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Early-age drying (immediately after casting) of mortars and the corresponding plastic shrinkage were studied
using bimodal neutron/X-ray computed tomography. This novel, correlative 3D imaging mode enabled studying
simultaneously and without any source of spurious perturbation the water migration and loss processes together
with the corresponding deformations due to plastic shrinkage. Bimodal imaging opens up new possibilities for
studying dynamic processes of coupled water transport and deformations in porous solids. The measurements

were carried out on model systems (cylindrical mortar specimens with height of 19 mm). The study focused on
the effect of a paraffin-based curing compound. Our results confirm that when the curing compound was applied
directly onto the drying surface in a sufficient amount, both the evaporation rate and the rate of vertical
displacement (settlement) were substantially reduced. The results shed a new light on the mechanisms of plastic
shrinkage and the action of curing compounds.

1. Introduction

The evaporation of water from fresh concrete after placement and
until the concrete becomes solid is responsible for large deformations,
referred to as plastic shrinkage [1-5]. In concrete structures, plastic
shrinkage is in most cases restrained by geometrical constraints, the
subgrade, reinforcement, etc. This leads to the buildup of restraint
stresses and may result in cracking [3,6]. Plastic shrinkage cracking can
seriously impair the durability of concrete, mainly because early-age
cracks further act as pathways for aggressive media that accelerate
reinforcement corrosion [7,8]. The negative consequences of early-age
drying can be effectively avoided with proper curing of concrete after
casting [9].

Different methods have been proposed for curing of concrete and
reduction of plastic shrinkage cracking. The most straightforward and
traditional methods are the so-called active solutions aimed at limiting
evaporation after placing, e.g. by covering of drying surfaces with wet-
burlaps, plastic sheets or spraying them with water [10,11]. Another
class of methods particularly convenient in practice, the so-called pas-
sive solutions, relies on modifying the concrete at the stage of mixing.

* Corresponding authors.

Here belong shrinkage reducing admixtures (SRA) based on different
types of surfactants. SRA reduce the surface tension of the pore water
[12,13]. Hence they reduce the capillary suction arising in the pores of
drying concrete [14]. This results in reduction of evaporation, plastic
shrinkage and cracking of fresh concrete, e.g. [14-18].

Another mitigation strategy is based on limiting the early age
evaporation from the concrete by sealing the drying surfaces with liquid
chemical compounds, often referred to as membrane curing [10,19-22].
Membrane curing was introduced in the US already in the 1940s as a
wartime substitute for traditional curing (burlap covering or water
ponding) as it required less labor and supervision [10,21,22]. Membrane
curing soon proved to be in many cases more efficient than traditional
wet curing and became a standardized solution [23].

The curing compounds to form membranes can be water emulsions
or solutions incorporating e.g. resins, chlorinated rubber, bitumen,
linseed oil or paraffin wax [11,19,24-26]. Sometimes, white pigments
can be additionally used, aimed at reducing the heating of the cured
surfaces from solar radiation [10,23]. Optionally, fugitive dyes can be
also added to facilitate assessing whether the concrete surface is covered
uniformly [21]. Such dyes should decompose and fade after few hours of
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exposure to sunlight.

The membranes can be used in two ways. Traditionally, curing
compounds were sprayed or brushed directly on the drying surfaces
shortly after casting (hence, active solution). A more recent method is
adding the curing compound (usually in the form of water dispersion) as
admixture to a concrete mix (hence, it is a passive solution as defined
above). In the latter case, the designated mechanism is as follows [14]:
the dispersion containing the compound is expected to migrate to the
drying surface during the early stages of drying and the curing com-
pound is expected to accumulate there as water evaporates. Both
methods of delivery proved to be successful in limiting the evaporation
in numerous laboratory and field studies [14,17,26]. From a practical
point of view, adding the curing compound during concrete mixing is
preferred, as it requires no additional actions after concrete placing. In
addition to requiring labor, applying the curing compound on the con-
crete surface needs to be timely and accurate, as any delay or a non-
uniform layer could result in cracking.

This paper is devoted to an experimental investigation of membrane
curing with a paraffin-based water dispersion in mortars exposed to
drying directly after casting. To this end, a commercially available liquid
curing compound was either mixed into the mortar (as recommended by
the producer) or poured after casting on the top surface.

Plastic shrinkage and the corresponding cracking of concrete have
been studied experimentally most often on relatively large specimens
(exposed surfaces of dozens of centimeters across, depth of several
centimeters), that make the observation of surface cracking possible, e.g.
[2,16,17,27-30]. In order to overcome the limitation of the methods
where cracks can be evaluated only optically once they reach a (visible)
surface, Ghourchian et al. [6] recently employed X-ray radiography on a
mortar specimen to follow up crack initiation directly at the location of a
stress riser below the concrete surface. That study was aided with
modelling based on poromechanics (see also [31]) and brittle failure
models.

Bentz et al. studied water content changes in fresh cement pastes and
mortars exposed to drying with conventional (absorption-based) X-ray
radiography [32,33]. The spatial resolution reported in those studies
was 0.2 mm and the plastic shrinkage deformations were not measured.
Due to the features described later in this section, neutron imaging offers
better resolution for water content changes in cement-based materials
during drying than X-ray imaging, e.g. [34-37]. Mortars either with
presaturated lightweight aggregates or SRA wundergoing plastic
shrinkage were studied with neutron tomography in [38]. However,
while changes of water content in the LWA grains and in the mortars
could be followed, the deformations (shrinkage) of the mortars could not
be resolved due to limited resolution and contrast (the voxel size was
larger than ).

In order to overcome the contrast and/or resolution limitations of the
previous studies, in the present study combined neutron/X-ray tomog-
raphy implemented at the ICON beamline of the Laboratory for Neutron
Scattering and Imaging, Paul Scherrer Institute (PSI), Villigen,
Switzerland was used. Such bimodal tomographic measurements were
carried out on model mortar specimens (cylindrical specimens, @18 mm,
h = 19 mm) during their exposure to drying right after casting.

