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Abstract

Measuring the water diffusivity in porous building materials with NMR is hindered by the presence of large internal magnetic
field gradients originating from magnetic impurities (Fe). To investigate the diffusion of water in these materials, a stimulated echo
NMR technique is applied. A new analytical equation for the long-time signal decay in the presence of spatially varying internal field
gradients is derived. This equation is experimentally confirmed by measurements on representative materials with large internal
gradients (fired-clay brick and sintered crushed glass) and a material with very small internal gradients (glass filter). The diffusivity is
determined in the long time limit, where it is constant and limited by the tortuosity of the pore structure. Tortuosities of different
samples derived from the NMR data show an excellent agreement with the macroscopic tortuosities measured by electrochemical
impedance spectroscopy. The developed technique can also be applied in unsaturated media, during e.g., drying, water absorption,
and concentration changes. The characteristic length scales of the internal field fluctuations estimated from the model are compared
with the structural length scales, whereas the magnitude of these fluctuations is compared with results of macroscopic magnetization

measurements.
© 2003 Published by Elsevier Inc.
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1. Introduction

In porous building materials, moisture and (dis-
solved) ions can give rise to several kinds of damage,
e.g., frost damage, salt crystallization, corrosion of the
reinforcement, and mould growth. Moisture and salt are
naturally present in the materials, and their quantity is
increased by atmospheric influence (rain), neighborhood
of salt water, etc. Knowledge of the transport properties
of moisture and salt is necessary to obtain information
about the durability of building materials. In this paper
we will study the diffusivity of the fluid in some repre-
sentative building materials and relate it to structural
parameters like the tortuosity [1].
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NMR is a nondestructive technique that can be used
for measuring the effective diffusivities of water, hydro-
carbons, and ion species in porous materials [2-4]. The
diffusivities obtained from these measurements are
found to depend on the measurement time. With in-
creasing times diffusing molecules start to feel the pore
walls and the diffusion become restricted. From the
measured time dependence of the diffusivity it is possible
to obtain important structural information on the ma-
terial [4,5]. From the results for short times, it is possible
to obtain the surface-to-volume ratio and pore diameter,
whereas for long times (order of seconds) the diffusivity
is constant and limited by the tortuosity of the pore
structure. Therefore NMR offers the possibility to de-
termine the tortuosity of the pore system [6]. An
alternative method to determine the tortuosity is elec-
trochemical impedance spectroscopy, which is based on
the measurement of the conductivity of ions dissolved
in the pore fluid [7]. NMR is preferred when chemical
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reactions or adsorption of ions at the pore walls occur,
when the pore fluid already contains ions (cement and
concrete) [8] and during monitoring of time-dependent
processes, like drying or absorption. Especially in the
unsaturated state of a material, the diffusivity of the
dissolved ions, which is measured electrochemically, can
no longer be related to the diffusivity, since the latter
may contain an important contribution from transport
by vapor diffusion.

Generally, NMR diffusion measurements are per-
formed using pulsed field gradient (PFG) techniques
[18]. By analyzing the NMR signal decay induced by
PFGs, accurate results can be obtained when the inter-
nal field gradients are small. However, in many building
materials a large amount of magnetic impurities (Mn,
Fe, and Co) can be present, which may give rise to in-
ternal gradients that are at least an order of magnitude
larger than the gradients that can be applied externally
[9,10]. These gradients are often several orders of mag-
nitude larger than the gradients induced by susceptibility
differences between, e.g., water and a clean (diamag-
netic) porous material. In fired-clay brick, for instance,
the internal field gradients induced by the presence of
about 4% Fe cause such a rapid dephasing of the
transverse nuclear magnetization, that even down to
echo spacings of 100 us, CPMG measurements show
very pronounced diffusion effects. Using Hahn spin-echo
pulse sequences with varying echo time, we observed a
decay of the spin-echo signal in this material by more
than a factor of 100 within 10 ms. Within experimental
inaccuracy, this decay was independent of the
magnitude and direction of the applied field gradient
(0.2-1 T/m).

