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Abstract

We present preliminary results of the first NMR T1–T2 two-dimensional relaxation correlation experiments performed using a one-sided NMR
system in cement based materials. Two-dimensional correlation relaxometry has itself only recently been demonstrated in cement paste where it
proved to be a particularly sensitive probe of pore-water dynamics providing direct information on exchange of water between the gel and
capillary pore networks. Further to this we have observed differences in the structural development of a selection of cement pastes throughout the
early stages of hydration and verified the theoretical frequency dependence of the ratio T1 /T2. When coupled with instrumentation developments
in one-sided NMR magnets the way is opened to detailed, spatially resolved studies of the development of hydration and porosity in the surface
layers (top 50mm) of cementitious materials. A new magnet, suitable for such applications, is discussed.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In this paper we combine two recent developments in
Nuclear Magnetic Resonance (NMR) methodology which offer
future opportunity for detailed study of cement hydration and
porosity development in the surface layers (0 to 50mm) of built
concrete structures. The first development is the measurement
of two-dimensional correlation relaxometry in porous materials
[1]. The second is a new one-sided NMR magnet that has been
specifically designed and constructed for spatially resolved in
situ characterisation of the built environment [2].

The NMR nuclear spin relaxation times T1 and T2 of
magnetic species in liquids, usually 1H (protons) in water, in
porous media are sensitive probes of pore microstructure. In a
two-dimensional correlation experiment, a relaxation time is
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“encoded” during the first period and a second relaxation time is
measured in the second period. The two-dimensional Laplace
inversion of the resultant data set shows the correlation of the
relaxation time encoded in the first interval with that in the
second. There is inherently more dynamic information in the
two-dimensional experiment than in its one-dimensional
counterpart. Almost any pair of T1, T2 or diffusion coefficient,
D, can be correlated or self-correlated. Callaghan and Furo [3]
have attempted to classify the possible variants and discuss their
different merits. The methods are made possible with the recent
demonstration by Venkataramanan et al. [4] of a robust
algorithm for a two-dimensional inverse Laplace Transform.
The solutions to the requisite equations for the coupled
relaxation of two reservoirs [5,6] and the correlated diffusion
[3] are known. Two-dimensional correlation experiments are
rapidly being applied to oil-bearing rocks [7,8], to complex
liquids [3] and to food [5]. We are the first group to apply them
to a white cement paste [6]. Here we extend the study
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previously reported to follow the hydration of Ordinary
Portland Cement (OPC) and to compare two different brands
of white cement over 7days. The results reveal different pore
structure development in each of the samples. We also extend
the work to much higher (400MHz) and lower (2MHz) NMR
frequencies in order to more rigorously test our theoretical
interpretation. These experiments clearly demonstrate the
increase in information available compared to the one-
dimensional relaxometry measurements hitherto used to study
cement [9].

There is also growing interest in portable one-sided NMR
systems for in situ applications addressing very large or
immobile samples. Such systems include, for example, the
NMR-MOUSE developed by Eidmann et al. [10] and down-
bore-hole NMR logging tools developed by, for instance,
Jackson et al. [11] and Kleinberg et al. [12]. Several authors
have constructed magnets designed for the built environment.
These target homogeneous field volumes displaced by a few
centimetres from one side or end of the device [13–15]. In this
work we move on to show that the two-dimensional correlation
experiment can be performed on cement using a one-sided
magnet, presenting a novel one-sided magnet design suitable for
such work.

2. Relaxation analysis theory

Relaxometry relies on the fact that the nuclear spin relaxation
times of nuclei (1H NMR) in molecules of liquids such as water
in the bulk are long (of the order of seconds) whereas the same
relaxation times of nuclei in molecules temporarily adsorbed
onto surfaces are much shorter (of the order of milliseconds). In
porous media, where the surface (S) to volume (V) ratio is very
large, the surface contribution to relaxation dominates. In the
case that there is rapid averaging between “pore-bulk” and
“pore-surface” molecules, a single, averaged relaxation time is
observed [16]:
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where T1 and T2 are the spin-lattice and spin–spin relaxation
times, respectively, and ε is the surface layer (assumed to be a
mono-layer) thickness. Usually, T1,2

bulk is sufficiently large that
the observed relaxation rate is directly proportional to S /V. The
distribution of relaxation rates presented by a liquid filled
porous medium is therefore a measure of the pore-size
distribution. The method has been proven in a range of porous
media including oil-bearing rocks [17–19]. It has also been used
in cements [17,20,21].

