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A broad-line nuclear magnetic resonance study
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The 1H nuclear magnetic resonance spin—spin relaxation time of water in a fibrous cement
roofing tile has been measured as a function of hydration using the
Carr—Purcell—Meiboom—Gill pulse sequence with a pulse gap sufficiently short to negate
most of the attenuation effects of water diffusion in the pore space magnetic susceptibility
gradients of the tile. The data reveal pores with three characteristic sizes, consistent with
earlier mercury intrusion porosimetry results and details of the manufacturing process. The
relaxation times are constant as a function of hydration, suggesting that, at intermediate
hydrations, some pores fill completely while others remain empty. There is also evidence
that the smallest pores fill first. Complementary imaging studies reveal a three-layered
heterogeneous structure which is consistent with the manufacturing process. The images
show the establishment of a dynamic equilibrium water concentration gradient across the
slate when one side is exposed to water. The mutual diffusion coefficient of water in the tile
is estimated as 4]10~7 cm2 s~1. Finally the effects of a water-resistant coating on water
transport are shown.  1998 Chapman & Hall
1. Introduction
The understanding and control of water transport in
porous ceramic building materials are crucial to the
durability of large-scale civil engineering structures.
One component of many of these structures is fibrous
cement roofing tiles. A high-quality tile must clearly
be resistant to rapid water transport but must also,
over longer periods of time, allow some breathing of
water vapour. Moreover, it is important that the tile
retain its shape over time and that it does not bend
when exposed to a humidity gradient across its two
surfaces. Current methods of assessment of water
transport in roofing tiles are largely inadequate. For
instance gravimetric or mass uptake methods do not
give any information about the spatial distribution of
the water. On the other hand, methods which are
spatially resolved, such as electron microscopy, are
generally destructive, so prohibiting time course stud-
ies. Other techniques such as infrared or colour analy-
sis give only surface information.

A powerful method for obtaining both spatially and
non-spatially resolved information about water con-
centration and mobility in materials systems is nuclear
magnetic resonance (NMR) [1—3]. Measurements of
the 1H NMR relaxation times can be used to infer
pore size information [4]. These techniques are in-
creasingly used for the study of cementitious systems
0022—2461 ( 1998 Chapman & Hall
[5, 6]. In this paper we report 1H relaxation time
measurements as a function of water content for an
industrial fibrous cement roofing tile, equilibrated in
a range of relative humidities and under water-
saturated conditions. Additionally we report spatially
resolved measurements of the development of the
water concentration profile across the tile for a series
of dry tiles exposed to water. Broad-line magnetic
resonance imaging techniques, specifically stray field
imaging [7, 8], have been used for this purpose be-
cause it is well known that magnetic susceptibility
field gradients, paramagnetic impurities and binding
of water molecules to pore surfaces all increase the
natural linewidth of the water in the cement and hence
prohibit the use of more conventional Fourier tech-
niques. Stray field imaging overcomes these difficulties
and therefore yields quantitative information.

2. Experimental procedure
Two types of artificial fibrous cement tile manufac-
tured by Everite SA, France, have been studied. These
tiles have already been the subject of a detailed study
by conventional methodologies [9], the important
results of which are summarized here. The tiles used
are those labelled series A-UP and B-UP in [9].
The series A-UP tiles are composed of 78% ordinary
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Portland cement, 10% asbestos fibres, 10% filler and
2% colourant. The water-to-cement ratio used in
manufacture is 0.25. They are prepared by pressing the
raw material through rollers in three stages followed
by appropriate curing. This processing results in the
series A-UP tiles characteristically exhibiting a three-
layered structure, with, we suggest, the layers differen-
tiated by average pore size. The outer (upper) surface
of the tile in a roofing application is generally
smoother than the inner surface and is formed by the
layer with the smallest average pore size. The overall
thickness of the tiles is 3.6 mm. The series B-UP tiles
are identical with the series A-UP tiles except that
a further layer is added during manufacture which
increases the thickness to 4.1 mm. This layer com-
posed primarily of cement and sand is designed to
reduce bulk water ingress into the slate. All the bulk
analysis described in this paper has been performed on
series A-UP tiles. The imaging work has been carried
out on both series A-UP and series B-UP tiles in each
case with either the inner or the outer tile surface
exposed to water.