Since our aim is to determine the diffusivity at times
of the order of seconds, we have to use a pulse sequence
in which the part of the nuclear magnetization that
generates the relevant NMR signal is in the longitudinal
direction during most of the measurement time, such as
the stimulated-echo sequence [11]. This sequence has
proven to be appropriate for diffusivity measurements in
heterogeneous systems, but often very specialized pulse
sequences like the ‘13-interval’ sequence [12] have to be
used, to suppress the effect of the cross terms between
the internal and applied gradients [4-6,13], even if these
gradients are small compared to the applied PFGs. It
has been shown that at long observation times this ap-
proach may fail, since it is based on the assumption that
the diffusing molecules experience a constant internal
field gradient during the experiment [14]. In principle,
the genuine diffusivities in heterogeneous media can be
obtained by extrapolation of the data obtained from
simple PFG stimulated-echo measurements [15]. This
technique, however, has only been applied to systems
with single-exponential signal decays, and may therefore
not be suitable for our materials, which show pro-
nounced multi-exponential decays [10].

In principle, the cross terms between the internal
magnetic field fluctuations and the applied field gradi-
ents may be suppressed by using RF field gradients in-
stead of B, gradients [16]. This may be an interesting
alternative if the B gradient can be made large enough
to overcome the very large resonance offset fields present
in magnetically ‘dirty’ materials. In this paper, however,
we will focus on the question whether it is possible to
apply a simple, constant field gradient NMR method to
determine the diffusivity in such materials.

We will first define the characteristic length scales of
pore structure and the internal magnetic fields. In this
respect one should note that the distribution of the Fe
impurities in our materials is not precisely known, and
hence we will not a priory assume that both length scales
are equal [17]. Next, we will introduce a new equation
for the long-time stimulated-echo decay in materials
with large internal gradients and confirm it experimen-
tally for two materials with and one material without
magnetic impurities. We will determine the diffusivity
and quantitatively characterize the fluctuations of the
internal magnetic fields. Finally, we will compare these
results with data obtained by other methods.

2. NMR method

As already mentioned in Section 1, in porous media
containing large amounts of magnetic impurities the
transverse magnetization decays very fast, so it will have
vanished at time scales at which the effect of the pore
geometry on the diffusion of the water molecules can be
observed. The stimulated-echo magnetization decay is
governed by the longitudinal relaxation time (7;) for a
substantial part of the measurement time, during which
it is in the longitudinal direction. Therefore 7> and de-
phasing effects are minimized.

In Fig. 1 we have schematically plotted the pore
structure of the material and the magnetic field fluctu-
ations, together with their characteristic length scales.
At long time scales molecules diffuse over distances
longer than the correlation length of the medium &g. The
typical time scale related to &g is g = ﬁg /6D, where D is
the diffusivity of the water molecules within the pore
system. At length scales much larger than &g the porous
medium can be considered as homogeneous; the diffu-
sivity D is constant and determined by the geometry of
the pore system. This is often called the tortuosity limit
[1]. The tortuosity of a medium is defined by the fol-
lowing relation:

o= Dy/D, (1)

where Dy is the bulk (self) diffusion constant of the pore
fluid.

The stimulated echo pulse sequence [11] is plotted
schematically in Fig. 2. The signal attenuation for free
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Fig. 1. Porous media characterized by a structural length scale &5 and a
length scale &g, associated with the fluctuations of the internal field.
During the measurements a constant external gradient is applied. The
internal field gradients are superimposed on these external gradients.
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Fig. 2. Stimulated echo pulse sequence with a constant field gradient.
The magnetization decay is measured by changing the time between
the second and third RF pulse (period 2). Measurements are per-
formed for different values of = and the applied field gradient G.

diffusion is well known and can be described analyti-
cally. When the stimulated echo intensity My is divided
by primary echo intensity Mp,, the following equation is
obtained:

In(Ma/My) = ~[1/T; + (GYD) 1. 2)

In this equation 7 is longitudinal relaxation time, 7y is
the gyromagnetic ratio (for a 'H nucleus 7=
2.67 x 108rads™!' T™!), G is the applied external gradi-
ent, 7 the time between the first two 90° pulses and ¢ is
stimulated-echo time. By dividing the two echo intensi-
ties the 7> relaxation term is eliminated automatically.
Eq. (2) holds for diffusion in bulk liquids and for
diffusion in a macroscopically isotropic porous medium
on length scales larger than &g, where the medium can be
considered as homogenous (the tortuosity limit). When
internal gradients are present, the initial signal decay is
generally very fast, and cannot be described by Eq. (2).

