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The behaviour of two novel cement-in-polymer (c/p) dispersions, namely cement-in-poly(vinyl acetate) and
cement-in-poly(vinyl alcohol) upon exposure to water at room temperature was investigated by a combination
of various NMRmethods. The swelling, cracking, and thewater ingress weremonitored non-destructively using
1H single point imaging. The hydration of the cementmatrix was investigated using 29Si NMRwhilst 13C CPMAS
NMR spectra allowed the quantification of the kinetics of the hydrolysis reaction of poly(vinyl acetate) into poly
(vinyl alcohol). The polymer controls the rate of water ingress and swelling which in turn determines the
behaviour of the c/p dispersions upon exposure to water. For the cement-in-poly(vinyl alcohol), the rates of
water ingress and swelling are much faster than the hydration of the clinker whilst for the cement-in-poly(vinyl
acetate) the slow rates of the two processes allow the formation of a cementious matrix which assures the
stability of the sample.
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1. Introduction

Within the last decade, the research interest in textile-reinforced
concrete has increased significantly [1,2]. This is mainly due to the fact
that this material allows the construction of thin concrete elements,
which are unavailable with conventional steel reinforcements. Thin
concrete elements are the key to a novel type of architecture that
combines the elegance of wood and steel constructions with the
material properties of reinforced concrete [3]. More importantly, thin
textile-reinforced concrete elements require less cement for their
preparation and as a direct result lead to a significant reduction of the
CO2 emission.

For price and strength reasons, glass is the material of choice to
prepare the textile reinforcement. Due to the brittleness of glass, the
textile is made from glass rovings, i.e. a multifilament yarn
consisting of approx. 1600 individual filaments of 10–30 μm in
diameter [4,5]. The performance of rovings as reinforcements
largely depends on how well the roving is penetrated by the
concrete [4,6]. To spark the formation of a cementitious matrix
inside the roving, a cement-in-polymer dispersion – abbreviated as
c/p in analogy to water-in-oil emulsions – was developed that
consists of non-hydrated cement (clinker) dispersed in a water or
alkali-soluble polymer. This dispersion is coated onto the roving in
such a way that it fills the voids between the individual filaments
before it is embedded in concrete [7,8]. Rovings coated with such
dispersions exhibit significantly increased pull-out loads and work.
Scanning Electron Microscopy (SEM) investigations revealed the
formation of crystalline material inside and around the roving.
However, differences in terms of mechanical performance and
microstructure were observed when comparing dispersions based
on poly(vinyl acetate) with those based on poly(vinyl alcohol) [8].
SEM and mechanical analyses provide only information about the
final situation of the system, i.e. after hardening and testing, so that
mechanistic conclusion concerning the reactivity and behaviour of
the dispersions remains to some extent hypothetical. In contrast,
methods that provide detailed and real-time insight into how both
components of the coating, namely polymer and clinker, interact
with the incoming water should allow the elaboration of the
mechanistic details. Such data is a basis for explaining the observed
differences in the mechanical performance and the morphology of
the interface of the two coatings and is a requirement to tune future
dispersions for specific applications using other reactive inorganic
additives.

Compared with SEM and mechanical testing, Nuclear Magnetic
Resonance (NMR) is particularly favourable for the investigation of
cement-based materials as it is fully compatible with water-wet
samples and allows analysing the bulk of opaque sample in a truly
non-destructive fashion [9–11]. 1H relaxation, imaging, and self-
diffusion NMR were successfully applied to investigate the water
ingress, drying, andmoisture distribution in ordinary Portland cement
and to evaluate the effect of various additives [9–19]. Specifically,
magnetic resonance imaging (MRI) provides a unique way to monitor
non-destructively and with submillimetre resolution the ingress of
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water in a continuous way in cementious materials. However,
classical MRI of cement materials is extremely challenging due to
short spin–spin (T2) relaxation times that the water exhibits inside
thesematerials and also due to local magnetic inhomogeneities which
raise technical difficulties in acquiring the image and considerably
depreciate its quality [20]. These problems can be avoided by using
Single Point Imaging (SPI) [11–14], a pure phase encoding technique
which has the important advantage of being free of susceptibility
artefacts, an essential feature for accurate high resolution imaging of
nuclei with short spin–spin relaxation [18].