Compared to the previous studies with either X-ray or neutron im-
aging, the two chosen 3D imaging modalities could profit from the
sensitivity to distinct material phases and features [39]. Thanks to the
large neutron interaction (primarily scattering) cross-section of
hydrogen [40], neutron tomography is a particularly powerful imaging
method for studying spatial and temporal distribution of water in porous
media [41], including cementitious materials [42]. In fact, in the
neutron tomography measurements presented in this paper, about 85%
of signal was due to water in the mortars. On the other hand, conven-
tional X-ray tomography relying mainly on photoelectric absorption-
based contrast, allows better detection of the solids in the mortars.
Both techniques were applied simultaneously at the same experimental
facility, for tomography of fresh mortars. Neutron tomography enabled
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visualizing and quantitatively characterizing the migration of water and
curing compound. Shrinkage was followed with both techniques.
However, X-ray tomography allowed detecting primarily the solid part,
whereas neutron tomography also the layer of water or curing com-
pound accumulated on the top surface.

In addition to the advantages stemming from the combined sensi-
tivities, the bimodal simultaneous tomography has significant advantages
compared to the case where the specimen is moved between separate
neutron and X-ray facilities. The first advantage is achieving almost
perfect synchronicity of the X-ray and neutron measurements while
significantly increasing the temporal sampling frequency for the ac-
quisitions with both tomography modalities. This is in particular
important for the time scales characteristic of the dynamic processes
accompanying early age drying, i.e. minutes to several minutes. Even
more important from the point of view of the drying process is that
moving a sample between different setups would mean altering the
drying conditions during and in between the measurements. Such
disturbance could be avoided with the bimodal imaging.

The results presented here offer insights into the mechanisms of early
age drying and shrinkage as well as into the ways in which these pro-
cesses can be controlled with curing compounds. Further, the study
shows new possibilities for studying dynamic water transport and
deformation processes in porous media, like cement-based materials,
soils, wood, etc. by means of bimodal, simultaneous neutron/X-ray
imaging.

2. Materials and methods
2.1. Mortars mixing and drying

Ordinary Portland cement CEM I 42.5N (Jura, Switzerland) was
used. The composition of the cement, measured by X-ray fluorescence
(XRF) was the following (by mass): CaO 63%, SiOz 19%, Al;03 4.6%
Fep03 3.2%, MgO 2.0%, SO3 3.2%, K20 0.81%, Nay0 0.22%.

Alluvial sand from Switzerland with well-rounded particles (sieved
to sizes 0.25-1 mm) was used as aggregate. The aggregates had density
of 2.65 g/cm® and occupied about 45% of the volume in the mortars.
Deionized water was used as mixing water. The curing compound tested
was a commercial product (Masterlife IC100 by BASF) based on white
paraffin-in-water dispersion with nominal solid content of 40 + 2% and
density of 0.95 g/cm?.

All mortars had the same water-to-cement ratio (w/c) of 0.5. Four
mortar specimens were tested:

- two specimens with reference mortar (REF and REF-duplicate, ob-
tained from separate mixings),

- a single specimen of a mortar with curing compound incorporated
during mixing (CURE-MIX),

- asingle specimen of a mortar with curing compound spread onto the
surface (CURE-SURF).

All the tests were carried out within 3.5 d (starting with the REF
specimen and finishing with the REF-duplicate specimen).

The CURE-SURF specimen was made of the reference mortar (mixed
independently), with 0.1839 g of the curing compound spread uniformly
over the whole top surface of the sample using a pipette. This amount
corresponded to an average thickness of approximately 0.8 mm and a
consumption of curing compound of 0.72 kg per m? of surface.

The CURE-MIX mortar had the same composition as the REF mortar,
except for the curing compound added at 1.5% by mass of cement
(maximum dosage recommended by the producer). The water content in
the curing compound (assumed as 60% by mass) was accounted as part
of the mixing water (hence, the total water content was the same as in
the reference mortar). The mix compositions are presented in Table 1.

The mortars were mixed for 2 min in small batches (300 ml) in a
vacuum mixer (Twister Evolution by Renfert) at 450 rpm speed. After
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Table 1

Mix compositions in [kg/m3] of the tested mortars REF and CURE-MIX. Note
that the CURE-SURF specimen was filled with the REF mortar. The air content
(small due to vacuum mixing) was not considered in the mix composition.

Mortar Cement CEM I Sand 0.25-1.0 Deionized Curing
42.5N mm water compound
REF 670 1200 335 -
CURE- 670 1200 329 10
MIX

about 3 min mixing, the fresh mortars were cast in glass-reinforced PTFE
cylindrical containers with internal dimensions: diameter 18 mm, height
19 mm, and wall thickness 1 mm, see Fig. 1. Similarly as in the previous
studies [38,43,44], the PTFE was chosen for the containers mainly for
the following reasons: it has a relatively low neutron interaction cross-
section (lower than a mortar), it does not react with cement solution,
and finally, it exerts little friction against the deformations of the mortar.
Further, the diameter-to-height ratio of the specimens (here about 1)
should guarantee that the bleeding is little affected by the wall-effect
according to [45] (where a minimum ratio of 0.24 was suggested).

Within 5-10 min from casting, the samples were placed on the
rotating stage of the tomography setup and the measurements started
before 15 min from casting. During the experiments, drying of the top
surfaces was accelerated by means of air blown by a small fan (375 mm,
commonly used for cooling computer components) placed at approxi-
mately 20 cm from the samples. The air speed measured with a hot-wire
anemometer probe near the samples was ~1 m/s. The temperature in
the experiment room was 27 + 0.5 °C and the relative humidity (RH)
was in the range 35-45%RH.