The internal fields can be characterized by a character-
istic length scale &g (Fig. 1). The typical time scale re-
lated to &g is tg = 6123 /6D. At time scales shorter than 7p,
the internal fields experienced by a spin during the pe-
riods 1 and 3 of the stimulated-echo sequence (Fig. 2),
when the magnetization is in transverse plane, are still
correlated. For time scales much larger than ¢g these
internal fields become uncorrelated [18] and the spins
experience a purely random internal field.

For these time scales (¢ > ) the magnetization de-
cay can be described by the equation

In[M (1) /My] = —y212<(32)2> — (T7' + 2G*eD). (3)

In this equation ((B.)’) is the ensemble average of B,
which is the temporal average of the internal field ex-
perienced by a spin during an interval 7 (periods 1 and 3,
Fig. 2). For very small 7, ((B,)’) becomes equal ¢3, the
squared standard deviation of the internal field B. For
details of the derivation we refer to the Appendix A. In
this derivation it was assumed that t < 75, the trans-
verse relaxation time.

Eq. (3) shows that the magnetization decay at long
time scales can be described by a single exponent. This
equation consists of three parts. The first term gives the
total signal attenuation due to diffusion in the internal
gradients. The second term is the contribution of the
longitudinal relaxation. The third term describes the
signal attenuation due to diffusion in the externally ap-
plied gradient. The important feature of the first term is
that it does not depend on ¢, because the internal fields
have become uncorrelated (spatially random) on the
length scales much larger than £g. With increasing echo
times ¢, the second and third term of Eq. (3) become
more important. At these times, decay due to diffusion is
governed only by externally applied gradients and as
such can be quantified.

From the right-hand side of Eq. (3) we are able to
define a crossover time ¢*

P7((B.))
1/Ty + (yG)*D?’

=

(4)

At time scales shorter than ¢* the internal fields domi-
nate the signal decay. At longer time scales (¢ > ¢*) the
longitudinal relaxation and dephasing due to the applied
gradients start to play significant role. Therefore, the
diffusivity D can only be measured when the signal is still
above the noise level for ¢ > ¢*.

In a stimulated-echo experiment, the signal intensi-
ties of both the primary and the stimulated echo can be
measured. In Eq. (2) the ratio of these two intensities is
directly related to, amongst others, the diffusion coef-
ficient D. On the other hand, Eq. (3) contains the ratio
M(t)/My. In our experiments, this ratio is not neces-
sarily equal to My /M. The reasons for this are 2-fold.
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First, a significant dephasing of the transverse com-
ponents of the magnetization forming the primary echo
may occur during the time interval between the first
and second 90° pulse, which is not completely refo-
cused at the time of the primary echo, due to the dif-
fusive motion of the spins in the large local field
inhomogeneities. Second, even if complete refocusing
would occur, My /My, would only be equal to M(t)/M
for perfect 90° pulses. Since our samples are often
much larger than thickness of the slices selected by our
RF pulses (see Section 3), this condition is generally
not satisfied in our experiments. However, we measure
the decay of the stimulated echo for a constant value of
7, and hence for a constant intensity of the primary
echo. Since, on the other hand, only one coherent
pathway contributes to the stimulated echo, the only
effect of using My /M, instead of M(¢)/M, in Eq. (3) is
the introduction of a constant scaling factor. This was
checked experimentally by comparing stimulated-echo
decay curves of our samples measured with RF flip
angles optimized to 90° with decay curves measured
with RF flip angles set to about 64° (reducing the RF
power by 3dB). The two sets of decay curves were
found to coincide within experimental accuracy when a
constant scaling factor was applied. These observations
were corroborated by numerical simulations of the time
evolution of the magnetization of a system of up to 10°
spins. In these simulations the Bloch equations were
solved in the presence of both longitudinal and trans-
verse relaxation, pulsed RF fields, as well as diffusion
in a uniform magnetic field gradient.

Before detailed measurements on a sample were
started, both the primary and stimulated echoes was
measured for a set of echo times below 10ms. The
RF power was adjusted such that the observed echo-
time dependence of My /M, extrapolated to 1 for
echo times going to zero. This adjustment was per-
formed for each value of 7. Although this procedure
is not required for the analysis of the echo decay, it
has the advantage that no scaling factors have to be
applied afterwards. An experimental advantage of
using M /My, instead of M alone is that variations
in the sensitivity of the receiver chain during these
very time-consuming measurements are automatically
compensated.