Fig. 1 shows the pore size distribution for the series
A-UP tiles as measured by mercury intrusion po-
rosimetry. The pore size distribution shows a trimodal
tendency with characteristic pore sizes of 0.015, 0.15
and 1.5 lm. According to the mercury intrusion result,
there is approximately equal volume in each pore size.
The overall porosity by mercury intrusion is 16.8%.
Fig. 2 shows the mass uptake of water as a function of
relative humidity for these tiles on the left-hand axis,
together with the relative saturation on the right-hand
axis. Full hydration obtained by vacuum saturation of
an oven dried tile is 17.2%. This last result is the
average of those reported in [9] and new measure-
ments carried out on the batch of tiles used in this
study. The overall porosity measured by water suction
is 35% according to [9], substantially more than
measured by mercury porosimetry. The discrepancy
between mercury and water porosity measure-
ments has been discussed more fully by Raoof and
Sabouraud [9] and has been reported more widely for
other systems [10]. The discussion focuses on the fact
that the mercury fails to intrude the smallest pores, so
that we might expect relatively greater volume in the
small pores than suggested by Fig. 1. Moreover, the
mercury can damage the pore structure.

For the bulk analysis, a range of samples was equi-
librated at different relative humidities in the range
4—97% over saturated salt solutions. Equilibration
generally took of the order of 4 weeks. The samples
were then sealed in glass tubes with a solid glass rod
taking up the majority of the free volume. Addition-
ally, an oven-dried and vacuum-saturated tile sample
was prepared. Measurements of the 1H spin—spin
relaxation time were made at room temperature
using pulse-free induction decay and Carr—Purcell—
Meiboom—Gill (CPMG) multiple-spin-echo experi-
ments [11]. In both experiments, the NMR field
strength was 0.5 T and the pulse length was 3 ls. In
the case of the free induction decay, the spectrometer
dead time and bandwidth were 8 ls and 1 MHz, re-
spectively, consistent with observing short ¹

2
compo-
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Figure 1 The pore size distribution of a series A-UP tile measured
by mercury intrusion porosimetry.

Figure 2 The fractional mass uptake of water (left-hand axis) by
a series A-UP tile as a function of relative humidity. The right-hand
axis shows the hydration level relative to a mass uptake of 17.2% at
full saturation.

nents in the signal. In the case of the CPMG experi-
ments the pulse gap was varied widely between 12 and
200 ls. The reason for the use of such a large range of
pulse gaps, and in particular small pulse gaps, was the
requirement to minimize the effects of water diffusion
in the susceptibility gradients of the pore space, which
reduces the observed ¹

2
relaxation time.

For the magnetic resonance imaging studies, pieces
of material in disc form 8 mm in diameter were cut
from the tiles and mounted in glass tubing using
a small quantity of epoxy resin. Samples with both the
outer and the inner surface uppermost were prepared.
The prepared samples were oven dried at 110 °C for
several days until the sample mass was stable. The dry
tiles were then profiled in the stray field apparatus.
The magnetic field strength was 5.5 T and the gradient
strength 58 T m~1. The measurements were made us-
ing a standard multiple-quadrature-echo sequence
[7, 8] with a pulse gap of 14 ls, a pulse length of 6 ls
and a step size (resolution) of 200 lm. Typically 64
averages were acquired over 20 min. Water was then
added to the tube above the tile with the other surface
left exposed to the laboratory atmosphere which had
an average relative humidity of 30%. In a first experi-
ment, these samples were imaged after 30 h and then
periodically over 3 weeks. In a second experiment, the



Figure 3 (a) The free induction decay signal recorded from the 97%
RH tile. (b) The CPMG echo train decay signal from the same tile
recorded with a pulse gap of 12 ls (——) and 50 ls ( — — — ). (c) The
CPMG echo train decay signal from the vacuum saturated tile
recorded with a pulse gap of 12ls.

samples were imaged at 40 min intervals during the
24 h immediately following the addition of water.

