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• A novel in-situ technique is used for di-
rect observation of air-filled space for-
mation in cement paste microstructure.

• Air-filled voids are observed to increase
in volume and then decrease and stay
constant.

• The void size distribution changes from
a few coarse voids to a large number of
small and uniformly distributed voids.

• It is suggested that the air-filled void
changes are caused by exsolution.
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This paper follows the hydration of both portland cement and tricalcium silicate pastes between 30min and 16 h
of hydration. In-situ fast X-ray computed tomography (fCT)was used tomake direct observations of the air-filled
void formation in w/s of 0.40 to 0.70 with a micron resolution.
The results show that over the first hour of the acceleration period the volume of air-filled voids reaches a max-
imum value and then decreases during the acceleration period and stays constant. The void distribution changes
from a few coarse voids to a large number of smaller andmore uniformly distributed voids. This behavior is sug-
gested to be controlled by changes in the ionic strength that cause exsolution of dissolved air from the pore
solution.
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1. Introduction

The hydration of cement paste has received significant attention
because the ultimate mechanical properties and durability of hard-
ened concrete are controlled by the microstructure development
oradian).
[1–3]. Specifically, the porosity of cementitious paste directly im-
pacts the mechanical properties, durability, and dimensional stabili-
ty of concrete [1,4–6]. Therefore, a better understanding of pore
system development and the influencing parameters are of great
importance.

Most conventional methods of measuring porosity, such as mercury
intrusion porosimetry, sorptivity, gas adsorption, helium inflow, acous-
tic emission, and alternating current impedance spectroscopy, are
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1 Conventional cement chemistry notation is used throughout this paper: C = CaO,
S = SiO2, H = H2O.
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useful to provide information about the total pore content and give in-
sights into the bulk void size distribution [7–13]. However, these
techniques cannot resolve details of the shape, size or spatial distribu-
tion of the voids.Moreover, most of these techniques cannot investigate
the in-situ development and formation of pores at early ages without
disturbing the sample. In recent decades, imaging techniques such as
scanning electronmicroscopy (SEM) and transmission electronmicros-
copy (TEM) arewidely used to investigate themicrostructure and pores
at various ages in cement paste [14–17]. Although SEM and TEM pro-
vide images with high resolution, the results are limited to the investi-
gated 2D cross-section of the sample [18]. In addition, the required
sample preparation, such as drying and polishing, may cause artifacts
in fragile samples.

X-ray computed tomography (XCT) is a powerful and non-
destructive technique that can be completed in many cases with no
sample preparation [17,19–25]. This method has been used in
numerous studies to identify the engineering properties of a ce-
mentitious system such as aggregate spatial distribution [26], trans-
port properties [27,28], determination of air void parameters [26,
29–32], and to examine leaching [21]. This equipment is also widely
used in medicine to look at biological samples non-destructively [33,
34]. The methods used are the same, only at different length scales. A
series of 2D X-ray radiographs are acquired from different viewing
angles and the data are used to build a 3D rendering of the sample.
The 3D rendering can be used for morphological and quantitative
analyses. The gray value in the produced images is a function of X-
ray absorption and can indicate differences in chemistry and density
of the materials [19,23,35]. The contrast in gray value intensities can
be used to evaluate an XCT dataset quantitatively by separating the
collected images into regions of different constituents. This process
is called segmentation.

In spite of the powerful abilities of ordinary XCT, the necessary time
for data acquisition at amicron length scalemay be several hours and so
it cannot be used to study rapidly evolving processes, such as what oc-
curs during the first hours of hydration of cementitious paste [36–38].
Measurements show that the Ca concentration continuously increases
over the first hours of hydration reaching a maximum at the end of
the induction period and then decreasing [39–41]. These ionic concen-
tration changes have been linked to changes in the microstructure and
are important in hydration [2,24,41–43]. It is also important to note
that previous experiments using acoustic emission have detected sig-
nals that were interpreted as void formation during the solidification
of cement paste at early ages [13]. The acoustic emission technique is
a bulk measurement, so it is not able to give a detailed description of
the void formation.