3. Experimental setup and materials

A home-built nuclear magnetic resonance apparatus
was used. The operating frequency was 30.9 MHz
(Bo=0.7T). A constant magnetic field gradient was
generated with a set of Anderson coils. The maximum
gradient strength used in the experiments was 425 mT/
m. A detailed description of the apparatus is given
elsewhere [19].

The ratio of the amplitudes of the stimulated echo
and the primary echo was measured as a function of the
echo time, by changing the time interval between the
second and third RF pulse (cf. Fig. 2) from 1 ms to 3s.
The complete set of data was obtained by varying the
interpulse time t and the applied external gradient
G. The time © was varied between 70 and 1000 ps, and
the magnitude of G between 47 and 425mT/m. The
width of the RF pulses was 12 ps.

NMR diffusivity measurements were performed on
porous samples of glass filter (Duran, borosilicate glass),
fired-clay brick, and sintered crushed glass. The porosity
of fired-clay brick is 23%. The pore sizes have been
measured previously [20] and are in the range of
1-10 um. The porosity of sintered crushed glass is 53%
and the pore size measured by mercury intrusion
amounts to 14+ 3 um. Glass filter is made from boro-
silicate glass. According to the supplier the pore sizes are
in the range 10-16 pm. The measured porosity is 33%.
Glass filter is used as a standard, magnetically ‘clean,’
material with pore sizes comparable to that of fired-clay
brick and sintered crushed glass.

The samples have a cylindrical shape with a diameter
of 2cm and a length of 5cm in the case of fired-clay
brick and sintered crushed glass. The length of the glass
filter sample was 6 mm. The samples were vacuum sat-
urated with deionized water.

4. Results
4.1. Glass filter

As already mentioned above, this material contains a
negligible amount of magnetic impurities. In Fig. 3A the
measured ratio between the amplitudes of the stimulated
echo and the primary echo is plotted semi-logarithmi-
cally against the spin-echo time ¢ for various interpulse
times 7 at a constant gradient strength G. In Fig. 3B this
ratio is plotted for various gradient strengths G at a
constant 7. In all cases a mono-exponential decay is
observed. The dashed lines represent fits of such decays
to the experimental data. For all sets of data, the in-
tercept of these fits with the vertical axis is given by
M /M,y = 1 within experimental inaccuracy, from which
it can be concluded (Eq. (3)) that internal gradients are
negligible. This suggests that the diamagnetic suscepti-
bility of the solid pore matrix of this material is almost
equal to that of water, which is present in the pore space.
Within experimental accuracy, this is corroborated by
the results of magnetization measurements presented in
Table 2.

In order to determine the diffusivity we have plotted
the slope R = [1/T} + (W/G)ZD’L'ZJ of the fitted exponential
decay as a function of (yG)“t* (see Fig. 6). Within
experimental inaccuracy, a linear relation is found,
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Fig. 3. Ratio between the stimulated echo and primary echo in a glass filter sample plotted against the spin-echo time. (A) 7 is varied between 150 and
1000 ps at G = 225 mT/m, (B) G is varied between 47 and 376 mT/m at t = 360 ps. The solid line reflects the decay due to longitudinal relaxation only.

Dashed lines are fits of a mono-exponential decay to the data.

indicating a constant diffusivity. This suggests that the
water molecules are probing the complete pore space in
the range of echo times ¢ from 0.1 to about 5s. The
longitudinal relaxation time 77 was measured indepen-
dently by a saturation recovery sequence. The corre-
sponding decay is reflected by the solid line in Fig. 3.
The value of 7; determined this way is in perfect
agreement with the value determined from the intercept

Table 1

Comparison of the stimulated echo (SE) results with the values of 7}
obtained by the saturation recovery method (SR) and the electrolyti-
cally (EL) determined tortuosity o

Glass filter Sintered Fired-clay
crushed glass brick
Ti(s) (SE) 1.50 £0.02 0.36 £0.02 1.04 £0.02
Ti(s) (SR) 1.49 £0.01 0.37+0.01 1.10£0.02
D (107°m%/s)  1.2040.05 1.55+0.05 0.41+0.02
o (SE) 1.8+0.1 1.5£0.1 5.6£0.5
o (EL) — 1.4+£0.1 59+0.2

The thickness of the glass filter sample was insufficient to perform
electrochemical tortuosity measurements.

t(s)

of R with the vertical axis in Fig. 6. The 7} values and
the diffusivity are given in Table 1.

