distribution widths given by the data fits are
comparable to the mean sizes suggesting a broad distribution but also reflecting the
limitations of the model. The largest mean pore size calculated is 8 um. Given the bulk
diffusivity of water, 2.3 x 10® m%s [23] and the shortest A=6 ms, we calculate that we are

just within the long time limit since (6DA)”2 =9 um > 8 wm in the worst case scenario.

4.3. Diffusion in mature paste

The average pore size is of the order of microns, but the fact that the 7, relaxation is
strongly pore size dependent, means that large pores are over-represented in the signal. In
order to overcome this difficulty, a data set was acquired at 6 = 2 ms as a function of A
(6ms<A<50ms) and G (0<G<1.2T/m) for a mature (1 year) paste. A global fit to the
data was made using Eq. (4) with a= 35 and fit parameters, 7y, oand A on the basis of a log-
normal volume distribution of pore sizes so that:

1 ox _(ln(r/ro))2 y
ordzr T 2 ©)

Iy (r) o

where 7y 1s the mean pore size and o is dimensionless width parameter. The data and global
best fit are shown in Fig. 3 (left). The fit parameters are rp=4.2 um, 0=0.51 and
A=0.7 nm/ps. It is noticeable that the size of capillary pores after one year is comparable to
that after 1 week. The NMR evidence is therefore that the C-S-H and gel pore network does
not fill the capillary porosity, once created, as the former grows. The analysis is insensitive to
the chosen value of o and only weakly sensitive to A, although the latter is significantly
larger than expected. We note that fits are only marginally worse by eye by fixing
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A=0.0037 nm/ps, see section 3.1, and allowing « to float. In this case 7op=9.0 um, o= 0.37
and a=12. However, now the resultant relaxation times in the biggest pores are
unreasonably large. Single component fits to plots of In(/(G=0)) against 27, (SE data) or 7; at
constant 7, (STE data), Fig. 3 (right) yield 7, and T7) values of 24 and 43 ms respectively.
These times are less than predicted by scaling low frequency, nano-pore results (fixed 4) but
are more than those for the first analysis. We attribute these discrepancies to over simplified
application of the model of relaxation in large pores, and to residual diffusive attenuation
effects in background gradients. 7, decays in particular are more normally measured using
echo trains with closely spaced echoes to alleviate the problem.

' Fig. 3. (Left) Exemplar echo decay curves and

7L | global fitting for a year-old cement paste with
initial water-to-cement ratio 0.4. The curves are for
different values of A =7, + 7; (from top: 6; 8; 10;
1+ { 14;30 and 50 ms) and 7, (6, 8, 10, 14, 6.4 and 6.4
D\D ms) all with 6 = 2 ms. (Right) Plot of In({ (G = 0))
against 27, (SE: solid points) and 7, (STE: lower
X : 0 e points). The trend lines have decay constants 24
00 05 10 0 10 20 30 40 50 and 43 ms respectively.
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4.3. DDCOSY

In order to check that the DDCOSY experiment is working correctly, Fig. 4 (top) shows
spectra recorded from bulk water and a sample of wet wood. The bulk water diffuses freely
whereas water in the wood is confined within highly anisotropic cells, tens of microns in
size. As expected only a single diagonal peak is seen in the case of bulk water whereas a
more complex pattern is seen for wood. This pattern is consistent with simulations, not
shown, for a powder average system using similar experimental parameters in which the
local diffusion tensor is cylindrically symmetric with diffusion on-axis an order of magnitude
smaller than orthogonal to the axis.

10° o Fig. 4. Diffusion-diffusion correlation spectra for
f ] f . bulk water (top left), wood (top right) and cement
g 10 g 10 paste at 1 day (bottom left) and 2 days bottom
f» » ;{ 107 right. In each case the spectrum is derived from a
10° 20 x 20 data set with 6;, = Ims, A, ,= 6ms. The
107! ] 107 i maximum gradient strength is 1.2 T/m. Only the
107 'g] " 0.'0"‘;2/5) 10 10” 'OizD'({X‘] 0."?:12/:;’1 10° wood reveals a signature of an anisotropic
: b diffusion tensor. The data bottom left was
Ng 10° Ng 10° recorded at 3 °C in order to slow hydration of the
: : cement. (Note that the axis scale varies across the
=00 = plots).
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Fig. 4 (bottom) shows DDCOSY spectra of cement samples after 1 and 2 days hydration.
The data at 1 day was recorded at 3 °C in an attempt to slow the hydration kinetics and hence
to allow more time for data acquisition with an unchanging sample. Both plots are similar to
Fig. 4 (top left) and suggest water diffusion in young capillary pores is isotropic. There is no
evidence for anisotropy in the pore shapes. This is consistent with micrograph evidence that
typically shows anisotropy of small gel pores, but not the larger capillary pores [24,25].
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5. Conclusion

Pulsed field gradient experiments have revealed the typical pore size of capillary pores in
cements. Once established after a few days hydration, they do not change significantly, they
do not infill. The NMR analysis has been extended to allow for a log-normal distribution of
sizes with spin relaxation rates inversely proportional to the pore size. Two dimensional
correlation experiments have found no evidence for capillary pore anisotropy in cement. The
effects of internal susceptibility gradients were shown to be surprisingly small.
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