Further progress towards the quantification of molecular
dynamics in porous media has come from a model of T1,2

surface

due to Godefroy et al. [22]. According to this model,
temporarily adsorbed molecules (nuclear spins, I, here 1H)
undergo a two-dimensional random walk on the pore surface.
As they repeatedly encounter paramagnetic species, S, the local
dipolar fields are modulated causing relaxation. Two correla-
tion times, the surface “hopping” time, τm, and the surface
residency time, τs, are defined. The model leads to an
expression for the frequency dependent ratio T2,surface /T1,surface,
[6] viz:
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where ω
I
is the NMR frequency and ωS is the paramagnetic

electron resonance frequency (ωS=689ωI). The theory is further
explained in a companion paper [23].

3. Unilateral NMR instrumentation development

A one-sided portable magnet has been developed [2] with a
polarisation field, B0, of constant magnitude in a plane at a fixed
distance above the device and with a gradient, G, in the field
strength orthogonal to this plane. The magnetic field gradient is
required to provide spatial resolution in the NMR measurement.
The system also requires a radio frequency (RF) sensor
designed such that the RF excitation field, B1, is (ideally)
everywhere orthogonal to the polarisation field. In the field
gradient the thickness of the measured volume-slice is inversely
proportional to the length of the applied RF excitation pulse and
to the gradient strength.

The origin of the magnet design can be found in the primary
of a permanent magnet linear eddy-current brake [24]. It is
based on an infinite periodic array of individual magnetic
blocks of thickness d and magnetisation, My, arranged to lie
along the z-axis with the orientation of magnetisation
alternating, as in Fig. 1A. The array period is λ=2π /α. The
block magnetisation is expanded in a Fourier quarter series, viz:

MyðzÞ ¼
Xl
m¼1;3

My;mcosðmazÞ ð3Þ

where

My;m ¼ M0
4
mp

sinðmðp−hÞ=2Þ ð4Þ

and θ /α is the block spacing. For ideal neodymium iron boron
(NdFeB), the magnetisation approximates to M0=Brem /μ0,
where the remanence Brem is typically 1.2 to 1.4 tesla.

The condition that |B0| is constant in a plane above the
magnet can only be met with a single Fourier harmonic, so the
infinite array of blocks is modified to ensure that the m=1
fundamental harmonic dominates. This is achieved by setting
the mark-space-ratio to 2 :1 (θ=π / 6): the 3rd harmonic reduces
to zero while for αy≫1 the other harmonics become negligible.



Fig. 1. (A) Alternating magnets (N/S) provide a plane (dotted line) of magnetic
field of constant magnitude within the sample region (shaded) from which the
NMR signal originates. The sensor coils (grey bars) are situated immediately
above the magnets. The magnetic field lines (arrows) are always orthogonal to
the RF field lines (grey lines). (B) The constructed magnet. Here three magnetic
blocks are visible mounted on a motorised platform that can be moved relative to
the sample. The RF sensor coil is on top of the magnet, with a cement block
sample above the frame.
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Hence the field profile can be approximated, for thin blocks
(αd≪1), by:

B0 ¼ 1
2
l0adMy;1expð−ayÞðcosðazÞjþ sinðazÞkÞ ð5Þ

whereMy,1≈ (2√3 /π)My. For thin blocks, the presence of a steel
back-plate on the blocks increases the field strength by a factor
two. However for the relatively thick blocks used the effect is
not so pronounced.

A similar argument can be used to design the surface RF
sensor from current windings. If these are spatially offset from
the magnetic blocks by λ / 4, then the condition that the two
fields are orthogonal is automatically met (Fig. 1A).