The masses of the samples were determined before (directly after
casting) and after each tomography measurement as well as later on.
After tomography, the samples were stored in the vicinity of the rotating
stage. This means that they remained exposed to similar drying condi-
tions regarding temperature and RH, yet it was possible that the air
speed was lower compared to that maintained during the tomography.

2.2. Bimodal neutron/X-ray tomography

Tomography with neutrons took place at the ICON (Imaging with
COld Neutrons) beamline [46] fed from the Swiss Spallation Neutron
Source (SINQ) at PSI. ICON offers, as an additional plugin module, an X-
ray tomograph based upon a micro-focus, laboratory-scale X-ray source
[47]. With such plugin, a specimen can be irradiated also by an X-ray
beam, with propagation direction (optical axis) at a slant angle

curing compound

Fig. 1. Mortar specimen in a ¢#18 mm PTFE container (here shown the CURE-
SURF specimen with paraffin-based curing compound on the upper surface).
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compared with the neutron beam’s one (see Supplementary Materials,
Fig. S1). In the present experiments, the specimens were irradiated by
both the neutron and the X-ray beams simultaneously, i.e. the tomog-
raphy measurements were carried out during the same time intervals.

A 3D dataset from tomography, a tomogram, is obtained through an
algorithmic process called reconstruction from a number of 2D images,
the radiographs, acquired in consecutive projections over a certain angle
range around an object (here in the range 0-360°), e.g. [48]. One
bimodal radiography took 30-40 s, which included X-ray and neutron
images acquisition and storage on disk and rotation of the specimen
stage to the next position. For each tomogram, a series of such steps is
required to collect a sufficient number of radiographs. Hence, a tomo-
gram referring to a certain state in time of a specimen requires that the
specimen does not change (significantly) during the time span of the
data acquisition. Otherwise, if the dynamic processes, e.g. shrinkage or
water transport, occur on shorter time scales than the acquisition, strong
motion artifacts appear in the reconstructed tomogram [49]. A mini-
mization of the acquisition time is sought, but it typically leads to a
lower signal-to-noise ratio and lower spatial resolution of the final to-
mograms. Hence, a trade-off between the temporal and spatial resolu-
tions needs to be found while fixing the number of radiographs used in
the reconstruction process. The problem becomes especially non-trivial
when the time scales of the investigated processes are not well known a
priori. To address this issue, one acquisition protocol for the so-called
dynamic tomography (tomography with a changing specimen) was
used. It allowed reducing motion artifacts in tomograms from under-
complete datasets [50]. In a conventional tomography, a sample is
irradiated at different angles and the consecutive rotations proceed in a
sequence with a constant (small) angle interval in the range 0-360°.
Hence, a relatively large number of radiographs (and a long time) is
necessary to cover the full angle range. The basic idea of the dynamic
tomography method used here is that the range 0-360° is sampled in a
rather sparse and homogeneous way in which the difference between
one element of the rotational angle sequence and the next one is always
close to 90°. Such angle pairs proceed according to the golden ratio
sequence [50]. The fact that even for a small number of consecutive
radiographs the orientation angle sequence spans the needed range
within 360° allows performing tomographic reconstruction, albeit with
smaller spatial resolution and more reconstruction artifacts. Most
importantly, using such rotation sequence, it is possible a posteriori, i.e.,
after the end of the experiment, to select only a subset of radiographs for
the reconstruction of each tomogram in the time series. Hence, the time
resolution of the reconstructed tomograms can be adjusted to meet the
specific characteristic times of a physical process that needs to be fol-
lowed in the experiment.

More details about the bimodal tomographic acquisitions at the
ICON beamline are reported in Section S1 of the Supplementary
Materials.

2.3. CT data processing

Each reconstructed tomogram, of either type (neutron or X-ray),
consists of a stack of 2D images (tomographic slices). Each slice repre-
sents a planar cross-section of the mortar specimen in the XY plane (the
horizontal plane) at a given height along the vertical Z axis (approxi-
mately parallel to the rotation axis of the stage and the symmetry axis of
the cylindrical specimen) (see Supplementary Materials, Fig. S1). The
slices are spaced along the Z axis at a distance corresponding to the voxel
size. The voxel sizes in the reconstructed tomograms were equal to 53
pm and 38 pm, for the neutron and X-ray measurements, respectively.
The effective spatial resolution of the tomograms varied depending on
the tomogram type and on the sub-set of raw data used for the tomo-
graphic reconstruction, i.e., on the tomographic temporal resolution.
Although a unique spatial resolution value cannot be precisely esti-
mated, the range 100-150 pm should cover the actual values for the
distinct tomograms with distinct temporal resolutions.
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The tomograms were reconstructed using different numbers of ra-
diographs, from 16 to 64 only. This very low number of radiographs
allowed to achieve sufficient image quality thanks to the dynamic to-
mography method described in the previous section. Such subsets of
radiographs encompassed acquisition times (temporal resolution) from
9 to 36 min, respectively. The time interval between the consecutive
reconstructed tomograms was from 4.5 to 18 min, respectively. This
means that any two consecutive tomograms were overlapping in time by
half of their acquisition time. The nominal times corresponding to
different tomograms used in the presentation of the results represent the
starting projection of that tomogram. More details on the data pro-
cessing algorithm are presented in the Supplementary Materials, Section
S2.

The quantification of water content changes based on neutron data
was done as follows.

The signal (voxel value) in different points (voxels) in the neutron
tomograms is an approximation of the neutron linear attenuation coef-
ficient p [cm’l] [40]. For a heterogeneous material like mortar, the
attenuation coefficient of a given region is approximately the sum of
coefficients of different components present in that region, e.g. cement,
aggregates, and, most importantly here, water. It should be stressed here
that the voxel size is smaller than the characteristic aggregate size
(0.25-1 mm) or large air void size (few hundreds of pm) in a mortar.
Hence, as long as the considerations discussed here theoretically are
valid at the level of single voxels, it needs to be considered that summing
up attenuation coefficients becomes meaningful only for larger regions.
Consequently, the calculation as used here requires that the signal
changes be integrated over the whole volume of the (deforming) spec-
imen. This is necessary not only due to the characteristic scale of the
features in a mortar mentioned previously, but primarily due to the
relatively large deformations of a mortar during plastic shrinkage.
Otherwise, considering the signal changes in a certain point in space
individually would require following not only water migration within
the mortar but also (non-negligible) strains of the mortar itself.