29Si NMR spectroscopy has been shown to be a very useful
technique to characterise in detail the reaction of water with calcium
silicate phases, which are the major components of ordinary Portland
cement [21–25]. The individual SiO4 tetrahedron of the anhydrous
clinker phases is transformed due to hydration into the C–S–H gel,
through silicate polymerization. As the C–S–H is quasi-amorphous
very few experimental techniques are available for its detection and
characterization. Amongst them NMR is very often the method of
choice as it can provide local structural information even in the
absence of long-range structural order. The 29Si NMR chemical shifts
of silicates range between −60 and −140 ppm and allow the
characterization of the various tetrahedral Qn environments as each
Q site gives a NMR signal at a distinct chemical shift [26].

Herein we present a nuclear magnetic resonance (NMR) study on
two exemplar coatings, namely cement-in-poly(vinyl alcohol), ab-
breviated as c/PVA, and cement-in-poly(vinyl acetate), abbreviated as
(c/PVAc). Besides the protons of water, the c/p dispersions contain
carbon and silicon as NMR-active nuclei so that a combination of NMR
methods provides the means to gather information on all relevant
components. By using a combination of 3D 1H NMR SPI, 29Si NMR, and
13C cross-polarisation under magic angle spinning (CPMAS), the
water ingress, the reaction of the cement clinker, and polymer
hydrolysis can be studied non-invasively as a function of time. This
unique set of data allows the elaboration of mechanistic details and
the explanation of the different behaviour of the two samples.

2. Experimental section

2.1. Materials

Poly(vinyl alcohol), PVA, Mw=9500, saponification number 302,
and poly(vinyl acetate), PVAc,Mw=110,000–150,000, were obtained
from Wacker Chemie AG, Burghausen, Germany. The chemical
structures of the two polymers are shown in Fig. 1. A fine-grained
Portland cement with a particle size d95≤6 μm was obtained from
Dyckerhoff AG, Neuwied, Germany.

2.2. Sample preparation

In a typical preparation, 210 g cement and 90 g of polymer are
used resulting in a 70/30 mixture by weight. In the case of PVA, the
polymer is plasticised in a Brabender Plastograph® at 150 °C, whilst in
the case of PVAc, the polymer and 5 ml of n-butyl acetate are placed in
an IKA HKD-T 0.6 laboratory kneader, warmed up to 65 °C, and
kneaded until the mixture is soft and appears homogeneous. Then the
Fig. 1. Chemical structures of poly(vinyl alcohol), PVA, and poly(vinyl acetate), PVAc,
used to prepare the c/p dispersions under investigation.
cement is slowly added in ten portions. After the final cement portion
is added, agitation is continued for approx. 10 min. The warmmixture
is poured onto a Teflon plate and allowed to cool in a fume hood.
When completely solidified, the mass is broken into pieces of approx.
1 mm in size, melted at 150 °C, and extruded through a round die into
4 mm thick strands.

2.3. 1H NMR imaging experiments

The proton NMR imaging experiments have been performed at
room temperature using a 200 MHz Bruker DSX spectrometer with a
10 mm birdcage resonator. The cylindrical samples have been
immobilised inside standard glass tubes (Fig. 2), with an inner
diameter of 9 mm, in such a way that the water ingresses into the
sample only from the long sides and in order to ensure that no
movement artefacts due to the gradient ringing affect the image
quality. The samples were continuously kept in water up to 96 h and
the images were acquired using a standard 3D single point imaging
(SPI) NMR sequence [27,28]. The use of 3D SPI gives the true picture of
the water ingress, provides detailed information about the homoge-
neity of the samples, and allows a much better visualisation of the
formation of the cracks.