Practically it is not possible to manufacture an infinite
magnet array: the array must necessarily be truncated. In our
implementation the magnet array is truncated to three elements
and the RF sensor to just two. Notwithstanding, it is possible to
make a magnet that performs well over a significant plane
orthogonal to the surface. Finite element modelling was used to
refine the design so as to alleviate the end truncation effects.
The finite length implementations lead to a correction where the
central block is slightly narrower and the outer two blocks
slightly wider than in the ideal design. The magnet has been
constructed from blocks of NdFeB. Fig. 1B shows the magnet
as built. The flat field plane produced corresponds to 1H NMR
resonant frequency of 3.2MHz at a distance of 50mm from the
magnet surface and extends over a plane some 130×100mm2.
Here the field gradient is approximately 2.9Tm−1 in a direction
perpendicular to the surface of the magnet. The probe is
mounted across the three magnet blocks. Its more limited size
ensures that most of the detected signal comes from the primary
slice rather than peripheral regions at different depths. However,
due to the curvature in |B0|, approximately 16% of the measured
signal still originates from sample outside this horizontal slice.
The whole assembly (magnet and probe) is mounted in a frame
and can be raised and lowered by a stepper motor relative to the
frame so that the position (depth) of the excited slice within the
external sample can be varied.

4. Experimental

Proton NMR T1–T2 two-dimensional relaxation correlation
measurements were performed on samples of Ordinary Portland
Cement (OPC) and white cement from two different manu-
facturers, referred to as white cements 1 and 2. Measurements
were recorded using proton frequencies of 20MHz (homoge-
neous bench top magnet). White cement 2 was also measured at
400 and 2MHz using homogenous magnets. In all cases the
measurements lasted approximately 5h. The cement pastes
were mixed in a water-to-cement (w /c) ratio of 0.4. All three of
the homogeneous magnets (2, 20, and 400MHz) can accom-
modate cylindrical samples 8mm in diameter and 20mm in
length, cured in standard NMR tubes. Between measurements
the samples were stored under water. Both white cement
samples were also measured using the unilateral NMR magnet
at 3.2MHz. The single-sided magnet allows for much larger
samples — in this case cubes of cement 100×100×100mm3.
The samples for the unilateral magnet were cured in a high
humidity environment and then sealed using a thin plastic
wrapping. All the samples were first measured after 24h of cure
and were subsequently re-measured every 24h for 7days.

For the 20MHz experiments, the pulse sequence consists of
an inversion recovery immediately followed by a CPMG echo
train containing n echoes, viz:

180-−tencode1 −90x-−s−½180-−s−ðechoÞ−s�n ð6Þ

The two-dimensional data set comprises of the echo
intensities (second dimension) recorded for each of a series of
inversion recovery delays (first dimension). Both the inversion
recovery delays and echo spacings were varied logarithmically
so as to efficiently span the inversion recovery interval
t1
encode =0.1 to 1000ms and echo times from 2τ=0.068 to
1680ms. The pulse lengths used were 2.3μs (corresponding to a
90° pulse) and 4.7μs (corresponding to a 180° pulse).

The 2 and 400MHz experiments utilised the same pulse
sequence, with t1

encode spanning the same time increments.
However, the echo spacings had to be varied depending on the
limitations of the system used. For the 2MHz system the echo
spacing (2τ) was constant at 200μs. The pulse lengths used
were 1.3μs (90°) and 2.4μs (180°). For the 400MHz magnet the
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echo spacing varied logarithmically to span the echo times from
2τ=0.088 to 2296ms. The pulse lengths used were 18μs (90°)
and 37μs (180°). For the measurements conducted in
homogeneous magnetic fields the maximum echo intensities
were used to create the T2 relaxation decay curves.

For the one-sided magnet, the T1 procedure was varied to
saturation recovery and quadrature echoes were recorded so as
to accommodate the strong field gradient:

90-−tencode1 −90x-−s−½90y-−s−ðechoÞ−s�n: ð7Þ
These changes make all the RF pulses of equal length

ensuring that they excite a slice of approximately constant
thickness [25]. The pulse length was 18μs. It selected a slice
approximately 0.5mm thick about 10mm below the surface of
the sample. The echo spacing (2τ) was maintained constant at
0.3ms; the t1

encode intervals spanned the same logarithmic range
as above. In these inhomogeneous field measurements the spin-
echoes were integrated. To a good approximation the integral
yields the echo intensity at the slice centre corresponding to the
on-resonance position. The disadvantage of this sequence is that
the resultant relaxation decay curves contain contributions from
both T1 and T2 decays.