By assuming that the change of attenuation coefficient in the whole
volume of a mortar specimen is only due to water migration from that
volume (drying), and knowing the contributions of different mortar
components to the initial (i.e. before drying) neutron attenuation of the
specimen, one can relate the voxel value changes to the changes of mass
of water of the specimen.

The theoretical linear attenuation coefficients were calculated for the
mortars as sums of coefficients for dry cement, aggregates, water, and
paraffin where present, see also [38,43,44]. When considering a mo-
lecular compound/material phase, a linear combination of neutron
interaction cross-sections of distinct nuclei (after [40,51]), whose co-
efficients are numerical volumetric density values, are computed to
provide the linear attenuation coefficient values y in units of cm™! (see
Eq. (S.4) of Section S3 in the Supplementary Materials). Such values are
then combined together, again with a linear combination, to provide the
linear attenuation coefficient of a composite material (Eq. (S.3) in Sec-
tion S3 of the Supplementary Materials).

In the estimations, the oxide composition of the cement given in
Section 2.1 was used and the aggregates were assumed to be composed
of a single mineral phase, calcium carbonate. Note that any divergence
from these assumptions would have a negligible impact on the final
evaluation, since the neutron linear attenuation coefficient of the mortar
is dominated by that of water. For the paraffin in the curing compound,
the formula CygHy4o was assumed. Also here, the effect on the evaluations
was small despite the high neutron attenuation of paraffin, due to the
small amount of the curing compound in the mortar CURE-MIX (0.4% by
volume, 1.4% by contribution to the voxel value, see Table S1 in Section
S3 of the Supplementary Materials).

The theoretical neutron linear attenuation coefficient of the refer-
ence mortar after mixing was ji,=1.438 cm ™! (note that the CURE-SURF
sample had mortar with the same composition as the REF mortar). The
mortar with mixed-in curing compound CURE-MIX had a slightly higher
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theoretical coefficient, u,=1.452 cm™}, due to the high content of
hydrogen in the paraffin. The theoretical fraction due to water in the
total voxel value was estimated as 0.857 and 0.845 for the REF and
CURE-MIX mortars, respectively. For details of the calculation see the
Supplementary Materials, Section S3.

3. Results
3.1. Tomography

In Figs. 2 and 3, the vertical center cross-sections of the mortar
samples (orthogonal views in the central parts of the 3-D tomograms, XZ
plane) at two distinct time points during drying are presented for the
CURE-SURF mortar, both for the X-ray and neutron tomograms,
respectively. The tomograms at the earlier times (15 min from casting)
were obtained with higher tomographic temporal resolution (9 min,
with only 16 sequential radiographs used per reconstruction) to follow
the rapid initial drying and settlement in the mortars. The tomograms at
later times (after about 5 h) were obtained with lower temporal reso-
lution (36 min, with 64 radiographs per reconstruction) but higher
spatial resolution. The higher spatial resolution in the tomograms at
later times can be clearly recognized, both for the X-ray and the neutron
tomograms, by the lower blurring at the boundaries between the mold
and the surrounding empty space or mortar and on the interfaces of
large pores visible in the central part of the mortar specimen.

Thanks to the high attenuation of the X-ray beam by the solids in the
mortars, the X-ray data was used solely for following the deformations of
the mortar, while the voxel values in different regions of the mortar
obtained with X-rays were relatively constant. On the contrary, the
neutron images delivered also important data based on the changes of
voxel values in the mortars.

The deformations and voxel values are highly inhomogeneous in the
mortars, primarily due to the presence of aggregates occupying 45% by
volume of the mortars, and to a lesser extent due to large air voids.
Although neat cement pastes would surely offer more homogenous voxel
values, the study was carried out on mortars as model systems emulating
concrete, specifically in order to study plastic shrinkage with aggregates.
In order to cope with the high spatial inhomogeneity of the deformations
and voxel values in the mortars, voxel value averages in semi circles
around the central vertical axis of the specimens (cylindrical averages)
were used in further quantifications. This still enabled resolving hori-
zontal and vertical variability of voxel values or deformations of the
samples, while smoothing the scatter due to intrinsic inhomogeneity of
the mortars and of the imaging method. The cylindrically averaged to-
mograms of different mortars at different times for the neutron data are
presented in the Supplementary Materials, Section S4, Fig. S2.

To better visualize the pattern of drying over time, the differences
between the cylindrically averaged initial tomograms (at 15 + 1 min
from casting) and those at later ages (60, 120, 180 and 340 min), so
called difference images, are presented for the different mortars in
Figs. 4-6. In these figures, the color scale expressing the change in the
neutron attenuation coefficient was cropped at 0.0 and 0.8 cm™ L. The
lower bound means that negative values corresponding to mass gain
were neglected. They were assumed as due to noise because their ab-
solute values were small (up to 0.05 cm™ ') and occurred only at single
spots within the bulk of the specimens. One meaningful exception is the
significant voxel value gain (negative values in difference images) due to
accumulation of the paraffin on the top surface in the CURE-SURF
mortar (see Supplementary Materials, Fig. S1). The upper cropping
bound, 0.8, was chosen because above this threshold the loss of neutron
attenuation was due to displacement of the whole mortar body rather
than loss of water from within the mortar. It should be stressed that the
color scale cropping was only done for the sake of visualization, whereas
no cropping was used in the actual quantifications.

