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ABSTRACT
The spatial distribution of moisture in concrete, along with the role this
moisture plays in various modes of deterioration, is of fundamental impor-
tance to the understanding of concrete behaviour. In this paper a new magnetic
resonance imaging technique is utilized for the first time to obtain drying
profiles of concrete with sub-millimetre resolution. This technique permits
observation of the drying mechanisms, as well as the effects of water-cement
ratio and moist curing time on drying behaviou©® 1998 Elsevier Science
Ltd

Introduction

Moisture has a profound effect on the long-term performance of concrete structures. The
moisture content affects strength development and resistance to corrosion, fire, and freeze-
thaw (1-6). While not always fully appreciated, the moisture content near the concrete
surface is of particular importance. Moisture content varies spatially at the surface of the
material due to drying mechanisms, principally capillary flow and molecular diffusion, which
are active when concrete is exposed to air (7).

The moisture distribution in the pore structure of the material has both direct and indirect
effects. The compressive and tensile strengths of concrete, as well as the modulus of
elasticity, are all influenced by moisture content (2). The mechanical strength of concrete will
increase as curing progresses only as long as the local relative humidity in the material
remains above 80% (8). Drying shrinkage, with concomitant stresses in the weak aggregate/
paste interface, leads to the formation of cracks (8). Moist curing followed by drying to a
moisture content less than 90% relative humidity aids in freeze-thaw resistance. This is
particularly important in concrete that does not contain sufficient air-entrainment (8). When
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a concrete structure is exposed to fire, explosive spalling will occur if the moisture level is
above a critical threshold (4). Corrosion of embedded steel due to chloride ingress is a serious
problem as well, especially in bridges and marine structures (9). Corrosion of reinforcement
bars only occurs in the presence of both moisture and air. Therefore, both fully dry and fully
saturated concrete has a high corrosion resistance (8). In addition, if the permeability of the
concrete is decreased, for example by extensive moist curing, the ability of water (and
therefore chlorides) to enter the material is decreased.

The ability to predict local moisture content would enable the designer to avoid situations
where structural distress is likely to become a problem, or conversely, the concrete could be
designed so that it would be resistant to specific field conditions. In order to understand water
movement in concrete, a reliable experimental method must be established that can resolve
the moisture distribution within the concrete, rapidly, nondestructively, and with sub-
millimetre resolution.

While moisture loss in bulk is relatively easy to measure, reliable spatially resolved
measurements have proven elusive. Neutron scattering and gamma-ray densimetry have been
employed for local moisture content determinations; however the methods are not of general
utility (10,11). The gravimetric method with thin sectioning has also been used, but this
method is inherently destructive and has poor spatial resolution (7).

Theory

Nuclear magnetic resonance (NMR) has been employed by many groups to study cement
chemistry (12—14) and cement pore structure (12,15-18). These classical magnetic resonance
methods, principally*H, do not resolve space but provide a global measure of NMR
properties. The NMR relaxation times are sensitive to pore structure and are well known by
experiment to decrease as pore size is reduced (18). A variety of theories have been
developed to explain why the NMR relaxation times of water in a range of porous materials
are influenced by the pore size (19,20). General agreement exists that collision/interaction
with the pore walls controls the relaxation behaviour, and the overall relaxation rate will
increase with the surface/volume ratio in a pore (15-18).

The relaxation times of interest are the spin lattice relaxation fimethe spin spin
relaxation timeT,, and the effective spin spin relaxation tifig . The spin lattice relaxation
time governs the recovery of longitudinal (parallel to the applied magnetic field) magneti-
zation following excitation with a radio frequency (RF) pulse. The spin spin relaxation time
governs the irreversible dephasing of transverse magnetization (perpendicular to the main
magnetic field) following a radio frequency pulse. Ths relaxation time describes the
effective disappearance of transverse magnetization and incorporates the effects of an
inhomogeneous main magnetic fildg (21). TheT, relaxation time is related t®, by Eq.
1:

1 1 +v-AB
Tt (1)
T* T, 2
whereAB is the variation in the main magnetic field over the region of interestyaisdthe
gyromagnetic ratio, an NMR parameter.
Bulk measurements of these relaxation times are of necessity an average over the entire
sample. This means, however, that relaxation time studies of pore structure can only be
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FIG. 1.
Schematic of 1-D SPI method, whetés the RF pulse flip angle, is the encoding timeTR
is the time between successive RF pulses,@nis a magnetic field gradient applied in the
z direction.

accurately performed on uniformly wet cement samples, as any drying will lead to spatial
variations in these properties (22). The case of semi-dry concrete requires a method that is
able to resolve space. Ideally the imaging method chosen will retain a sensitivity to the NMR
relaxation times.