The 3D SPI images with a digital resolution of 78×78×780 μm
were obtained by using a pulse length of 3 μs, a phase encoding time tp
of 41 μs and a maximum gradient strength of 0.93 T/m. A repetition
time of 50 ms allowed the suppression of the free water signal outside
the sample and ensured high contrast in the images. The chemical
bound water inside the samples has a T2*shorter than the encoding
time and therefore it has no contribution to the detected signal [11].
Although a complete elimination of the spin–spin relaxation time
weighting of the images is virtually impossible, the proper choice of
the acquisition parameters and the correction of the image intensities
as a function of the local effective spin–spin relaxation time can
provide true spin-density maps of the water inside the sample [11].
However, care should be taken for quantitative comparison of the
local signal intensities in the images of the two samples at different
exposure times. Despite the high gradient amplitudes which were
employed for the experiments, the short encoding time used ensures
that the signal loss due to the molecular diffusion caused by the
gradients is negligible. The imaging data have been evaluated by using
Prospa (Magritek Limited, Wellington, NZ).

2.4. 13C and 29Si NMR experiments

13C and 29Si high-resolution spectra were recorded with a Bruker
DSX500 NMR instrument working at frequencies of 500.12 MHz for
protons, of 125.44 MHz for 13C, and of 99.43 MHz for 29Si. All
measurements were performed at room temperature using a 4 mm
probe under magic angle spinning (MAS) conditions at a spinning
Fig. 2. Schematic illustration of the experimental setup together with the aspect ratio of
the relative geometries used to monitor the water ingress into the extruded, cylindrical
samples.
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Fig. 3. Images of a c/PVA sample acquired after (a) 15 min, (b) 30 min, (c) 1 h, (d) 2 h,
(e) 3 h, and (f) 4 h of exposure to water. The water reaches the middle of the sample in
about 6 h.

1125A.M. Olaru et al. / Cement and Concrete Research 41 (2011) 1123–1129
speed of 5 kHz. Some of the measurements were later on verified
using an AV700 NMR Bruker spectrometer.

High-resolution 13C MAS spectra were obtained using the cross-
polarisation method with a contact time of 1 ms and a recycle delay of
5 s. The spectra were calibrated to the chemical shifts of adamantane.

For the 29Si MAS NMR single-pulse experiments were recorded
using proton decoupling during acquisition. As the samples are
prepared from ordinary Portland cement, they contain Fe3+ in the
form of calcium aluminate ferrite (C4AF=4 CaO·Al2O3·Fe2O3) as
paramagnetic impurity. This leads to a decrease in the spin–lattice
relaxation time and, consequently, allows a substantial reduction of
the repetition time needed to record quantitative 29Si spectra. It was
found that a repetition time of 10 s is enough to obtain quantitative
data. This allowed to monitor the progress of the hydration of the
cement by recording the spectra of samples exposed to water for
different periods of time. The 29Si chemical shifts are referenced to the
chemical shifts of SiO2. The 29Si isotropic chemical shift of the peaks
were analysed using the Qn classification: Q0 represents monosili-
cates, whilst Q1 represents disilicates and chain end groups, Q2middle
groups in chains, Q3 chain branching sites, and Q4 three-dimensional
cross-linked framework [26]. The obtained spectra were analysed
with the help of the DMFIT program [29] by using Lorentzian
functions.