The first feature visible in the difference images in Figs. 4-6 (and in
the cylindrically averaged tomograms in Fig. S2 in the Supplementary
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b
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Fig. 2. Vertical cross-section through the center of the cylindrical sample of the CURE-SURF mortar obtained from the X-ray tomograms at different times from
casting: a) t = 15 min (temporal resolution of 9 min), b) t = ~320 min (temporal resolution of 36 min).

a

Fig. 3. Analogous results as in Fig. 2 but obtained from the neutron tomograms. The greyscale corresponds to the neutron linear attenuation coefficient in [cm™!].
Owing to the high attenuation of the neutron beam by hydrogen, brighter regions have higher content of water (or, at the surface, paraffin wax).

Materials) is the vertical displacement of the mortar samples. This
deformation is quantified later on. Another important feature is that the
loss of water manifested in the decrease of voxel value is not uniform in
the samples. It is especially pronounced in the zones near the sides of the
samples, particularly for the REF and CURE-MIX mortars. This is related
also to the initial distribution of the voxel values in the specimens’
volumes. It can be seen in Fig. 3 at early age (15 min from casting) and in
the left column in Fig. S2 in Supplementary Materials that the regions
near to the walls of the container are brighter, i.e. have higher neutron
attenuation coefficient, than the central part.

Although a monotonic increase in the neutron attenuation signal
toward the peripheries of the samples often occurs because of the so-
called scattering artifact, and to a lesser extent, the beam-hardening
artifact [42,52,53], the authors believe that these artifacts are only
partially responsible for the increasing voxel values toward the pe-
ripheries. This is because there is no visible continuous and gradual
decrease in voxel value from the boundaries to the center of the spec-
imen. Rather, the very bright regions are confined to the shallow sub-
surface of the lateral boundaries.

The higher initial water content is likely in part due to a higher
cement paste content near the walls of the specimen’s holder. The
phenomenon of increased paste content close to the walls is well-known
for concrete [54,55]. According to a model derived from the numerical
simulations in [54], a region of about 0.3 mm near the walls should be
characterized by a decreased concentration of the aggregates, thus
higher cement paste content. Further, detachment of the mortar from
the walls of the container would amplify water collection and migration
along such interfaces during drying.

Another important observation is that the regions along the vertical
peripheries of the specimens lose voxel values over time gradually
starting from the top. This reflects the gradual drying of the samples
starting from the top surface.

As long as the REF and CURE-MIX samples are qualitatively similar,
clearly distinct features could be observed for the CURE-SURF mortar.
This mortar lost significantly less water and the drying was uniform in
the sample. This is undoubtedly due to the film of paraffin-based curing
compound present on the top surface. A distinct layer of thickness of
about 1 mm can be seen in the initial tomogram, see Fig. 3a (and also



M. Wyrzykowski et al.

Cement and Concrete Research 140 (2021) 106289

120 min

Fig. 4. Difference images of the cylindrically averaged neutron tomograms for the REF mortar at 60, 120, 180, 340 min from casting (with respect to the first
tomogram at 15 min from casting). The Magma color scale [69] represents the change of the neutron linear attenuation coefficient, i, in [cm~']. Higher values
correspond to higher water loss. The color scale was cropped at 0.0 (mass gain was neglected) and 0.8 (above this threshold the loss in p,, was due to displacement of

the whole mortar body rather than loss of water from within the mortar).

bottom row in Fig. S2 in the Supplementary Materials). Note that the
estimated thickness of the paraffin compound was about 0.8 mm. It is
however possible that this layer was additionally fed by the bleeding
water accumulating at the top. In the tomogram collected at the end of
the experiment, a thin bright layer can be seen at the top of the mortar,
see Fig. 3b. This layer with high neutron attenuation is due to now
densified paraffin wax remaining as water evaporated from the curing
compound.

3.2. Quantification — mass loss and settlement

In Fig. 7, mass loss per unit area of the drying surface measured with
a balance is presented for mortars and compared to that of pure water
and pure paraffin-based curing compound (the two liquids were placed
in the PTFE holders and exposed to drying near the actual mortar
specimens). The evaporation of the free water surface was equal to about
0.55 kg/m2/h. This value is close to the estimations made based on a
nomogram available in the recommendation ACI 305R [56].

A much lower evaporation rate was observed for the paraffin-based
dispersion and it was almost exclusively due to water evaporation
(evaporation of the paraffin wax itself is several orders of magnitude
slower [57]).

The time interval of about 6 h between the first (zero point) and the
second measurements for the mortars corresponds to the time in which
the samples were measured with tomography. The total amount of water
evaporated during the first 6 h of drying from mortars REF and CURE-
MIX is almost identical to that evaporated from the free water surface.
The CURE-SURF mortar with paraffin-based compound spread on the
surface had mass loss of about 40% of that measured for the REF and
CURE-MIX mortars.

After about 6 h, the rate of evaporation decreases considerably. Note
that the lines in Fig. 7 are plotted only as a visual aid — the actual course
of the mass loss curves in between the points was not necessarily linear.
More on the course of the mass loss trends is revealed from the neutron
data later in this section.

As pointed out in the Introduction, the high contrast due to hydrogen
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120 min

Fig. 5. Difference images — CURE-MIX mortar (for details see caption of Fig. 4).

in neutron images enables to follow almost quantitatively the change in
bulk water content and the spatial distribution of the water in the
mortars. All the following tomography results (both water content
changes and settlements) are referred to the scan at 15 + 1 min from
casting.