While best known as a clinical imaging method (23), magnetic resonance imaging (MRI)
is increasingly being used to study materials (24). Several groups have attempted to image
concrete with clinical MRI methods (25,26). These methods are not suitable for concrete
because the relaxation times of water in concrete are several orders of magnitude shorter than
relaxation times typically observed in human tissue. McDonald and co-workers have pub-
lished an MRI study of the invasion of polymer coating material into a deuterated concrete
with an MRI method, stray field imaging (STRAFI), which is well suited to the short
relaxation times of fluids in concrete (27). They have also very recently employed the
STRAFI technique to examine drying behaviour in thin films of silica (28). Kopinga and Pel
(29) have developed an NMR instrument for measuring water content in brick materials;
however, the method suffers froif, relaxation effects and requires a sample-dependent
calibration. MRI has been used to observe water displacement through model porous
materials (30).

Recently we have demonstrated the use of an MRI method which is ideal for imaging
water in concrete samples (31,32). This technique, single point imaging (SPI), does not
employ traditional frequency encoding but instead encodes space solely through signal phase
(33-35). A schematic of the one-dimensional SPI method is shown in Figure 1. With
additional magnetic field gradients, two- and three-dimensional imaging is also possible. In
the present study we exploit the cylindrical symmetry of our samples to reduce the experi-
mental problem to one dimension. One-dimensional images of a concrete cylinder yield a
profile where the signal intensity at each point in the profile is proportional to the total
amount of evaporable water in a plane perpendicular to the long axis of the sample, at a point
on this axis, as outlined in Figure 2.

The SPI signal intensity, at any given position, is described by Eqg. 2, v@®ris the local
bulk and/or non-absorbed water content alongzldérection:
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FIG. 2.
Drying concrete in cross section. The imaging axis was parallel to the long axis of the sample.

(50 X 70 mm cylinder).
-
1—-—expg ——
2 = p(2)exp — b LEVARPNAW (2)
P T, p(TR)
1 — cosx-ex T

1

For brief, broadband, RF pulses (sma&)land/or repetition times[R which are much longer
than the sampl&,, the signal intensity in the profile is simply proportional to the local water
content, weighted by the value ®§" at that point and the encoding tintg, as shown in Eq.

3:

@ = oo | @
2

If T, is constant at each point on the profile throughout the drying period, then the image is

simply proportional to the spatial distribution of evaporable wateF, Ifis not constant, then

the localT," values must be determined, and the profile corrected to extract a true moisture

profile. Note that in the SPI experiment we observe primarily liquid phase water sequestered

in pores within the concrete medium.

Experimental Details

Sample Preparation

A commercial white Portland cement (Lehigh Portland Cement Co., ASTM Type |, York,
PA) and white quartz fine and coarse aggregate (Atlantic Silica Inc., Sussex, NB, Canada)
were used in the preparation of the concrete samples because of their low iron content (17).
All aggregates were rinsed in distilled water prior to use. Samples were nmxet batches

with water/cement ratios of 0.3, 0.4, 0.5, and 0.6 with a maximum coarse aggregate size of
14 mm (For a description of the properties of the fresh concrete see Table 1). The concrete
was then cast into polyethylene vials (50 mm i.d., 100 mm length) and vibrated for 3 s. No
air-entrainment was used, but superplasticizer was added to the W/8 mix in order to
produce a workable mixture. Before casting, the sample containers were soaked in water for
24 h. The concrete specimens were cured for 0, 1, 3, 7, 28, and 90 days in a moist-curing
room (relative humidity in excess of 95%, temperaturez22°C).
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TABLE 1
Properties of fresh concrete.

Series 1 Series 2 Series 3 Series 4

w/c 0.6 0.5 0.4 0.3
Course Agg. (kg/m) 888 888 888 888
Fine Agg. (kg/ni) 868 828 736 582
Slump (mm) 35 30 40 65
Air Content (%) 3.5 2.5 3 3
Unit Weight (kg/nT) 2230 2310 2340 2700

Samples were cut to 70 mm in length prior to drying (Fig. 2). Individual samples of
specified composition and cure time were typically measured at drying times of 0, 1, 3, 7, 30,
and 90 days. Samples were dried in an air-conditioned room at 2tC and 40+ 10%
relative humidity. During the drying period the samples sat in an open cabinet.

Samples were positioned in a Teflon cradle held in a glass tube, designed to ensure
accurate, repetitive placement of the sample within the imaging field of view with minimal
background signal. The drying face was positioned in the centre of the image field of view.
A Mn(ll)-doped water reference was positioned next to the concrete sample to facilitate
correction for day to day variations in instrumental sensitivity. Image intensities were scaled
by as much as 10% over the course of this 6-month study.