In order to follow the hydrolysis of PVAc to PVA and to get
information about the hydration process of the cementious matrix,
the various c/p samples were stored into water for different times and
then removed in order to stop the ingress process. A piece of small
length was then cut out from the cylindrical sample through the
whole transverse section and grinded to a fine powder for filling the
MAS rotor.
Fig. 4. Images of a c/PVAc sample acquired after (a) 8 h, (b) 12 h, (c) 24 h, (d) 48 h, (e) 72 h,
and (f) 96 h of exposure to water.
3. Results

3.1. Swelling, cracking, and water ingress monitored by 1H NMR imaging

Thewater inside cement-basedmaterials exhibits not only short T2
relaxation times (approx. 0.3–1 ms, depending on the pore-size
distribution and on the exposure times) but also short spin–lattice T1
relaxation times. As the T1 values of the free water outside the sample
and of the polymer are in the order of seconds (measured by the
inversion-recoverymethod), these signals can be suppressed by using
a proper repetition time, which is in the present case 50 ms. In
consequence, only the signal from water molecules inside the sample
will be detected. This allows the continuous monitoring of the water
ingress into the sample.

The position of the water front inside the two samples at different
exposure times is depicted in Figs. 3 and 4. The front of water ingress
is represented by the bright colours (the brighter the colour the
higher the signal intensity) whilst the black colour represents regions
of the sample containing no water. For reasons of clarity, only 2D
slices extracted from the recorded 3D images are depicted. They
correspond to themiddle of the samples. The other slices show similar
behaviour.

The images reveal a completely different behaviour of the two
samples in contact with water. The water ingress into the c/PVA
sample is very fast (Fig. 3). Swelling is very pronounced and the
volume increase is only restricted by the dimensions of the glass tube
containing the sample. At exposure times greater than about 4 h,
macroscopic cracks start to develop and a fractal-like surface is
generated. This facilitates an even faster water uptake which
ultimately leads to massive cracking of the sample before the water
front reaches the centre of the sample (approximately 6 h).

In contrast, water ingress into the c/PVAc sample is very slow and
it takes about 3 days until the sample is fully saturated (Fig. 4).
Moreover, during this time the sample develops almost no cracks and
the changes in shape are minimal. For longer exposure times the
sample reaches a steady-state (Fig. 4e, f).

To study the differences between the samples in greater detail, the
changes in the outer radius of both samples with exposure time were
measured using data extracted from the images (Fig. 5). This allows a
quantification of the swelling behaviour of the two samples. As the
initial radii of the samples were not identical, they were measured
manually before exposure to water. In the case of the c/PVA sample,
the radius was measured up to the point where the sample cracks,
whilst for the c/PVAc sample, the measurements were continued until
the radius reached a constant value.

During the first 6 h in contact with water, the c/PVA sample shows
an increase in radius of about 70% whilst the radius of the c/PVAc is
nearly not changing. The latter reaches its steady-state of about 15%
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Fig. 6. (a) Example of an image converted to binary form. (b) The crack ratio as a
function of the time the sample has been exposed to water and the corresponding fit
using the fitting function y=y0+Aekt where y0 was set to 1 for both samples and k is
the constant rate.
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within 48 h. It was also observed that the increase in radius of the
c/PVA at times higher than 1 h is approximately linear with a rate of
about 0.22 mm·h−1. In contrast, the increase in radius of the c/PVAc
exhibits three regimes (Fig. 5). The first two regimes are roughly
linear with the exposure timewhilst the third regime is a steady-state.
In the regime I, which corresponds to the first 12–14 h, the increase in
the radius is extremely slowly, being described by a rate of about
0.002 mm·h−1 whilst at higher exposure times (regime II) the
increase in the radius is about five times faster, being characterised
by a rate of 0.01 mm·h−1. The estimated rates are also strongly
indicating the completely different swelling behaviour of the two c/p
samples.

Another parameter used to quantify the changes in the samples
induced by the water ingress is the crack ratio which we defined as
the ratio of the length of the circumference including the cracks to the
length of the circumference without cracks. For that, the NMR images
have been converted into a binary representation (Fig. 6a). As this
representation depends on the achieved resolution the estimated
crack ratio may be different for different resolutions. However, for the
same resolution, the crack ratio represents a useful parameter to
follow the cracking behaviour of the two samples under investigation.