The theoretical neutron attenuation coefficients calculated in Section
2.3 (about 1.4 cm ™!, see also Section S3 in Supplementary Materials) are
in a reasonable agreement with those actually measured - the average
voxel value in the REF and CURE-MIX mortars was equal to 1.36 cm ™!
and in the REF-duplicate and CURE-SURF mortar it was 1.28 cm™..
Besides the uncertainties related to the corrections and quantification
procedures, the lower voxel values measured during the first tomogra-
phy compared to those estimated theoretically might be partially due to
the loss of water from the samples before the tomographic scans started
(15 min after casting and about 5-10 min after exposure to the air flow).
The measured changes of voxel values were transformed into changes in
water content and integrated over the whole volume of the mortar to
represent total changes of water content, Fig. 8. It should be stressed
here that the deformations of the mortar volume played an important
role in the calculations of the water loss — the total integrated signal was

decreasing due to decreasing voxel value in different voxels, but also due
to the significant reduction of volume of the whole mortar. This was in
particular important for the CURE-SURF mortar. In this mortar, the mass
change is due to both loss of water from the bulk of the mortar and from
the layer of curing compound poured on the surface. In fact, the curing
compound experiences significant drying itself (see light-blue dashed
line with empty diamond markers in Fig. 7). Of the 0.18 g of the paraffin-
based dispersion applied on the surface, about 0.11 g was nominally
water. Hence, it can be assumed that the total water loss from the CURE-
SURF mortar of 0.35 g was partially due to the water loss from the curing
compound (0.11 g) and partially due to water loss from the bulk of the
mortar (0.24 g).

It can be seen that the mass loss estimated from the neutron to-
mography is lower than the actual mass loss determined with the
gravimetric measurements (see single empty markers around 360 and
later). However, the trend for different mortars is the same. The results
for the replicate REF specimens are in a good agreement, with a slightly
slower mass loss for the REF-duplicate specimen after 60 min. The mass
loss rate of the CURE-MIX mortar appears to be slightly lower compared
to the REF mortars. This difference may be however statistically
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120 min

340 min
5 mm

Fig. 6. Difference images — CURE-SURF mortar (for details see caption of Fig. 4).
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Fig. 7. Mass change of cylindrical mortar samples determined with a balance
before the tomographic scans (zero time) and at later time instants. The mass
loss was divided by the nominal surface area of the cylindrical samples exposed
to drying (top surface), 2.545 cm?. The mass loss from the sample holders filled
with deionized water and paraffin-based curing compound was measured too.
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Fig. 8. Water mass change (filled markers) estimated based on the changes of
voxel values in neutron tomograms (representing neutron linear attenuation
coefficient) and integrated over the whole volume of the specimens compared
to the gravimetric measurements (empty markers).
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insignificant considering the scatter of the REF specimens.

The results in Fig. 8 also show that the initial approximately linear
trend of mass loss slightly slows down at around 60 min and later more
significantly from about 180 min. These changes can be better assessed
based on the calculated rates presented in the Supplementary Materials,
Fig. S3.

After obtaining a binary mask of the mortar specimens based on
image segmentation, the deformations of the mortar specimens could be
followed. The deformations of a mortar right after casting and before
percolation of solids, referred to as the set, occur exclusively along the
vertical direction (settlement). After the setting time, the vertical and
horizontal deformations occurring due to bulk shrinkage should be in
principle equal [31]. However, the small magnitude of the shrinkage
that develops after the initial steep deformation (after about 60 min
from casting for the REF and CURE-MIX mortars) makes the exact
quantification of the horizontal deformations impossible. At the time
instant when the vertical strains stopped, a detachment of the mortar
from the walls of the cylindrical sample holder occurred in some regions
of the specimens. It is however also possible that the detachment from
the walls had occurred earlier but had been masked by the high signal
due to water present on the interfaces that first disappeared around 60
min.

It could be observed that the displacements near the walls of the
sample holder are to a certain extent hindered. In order to avoid this
boundary effect, the displacements of the top surface in a central circular
region of interest with diameter of 12 mm were averaged, hence dis-
regarding the ~3 mm ring near the walls. The average vertical dis-
placements of the top surface (settlement) based on both the X-ray and
the neutron tomograms are presented in Fig. 9. A good agreement
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Fig. 9. Average vertical displacement (settlement) of the top surface of the
mortars obtained from a) X-ray and b) neutron tomography.
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between the REF and REF-duplicate specimens was again obtained, and
the only remarkable difference was a shift of about 70 pm in the initial
steep part of the settlement evaluated with the neutrons, see orange
markers in Fig. 9b.

Lower vertical displacements were found with X-rays than with
neutrons, although the kinetics is very similar between the two irradi-
ation modes. Mind that the X-ray tomography data were characterized
by a lower contrast at the top interface and hence higher scatter
compared to neutrons. The lower deformations resolved by the X-ray are
to be expected - the X-rays tomography was sensitive to the dense solids
and less sensitive to the water-rich cement paste layer near the surface or
bleeding water accumulated at the top. On the other hand, the total
deformation resolved by the neutron tomography includes the
displacement of the top surface of the bleeding water that evaporates
rapidly at early stages of drying. The difference between the two to-
mography modes was especially pronounced for the CURE-SURF
mortar, where the settlement resolved with the neutrons was about
370 pm higher than with X-rays. In fact, the loss of the 0.11 g of water
present initially in the curing compound spread over a surface of about
2.5 cm? would correspond to a settlement of the layer of the compound
of as much as 430 pm. This shows that the higher deformations of the
neutron tomography are primarily due to the layer of bleeding water
accumulated on the mortar surface and evaporating in the initial 1 h (for
the REF and CURE-MIX) or 2 h (for the CURE-SURF) of drying. The
smaller difference between the X-ray and neutron settlements than the
estimated 430 pm (for CURE-SURF) also suggests that the X-ray to-
mography may have to a certain extent overestimated the actual set-
tlement of the solid part of the mortars. This is possible considering the
low contrast visible on the top surface in the X-ray tomography, see
Fig. 2.