MRI Measurements

The MRI magnet was a Nalorac (Martinez, CA) 2.4 Tesla, 320 mm horizontal-bore super-
conducting magnet with a water-cooled 20 cm i.d. self-shielded gradient set. All measure-
ments were performed at ambient temperature with a TecMag (Houston, TX) Libra S-16
console, using a home-built birdcage coil drivend2 kW AMT (Brea, CA) Model 3445

RF amplifier. The gradient amplifiers were Techron (Elkhart, IN) 7780 amplifiers.

The phase-encoding timg, in the all the MRI experiments shown was 138, while the
repetition time, TR was typically 200 ms. The image was encoded by incrementing the
gradient in 128 steps to a maximal value of 9 Gauss/cm. Fourier transformation of the
phase-encoded signal produced the one-dimensional image profile. Drying profiles had a field
of view of 122 mm with a spatial resolution of 0.95 mm, and took 12 min. to acquire with
32 signal averages.

In parallel with the imaging experiments, bulk and T, relaxation times were measured.
The T, and T, relaxation times were frequently multi-exponential. Sample massQq1g)
was measured, as a function of drying time with a Mettler PC400 analytical balance.

Discussion of Results

Typical plots of Evaporable Water vs. Position for the concrete drying profiles are shown in
Figures 3-5. The y-axis (Evaporable Water) is consistently scaled in all plots to permit
sample comparison. The apparent “noise” in the profiles is largely due to local variations in
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FIG. 3.
A) Drying profiles of concrete with w/e= 0.6 and 1 day of moist curing: profiles shown for

1 (©), 7 (@, and 90 V) days of drying.B) Drying profiles of concrete with w/e= 0.6 and
90 days of moist curing: profiles shown for @), 7 (@), and 90 {V) days of drying.

water content, due to imperfect averaging over the randomly distributed nonporous aggre-
gates.

Samples with a high water-cement ratio and/or short curing times exhibited large amounts
of capillary flow at early drying times, as shown by a uniform loss of evaporable water.
Diffusive drying fronts were also present at all drying times, but dominated at long drying
times. It is impossible, however, to distinguish bulk signal loss due to capillary flow from
signal loss due to hydration of the cement grains. Signal from hydrated water decays with a
time constant of less than 205 and was not observed in these experiments (16).

Samples with extensive moist curing exhibit increased watertightness, as can be shown in
both the mass loss curves (Fig. 6) and the drying profiles in Figures 3a and 3b. Samples with
longer moist curing periods show large decreases in capillary flow and reduced diffusional
water transport. The extended moist curing allows a higher degree of hydration in the
concrete. The pore size distributions of the matrix approach smaller dimensions as the
capillary pores (cavities found in between the clusters of hydrated products) are replaced by
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FIG. 4.

Drying profiles of concrete with w/e= 0.5 and 28 days of moist curing: profiles shown for
1(©O), 7 (@), and 90 /) days of drying.
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Drying profiles of concrete with w/e= 0.3 and 28 days of moist curing: profiles shown for

1 (O), 7 (@), and 90 {/) days of drying.

gel pores, which results in a densification of the matrix. In addition, the higher degree of
hydration results in increased specific surface area of the matrix, which results in a higher
moisture retention capacity of the concrete due to increased moisture adsorption (36). The
total quantity of evaporable water also decreases. The trend toward reduced average pore size
is reflected in the bulk NMR relaxation time data where, for short curing time and/or high
water-cement ratio, the averade and T, values always decreased with increasing moist-

curing time.

The same trends can also be observed with changing water-cement ratio, at constant
moist-curing times. An increase in watertightness is apparent in comparing Figures 4 and 5.
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FIG. 6.

Mass of water lost over 90 days of drying f8) 1 day of moist curing an@) 90 days of

moist curing.
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Concrete samples with low water-cement ratios (0.3 and 0.4) exhibited little capillary flow
compared to those with higher water-cement ratios (0.6 and 0.5), even with moist-curing
periods as short as 1 week. Indeed, concrete samples with a low water-cement ratio, and
sufficient moist curing, were completely watertight in the interior of the sample, as shown in
Figure 5. Samples of this type exhibited no capillary flow and only a small diffusive drying
front. This is due to a decrease in porosity/permeability with lower water-cement ratio, and
thus a decrease in the number and size of capillary pores within the concrete paste. This was
again reflected in the bulk NMR relaxation data where, at curing times of less than 28 days,
the average initial;, andT, values always decreased with decreasing water-to-cement ratio,
which again reflects a smaller average pore size.

A comparison of the profiles shows that the drying behaviour of samples with high
water-cement ratio but long cure times resembles those of a lower water-cement ratio sample
with short cure time. For example, concrete with a water-cement ratio of 0.4 at 90 days of
moist curing (not shown) exhibited drying behaviour that closely resembled that of concrete
with a water-cement ratio of 0.3 after 28 days of curing. Bulk relaxation data for these
samples also resembled each other. This indicates that the pore structure of a concrete with
a higher water-cement ratio will be similar to that of a lower water-cement ratio concrete with
less curing. Differences in both drying behaviour and bulk relaxation data, which was marked
at short curing times, also decreased with curing time.