3. Results and discussion
3.1. Bulk analysis
Fig. 3a shows a representative free induction decay,
and Fig. 3b representative CPMG echo train data for
two different pulse gaps, s, of 12 and 50 ls recorded
from a tile equilibrated at 97% relative humidity. The
free induction decay shows a large component with
a very short decay constant. This signal is attributed
to the hydrogen present both in the hydration prod-
ucts of the cement and in mobile water filling the
capillary pores. The asbestos fibres are mineral in
composition and devoid of hydrogen. The free induc-
tion decay can be fitted to an exponential with a time
constant, ¹

2
, of the order of 7 ls, although it is realiz-

ed that other functions provide a more exact descrip-
tion of such rapid decays. Back extrapolating the data
to zero time suggests a relative intensity of 0.43 that of
a corresponding volume of bulk water. Consequently,
this sample contains hydrogen equivalent to a total of
43% water by volume, broadly consistent with its
manufacture and hydration state.

The signal due to mobile water in the pore structure
can be separated from that due to hydration products
because of their inherently different relaxation mecha-
nisms: strong dipolar interaction in the case of the
hydration products as against diffusion in the mag-
netic susceptibility gradients created by the pore struc-
ture in the case of the mobile water. Attenuation due
to diffusion is eliminated in a CPMG experiment in
the limit of a zero pulse gap whereas dipolar attenu-
ation is not.

The analysis of the CPMG data is complicated by
the fact that the water decay is of a multiple-exponen-
tial nature, each component representing water in
a different pore environment. Attempts have been
made to fit the data to single-, multiple- and stretched-
exponential decay functions. In general, a single ex-
ponential is inadequate to fit the CPMG data. For low
hydrations, a reasonable fit can be made using just
two components. However, given the a priori know-
ledge that the tile consists of three layers and that it
has three characteristic pore sizes, and in the light of
the profiling studies reported below, three component
fits have also been attempted. In the wettest tiles in
particular, the three components are well resolved and
yield a significantly improved quality of fit compared
with just two components. It is the results of the three
component fitting which are presented here. The fits
have been carried out using the software package
Easyplot. The pulse gap dependence of each of the
three ¹

2
components is shown in Fig. 4a for the tile

equilibrated at 97% relative humidity (hereafter called
the 97% RH tile) together with, in Fig. 4b, the relative
amplitudes of these components. We note that the mass
uptake for this sample was 15.6%, corresponding to 31%
hydrated porosity. As the pulse gap, s, is increased, so the
components most affected by diffusion are first poorly
represented in, and then removed from, the measure-
ment and analysis. Given a distribution of ¹

2
values,

this results in overestimation of the average ¹
2

of the
remaining components and an overall under estima-
tion of the total signal amplitude. The best estimate of
¹

2
is made in the limit s"0. However, in the sub-

sequent discussion, data recorded with s"12 ls have
been used as a good approximation to this.

For the 97% RH tile, the three components have
¹

2
values of 56 ls, 296 ls and 1.75 ms with amplitudes

per unit volume of tile of 0.14, 0.07 and 0.03, respec-
tively, where the amplitudes are normalized to unit
signal per unit volume of water. The normalized ampli-
tudes give a direct measure of the hydrated porosity of the
sample. The total hydrated porosity as measured by
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Figure 4 (a) The spin—spin relaxation time, ¹
2
, for each of three

fitted components (d, j, r) for the 97% RH tile as a function of
pulse gap and (b) the corresponding amplitudes.

NMR for this sample is therefore 23%, considerably more
than the mercury intrusion porosimetry result would
suggest is possible, but also considerably less than full
saturation according to water suction data [9].

Accordingly, we have made similar CPMG
measurements on an oven-dried and subsequently
vacuum-saturated tile. The tile increased in mass by
16.75%, a little more than the 15.6% of the 97% RH
tile and broadly consistent with the earlier result of
Raoof and Sabouraud [9]. However, the CPMG
decay, shown in Fig. 3c is strikingly different. Al-
though the overall amplitude of the CPMG decay and
of its separate components is consistent with the
earlier data, the observed ¹

2
values of 159 ls (ampli-

tude, 0.13), 1.61 ms (amplitude, 0.07) and 13.7 ms (am-
plitude, 0.03) are much longer. We attribute the
large change in the relaxation times to changes in the
pore morphology brought about by the saturation
procedure.