The evolution of the cracking phenomenon has an exponential
form for both samples. This process is characterised by a rate of
0.55 h−1 for c/PVA whilst for c/PVAc the rate is of 0.01 h−1 which
means that the cracking process is about 55 times slower than for
c/PVA (Fig. 6b). Moreover, the cracking process for this last sample
stops once the sample is fully hydrated, most probably due to the
hardening of the cement which is accompanied by the formation of
a strong matrix.

Since the advancement of the water front could be observed
directly, its real-time evaluation can be used to obtain information
about the rate of water ingress. The advancement can be represented
in two ways: (1) by the distance of the surface of the swollen sample
to the advancing front (directly measured on the images) and (2) by
the diffusion distance d determined by the following formula:

d = 1=2 d0−cð Þ ð1Þ

where d0 is the original sample diameter and c is the diameter of the
remaining “dry” core measured on the images. In this way, the
diffusion processes alone can be evaluated by correcting it for the
swelling of the sample.

The variation of the diffusion distances with the exposure time is
depicted in Fig. 7. For both samples a linear dependence is observed
for the whole exposure interval which allowed the estimation of the
rate of water penetration. In the case of the c/PVA the rate is
0.22 mm·h-1 whilst for the c/PVAc the rate is 0.035 mm·h−1.
Fig. 5. The swelling of c/PVA and c/PVAc upon exposure to water reflected in the
changes of the radius.
3.2. Hydration of the cementious matrix by 29Si NMR

The 29Si spectra of the c/p samples obtained in single-pulse
experiments with proton decoupling during acquisition are depicted
in Fig. 8a. The anhydrous c/PVAc and c/PVA samples show only Q0

groups and a broad resonance located at approximately −110 ppm
due to the Q4 groups belonging to the quartz in the cement. During
exposure to water, additional signals of Q1 and Q2 groups appear in
the 29Si NMR spectrum as observed in Fig. 8a for the c/PVAc sample.
The 29Si NMR spectra of the c/PVA show similar behaviour. No signals
from Q3 or Q4 groups other than those belonging to quartz were
detected, in agreement with other 29Si NMR studies on cement
materials [22,30]. With increasing the exposure time, the intensity of
the Q0 signal is reduced and the intensities of the Q1 and Q2 signals
become stronger. This is a clear indication that the water reacts with
the clinker to form C–S–H phases.
Fig. 7. Variation of the diffusion distance d with the exposure time to water.
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Fig. 8. (a) 29Si NMR spectra of c/PVAc samples before and after exposure to water. (b)
Relative amounts of the silicate species present during the reaction of c/PVAc with
water. The data was extracted from 29Si NMR spectra with the help of a line-shape
simulation. The line represents the fit with an exponential decay corresponding to a
first-order reaction.
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The analysis of the quantitative 29Si spectra confirmed the initial
qualitative finding that Q1 and Q2 species are formed at the expense of
anhydrous clinker phases as the exposure time increases. The amount
of both Q1 and Q2 species increased with the exposure time, a process
which is faster for the Q1 groups than for the Q2 (Fig. 8b). In the case of
the c/PVAc sample, after 24 h of exposure, approx. 70% of the clinker
still exists in the anhydrous phase whilst after 48 h of exposure (when
the sample is almost fully saturated) about 30% of the clinker appears
not to have reacted. Moreover, Q0 groups are still present even after
the sample is saturated with water. This is consistent with previous
SEM investigations [8]. The reaction of water with the cement clinker
follows a first order law with a constant rate of approximately
0.02 h−1.