4.2. Fired-clay brick and sintered crushed glass

Both fired-clay brick and sintered crushed glass con-
tain a rather large amount of magnetic impurities [9,10].
In Figs. 4 and 5 the measured ratio between the ampli-
tudes of the stimulated echo and the primary echo is
plotted semi-logarithmically against the spin-echo time ¢
for various 7 (A) and gradient strengths G (B). Inspec-
tion of these figures shows that for both materials the
decay is not mono-exponential. Only in the long time
limit the magnetization decay can be described by a
single exponent. Also for these materials, the value of T}
has been determined independently by saturation re-
covery sequences.

There are two possible mechanisms which may ex-
plain the initial decay: diffusion in the internal gradients
and diffusion in the external gradients. As the initial
decay appears to be insensitive to the magnitude of the
applied field gradient, at least in the range of G used in
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Fig. 4. Ratio between the stimulated echo and primary echo in sintered crushed glass plotted against the spin-echo time. (A) 7 is varied at
G = 330mT/m. For clarity only the data for r < 1.5s are plotted. (B) G is varied at © = 410 ps. The solid line reflects the decay due to longitudinal
relaxation only. Dashed lines are fits of a mono-exponential decay to the data for # > ¢*. The vertical dotted lines reflect the range of #* for these
experiments (see text).
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Fig. 5. Ratio between the stimulated echo and primary echo in fired-clay brick plotted against the spin-echo time. (A) t is varied at G = 188 mT/m.
(B) G is varied at t = 410 ps. See the caption of Fig. 4 for further explanation.

our experiments (see Figs. 4A and 5A), this decay is
mainly caused by diffusion in the internal gradient fields,
i.e., the water molecules feel a fluctuating magnetic field
(Fig. 1). At longer time scales the external gradient
strength has a significant effect on the signal decay, as
can be seen from Figs. 4B and 5B. In order to improve
the signal to noise ratio, a large number of signal aver-
ages was used (up to 300 in the case of fired-clay brick
and 100 in the case of sintered crushed glass). It is ob-
vious, however, that the noise cannot be neglected and
has to be taken into account when fitting theoretical
model predictions to the data. The magnitude of the
noise was measured in a separate experiment and in-
corporated as a constant term in the fitting procedure.

By fitting the linear part of the decay curves with
straight lines we observed that in the case of varying G
(constant 7) the intersection £ (t) = —y2t%((B.)?) of these
lines with the vertical axis is constant within experi-
mental inaccuracy (Figs. 4B and 5B), whereas it changes
significantly with varying t (Figs. 4A and 5A). This
agrees with the behavior predicted by our model
(Eq. 3)).

The time at which the effects resulting from diffusion
in external gradients become significant, ¢*, is given by
Eq. (4). It can be estimated from plots of My /M, versus
¢t from the time at which R x ¢* = f(1). The range of ¢*
obtained this way is denoted by the dotted vertical lines
in Figs. 4B and 5B. The diffusion coefficient can only be
measured if the signal is still above the noise level for
t > t*. As already mentioned above, we had to use many
signal averages to meet this condition.

In Fig. 6 the slope R = [1/T; + (yG)*D7?] obtained
from fits of straight lines to the data for ¢ > ¢* is plotted
against (yG)?r2. Within experimental inaccuracy, a lin-
ear relation is found for both sintered crushed glass and
fired-clay brick, indicating that the diffusivity does not
depend on the observation time and the internal fields
experienced by the spins have become uncorrelated. The
fitted values of R for variations of both G and 7 are
located on a single line. The diffusivities and longitudi-

sintered crushed 'glass

glass filter

fired-clay brick

0.0 0.5 1.0 15 2.0 2.5
(yGy’t* x 10°(-)

Fig. 6. Determination of the diffusivity and 7; for the different mate-
rials. The values of R determined from the fits presented in Figs. 3-5
are plotted against (yG)zrz. The data obtained at different values of G
and at different values of 7 are represented by open and solid symbols,
respectively.

nal relaxation times 77 for both materials are given in
Table 1. This table reveals that the values of 77 obtained
from Fig. 6 agree nicely with the values obtained from
saturation recovery experiments.

The tortuosity of the pore space is estimated from the
long time behavior of the diffusivity (Eq. (1)). We
measured the self-diffusion coefficient Dy of bulk water
by stimulated echo experiments. At 25°C the measured
value of Dy is (2.34 +0.02) x 10~° m?/s, which is in good
agreement with the literature value (2.30 x 10~° m?/s)
[21]. Tortuosities for the three samples are given in the
Table 1.

