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ABSTRACT
A recently developed magnetic resonance imaging (MRI) technique is used to
study the concrete freeze/thaw process. Ice formation is spatially resolved in
a nondestructive manner as changes in the MRI signal intensity are observed.
The phase transition temperatures are in agreement with published differential
scanning calorimetry thermograms.

The concrete samples were air dried for varying times. The imaging of both
saturated and non-saturated specimens demonstrates the ability to monitor
non-adsorbed water in a range of pore sizes. The freeze/thaw thermodynamic
behaviour was found to depend on water content and sample his®®998
Elsevier Science Ltd

Introduction

Concrete structures exposed to frost conditions are susceptible to deterioration caused by ice
formation. Numerous studies have been undertaken to elucidate the mechanisms responsible
for the frost damage. A clear goal has been the establishment of a quantitative link to
moisture content, cooling rates and mix components (see for example the review by Mar-
chand et al. (1).

Nuclear magnetic resonance (NMR) has been used to characterize water dynamics in
cement paste (2—-11), silica gel, and controlled-pore glass (12—14) as well as fluid transport
in porous solids (15). Gummerson et al. (16) and Dickson et al. (17) have reported on the use
of magnetic resonance imaging (MRI) to investigate capillary water inflow in porous
materials. Furthermore, Kleinberg and Horsfield (18) and Pel et al. (19) have presented new
MRI methods of observing liquids in large pores. Attard et al. (20) and Star-Lack et al. (21)
reported on a MRI technique based on continuously oscillating gradients. But when research-
ers attempt to image water in small pores, the corresponding fast nuclear spin-spin relaxation
process (tens to hundreds @$§) places a limitation on these techniques.
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We have recently developed a MRI technique, namely single-point ramped imaging with
T, enhancement (SPRITE), which is ideally suited to space-resolved observation and char-
acterization of water in cement pastes and concrete (22—24). The SPRITE method is based
on the single-point imaging (SPI) technique (25), and has recently been used in proton
density and relaxation time mapping of hardened concrete samples (26), two-dimensional
imaging of concrete under thawing conditions (27), and imaging of lake bed drill cores (28).

The ability of the SPRITE technique to image water in concrete materials opens up a vast
field of study in concrete research. Submillimetric resolution of moisture distribution can be
achieved, whereas such resolution is obscuredy-niay attenuation measurements (29)
because of the variety of cross sections involved in heterogenous concrete samples. A novel
temperature controller incorporated in the imaging system permits a space-resolved thermo-
dynamic study of the freeze/thaw phenomena in intact specimens. In this article, these results
are compared to calorimetric reports (30—32) and a critical discussion is presented.

Comments on Concrete Freeze/Thaw

A number of concrete frost damage mechanisms have been proposed and reported (1,32—-44).
The dynamics of ice formation in these specimens are driven by the chemical and structural
properties of the material. For water-saturated hydrated cement cooled from room temper-
ature, the first phase transition occurs at about 0°C, where the bulk and capillary-condensed
water freezes. This freezing point can be lowered by up to 1.6°C, depending on the cement
composition (45) or even to approximatel15°C when supercooling effects are dominant.
After the bulk water has been frozen, the freezing point depression for the remaining water
is related to the gel pore dimensionality by the Kelvin equation (see for example ref. 14 and
46). If the paste moisture is low enough that no evaporable water is present, the first transition
may not be observed, which is the case of samples dried for several weeks under low
humidity conditions.

As the temperature is lowered, additional pressure produced by ice formation and the
change in relative vapor pressures for the formed solid/liquid, liquid/vapor, and solid/
vapor interfaces results in water migration from small capillaries to regions where ice can
now be formed. This desorption produces a secondary freezing point at aldi&iC
(31,42), which is superimposed on the gradual freezing determined by the pore distri-
bution. Thereafter, some of the adsorbed water remains liquid. Evidence of structured
water on the micropore walls (corresponding to two or three molecular layers) at about
—90°C has been reported (39). We believe that these two low-temperature transitions are
present in spite of long drying periods, whereas a non-saturated paste presents no
transformation at about 0°C. As the temperature is increased, the water migration
produced during freezing is not reversed and the thawing process does not present the
secondary phase transition.

Although currently there is no definite agreement on the nature of the frost damage
mechanism (1), the possibility of space-resolving the moisture content and ice formation in
porous media in a non-destructive manner through MRI could make this type of testing a
valuable tool that we believe will contribute to further understanding the concrete freeze/thaw
phenomena.
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TABLE 1
Concrete and mortar drying times for the freeze and
thaw processes (w/e 0.5).