In the case of c/PVA, the corresponding 29Si NMR spectrum after
4 h in water, when the sample is almost fully saturated, shows no
changes compared to the spectrum of a non-hydrated sample. Only
after exposure times much longer than the time needed for the water
to reach the middle of the sample, signals belonging to Q1 and Q2

groups appear in the spectrum. As an example, after 24 h of exposure,
about 75% of the clinker is still in the anhydrous phase whilst after
about 48 h of exposure, about 33% of the clinker did not react. The
obtained values indicate that the decrease of the clinker takes place at
nearly the same rate like in c/PVAc.
Fig. 9. (a) 13C CPMAS NMR spectra of c/PVAc before and after 4 days of exposure to
water. The signal marked with a star represents a spinning sideband. (b) Extent of
hydrolysis of PVAc as a function of the exposure time to water. The line respresents the
fit corresponding to a first-order reaction.
3.3. Kinetics of the hydrolysis of PVAc into PVA by 13C CPMAS NMR

As pure PVAc deacetylates into PVA in the presence of an alkali
medium, 13C CPMAS was employed to find out if this reaction takes
place also for the polymer inside the c/PVAc and at what rate. The
resonance assignment of the c/PVA and c/PVAc was done based on the
signal assignment of the pure polymers according to Ref. [31]. Pure
PVAc shows signals around 21 ppm (methyl group), around 40 ppm
(methylene group), around 67 ppm (methine group), and around
170 ppm (carboxyl group). Pure PVA shows a peak at around 44 ppm
(methylene groups) and three peaks at about 65 ppm, 70.5 ppm and
76 ppm (methine groups). The splitting of the methine signal is
related to the number of intermolecular hydrogen bonds with the
neighbouring hydroxyl [32].

In order to optimise the response of the 13C CPMAS spectra and to
ascertain the parameters necessary for a quantitative assessment,
several contact times were tested for the c/p samples. For a contact
time of 1 ms, a good agreement of the CP spectra with those obtained
using direct polarisation experiments recorded with recycle delay
times of 400 s for quantitative results was found, in agreement with
other studies [33]. Additionally, 13C T1 NMRmeasurements performed
using the Torchia method [34] for the two c/p samples showed the
existence of a short relaxation time in the range of seconds and of a
long relaxation time in the range of tens of seconds (up to 60 s) for
most signals of the two polymers. The short component can be
attributes to an amorphous phase whilst the long one to a crystalline
phase [33,35]. This is a clear evidence that both polymers in the
two c/p dispersions are semicrystalline [32,33]. Moreover, the effect of
the paramagnetic impurities existing in the clinker on the relaxation
times of the polymer are negligible because the estimated relaxation
times are in the same range like those reported by other groups for the
pure polymers [32,33,35].

The 13C CPMAS spectra of c/PVAc before and after exposure to
water are shown in Fig. 9a. In the spectrum of the dry c/PVAc sample
both methylene and carboxyl group give rise to a single peak whilst
the spectrum obtained after 96 h in water resembles that of pure PVA.
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Additionally, a small peak at around 25 ppm is found, which was
assigned to calcium acetate [33]. Both results confirm that PVAc was
hydrolysed to PVA. The peak at about 168 ppm was assigned to
calcium carbonate formed by trapping residual CO2 from the
atmosphere [33].

The kinetics of the hydrolysis reaction, as monitored with the help
of CPMAS spectra, is depicted in Fig. 9b. During the first 12 h of
exposure to water, approx. 50% of the acetate groups are hydrolysed,
whilst after 48 h, when the sample is almost fully saturated, approx.
10% of the acetate groups are still left. The hydrolysis of the acetate
groups follows a first-order kinetic with a constant rate of about
0.1 h−1.

4. Discussion

The combination of various NMR methods employed during this
study raises the possibility to independently study the interaction of
each component of the dispersions, namely the polymer phase and
the clinker, with the incoming water. As 29Si NMR gave insights into
the hydration of the clinker and the 13C CPMAS follows the hydrolysis
of the polymer phase, 1H SPI NMR allows to online monitor how the
changes experienced by the two components of the dispersions are
affecting the swelling, diffusion, and cracking of the samples. In such a
way, an understanding of the complex interplay of the various factors
which are responsible for the differences in the final mechanical
stability of the two samples are gained.