As mentioned above, in the limit 7 — 0 the term
((B.)?) is equal to the squared standard deviation 2 of
the internal field fluctuations. To estimate the magnitude
of these fluctuations, we have plotted the intercept f(1)
of the lines fitted to the data for # > ¢* in Figs. 4A and
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Fig. 7. Intercepts f(t) of the fits presented in Figs. 4B and 5B plotted
against 7. Dashed curves represent fits of a smooth function through
the experimental values of /(7). Solid lines reflect the estimated initial
slope —y2((B.)?).

Table 2

Standard deviation of the internal field fluctuations op determined by
NMR, together with the amplitudes of internal magnetic fields AB;y,
obtained from bulk magnetization measurements

Glass filter  Sintered crushed glass Fired-clay
brick
ap (UT) 0 25+5 35+5
ABjy (1T) 1+1 25+3 59+6

All values of ABj,, are the difference of the values obtained from the
magnetization measurements on a completely dry sample and the value
corresponding to a water—air interface at 0.8 T.

5A against 2. The results for both sintered crushed glass
and fired-clay brick are presented in Fig. 7. One should
note that, in principle, the location of the intercepts f'(t)
may be affected by the procedure described in Section 2
to relate My /My to M(t)/My. However, the possible
error rapidly decreases for smaller values of 7, since in
the limit 1 — 0 no dephasing occurs. For this reason, a
point f(0) = 1 has been added to the experimental data.
The initial slope —y?a3 has been estimated from smooth
curves through the data. The standard deviations op
obtained from this procedure are presented in Table 2.

5. Discussion and conclusions

We have demonstrated that in porous materials with
a large amount of magnetic impurities the diffusivity of
the pore fluid at long observation times (the tortuosity
limit) can be measured from stimulated-echo experi-
ments in static external gradient fields. The measured
signal decay is interpreted in terms of a model (Eq. (3))
that describes the decay at times ¢ > rg, where the in-
ternal magnetic field fluctuations experienced by the

diffusing spins at the start and the end of the observation
time are uncorrelated.

The method presented in this paper may be useful for
diffusivity measurements in many classes of materials in
which internal magnetic fields interfere with the applied
gradients (i.e., susceptibility induced fields in natural
stones, inorganic, and biologic materials). In contrast to
electrochemical measurements, the present method is
also applicable to investigations of transport processes
in unsaturated media, during drying, absorption, or
crystallization.

One should note that the method can only be used in
situations where the internal field fluctuations have be-
come uncorrelated before the signal has dropped below
the noise level, for instance, due to fast longitudinal
relaxation. Attempts to determine the diffusivity of >*Na
ions in a fired-clay brick sample saturated with a NaCl
solution did not succeed, because 7} ~ 60 ms for 2*Na in
a bulk solution [22] and decreases even more in a porous
material.

The standard deviation og of the internal field
fluctuations determined from the first term of Eq. (3) in
the limit 1 — 0 (Fig. 7) for sintered crushed glass and
fired-clay brick is of the same order of magnitude as
the amplitude of the internal field fluctuations (ABjy)
determined from bulk magnetization measurements
(Table 2). One should note that these magnetization
data, which were obtained using a SQUID magne-
tometer, were analyzed assuming that the magnetic
impurities are distributed homogeneously within the
material. In that case the internal field fluctuations can
be related directly to the maximum variation of the
demagnetizing field at the pore to liquid interfaces [10].
Both magnetization and EPMA measurements [9],
however, indicate that, especially in fired-clay brick, a
fraction of these impurities is present in the form of
small clusters, which act as localized magnetic dipoles.
The internal fields in the direct vicinity of these dipoles
may be much larger than the field variations arising
from homogeneously distributed impurities, and hence
the value of ABj, presented in Table 2 should be
considered as a lower limit. Because of the presence of
these clusters, the length scale of the internal field
fluctuations &g may also differ from the typical pore
dimension d.