Both specimens of the reference mortar (REF and REF-duplicate)
seem to have had a slightly faster displacement rate than the CURE-
MIX mortar in the initial 60 min from casting (also in line with the
mass loss results in Fig. 8), as assessed both based on the X-ray and
neutron tomograms. After this time, the displacements were almost
identical. A clearly different trend was observed for the CURE-SURF
mortar. The vertical settlement proceeded slower and the initial
steeper part of the deformation continued for at least 180 min. The final
displacement of the CURE-SURF mortar resolved by the X-ray tomog-
raphy was slightly higher (up to about 100 pm) than for the other two
mortars. A much higher difference in final displacement was found with
neutrons, where the top surface of the CURE-SURF mortar settled about
280 pm more than of the other two mortars. This can be explained again
by the evaporation of water from the curing compound that amplified
the settlement resolved with neutron tomography.

4. Discussion

The results of the time-lapse, bimodal neutron/X-ray tomography
measurements presented here are particularly interesting with regard to:
1) the mechanisms of plastic shrinkage, and 2) the mechanisms by which
the curing compounds work. The following discussion is devoted to
these two aspects, respectively.

4.1. Mechanisms of plastic shrinkage

The water mass loss from fresh mortars during evaporation un-
dergoes two main stages: a constant rate period (CRP), followed by a
falling rate period (FRP). These two stages were related to an initial
period of constant permeability of a saturated mortar followed by a
period of decreasing permeability [31,58,59].

From the water mass loss (Fig. 8) and its rate (Fig. S3 in the Sup-
plementary Materials) estimated with neutron tomography, it appears
that during the first 60 min the evaporation rate from the REF and
CURE-MIX mortars remains at a fairly constant, high level. Hence, it
could be assumed that this period corresponds to the CRP. It is however
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possible that a slow drop of the high evaporation rate started already
earlier on - this uncertainty stems from the high scatter of the estimated
mass loss rates and the time at which the measurements started (only
after about 15 min from casting). After about 60 min from casting, a
slight reduction of the evaporation rate is observed, which becomes
more significant after about 120-180 min.

The reduction of the evaporation rate occurs when water is not
transported to the drying surface at a sufficient rate and is related to the
reduction of the effective permeability [31,59]. This in turn can be in a
general case caused by two processes - cement hydration and partial
desaturation of pores. The former will result in reduction of the intrinsic
permeability as the pores are gradually filled with the hydration prod-
ucts of cement. However, in the particular case studied here, considering
the early stage of the hydration process (dormant period), the contri-
bution of cement hydration (and of the reduction of intrinsic perme-
ability that it causes) to the early onset of the falling rate period at about
60-120 min can be excluded. It is however possible that it contributed to
the reduction of the mass loss rate after about 180 min. The second
contribution to the reduced effective permeability, desaturation of
pores, will lead to reducing the efficiency of the advective transport of
water in the (partially emptied) pores where water paths become
discontinuous. This process can be quantified by means of the relative
permeability [60].

The penetration of air into the pore system (desaturation) of a
granular medium like mortar during evaporation occurs after reaching a
certain value of the capillary pressure, referred to as the air entry
pressure. This is a consequence of reaching a sufficiently high stiffness to
support the emptying of pores of water [31,61-63]. Before this
threshold, the volumetric water content remains fairly constant and
corresponds to a saturation degree equal to 1 even though the material
loses water by evaporation [61]. This is because the loss of water
translates fully to the bulk deformation of the body of a (not sufficiently
stiff) mortar. This is well illustrated when the average settlement of the
top surface of a mortar is compared to the settlement estimated from
water mass loss (the latter in turn estimated from changes in neutron
voxel value), see e.g. for the REF mortar in Fig. 10.

It can be hence estimated that the air entry occurred likely before 60
min from casting. Even after the air entry, there can be still a (rather
short) period when the transport of water to the surface is efficient
enough to keep up with the evaporation rate and the mortar thus re-
mains in the CRP regime. As the desaturation of pores and breaking of
water paths progresses, the water supply decreases beyond that stipu-
lated by the evaporation rate and as soon as the accumulated surface
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Fig. 10. Average vertical displacement (settlement) of the top surface of the
REF mortar obtained from X-ray and neutron tomography compared to the
settlement estimated based on water mass loss (from neutron data). The dashed
part of the mass loss line refers to the period where the settlement estimation
was no longer valid (settlement all but ceased).
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water evaporates, the FRP starts [64]. Because of the small sizes of the
samples studied here, the transition from the CRP to the FRP was most
likely very fast.

At the same time, it could be observed that the initial steep defor-
mation slowed down after about 45 min from casting and became all but
arrested within about next 15 min, see Figs. 9 and 10. After this time, the
vertical deformations increase on average by a very small magnitude,
close to the voxel size. These characteristic time instants of the de-
formations are in line with those of the water loss. The ceasing of the fast
deformation period during evaporation is a consequence of a rapid in-
crease of stiffness of the mortars. In general, the stiffness increases
because of the percolation of solids in the mortar. In the particular
conditions tested here, this percolation is not (yet) caused by the hy-
dration process of cement — as mentioned earlier, after only 60 min
cement hydration should be still in the dormant period. Instead, the
stiffening manifested in rapid ceasing of deformations occurs so early
likely due to the consolidating action of capillary pressure triggered by
early drying and amplified by the small size of the specimens. Such
consolidation-driven stiffening is well known for soils [65] and was also
proposed for concrete by Radocea [2]. Capillary pressure stiffening was
shown in [6,31] to be one of the major factors triggering plastic
shrinkage cracking. According to the experiments and the modelling
study presented in [6,31], with the onset of capillary pressure buildup, a
rapid increase of the bulk modulus of mortars by a factor of about 6 takes
place within a relatively short time period (about 20 min).

It should be stressed again that the samples tested in the present
study were indeed very small — the height of the samples was only 19
mm (compared to samples with depths of several centimeters or more in
[6,31,58,62]). Hence, considering the small capacity of bleeding water
and relatively fast drying, the percolation of solids with the corre-
sponding onset of capillary pressure stiffening and the air entry occurred
very early and the time span (in the range of minutes) in which these
processes arrest the deformations was significantly shorter compared to
larger samples. This observation is in line with the measurements of
capillary pressure in samples of different depth presented in [2] or with
the measurements of bleeding presented in [66].