To study cement hydration at early ages, some researchers have col-
lected tomographs from the first hours of hydration by lowering the ex-
posure time and number of acquired projections [36,44]. However, the
results have significant artifacts and limited contrast. Consequently,
previous XCT studies on porosity have focused on systems after initial
set and have observed porosity decrease from infilling of hydration
products [18,19,36].

Recent breakthroughs in X-ray imaging now enable tomography
data collection to be made at near video acquisition rates at the Ad-
vanced Photon Source (APS) at Argonne National Laboratory. The
technique is named fast computed tomography (fCT). This advance-
ment is possible because of improvements in detectors, precision
stages, and increased photon flux [38,45–47]. While this technique
has been used to study many dynamic processes, there are few
published works that have used fCT to investigate cement hydration
[24,36,48,49].

This studyused fCT to investigate the air-filled void systemevolution
in cementitious pastes with industrially relevant w/s during the first
16 h of hydration. The data provide important insights about the void
formation and can be useful to verify analytical models and improve
their assumptions about mass transport.
2. Materials and methods

2.1. Materials

Two cementitious materials were used in this study, portland ce-
ment 168 (hereafter termed OPC) from the Proficiency Sampling Pro-
gram of the Cement and Concrete Reference Laboratory (Frederick,
Maryland) and monoclinic tricalcium silicate powder (mC3S)1 from
Mineral Research Processing (Meyzieu, France). These powders were
characterized by ASTM C114 testing method and X-ray diffraction
(XRD) for chemical analysis of OPC; automated scanning electron mi-
croscopy (ASEM) was used for particle size distribution and chemical
analysis of mC3S.

The results of the chemical composition analysis, Blaine fineness
(ASTM C204), and density measurements are presented in Table 1.
XRD analysis showed that mC3S is close to pure C3S. XRD analysis of
OPC is available in another publication [50]. The details of the ASEM
technique and the particle size distribution of both powders can be
found in the appendix. Based on the Blainefineness and particle size dis-
tributions, OPC is finer than mC3S.
2.2. Sample preparation

Themixing procedurewas the same for all samples examined by fCT,
isothermal calorimetry, or chemical shrinkage. First, waterwas added to
5 g of the powder. After adding the water, the mixture was stirred by a
stainless steel rod ten times clockwise and then ten times counterclock-
wise in a glass vial. Then the vial was shaken by a vortex mixer (pro-
duced by Stuart-Staffordshire, UK) with a speed of 1000 rpm for
3 min. After mixing, a 1.5 mm diameter by 6 mm length polyethylene
tube was pushed into the fresh paste. The tube was inserted to capture
about 4mmof paste. A fingerwas then used to cover the end of the tube
and it was removed from the fresh paste. The vacuum generated in the
sealed tube held the fresh paste within the tube as it was removed. The
tube was then sealed with clay to minimize vapor transport and loss of
mixing water during scanning. Finally, the sample was compacted by
holding the sealed sample in one hand and clapping it into other hand
ten times.

Five paste sampleswere produced for examination and the details of
the tests are presented in Table 2. Four paste samples were produced
with deionized water as a mixing liquid, while the fifth sample was
made with OPC and de-aired water with w/s = 0.60. The deionized
water was produced first by reverse osmosis and then treated with an
ASTM D5127 Type 1 ultra-pure water system. During this process the
water was pressured to approximately 4 bar.

To produce the de-aired water, the deionized water was boiled and
then cooled to room temperature in a He environment. Helium was
used because of its low solubility in water [51]. While still in the He en-
vironment the de-aired water was added to the OPC powder by a sy-
ringe and then mixed as per the standard procedure.

The first tomograph was acquired after sample preparation and
alignment of the instrument. This took 34 min to 70 min for each
sample.
2.3. Isothermal calorimetry and chemical shrinkage

Isothermal calorimetry was used to measure the heat of hydration.
This test was conductedwith a Tam Air Isothermal Calorimeter on sam-
ples at a constant temperature of 25 °C over 18 h. The heat capacity of
OPC and mC3S was 0.753 Jg−1 K−1, and the capacity of deionized
water was 4.1814 Jg−1 K−1 [52]. The samples were made in the same
way as the fCT experiments, except that 3 g of powder was used. After



Table 1
Specifications and bulk chemical composition of cementitious materials.