After 90 days of moist curing, the hydration process is almost completed, yet differences
in the drying behaviour still remain. At the end of 90 days of moist curing, the pore structure
in the samples is fully formed, with the only differences being the initial amount of mixing
water. Thus, concrete with a high water-cement ratio, which does not have sufficient gel
volume to fill the original water-filled space, still exhibits significant capillary flow (Fig. 3b).
The decrease in capillary flow of high water-cement ratio concrete is then due to a decrease
in the average size of the capillary pores, as well as a decrease in the continuity of the
capillary system (36). When the water-cement ratio is less than 0.4, the bulk volume of the
hydrated gel will completely fill the original water-filled space once the hydration process is
complete. This will result in a cement paste free of capillary pores and very low in
permeability (8).

The bulk concrete relaxation times were observed to be multi-exponential, with a very long
component{; & T, =~ 5 ms) and two shorter componenis & T, ~ 0.8 ms, andl; & T,
~ 0.16 ms). The short time component dominated at all times. For samples with a high
water-cement ratio, even with 90 days of moist curing, the intermediate relaxation time was
seen to decrease with drying, which would seem to be an indication that the larger pores are
selectively drying first. Samples with a lower water-cement ratio were seen to have relaxation
times that did not change with curing times longer than 3 days. The short component (thought
to represent water in the fine gel pores), was constant at all times, but did decrease in
amplitude with drying. While it is difficult to accurately fit three exponentials (37), differ-
ential scanning calorimetry experiments on similar samples have shown the presence of at
least three discrete populations of water with distinct freezing points (38).

If the total signal, for example in Figures 3 to 5, is directly proportional to evaporable
water content, then a plot of signal decrease as a function of time, integrated over the entire
sample, should be directly proportional to mass loss. These plots for all the water-cement
ratios, at all drying times, are linear with drying for the 28 and 90 day moist-cured samples.
The plot of mass loss vs. signal loss for these samples is shown as Figure 7b. Similar plots
of samples with a shorter moist-curing period demonstrate a characteristic curvature at early
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Mass loss vs. integrated signal loss for samples W)t days moist curing anB) 28 and
90 days of moist curing at all water/cement ratios. Mass and signal loss are implicit functions
of drying time.

drying times, which is most pronounced for samples with O or 1 days of moist curing, as
shown in Figure 7a. This is due to the fact that hydration is proceeding at a significant rate
throughout the early drying period for the short cure samples (hydration proceeds most
rapidly during the first week of curing). When water is bound in cement hydrates it is lost to
MRI measurement but does not decrease the mass of the sample, as discussed earlier.

This can be corrected however, if we plot Mass vs. Signal Loss with the initial mass set
to the mass of the sample at the end of 7 days from the time of initial preparation, when the
rate of curing has significantly decreased. We then obtain linear plots that go through the
origin for all samples. This leads to the simple interpretation of the drying profiles shown as
being plots of evaporable water. By drying a sample in an oven at 70°C until the mass
changed less than 0.01 g in 1 day, and comparing the total signal loss to the total mass loss,
we are then able to obtain the calibration of the y-axis for Figures 3 to 5. Drying the samples
to “constant mass,” and thereby removing all the evaporable water, gave no observable
signal, which again supports the conclusion that the signal was simply proportional to
evaporable water. In related (unpublished) work (22), we have recently show,thiat
samples of this type does not vary with local water content, which further supports this
conclusion (See Eg. 3).

Conclusions

Concrete drying profiles have been obtained, with sub-millimetre resolution and excellent
signal-to-noise. Our results indicate that drying occurs through a mixture of capillary and
diffusive type flows. Concrete with a water-cement ratio of 0.6 exhibited significant drying,
even with 90 days of moist curing. Concrete with a water-cement ratio of 0.3, however, was
virtually watertight with curing times as short as 7 days. The true water content profiles will
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be compared to current numerical models of drying in an attempt to experimentally validate
the models (39).

SPI has been shown to be a sensitive, non-destructive testing method for moisture
distribution measurements in concrete. Extensions of the SPI method, and its application to
concrete materials, include drying experiments with lightweight concrete, high-speed SPI
imaging (31), imaging of the freeze-thaw process (40,41), imaging of salt ingress, and
high-resolution three-dimensional imaging of water distribution around porous and non-
porous aggregates. We have also recently developed SPI methods to measurg, [bgal
andT, relaxation times (22) that will allow us in future experiments to determine the local
pore properties using theories of pore relaxation developed for bulk measurements.
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