Curing Air Drying
(100% RH) (40% RH)
Sample Material days days Process
A concrete 3 3 freeze
B concrete 3 5 thaw
C concrete 3 20 thaw
D concrete 3 21 freeze
E mortar 3 21 freeze

Experimental

Sample Preparation

One mortar (aggregate size: under 3 mm; aggregate-to-cement proportion: 2.4) and four
concrete samples were prepared with a 0.5 water-cement ratio. Samples were cylindrical,
with a diameter of 50 mm and a length of 80 mm. The dimensions were chosen to ensure
representative distribution of the coarse aggregates. White Portland cement (Lehigh Type 1)
was used for the mix because of its low iron content (ferit&%). Graded quartz aggregates
(Atlantic Silica Inc., Sussex N.B., Canada) with a 14-mm maximum size were added to the
concrete specimens, and the final mix was vibrated for 3 s.

All samples were cured with one open face for 3 days at 100% RH, followed by air drying
at room temperature at 48 10% RH. The mortar and concrete samples were dried for
different periods, as shown in Table 1.

For simultaneous concrete/mortar imaging, the samples were cut to 40 mm in length and
placed end to end, separated by a 10-mm teflon ring. The remaining concrete cylinders were
left intact. For the thawing experiments, the specimen was cooled overnight in a freezer at
—70°C, then wrapped with insulating fibreglass and placed in a glass dewar positioned in the
radio frequency (RF) probe (Figure 1).

Temperature Controller

Samples were cooled with a novel temperature controller, specially designed to fit the
geometrical restriction of the imaging system. Figure 1 is a sketch of the experimental setup.
A platinum resistance temperature device (RTD) on the cold nitrogen input tube was used to
monitor the temperature. An Omega Series 6000, microprocessor-based controller fed pulsed
current into a nitrogen dewar heater (110 V). The cold nitrogen vapor flow cooled the glass
dewar (45 cm long). A thin copper-constantan thermocouple on the concrete surface was
used to scan the temperature at 5-s intervals.

Sample holders and tubing in the glass chamber were made of teflon to avoid spurious
proton signal during the MRI experiment. The presence of the sensor cables in the RF probe
produced no detectable image distortion.
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FIG. 1.
Temperature controller diagram. Freezing and thawing setup.

With this apparatus, the temperature can be held at a preset value for several hours to
within 0.1°C. The cooling rate was slower than 2°C/h in all cases. A limiting rate of over
4°C/h was estimated to approach thermal homogeneity, based on the analytical solutions for
the temperature evolution in cylindrical samples (47) and the concrete’s thermal conductivity
(~1 J/(sm°C)), density (2200 kgf) specific heat{1 kJ/(kg°C)) and coefficient of heat
transfer (-60 J/(nfs°C)) (48,49).

MRI Technique

Technical details of the SPRITE method have been published elsewhere (22,26,27). We
summarize here some relevant aspects of the imaging process.

For a one-dimensional profile, the signal magnitude is a function of the proton defisity
x) and the encoding time,, (time at which the magnetization is detected). In SPRI}ES
kept constant throughout the acquisition. For our imaging parameters, the magnitude of the
Fourier transformed signal defines the profile (27):

M(T, X) = p(T, x)ex;a(—Tz*(tf’m) (1)

T,* is the relaxation time (driven by the magnetic field inhomogeneities and the interaction
among nuclear spins). The explicit appearance of the temperatiiranfl position X)
indicates the thermal and spatial dependencies of the proton distribution and relaxation time.
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FIG. 2.
Temperature-time plot around the melting point for thawing of concrete. First order regres-
sions are displayed.

A field of view of 14.0 cm with 64 points was determined by appropriate magnetic field
gradient G, ~ 5 G/cm) and encoding time (10fps). Given the investigated systems
present a,* ranging between 6Q.s and 20Qus, the chosen encoding time ensures adequate
signal-to-noise at all temperatures.

The relaxation time of ice is of the order of 13, which is fast for the encoding time scale
and then produces no significant contribution to the signal. This permits a quantitative survey
of the evaporable pore water undergoing a phase transition. Gel pore water remains liquid at
the lowest studied temperatures, as reported by Jehng et al. (8).

The MRI sample parameters contain valuable information about the sample inhomogene-
ity, pore size distribution (1,8,9,50), and even the compressive and bending strength of a
cement paste (5).

The RF probe is a 16-rod birdcage resonator (51), fed by a 2-kW RF amplifier (AMT 3445,
Brea, California). Tuning was periodically checked and required no changes as the dewar
interior temperature was modified. The 2.4 Tesla superconducting magnet (Nalorac Cryo-
genics Inc., Martinez, California) has a 32-cm horizontal bore and a water-cooled 20-cm i.d.
gradient set G, . ~ 10 Glcm, G, yna =~ 5 G/cm). Experiments were controlled by a
Tecmag (Houston, Texas) Libra S-16 console. Pulse sequence generation and data acquisi-
tion were controlled by MacNMR software based on a Macintosh Quadra 950.

Results and Discussion

For the thawing experiments with sample B, the temperature-time plot revealed that the
freezing point distribution commences at abetit.5°C, as shown in Figure 2. The bi-linear
shape of the plot is typical of a heat exchange effect for a melting process.