To investigate this point in more detail we focus on
the behavior of the decay curves for ¢ < #*. We subtract
the part of the decay that is dominated by the applied
gradients (Eq. (3)) from the experimental data. As an
example, the behavior of the remaining part A(¢) for
sintered crushed glass, G = 188 mT/m and t = 400 s is
plotted in Fig. 8. This figure shows that the part of the
signal decay that can be attributed to the internal field
fluctuations has vanished at ¢ ~ 0.3 s. This value would
correspond to some characteristic time constant between
0.05 and 0.1s.
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Fig. 8. Echo-time dependence of A(¢), which represents the ratio be-
tween the stimulated echo and primary echo in sintered crushed glass
minus the fitted long-time part of the signal decay. The inset shows a
semi-logarithmic plot of A(¢). The solid line in this inset reflects a fit of
a mono-exponential decay to the data between 0.01 and 0.3s.

To analyze the decay process more precisely, we
plotted A(f) on a semi-logarithmic scale (inset of the
figure). This plot suggests a mono-exponential decay,
except for very short echo times. If we assume that, for
constant G and 7, the decay My, /M, can be factorized as
g(t)exp(—t/Ty), the observed decay rate 1/T; might be
associated with a typical correlation time ¢g according to

1 1 1

Ty g * ' ©)
This yields a correlation time ¢tz = 80 ms. This correla-
tion time can be related to a typical length scale of the
internal gradient fields using the expression &g = +/6Dtg.
The values of &g for sintered crushed glass and fired-clay
brick obtained this way are presented in Table 3.

For fired-clay brick, &g seems to be significantly lar-
ger than the average pore size, which is in agreement
with the presence a small amount of clusters of magnetic
impurities. Because &g is estimated assuming three-di-

Table 3
Typical time scales and correlation length scales (£ = v/6D¢) charac-
terizing the three porous materials used in our experiments

Glass filter  Sintered crushed glass Fired-clay
brick
t* (s) 0 0.37£0.07 1.3+0.1
tg (8) 0 0.08 £0.01 0.20£0.02
&g (um) 0 27+4 22+3
d (pm) 10-16 14+3 1-10

t* is the time above which the effect of external gradients on the
diffusion can be observed, g is the time related to the correlation
length &g of the internal field fluctuations, and d is the dominant pore
size. In the glass filter sample no detectable internal field gradients are
present (Section 4.1) and hence #* and #g have a value of zero.

mensional diffusion and the pore size r is obtained from
a model-dependent interpretation of, e.g., mercury in-
trusion experiments, such a conclusion is not justified
for sintered crushed glass.

It is obvious that our model does not give a complete
description of the signal decay for ¢ < r*. One should
note, however, that, except for tg and &g, all parameter
values presented in this paper are obtained from the
long time behavior of the signal decay, where details of
the initial dephasing process of the spins are unimpor-
tant. The constant field gradient stimulated-echo NMR
method, in conjunction with the model presented in this
paper, provides a reliable method for the quantitative
characterization of water transport in magnetically
‘dirty’ porous media (diffusivity), including the pore
geometry of the media (tortuosity). We therefore intend
to apply this method to investigations of macroscopic
transport properties in building materials at different
degrees of water saturation.
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Appendix A. Magnetization decay

Our aim is to measure the macroscopic diffusion co-
efficient D in ‘dirty’ porous media with the help of a
stimulated-echo experiment. The long-time behavior of
the echo decay in such an experiment contains infor-
mation about this coefficient. In this appendix, we derive
an expression for the echo decay on time scales ¢ > fg,
when the pore space that is probed by the spins can be
considered as homogeneous. The magnetization decay
in a stimulated-echo experiment occurs via three differ-
ent mechanisms: longitudinal relaxation (77), transverse
relaxation (73), and dephasing. CPMG measurements
on a glass filter sample revealed a perfect mono-expo-
nential decay described by 7> = 0.65 £+ 0.02s. In similar
measurements on sintered crushed glass and fired-clay
brick always significant diffusion effects were present,
even at the smallest attainable spacing between adjacent
180° pulses (150 ps). Nevertheless, these measurements
clearly indicate that the value of 7, in the latter two
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materials exceeds 10 ms. Because in our stimulated-echo
experiments the echo decay is measured for fixed time
intervals 7<< 500 us between the first and second 90°
pulse, the effect of 75 can be neglected. The mechanisms
underlying longitudinal relaxation and dephasing are
independent, and hence the magnetization M (¢) yielding
the stimulated echo can be described by the following
equation:

M(1) M0<exp(i¢) exp <%s) exp < th5> >

(A1)

In this equation ¢, My, T} 5, and T g are the echo time, the
initial magnetization, the longitudinal relaxation time of
the spins in a boundary layer close to the pore wall, and
the longitudinal relaxation time of the spins in the ‘bulk’
pore fluid, respectively. The quantities ¢ and ( are
properties of a group of spins that follow exactly the
same path in space and time; ¢ and { are their phase
angle and their total residence time near pore walls,
respectively. Eq. (A.1) represents an ensemble average
over all spins.