All the measurements were repeated at least once on repeat
samples, often more times, and the results reported here were
consistently observed.
Fig. 2. T1–T2 two-dimensional relaxation correlation spectra of cement samples
measured over 7days using a 20MHz (proton) bench top spectrometer: (left)
white cement 1 and (right) white cement 2. In each plot a series of discrete
features lie close to the quarter diagonal: T1=4T2 (lower solid line). There is also
a single off-diagonal peak indicative of gel-capillary exchange in white cement 1.
5. Results

Fig. 2 (left column) shows a time series of T1–T2 correlation
spectra for the white cement 1. These plots have been discussed
previously in detail [6], so we only present a summary of the
results here. The diagonal projection is a pore size distribution
with the smallest (gel) pores lower-left, followed by capillary
pores progressing to the upper right, with bulk water top-right.
In each graph there are a series of discrete features parallel to the
diagonal which represent water in different porosity environ-
ments. On day 1 there are two such peaks associated with gel
and early stage capillary pores. The third peak, away from the
diagonal is discussed below. By day 3 the diagonal peaks have
become broadened and less distinct. The off-diagonal peak is
still clearly visible. By day 7 two further features have evolved
parallel to the diagonal associated with larger capillary pores. A
final peak, top-right, is almost certainly residual surface water
and water in larger micro-cracks. It can clearly be seen that these
discrete diagonal features have a T1 /T2 ratio of approximately
4, independent of pore size. Using Eq. (2) with the experimental
NMR frequency of 20MHz, a correlation time for diffusion of
temporarily adsorbed molecules on the pore surfaces, τm, of
1.3ns [26], and an estimate of the pore surface residency time, τs
of 18.5μs (consistent with field cycling results [23]) gives T1 /
T2=4.0, as observed.

The off-diagonal peak links the primary gel and capillary
volumes. It is the first direct evidence of chemical exchange of
hydrogen (water) between cement gel and capillary porosity.
The intensity and position of the peak relates to the gel-capillary
water exchange rate at the nano-scale. Although the equations
describing the intensity of cross-relaxation peaks are known [6],
a full analysis remains to be carried out. The asymmetry in the
spectrum is understood theoretically insomuch as T1≥T2 is
always true.

Fig. 2 (right column) shows the equivalent T1–T2 correlation
spectra for the white cement 2. The difference between the two
samples is immediately apparent: white cement 2 exhibits a
continuous distribution of pore sizes parallel to the diagonal.
This single feature remains almost unchanged throughout the
course of the 7day experiment. A small peak at long T1 and T2
times is just visible in all three plots and this is probably due to
the formation of some larger pores. As with white cement 1, Fig.
2 (left column), the single feature in the white cement 2 plots
exhibits a T1 /T2 ratio of approximately 4. This indicates that the
pore surface diffusivity and residency correlation times (τm and
τs respectively) are very similar, suggesting comparable intra-
pore water dynamics. Significantly there is no exchange peak
visible in any of the white cement 2 spectra. In an attempt to
explain these differences, both the particle size distribution of
the raw powder and the phase composition of the hydrated
material have been measured for both cements [27]. X-ray
diffraction (XRD) analysis suggests that the phase composition
of the two materials is the same within experimental error. The
initial particle size distribution of the two cements is however



Fig. 4. T1–T2 two-dimensional relaxation correlation spectrum for white cement
2 measured at (top) 2MHz and (bottom) 400MHz, recorded after 3days of cure.
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different with the white cement 2 being noticeably finer (having
a mean particle diameter of 8μm compared to 12μm for white
cement 1). The different particle sizes could conceivably change
the microstructure of the hydrated material and underlie the
NMR differences observed. However, different pre-hydration
aging of the materials cannot be ruled out.

As a contrast to the two white cement samples, an OPC paste
was also studied. The results can be seen in Fig. 3. Initially (day
1) a single extended feature is present along the half-diagonal.
Below this feature is an off-diagonal peak suggesting that
chemical exchange between pores of two distinct sizes (gel and
capillary) is occurring. These features are observed in spite of
the significantly greater Fe3+ ion content of OPC compared to
white cement. By day 3 the single large feature visible on day 1
has resolved into a bi-modal distribution but the exchange peak
is no longer visible. Also, two further distinct peaks have
emerged at longer T1 and T2 relaxation times. These continue
through to day 7. The primary peaks exhibit a T1 /T2 ratio of
approximately 2, compared to 4 in the white cements.
Elsewhere [23] it is suggested that τm is remarkably constant
at approximately 1.0ns over a range of cement materials. Using
this value and the ratio T1 /T2=2 at 20MHz suggests τs=0.1μs.
This is a shorter residency time than experienced in the white
cement, implying that the water molecules spend less time on
the pore surface.
Fig. 3. T1–T2 two-dimensional relaxation correlation spectra from an OPC
sample cured over 7days using a 20MHz bench top spectrometer. For the main
peaks in this sample, T1=2T2, compared to T1=4T2 in white cement (lower solid
line). There is an off-diagonal exchange peak on day 1.