The SPI images show that the two samples have completely
different behaviour upon exposure to water. For the c/PVA the water
ingress is very fast and the swelling is very pronounced. Until the
sample cracks both processes evolve at the same rate of 0.22 mm·h−1.
Afterwards, large cracks develop which facilitate even more water
uptake and the sample is fully saturated in about 6 h. During this time,
the clinker has not reactedwith the incomingwater, as observed from
29Si NMR, this being an essential step for the formation of a
cementious matrix. In the absence of this matrix, the sample starts
to crack due to the strong swelling of the polymer matrix. If
amorphous PVA simply dissolves by contact with water, the amount
of crystallinity is controlling not only the speed of the water ingress
but also the extent of swelling for semicrystalline PVA [36,37]. Studies
showed that the dissolution of the crystals upon exposure to water is a
complex process which takes place only if enough water is available
[36]. The crystals are not swelling by contact with water but they will
gradually be destroyed as the water molecules attack the crystallites
at the crystalline/amorphous interface [37,38]. In this way the amount
of the amorphous phase increases and in consequence the amount of
water in the polymerwhichwill lead to further swelling [37]. The time
required for complete dissolution strongly depends on the amount of
crystallinity and the dissolution conditions [37]. Additional 13C NMR
measurements performed on c/PVA show that an extremely low
amount of polymer still exists in the sample after prolonged exposure
to water which is an indication that the polymer dissolves.

In contrast, c/PVAc shows a completely different behaviour. The
water ingress is slow, and the swelling and cracking are rather limited.
The sample preserves its shape upon longer exposure time this being
an indication of higher mechanical stability than that of c/PVA.

In contact with water, three stages can be identified for c/PVAc
based on the changes in its outer radius. In the first stage, during the
first 12–14 h of exposure to water, the swelling of the sample is rather
limited being characterised by a rate of 0.002 mm·h−1whilst in the
second stage (until about 48 h) the swelling is getting about 50 times
stronger being characterised by a rate of 0.01 mm·h−1. In both cases
the swelling is at least with an order of magnitude lower than for the
c/PVA. During both stages the rate of ingress of water is
0.035 mm·h−1 and is higher than the swelling rate. The rate of
water ingress for c/PVA is about one order of magnitude lower
compared with the rate for c/PVAc. The third stage (after 48 h) is
steady-state: the sample is fully saturated with water and no changes
in its shape can be further observed.

The behaviour described above can be related to the fact that PVAc
is insoluble in water but hydrolyses to form PVA in the presence of
alkali. This reaction could be confirmed and its extent could be
monitored with the help of 13C CPMAS experiments. The kinetics of
the hydrolysis follows a first-order reaction with a rate of 0.1 h−1. At
the beginning of the exposure of the sample to water, traces of water
absorbed by PVAc will react with the clinker, which liberates alkali in
the form of Ca(OH)2 and, to a lower extent, NaOH. The consequential
increase of the pH promotes the hydrolysis of PVAc to PVA. As the
water is not penetrating the crystalline regions, the hydrolysis should
take first place in the amorphous regions and then gradually in the
crystalline regions by the hydrolysis of the acetate groups at the
crystalline/amorphous interface. Up to 12 h, around 50% of the acetate
groups are hydrolysed and only after this the c/p sample shows
limited swelling. After 48 h, when the sample is almost saturated,
about 10% of the acetate groups are still not hydrolysed. This could be
related to the existence of acetate groups in crystalline regions which
are not exposed to the incoming water. Even after 96 h some acetate
groups still exist which may be an indication that the hydrolysis of
these groups in the crystalline phase is a fairly slow process. This can
be attributed to the hydrophobic nature of PVAc which together with
its semicrystalline nature which constraint not only the amount of the
water uptake by the amorphous regions but also slow down the water
ingress in the dispersions. This, in turn, allows the clinker to have
enough time to react with the incoming water. In such a way a
cementious matrix forms which restrain the extent of swelling and at
longer exposure times assures that no changes in the shape take place.
This reaction was confirmed by 29Si NMR which shows the
appearance of signals corresponding to the formation of dimers and
polymeric chains inside the C–H–S phase. The hydration process of
the clinker characterised by a rate of about 0.02 h−1 is much slower
than the hydrolysis reaction of PVAc into PVA.