Blaine (cm2/g) BET surface area (m2/g) Density (gr/cm3) Chemical composition (mass %) Phase concentration (%)

SiO2 CaO Al2O3 MgO Fe2O3 SO3 C3S C2S C3A C4AF

OPC 4080 NA 3.15 19.91 62.27 5.11 3.87 2.15 3.49 54.5 15.7 8.0 7.0
mC3S 3588 0.86 3.12 26.54 71.97 0.94 0.06 0.48 – ≈100 – – –
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mixing, the vials containing the fresh paste were capped and added to
the calorimeter.

The chemical shrinkagemeasurementsweremade in the sameman-
ner as other samples in this paper but the mixture used 20 g of powder
and the chemical shrinkage was measured for 18 h. In this method, a
sensitive differential pressure sensor is used to measure the water
level drop caused by chemical shrinkage in a capillary tube.More details
can be found in other publications [53,54].

2.4. Fast X-ray computed tomography

The fCT was conducted at the 2-BM beamline at the Advanced
Photon Source (APS) at Argonne National Laboratory. This technique al-
lows collection of tomographs in b5 s. This fast data acquisition is from
high speed detectors, a fast but stable rotation stage, and a high photon
flux. The projections were acquired at angular increment of 0.125o over
a rotation of 180o. This created 1500 radiographs to produce each
tomograph. The tomographs were collected at 10 min intervals in a
room with constant temperature of 25 °C. The instrument settings for
the scans are provided in appendix. More details about the facilities
can be found in other publications [45,46].

2.5. Reconstruction and segmentation

The 2-D radiographs were reconstructed using a Fast Fourier Trans-
forms (FFT) algorithm [46]. The same instrument and reconstruction
settings were used for all subsequent tomographs to make quantitative
comparisons. Fig. 1 shows a typical data set from mC3S with a w/s =
0.70 as well as a typical cross section and a segmented image that high-
lights the voids.

Each image is made up of individual pixels with a 16-bit gray value.
The variation of gray value within the scanned sample is caused by the
differences in the atomic electron density and/or the bulk density of the
imaged material [55]. Absorption tomography is defined by the Beer-
Lambert Law:

I
Io

¼ exp −μmxð Þ ð1Þ

where I is transmitted intensity, Io is incident intensity, μm is X-raymass
attenuation coefficient, and x is the length travelled by the X-rays [56].

To reduce computational efforts, 100 slices out of 1500 were ana-
lyzed from each data set. Moreover, the inner section of the sample
was investigated to avoid edge effects. This space contained roughly
60,000 anhydrous particles to be imaged in each tomograph [24]. To re-
duce noise in the data, a median filter with a radius of 2.5 μm was ap-
plied to all slices. This filter is used to preserve image edges with
minimal signal distortion. It has been widely used by others [57,58].
Table 2
Details of fCT paste samples.

Cementitious
material

w/s Water
type

Time for first
tomograph (min)

Time for last
tomograph (h: min)

mC3S 0.70 Deionized 70 15:40
mC3S 0.45 Deionized 70 15:40
OPC 0.60 Deionized 34 11:34
OPC 0.40 Deionized 34 11:34
OPC 0.60 De-aired 43 9:47
While there are many possible segmentation algorithms, one com-
monmethod is to use a single gray value that separates a targetmaterial
in the images. This study aims to track the evolution of air-filled voids.
This means that the method needs to be used to track how the air-
filled voids changed in comparison to the rest of the paste. To determine
which gray value should be used to separate air-filled space in each
sample, at least 30 individual air-filled voids from various locations in
the region of interest (ROI) and from different time periods were iden-
tified by an operator and the average gray value of each one was deter-
mined. This process was repeated for each sample to find the average
gray value of voids for that specific sample. A histogramof themeasured
data on OPC w/s = 0.60 can be found in the appendix.

The gray values within voids were found to be normally distribut-
ed. This means that 99.7% of the expected values are contained with-
in three standard deviations of the mean and so this value was used
for the void segmentation. This provided an easy approach that could
be applied for each investigated sample while still providing a high
level of confidence in the data. Fig. 1 shows a region of a slice obtain-
ed from mC3S with w/s = 0.70 before and after the segmentation of
air-filled voids. More details of the reconstruction and image pro-
cessing can be found in the appendix.