As indicated by the lower solid lines, the T1 /T2 ratios are approximately 2 and
35, respectively.
In order to verify the frequency dependence of the T1 /T2
ratio as defined in Eq. (2), white cement 2 was additionally
measured at proton resonant frequencies of 2 and 400MHz.
The single main peak characteristic of this cement (see Fig. 2
right column) lies parallel to the T1=T2 line and it is assumed
that the ratio of T1 /T2 defined by this feature is representative
Fig. 5. Frequency dependence of T2 /T1 as a function of proton resonant
frequency. The solid lines have been generated using Eq. (2) with τm=1.3ns.
The three lines correspond to τs values equal to 102×τm (lower), 103×τm
(middle) and 104×τm (upper). The experimental estimates of T2 /T1 obtained for
white cement 2 at three days cure (from Figs. 2 and 4) are shown on the plot (+)
to compare with the theoretical model.



Fig. 6. T1–T2 two-dimensional relaxation correlation spectra of white cement
samples measured using a 3.2MHz (proton) portable unilateral magnet. The
signal originates from a slice approximately 0.5mm thick some 10mm below
the surface of the sample. The plots are broadly similar to those measured under
ideal conditions at 20MHz, except that no exchange peak is observed. In all the
graphs the principle features lie close to the line T1 /T2=2.25 as predicted by
Eq. (2).
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of the two-dimensional diffusion of water on the pore surface.
This single characteristic feature was observed at both 2 and
400MHz (see Fig. 4). On both plots, a line was placed through
the centre of the main elongated feature, parallel to the T1=T2
line. In this way the T1 /T2 ratios were estimated at 2MHz as
2.1±0.2 and at 400MHz as 35±5. These values were inverted
to provide a T2 /T1 ratio and compared to the theoretical model
in Eq. (2), see Fig. 5. The three T2 /T1 ratios provide a close fit
to the model when using correlation times τm=1.3ns and
τs=13μs. The largest deviation from the model occurs at
400MHz where theoretically T1 /T2 ∼138.

To demonstrate the capabilities of the one-sided magnet,
large blocks of both cements were measured to provide a T1–
T2 relaxation correlation from a slice in a large sample.
Preliminary results can be seen in Fig. 6. From Eq. (2), at
3.2MHz, the calculated ratio T1 /T2=2.25, a smaller value than
at 20MHz and close to that observed experimentally. However,
the spectra are relatively featureless and in particular we see
neither discrete diagonal features nor off-diagonal exchange
peaks in white cement 1. One reason may be that these
samples were cured sealed and may therefore lack features
associated with more mobile water and longer relaxation times.
Equally it may be because the signal-to-noise ratio is lower,
there are fewer data points, and the minimum observable echo
(T2) time is 300μs compared to 68μs in the bench top
measurement.

6. Conclusions

Previously we demonstrated the wealth of information
available from two-dimensional relaxation correlation studies
of a white Portland cement compared with more conventional
one-dimensional analyses, highlighting the clarity with which
distinct pore size distribution features can be observed [6].
Here we have extended this technique to look at two other
cement pastes: a second white Portland cement from a
different manufacturer and OPC. Significant differences have
been observed between the three. With further study this
technique may lead to a sensitive and non-destructive
characterisation method for pore water interactions in cements.
We have also verified the frequency dependence of the
theoretical model for the ratio of T1 /T2 used to interpret the
data.

We have also shown that it is possible to make T1–T2 two-
dimensional relaxation correlation experiment measurements in
cement blocks using a portable one-sided NMR magnet system.
Although the preliminary data is not yet as rich in features as the
laboratory data it agrees in broad outline especially insofar as
the T1 /T2 ratio is as expected.

With time, and as methodology develops, we believe that it
will be possible to gain as much information from sub-surface
slices in situ as it is possible to gain under ideal laboratory
conditions from test samples. However, at this stage, both the
two-dimensional correlation relaxometry and in situ technology
remain in their infancy.
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