A one-dimensional moisture profile at 4°C is shown in Figure 3a and changes of this
profile with temperature are displayed in a stack plot in Figure 3b.

The image intensity variation with temperature can be studied for different points along the
sample. Figure 4 displays the results for the drying end and the centre of sample A, as it
freezes. Values have been normalized to the high-temperature phase results, where small
magnitude changes are expected to follow the Curie law (14) and the signal-to-noise ratio is
increased because of maximum signal contribution. The short drying period ensured a
saturated pore system with water in large and open pores.
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FIG. 3.
One-dimensional moisture distribution at 4°§) é&nd stack plot of one-dimensional profiles
for the freezing procesd). Note in ) the transition regions at about2°C and—40°C.

A heterogeneous behaviour has been previously observed for thawing conditions in a
SPRITE two-dimensional analysis (27).

After drying for 3 weeks, a concrete and a mortar cylinder were cut to 40 mm in length
and simultaneous concrete/mortar freezing profiles were obtained. The presence of quartz
aggregates in the concrete mix reduces the overall water concentration, which is reflected in
the signal intensity. The magnitudes were integrated in the regions indicated by arrows on
Figure 5a and displayed as a function of the temperature in Figure 5b.

In order to assess the non-frozen water density from the signal intensity profile, the
relaxation time variation should be considered (Eq.TL).values for concrete are system-
atically lower than for mortar (Figure 6), as a consequence of the additional inhomogeneity
introduced by the coarse aggregates.

Special care has to be taken to account for changes of the signal intensity caused by an
apparent phase transition (APT). This phenomenon has been described by Overloop (14)
using NMR for silica gel and controlled-pore glass. Experimental evidences show that the
freezing process causes a steep signal intensity change a few degrees below 0°C (determined
by the Kelvin equation) and then continues to decay smoothly (no discontinuities or hyster-
esis effects were observed). This subsequent decay was attributed to the behaviour of water
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FIG. 4.

Signal magnitude evolution for two sample positions. Note the two transition ranges at about
—2°C and—40°C.
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FIG. 5.

Normalized one-dimensional profile of the concrete/mortar simultaneous experiment at 12°C
(a) and the evolution of the areas indicated by arrol)s (

in the first few adsorbed molecular layers (see also differential scanning calorimetry by
Beddoe (37)), producing an APT. This is a feature of the NMR technique and contains no
valuable thermodynamic information in the sense that this water does not acquire the
structure of ice, even under the bulk water freezing point. Having considered the smooth
decay for uniform pores materials, we can expect for a widely distributed pore population
system the specific heat phenomena to produce pronounced changes in the magnitude plot
when phase transitions occur. Then, the slope of the signal intensity is displayed and
correlates with previous calorimetric results (1,30,31,37,38).

Note that the freezing rate effects on signal evolution are clearly depicted in Figure 7 and
correspond to differential scanning calorimetry thermograms of cement pastes. The exother-
mic heat of the main and secondary transition appear as sudden changes in the intensity slope.

Figures 7a and 7b correspond to samples A and B, with high moisture content. The
moisture content is lower for samples C, D, and E, generating a poorer signal-to-noise ratio
(seen in the normalized plots for samples D and E). Under thawing conditions, sample B and
C presented similar slope behaviour. As the water contained in the bigger pores evaporated
first, the main transition tends to vanish (see freezing results in Fig. 7c vs. Fig. 7a). This
feature is also depicted in Figure 7a, where the drying phase shows a less dramatic change
at about—2°C, when compared to the centre of the sample. Furthermore, the process is
accompanied by a small peak at approximatel$0°C, which is a result of the ambient
humidity (42), thus more pronounced at the open face of the sample.
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FIG. 6.
Signal free induction decay timd,*, for the concrete/mortar freezing process.
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FIG. 7.
Slope of the magnitude vs. temperature curve for the freezing and thawing experiments.

Phase transitions and evaporable water contents are depicted. All plots are normalized by
their maximum amplitude.

Figure 7c indicates that the secondary transition occurs at a slightly lower temperature in
concrete than in mortar.

The space resolved analysis can be extended to two- and three-dimensional SPRITE. A
two-dimensional study of the thawing process has been reported (27).

Concluding Remarks

The use of the SPRITE imaging method in a series of concrete samples with different drying
conditions has established the possibility of studying water phase transitions in a new manner
that permits analysis as a function of position. Changes of signal intensity with temperature
were used to monitor the relative amount of freezable water and stressed the dependencies
on local water content. The transition temperatures are consistent with previous differential
scanning calorimetry results.

MRI, through its sensitivity to freeze/thaw, is a potential tool for investigating concrete
deterioration under frost conditions. Furthermore, the water molecule behaviour and inherent
heterogeneity of concrete makes it an ideal subject for the SPRITE method. The thermody-
namic analysis presented here can be performed on small regions of a concrete specimen and
can be extended to three dimensions.
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