2.6. Measuring void spacing

The uniformity of void distribution is quantified by estimating the
average nearest-neighbor distance between individual voids at
different time periods. This was investigated by measuring center-
to-center nearest-neighbor distance for each individual void within
each tomograph corresponding to a specific time period. Then, the
average and standard error of all measured distances are calculated
in the tomograph and reported as the average nearest-neighbor dis-
tance of voids in the sample at the corresponding time period.

3. Results and discussion

3.1. Isothermal calorimetry and chemical shrinkage

Fig. 2 demonstrates the heat flow results of four pastes over the 18 h
of hydration. The results of the OPC samples are shown by black lines,
while gray is used formC3S. This same nomenclature is used throughout
the paper. The w/s was chosen to match the values used in the fCT ex-
periments. The OPC system showed a higher heat release compared to
the mC3S system. This difference may be attributed to the different
chemical composition, w/s, and particle size distribution of the exam-
ined powders.

The chemical shrinkage curves for four OPC or mC3S samples are
shown in Fig. 3. This figure shows that chemical shrinkage follows al-
most the same curve for at least 18 h independent of w/s. The samples
with a lower w/s have a higher amount of chemical shrinkage.

3.2. Volume change of air-filled voids and heat of hydration

Fig. 4 demonstrates the changes in total volumeof the air-filled voids
measured by fCT over the first 16 h of hydration. Each point in the graph
represents the volume percentage of the air-filled voids at each time
period.

For all of the samples investigated the air content increases and
then decreases to a constant value. While the results for the mC3S



Fig. 1. Typical data sets from fCT of the 3D reconstruction and region of interest. The result of the segmentation for the air filled space is shown for mC3S paste with w/s = 0.70.
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with aw/s=0.45 appear to be different, it is probably that a peak has oc-
curred before the first collected tomograph at 70min. The samples made
with lower w/s seem to have reached their peak earlier than those with a
higher w/s. The behavior of individual voids is also investigated; it is
found that the volume change of the single voids follows a similar trend
to that of the overall system; however, they have some differences
based on their size. More details can be found in the appendix.
Fig. 2. Heat evolution curve of the pastes made with deionized water.
The sample with de-airedwater had the lowest measured volume of
air and showedminimal volume change during the time investigated. It
is expected that some air-filled space would be trapped during mixing
and there may be only a slight increase in the observed volume. This
suggests the de-aired water is important to the mechanism causing
the void volume increase. This will be discussed in more detail later in
the paper.

Fig. 5 combines the volume change of the air-filled voids for the sam-
ples that did not use de-aired water with the isothermal calorimetry
curves. The total volume of air-filled voids is increasing during the
induction period. The peak void volume seems to occur within the
Fig. 3. Chemical shrinkage of the pastes made with deionized water.



Fig. 4. Volume change of air-filled voids over time.
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first hour of the acceleration period. Later, the total volume of voids ap-
parently decreases during the acceleration period. Finally, the bulk
volume stays constant after ≈3 h for mC3S samples and 6 h for OPC
Fig. 5. Comparison of heat release to volume change of air-filled
w/s = 0.40, which may be caused by initial set; there is slight down-
ward drift for OPC with w/s = 0.60 after about 7 h.
3.3. Spatial distribution of voids

The evolution of voids in OPC w/s = 0.40 and mC3S w/s = 0.70 is
shown in 3D and with representative 2D slices in Figs. 6 and 7. The
raw data from a 2D slice are shown at the left with the segmented
image in the middle showing the air-filled voids as a binary image.
The 3D renderings are shown on the right where the volumes of the
voids are shown with different colors. The voids larger than 200 μm3

are shown in red and those smaller than 25 μm3 are green. Other sizes
are shown by colors between red and green and details can be found
in the legend.

These images help the reader to visualize the results and make gen-
eral observations. Similar observations aremade for bothmC3S and OPC
at different w/s and so the observations will be jointly discussed. More
quantitative data will be given later in the paper. Both images show
that voids smaller than ≈100 μm3 are forming between 0.6 h and
2.5 h, while the larger voids are observed to decrease in size.