4.2. Action of curing compounds

The curing compound based on paraffin dispersion is aimed at
reducing the evaporation of water from concrete by sealing off its drying
surface [17,21,67]. As discussed in the introduction, this can happen
either when the curing compound is applied directly on the drying
surface, or when it is added to the mix and then the sealing agent ac-
cumulates near the drying surface and gradually seals it. In the tests,
slower mass loss in the mortar with mixed-in curing compound was
observed, however it is not clear how much of such difference comes
from intrinsic variability of the mixtures and environmental conditions.
In any case, no significant effect on the deformations was observed. This
limited (or no) action was most likely due to an insufficient amount of
the curing compound used. Even though the maximum amount recom-
mended by the producer was applied, it should be stressed that the
mortar specimen was very shallow. The amount of curing compound
that can migrate to the drying surface and accumulate there in the
constant rate evaporation period is proportional to the depth of the
drying element. In other words, in the present tests the absolute amount
of the curing compound (and water to carry it) that could migrate from
the underlying depth of 19 mm was insufficient to assure a sufficient
sealing of the drying surface. In fact, the mass of curing compound
nominally present in the sample was approximately 0.05 g only. This
translates to about 0.2 kg per m? of the cured surface and is considerably
less than used in previous studies, e.g. 0.7 kg/m? in [17] or 0.5 kg/m? in
[14]. In the case of surface application (CURE-SURF), about 0.7 kg/m2
was used. The amount mixed in the CURE-MIX mortar could not be
increased beyond the limit of 1.5% (by mass of cement) recommended
by the producer as it could have adverse effects on e.g. hydration of



M. Wyrzykowski et al.

cement or could affect the consolidation process of the mortar. Based on
the previous tests [14,17], it can be assumed that the curing compound
should be efficient in limiting evaporation for mortar or concrete layers
of realistic thickness (above around 8 cm, assuming that all paraffin can
migrate to the surface). In the extreme case that all curing compound
migrates to the surface, the CURE-SURF mortar could be in fact
considered as a model ideal case also for the curing compound used as
admixture.

On the other hand, a very clear effect of the relatively large amount
of the paraffin-based dispersion spread directly on the top surface was
observed. The mass loss from the mortar estimated with neutron to-
mography decreased significantly, to about 23% of that observed for the
REF mortars. Considering that a large part of the mass loss in fact was
due to the water evaporation from the curing dispersion itself, this
percentage reduces for the mortar itself to only 9%. The evaporation of
water from the dispersion was also responsible for the large deformation
observed with neutrons — the settlement resolved with the neutrons was
in large part due to the evaporation of water from the layer of the curing
compound on the surface. Along with the retarded evaporation of water,
the rate of vertical displacement was considerably reduced in the CURE-
SURF mortar. At the same time, the initial deformation stage lasted
longer than in the REF or CURE-MIX mortar, until about 3 h. This can be
explained as an effect of the delayed capillary-pressure stiffening and air
entry discussed in the previous section. In fact, delays in apparent setting
time were previously reported for samples that were kept sealed
compared to those exposed to drying [31]. In the ideal case of curing, the
layer of the curing compound should seal the surface and protect it from
evaporation until percolation caused by the hydration of cement can
arrest the deformations and eliminate cracking. Although the relatively
large vertical displacement observed in the CURE-SURF mortar could be
detrimental in terms of cracking caused by differential settlement (e.g.,
over reinforcing bars or change of the section depth in large concrete
elements) [68], it does not result in the buildup of restraint stresses, as
the material is still not consolidated. On the other hand, in the mortars
without curing, the high early stiffness caused by capillary pressure
stiffening in absence of hydration-driven strength could lead to serious
cracking if the deformations were restrained.

5. Conclusions

The results presented here show that the combination of simulta-
neous X-ray and neutron tomography is a powerful technique for
following the water loss of mortars exposed to early drying and the
corresponding plastic shrinkage. Further broad applications could be in
porous materials were the solid skeleton and the contained fluid(s)
cannot be resolved simultaneously with either of the methods alone. A
typical case is fluid transport in porous solids like concrete, soil, ce-
ramics etc.

The displacements of the drying mortar resolved with both methods
ceased after about 1 h. This arrest of deformations occurred considerably
earlier than could be expected from hydration of cement. The reason for
such early consolidation was the so-called capillary pressure stiffening
and air entry occurring on the onset of emptying of pores by drying.
These processes occurred very early and within a short time window due
to the small size of the samples and hence very rapid drying.

The particular focus of the presented study was on the performance
of curing with a sealing membrane. To this end, a commercial curing
compound based on paraffin dispersion was applied in two ways: either
mixed in the mortar, or poured onto the top surface after casting.
Although slightly slower mass loss was determined for the mortar with
mixed-in curing compound, the total deformations were similar to the
reference mortars with no curing. This limited effect was most likely due
to the insufficient amount of the curing compound available in the
miniature specimen. It should be stressed that the amount of the curing
compound that can accumulate and seal the drying surface is propor-
tional to the depth of the underlying concrete — the 19-mm deep samples
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were too shallow to represent field conditions for this particular case. On
the other hand, the mortar with curing compound spread onto the top
surface experienced significantly lower (even as much as 10 times lower
based on neutron tomography analysis) mass loss and also much slower
vertical displacement (settlement). As the water from the paraffin-
dispersion evaporated, the curing compound formed a clearly visible
densified layer of paraffin wax on the drying surface. A further effect of
the reduced evaporation was that the settlement continued longer as it
was not arrested by capillary-pressure stiffening and air entry. This ef-
fect could be considered as positive, assuming that the sealing action
would continue until setting and until strength gain caused by cement
hydration.
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