At the time scale of interest (¢ > tg) the pore space
probed by spins can be considered as homogeneous and
all spins have the same residence time near the pore wall,
{=1tAS/V, where A, S, and V are the thickness of the
boundary layer, the pore surface, and the pore volume
in the system, respectively [23]. For these time scales Eq.
(A.1) can be rewritten as

M = My{exp(ip)) exp [— t(

1 —AS/V+/1S/V>]
Tip Tis

. t
= (exp(i¢)) exp ( - Fl) (A2)

The phase angle of a spin &, ¢, can be calculated
from:

b :y{/t:B(Fk)dt— /OTB(Fk)dt]. (A.3)

In this equation vy, B, 17, and 7, are the gyromagnetic
ratio, the magnitude of the magnetic field, the time be-
tween the first two 90° pulses, and the position of spin %,
respectively. The magnetic field experienced by a spin &
consists of various contributions:

B(E{) :BO +kax+B(7l¢)7 (A4)

where By, G,, and B are the main magnetic field, the
applied gradient (along x), and a fluctuating field,
(B) = 0, respectively. We only consider the component
of the fluctuating field along By, which is allowed as long
as B < By. Apart from this, we assume that any back-
ground gradients caused by, e.g., inhomogeneities of the
main magnetic field or macroscopic demagnetization
effects due to the non-spherical geometry of the sample,
are very small compared to G,. By combining Egs. (A.3)
and (A.4) we arrive at

P, = ny{/t:xkdt— /Otxkdt} +y[/t:5’(7k)dt
- /0 TB(Fk)dt] = dio+ dus, (A.5)

In this equation ¢; ; and ¢, , are, respectively, used for
the contributions of the applied gradient and the fluc-
tuating field to the dephasing.

As already mentioned in Section 2, at time scales
t > ty the spins experience a purely random field B(7),
for which (B(7%)) = 0. Hence (x;B(7)) will also be zero,
which implies that ¢, ; and ¢, z will be uncorrelated at
time scales 7 > rg. If we use this fact and substitute Eq.
(A.5) in Eq. (A.2), we obtain

M oc exp(—1/Ti){exp(idg)) (exp(idp))- (A.6)

The second term at the right-hand side of this equation
is well known

(explichs)) = exp(—Ge2D). (A7)

The last term at the right-hand side of Eq. (A.6) can be
written as

(explidn)) = 1 =5 (43) + 31 (6) + 0O (AS)

Here O(6) represents terms of sixth and higher order in
¢p. It is important to note that (exp(i¢z)) does not vary
with time and only depends on the interpulse time 7. By
using Eq. (A.5) we can obtain expressions for the terms
at the right-hand side of this equation. For example,

(qbé) is given by
<¢123> _ 2V2T2<(Ef)2>,

where the quantity B, is the value of B averaged over a
time interval 7. Note that the ensemble average of this
quantity is a function of t when a significant dephasing
occurs during the interval 7. In the limit v — 0 this
equation reduces to

<(]5123> = 2y212<§2> = 2y’t%ay,

where (B?) can also be thought of as the spatial average
of B* and o = (B%)' is the standard deviation of the
field B. By combining the Egs. (A.6), (A.7), and (A.9) we
arrive at the following expression for the magnetization:

M=o (1= 72((B)") + OW)) exp [~ (T}
+1y*G**D)1].

_ 1 u+t ~
B, =- / Bdt, (A.9)

T

(A.10)

(A.11)
For small values of 7 this expression can be written as
M = Myexp [— y2‘52<(51)2> — (' + yszrzD)t]

(A.12)

This equation shows that by varying ¢, 7, and G sys-
tematically we are able to obtain the diffusion coefficient
D and the magnitude of the internal fields og. We wish
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to note again that Eq. (A.11) is valid as long as ¢ >t
and t < 75, whereas Eq. (A.12) additionally assumes
that 7 is so small that no significant dephasing due to
diffusion occurs during this time interval.
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