It also appears that the spatial distribution of the voids changes over
time. Fig. 8 shows the change in the average nearest-neighbor distance
between individual voids in different time periods of the experiments.
Each point in the graph is an average of the calculated nearest-
voids in samples made with deionized (not de-aired) water.



Fig. 6. 3D view of void size distribution in critical time periods of OPC w/s = 0.40.
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neighbor distance for all individual voids in the corresponding time pe-
riod. One standard error is also reported.

The average distance between voids in samples made with deion-
izedwater is higher before≈2.5 h,which is during the induction period.
Over time, the average distance for all samples reaches a constant value,
such that the spatial distribution of the voids is almost constant after
≈4 h. This supports the observations from the 3D views that shows al-
most constant void spacing after 3 h as shown in Figs. 6 and 7.

The distance between voids in the sample made with de-aired water
was significantly higher than the other samples. This was expected
since this sample has the lowest amount of air-filled voids. As a result,
the number of voids should be lower and therefore their spacing is higher.
If the void formation is caused by exsolution of dissolved gas in the liquid,
then the nucleation location and frequencywill be dependent on the ionic
concentration of the liquid. This will be discussed in the next sections.

3.4. Change in size distribution

Further insights can be gained by observing the change in the total
volume percentage over time for voids of different volumes as shown
in Fig. 9. These graphs have been normalized to the total volume of
voids in the sample in the specific time periods. Over time the volume
percentage of small voids increases while the volume percentage of
the larger voids decreases. Arrows have been added to Fig. 9 to highlight
this. For example, after 1.2 h of hydration, the mC3S paste with w/s =
0.70 had about 18% of the total void volume contained in voids larger
than 1000 μm3. For this same sample only 2% of the volume was
found in these voids after 15.7 h. Conversely, after 1.2 h about 9% of
total void volume was contained in voids with a volume b15 μm3.
After 15.7 h this increased to 17%. Since these voids are so small this
would indicate a significant increase in the number of voids. The forma-
tion of these b20 μm3 voids can be observed in Fig. 6 and Fig. 7. Similar
behavior is observed in all of the samplesmadewith deionizedwater. In
contrast, negligible change has occurred in voids smaller than 100 μm3

in the sample made by de-aired water, while the percentage of voids
larger than 1000 μm3 decreases from 37.5% at 0.7 h to 9.2% after 8.8 h.
This is likely caused by the infilling of the hydration products over this
time period.

The voids between 100 and 200 μm3 do not change substantially for
samples made with deionized water except OPC w/s = 0.40, which has



Fig. 7. 3D view of void size distribution in critical time periods of mC3S w/s = 0.70.

143M. Moradian et al. / Materials and Design 136 (2017) 137–149
a finer void distribution before 2.5 h compared to the other samples.
This could be caused by the lower w/s.

The change in size distribution of samples made with deionized
water is considerable over the first 2.5 h of hydration. However, the
size distribution becomes stable during the acceleration period and
then shows little change afterward. This matches the total volume
changes observed in Fig. 4 and Fig. 5.

Movies that combine Figs. 4,5,6,7, and 9 on the same display are
shared in the Supplementary files. Readers are encouraged to watch
these to better appreciate the complex shifts in the distribution.

3.5. Comparison of size distribution change over time

Fig. 10 compares the data in Fig. 9 at the same timeperiods. The sam-
ples made with deionized water were significantly different than the
sample with de-aired mixing water. At 1.2 h of hydration, three of the
samples have very similar void size distribution; however, the OPC
with w/s = 0.40 has 33% of the void volume larger than 100 μm3. The
other three samples made with deionized water have almost double
this. This might be caused by the closer spacing of the cement particles
from the lower w/s, different compaction level, and the higher chemical
reactivity of OPC compared to mC3S. More observations are needed to
better understand this.