The above results clearly show that the mechanical stability of the
samples is determined by the interplay between the hydration of the
clinker which is the required step for the formation of a cementious
matrix and the rates of water ingress and swelling. If the hydration of
the clinker, as observed by the 29Si NMR, seems not to be affected by
the presence of the polymer, the type of polymer is a key parameter in
controlling the behaviour of the two c/p samples upon exposure to
water and in consequence their final mechanical stability. The type of
polymer determines the rate of water ingress and as well as the
degree of swelling of the c/p samples. In the case that the polymer
swells very slowly upon exposure to water the clinker has enough
time to react with the incoming water and a stable cementious matrix
will be formed which assures the stability of the sample. Contrary, if
the clinker has not enough time to react with the incoming water the
c/p sample will have much less mechanical stability.

As the rate of the various reactions, which take place in c/p upon
exposure to water, should be strongly affected by the temperature,
the reported results here are, probably, valid only for the behaviour of
the p/c samples at room temperature. Therefore, the temperature
should be another parameter, next to the polymer type, to control the
final stability of the samples. The effect of the temperature may be
easy to asses using similar NMR imaging experiments. Work along
this line is in progress.

5. Conclusions

In the present study a combination of NMR 1H imaging and 13C and
29Si spectroscopy methods was successfully applied to investigate the
behaviour during exposure to water of two novel c/p samples, namely
cement-in-poly(vinyl acetate) and cement-in-poly(vinyl alcohol).
The use of the 1H SPI imaging technique has allowed a real time,
non-invasive monitoring of the water ingress into the dispersions and



1129A.M. Olaru et al. / Cement and Concrete Research 41 (2011) 1123–1129
has ensured the sensitivity necessary for the observation of the
swelling, cracking, and evolution of the front of water ingress. With
the help of 29Si NMR the hydration of the cement matrix could be
investigated whilst the deacetylation reaction of PVAc into PVA was
confirmed and characterised with the help of 13C CPMAS data.

The employed combination of NMR methods clearly indicates that
the type of polymer used for the preparation of the p/c samples is the
key parameter controlling the behaviour of the dispersions upon
exposure to water. The final mechanical stability of the samples is
determined by the competition between the rates of swelling, water
ingress, and the hydration of the clinker which is the essential step for
the formation of a cementious matrix. The type of polymer seems to
not affect the rate of the clinker hydration but controls the rate of
water ingress and swelling. In case of c/PVA the hydrophilic nature of
the polymer favourites the water ingress within a time scale much
shorter than the time the clinker needs to be hydrated. As a
consequence, the c/PVA sample swells and cracks extensively and it
will finally exhibit less mechanical stability. Contrary, for c/PVAc, due
to the hydrophobic nature of the polymer, the swelling of the PVAc
matrix will only take place when it is deacetylated to a certain degree
into PVA. As this reaction is fairly slow, the water ingress into the
c/PVAc is taking place at about the same time scale like the hydration of
the clinker. In this case a cementious matrix build up which restrict
the swelling of the c/PVAc sample and assures its mechanical stability.

To our knowledge, this is the first time that such precise and
detailed information about the rate of various reactions in c/p
materials are delivered. In such a way, a clear, real-time picture
about the parameters responsible for the mechanical stability of the
samples was gained.

Moreover, we believe, in a first approximation, that the use of the
data only referring to the rate of water ingress and swelling can
already give reliable information about the mechanical stability of the
samples. Additionally, we are confident that the strategy we are
presenting in this paper to characterise the behaviour of c/p samples
during exposure to water could be easily extended to other similar
materials.
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