In an attempt to account for the discrepancy be-
tween the NMR and suction data, the amplitude
curves of Fig. 4b have been extrapolated back to zero
pulse gap. On the basis of the broken curves in Fig. 4b,
the hydrated porosity of the 97% RH tile is 29.8%.
Given that this tile is only 15.6/17.2"91% saturated,
this gives a total porosity of 33%, in excellent agree-
ment with the suction data.

The fast diffusion model of relaxation is widely ap-
plied to water relaxation in porous media [4] and is
862
based on the idea that the observed spin—spin relaxation
rate, 1/¹0"4

2
, of water in a given pore is the weighted

average of the relaxation rate, 1/¹"6-,
2

, of bulk water in
the body of the pore and the relaxation rate, 1/¹463&!#%

2
,

of water in the layer in contact with the pore surface
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(1)

where f "6-, and f 463&!#% are the fractions of water in the
bulk and surface sites, respectively. For a fully
saturated pore of radius, r, the fraction of water in the
surface layer, of thickness, k, is given by

f 463&!#%"
3k

r
(2)

whilst the fraction in the bulk is given by

f "6-,"1!
3k

r
(3)

The surface layer thickness is generally taken as the
thickness of a monolayer of water, k"30 nm so that
for the pore sizes in question r<k. Moreover, the
¹

2
of bulk water is of the order of a few seconds, say

1 s, whilst that of the surface layer is much shorter.
Although it is strictly unknown, a good estimate can
be taken from the ¹

2
of the hydration products of the

cement with which the water is in intimate contact, say
of the order of 7 ls. Consequently, for pores on the
micron scale, only the second term in Equation 1 is
important and the observed spin spin relaxation time
is taken as

1

¹0"4
2

"

3k

r

1

¹ 463&!#%
2

(4)

We therefore immediately associate the three observed
relaxation components in the fully saturated tile with
three characteristic pore sizes, and indeed the shortest
component with the smallest pore size up to the lon-
gest with the largest pore size. On this basis the pore
sizes evaluate to 0.007 lm, 0.038 lm and 0.22 lm, re-
spectively, using the relaxation times for the 97% RH
tile. The relative amplitudes of the three NMR compo-
nents correspond directly with the total volume in
each of the three pore sizes. They are clearly unequal,
with the smallest pores showing greatest volume.

Using the data for the vacuum-saturated tile gives
pore sizes of 0.021 lm, 0.21 lm and 1.76 lm, in sur-
prisingly good agreement with the mercury po-
rosimetry results although the relative volumes differ
from the mercury porosimetry, with the NMR show-
ing greater volume in small pores, perhaps because the
mercury fails to invade them. We have already sugges-
ted that damage may have occurred to the pore struc-
ture of the fully saturated sample during preparation.
If this is the case, then it is possible that similar
damage to the pore structure occurred in the prepara-
tion of the mercury intrusion sample also. We finally
note that each NMR relaxation component is likely to
represent a distribution of relaxation times and hence
a distribution of pore sizes. Whilst detailed analysis of
relaxation distributions has been performed for other
systems [12] and has been attempted in this study



Figure 5 The amplitudes of the short (d), intermediate (j) and long
(r) ¹

2
components for the series A-UP tile as a function of water

content together with the total amplitude (m).

using stretched exponentials, the signal-to-noise ratio
of the current data does not allow firm conclusions to
be drawn in this case.