At 2.5 h, the amount of air-filled voids larger than100 μm3decreased
in all samples. Since the OPC with w/s = 0.40 started with a lower
amount of voids N100 μm3, the decrease in these voids caused this sam-
ple to have only 21% voids N100 μm3. The other samples made with de-
ionized water had between 43%–48% of their voids larger than 100 μm3.
As mentioned earlier, the sample made with de-aired water is different
than others and 92% of air-filled voids are N100 μm3. While this sample
has the lowest volume of air-filled voids, the voids N100 μm3 constitute
N90% of the air-filled space at 1.2 h and 2.5 h.



Fig. 8. Average nearest-neighbor distance between air-filled voids in different time
periods.
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After 4.8 h and 9 h of hydration in samples made with deionized
water, the samples with similar w/s showed similar size distributions
regardless of whether the paste was mC3S or OPC. The samples with a
higher w/s were found to have a lower amount of smaller voids and a
higher amount of the larger voids after 9 h. For mC3S with w/s = 0.70
and OPC with w/s = 0.60 between 60% to 64% of voids are smaller
than 100 μm3 and for the OPC with w/s = 0.40 and mC3S with w/s =
0.45 over 82% of voids are smaller than 100 μm3 after 4.8 h. These size
ranges did not greatly change from 4.8 h to 9 h.

The samples with a w/s of 0.60 and 0.70 had between 27% to 34%
voids N100 μm3 while the samples with w/s of 0.40 and 0.45 has b11%
of the voids in this size range. In contrast, the sample with de-aired
water has over 89% and 80% of the air-filled voids N100 μm3 after
4.8 h and 9 h, respectively. This highlights the importance of dissolved
air on the microstructural evolution of portland cement systems.
These mechanisms will be discussed further in this paper.

3.6. Discussion of findings

The trends in volume change shown in Fig. 4 are similar for all sam-
ples made with different materials and w/s except for the sample using
de-aired water. In addition, the changes observed in the first 3 h of hy-
dration are much greater than the variation in the constant portion of
the curves observed after 3 h.

The sensitivity of the results to the segmenting value is examined by
altering the threshold value by±5% for mC3S with w/s = 0.70. The dif-
ference was selected as it was a reasonable range of variation greater
than the variability in the segmentationmethod. The results are demon-
strated in Fig. 11. The results show that while the different threshold
values modify the magnitudes of curves, the variation in threshold
does not change the general trend or timing of the curves. Therefore,
the calculated thresholds seem to be reliable for comparing the different
samples and investigating the general behavior in this study.

All tests were conducted in an environment with constant tempera-
ture and pressure. Because each scan was only 5 s in length, this means
that each sample was only exposed to the X-ray radiation for roughly
7.5 min over roughly 15 h, so the damage from X-ray radiation is ex-
pected to be negligible. This is supported by other work done with the
same instrument to investigate inorganic materials [59]. In addition,
the sampleswere all prepared in the sameway, but the initial investiga-
tion was not done at the same time and the samples were investigated
for different lengths of time. Despite these differences, the same trends
were observed in all of the experiments and the void size distribution in
Fig. 11 was found to be quite comparable at similar time periods. This is
not likely a coincidence. Finally, other research has inferred void forma-
tion during this time period through acoustic emission measurements
[13]. The sum of this evidence suggests that the observations in this
study are repeatable and not caused by beam artifacts.

4. Proposed mechanisms

The measurements show that the total volume of air-filled voids in
samples made with deionized water increases continuously during the
induction period, reached a peak within the first hour of the accelera-
tion period, and then decreases as the acceleration period continues.
Also, during the acceleration period the voids stop changing in volume.
The initial voids observed may have been trapped by the mixing and
consolidation of the sample. However, the formation and evolution of
the air-filled voids are likely caused by another mechanism. In this sec-
tion, twomechanismswill be discussed that could explain the observed
changes: chemical shrinkage and change in ionic concentration of the
solution. Eachwill be described and then assessed in terms of their com-
patibility with the experimental observations.

4.1. Contributions from chemical shrinkage

Some previous works have inferred some signs of bubble formation
in cement paste slurry by observing acoustic events during the early age
hydration [13,60]. These studies have attributed the formation of the air
bubbles to chemical shrinkage during early age hydration reactions. Ac-
cording to this hypothesis, water is consumed by the reactions to pro-
duce the hydration products. It is further hypothesized that the
bubbles may decrease in volume over time as water from the surface
enters the sample to displace the voids or the creation of the voids
causes the paste to be unstable and then collapse and this causes the
voids to decrease in size [60].