At lower hydrations, the NMR amplitudes continue
to reflect water concentrations, and the ¹

2
values

reflects the surface-to-volume ratio of the water in the
pore space. For example, if it is assumed that at
intermediate saturation all the pores of a given size are
uniformly saturated, and that the water covers the
water wet pore surfaces to a uniform depth h, then
Equation 1 is evaluated to be

1

¹0"4
2
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3k

3h!3h2/r#h3/r2B
1
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which, in the intermediate regime of k;h;r is
evaluated to be

1

¹0"4
2

"

k

h¹463&!#%
2

(6)

In this case, ¹
2

increases with increasing saturation to
a maximum value at full saturation. Such behaviour
has been widely reported for porous silica glasses
[13, 14] and for rocks [15]. On the other hand, if some
pores fully saturate and some remain empty at inter-
mediate hydration levels, then the ¹

2
value is not

expected to change, although the signal amplitude will
be reduced from that at full saturation.

We first look at the amplitudes of the three fitted
components. These are shown in Fig. 5. From this
figure, it is clear that the total amplitude of the CPMG
echo train increases linearly with increasing sample
hydration as might be expected. However, the indi-
vidual components do not. There is a clear trend by
which the shortest component, corresponding to
water in the smallest pores, preferentially increases,
indicating that the small pores fill first. The large pores
do not fill appreciably at hydrations corresponding to
less than 11% mass uptake. The total amplitude
data can be extrapolated back to intercept the ampli-
tude axis at about 0.04. This indicates a residual hy-
drated porosity in the so-called dry tile of about 4%
Figure 7 (a) A schematic diagram of the water distribution inside
the tile pore space at intermediate hydrations as suggested by the
NMR analysis. (b) An alternative distribution for partially filled
pores as described by Equation 5.

Figure 6 The ¹
2

values of the short (d), intermediate (j) and long
(r) ¹

2
components for the series A-UP tile as a function of water

content.

corresponding to water which is not seen by either
gravimetric or mercury porosimetry.

The relaxation time constants themselves are shown
in Fig. 6 as a function of hydration. It is immediately
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evident that, unlike porous silica glasses and many
rocks, the ¹

2
of each component remains remarkably

constant over the full hydration range. This strongly
suggests that, within each pore size grouping, some
pores are completely filling whilst others are remain-
ing empty. This situation is represented by Fig. 7a.
The alternate scenario of partially filled pores as de-
scribed by Equation 5 and as found in the glasses and
rocks is shown for comparison in Fig. 7b. We suggest
that this result is explained in the tiles by a small
quantity of hydrophobic additive within the filler in
the manufacturing mix which makes the pore surfaces
hydrophobic, thus causing the water to aggregate.

3.2. Spatially resolved measurements
Fig. 8 shows the profiles of each of four tile samples
(series A-UP & B-UP, outer or inner surface exposed
to water), after drying but before the addition of water,
after 30 h exposure to water and again after 95 and
195 h. In each case the first profile is a composite of
the dry tile and the epoxy used to seal the tile in the
tube. This signal forms a baseline offset for the water
ingress profiles which are shown again in Fig. 9 but
with the dry profile subtracted. The signal from the
bulk water above the tiles is seen rising to the right of
the profiles. From these profiles it is immediately clear
that the bulk of the water is taken up during the first
864
30 h. The similarity between the profiles recorded after
30, 95 and 195 h suggests that the water distribution in
the tile has, in each case, attained a dynamic equilib-
rium in which the supply of water on one side is
matched by evaporative losses on the other. It is
noticeable that in the series A-UP samples the water
profile shows strong heterogeneity in terms of three
layers, which it is logical to assume correspond to the
three layers of the tile. The low intensity at each of the
layer interfaces probably corresponds to a reduced
porosity brought about by the three successive cycles
of compression during tile manufacture. We note that
the water concentration is greatest within the external
layer of the tile, irrespective of whether the water
enters from the inner or outer surface. A reverse con-
centration gradient in a transport experiment, as ob-
served in Fig. 9b, can only be achieved if the available
porosity is not uniform across the tile. We therefore
propose that at low water concentrations the external
layer of the tiles has a significantly greater pore vol-
ume available to water than the inner surface layer. If,
as believed, the external layer corresponds to the re-
gion of smallest pores, then such a conclusion is con-
sistent with the bulk ¹

2
analysis already described.

One plausible explanation of the diffusion is that the
water transport mechanism involves rapid vapour
transport through the connected pore structure
coupled with much slower capillary transport of
Figure 8 The as-recorded profiles of water content in (a) an untreated (A-UP series) tile with the outer surface exposed, (b) an untreated tile
with the inner surface exposed, (c) a treated (B-UP series) tile with the treated outer surface exposed and (d) a treated tile with the inner,
untreated surface exposed to water after 0 h (s), 30 h (h), 95 h (e) and 195 h (n). In every case, the 0 h profile is a composite of the dry tile and
the epoxy resin used in the sample preparation. In subsequent profiles, the bulk water is seen as the peak to the right.



Figure 9 As Fig. 8, except that the dry profile has been subtracted.
liquid. Certainly, nothing in the observed data is
contrary to this suggestion. However, given the large-
scale structural heterogeneity of the tiles, it is difficult
to make a more quantitative analysis as has been
achieved with, for instance, water transport in
porous zeolite powder beds [16] and sandstone
rocks [17].

In the case of the surface-treated tile, series B-UP,
the structural heterogeneity is much less evident. As
might be expected, there is considerably less water in
the tile with the treated surface exposed. This is due to
a much lower water transport rate through the treated
layer than through rest of the tile and the consequent
effect that this has on the profile via the detailed
balance of water supply and water loss. When the
treated layer is exposed to water, the slow ingress of
water through the treatment layer and relatively rapid
drying from the untreated side together maintain
a very low water concentration profile throughout the
bulk of the tile. On the other hand, when the inner
surface is exposed to water rapid ingress and slow
egress now ensure a much higher concentration level
in the bulk of the tile as observed.

Fig. 10 shows profiles, with the dry profile subtrac-
ted, acquired over the first 30 h of a second water
uptake experiment. These profiles are acquired at
38 min intervals. In Fig. 10a the external surface of an
untreated tile is exposed to water and in Fig. 10b the
external surface of a treated tile. Fig. 11 is a plot of the
water front position measured at half the surface con-
centration as a function of time. The solid curve in the
plot is a fit to the function x"At1@2 (A constant),
which strongly suggests that the water transport is
determined by generalized Fickian diffusion governed
by

c

t
"



x AD(c)
c

xB (7)

where c is the water concentration in the tile, D(c)
is the concentration-dependent diffusion coefficient of
the water in the tile, and x and t are position and
time, respectively. The structural heterogeneity of
the tile makes it difficult to apply the Boltzmann
transformation to these data from which the concen-
tration dependence of the water transport diffusion
constant could be deduced, as is commonly done with
NMR profile data of this sort [18]. Consequently
a much more simplistic data analysis has been per-
formed which assumes a constant diffusion coefficient
for the water ingressing a homogeneous material.
On this basis the concentration profiles assume the
form [19]

c (x)"c
0

erfc A
x

2(Dt)1@2B (8)

where c
0
is the surface concentration. Using the best fit

to the data presented in Fig. 11, the average diffusion
coefficient evaluates to 4.0]10~7 cm2 s~1, which
compares favourably with the transport diffusion co-
efficient of water in a number of small-pore-size por-
ous media.
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Figure 10 Profiles, with the dry profile subtracted, of (a) an untreated and (b) a treated slate, each with the outer surface exposed to water,
recorded at 38 min intervals after exposure.
Figure 11 The water front position measured at half the surface
concentration level taken from the data in Fig. 10a as a function of
time and (——), fit to the function x"At1@2.
866
4. Conclusion
We have shown that a combination of broad-line,
bulk and spatially resolved NMR measurements are
able to yield a considerable amount of information on
water absorption and transport in roofing tile mater-
ial. We have obtained evidence for the manner in
which pores fill, measured the total porosity and the
average pore sizes and found evidence of residual
water content in dried material and for structural
heterogeneity in the tiles. We note that all the non-
spatially resolved information was obtained using
bench-top NMR apparatus of the kind widely found
in food and other manufacturing industry research
laboratories, although less widely in laboratories asso-
ciated with the building industry. Finally we note that
this kind of analysis is not restricted to just roofing
tiles, but can be applied more widely to other cementi-
tous products.
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