The total void content of samples with a lower w/s reached its
maximum volume change earlier than the pastes with higher w/s as
shown in Fig. 4. These observations can be explained by chemical
shrinkage. As w/s decreases, it is expected that the paste would shrink
more and so a higher amount of air-filled void is formed in a shorter
time period [5,6,13]. The finer size distribution of voids in the low w/s
samples may be attributed to the shorter initial inter-particle distance
in these paste samples. However, there is minimal chemical shrinkage
observed during the times when the void formation in the fCT data is
the highest. Also, this hypothesis is unable to explain why the void vol-
ume change does not continuewhen the chemical shrinkage is higher at
the later ages. For example, Fig. 3 shows that the total chemical shrink-
age after 2.5 h is only between 0.0013mL/g and 0.0111mL/g but the fCT
shows the highest rate of change in void volume in this same period.
Moreover, the chemical shrinkage value reaches between 0.0136 mL/g
and 0.028mL/g after 10 h and the fCT shows negligible void change. Be-
cause of this, it is not likely that this could be amajor cause of the air vol-
ume change that is observed.

4.2. Contributions from change in ionic strength

An alternative hypothesis is the destabilization of dissolved air with-
in the pore solution caused by an increase in the ionic strength. Water
typically contains around 30 mg/L of dissolved air and the amount of
air can be higher in water that has been pressurized [61–64]. The solu-
bility of air in water depends on the temperature, pressure, and dis-
solved ions of the water [65,66]. For all samples, including the one
made with de-aired water, the temperature and pressure of the testing
environment were constant. Since the X-ray exposure was only 5 s per
scan every 10 min it should have minimum impact on the sample
temperature.



Fig. 9. Change in the air-filled void size distribution over time.
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It is widely reported in the literature that the concentration of
ions increases during the induction period. Dissolving cement grains
will rapidly add significant amounts of ions to the solution in seconds
and this will continue over time [39,40,67]. Many previous studies
have shown that the Ca concentration will increase until reaching a
maximum near the end of the induction period [39,40,68]. A study



Fig. 10. Comparison of size distributions of the examined samples in different time periods.
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using triclinic C3S with a w/s = 0.70 showed the average Ca concen-
tration of the bulk solution to be≈1700 ppm at the end of the induc-
tion period and then drop to ≈1450 ppm as the acceleration period
begins [39].

Many others have reported that air solubility decreases with an in-
crease in the dissolved ions in the water [64,69–72]. For example, sea-
water has a higher propensity to produce foam than fresh water
because of the higher concentration of dissolved ions [71]. In the litera-
ture, this effect is attributed to various factors including the decrease in
the surface tension of the water, reduction in the hydrophobic force of
attraction between bubbles, and desorption of ions from the air-water
interface that ultimately destabilize the bubbles [64,69–71,73–76].
While the mechanisms are not well understood, all of the publications
agree that the increase in ionic concentration of the solution causes a
decrease in the solubility of the air. Therefore, it is reasonable that the
dissolved air in the pore solution will become less soluble and will
form gas during the induction period. The gas may join other adjacent
air-filled space or it may form a new void in water filled space. Based
on the size distribution changes in Fig. 9, it appears that the voids
have formed in the water-filled space. This explains the continuous in-
crease in total volume of air-filled voids over the induction period as
seen in Fig. 5.
The most significant fact in support of this mechanism is that the
samplemadewith de-aired water does not show a considerable change
over time of the air-filled voids. This observation reinforces the impor-
tance of dissolved air in void formation of hydrating cement paste.

Calculations were done to estimate the volume of air that may be
formed from the dissolved air. All details from the calculations can be
found in the appendix. These calculations estimate the dissolved air in
paste with w/s between 0.40 and 0.70, given the densities of water
and cement. The deionized mixing water used in the experiments was
obtained from a central water deionizer with a distribution pump. The
setup resembles water delivered to a residence or a concrete plant
from a distribution center. These increased pressures from distributing
the deionized water will cause an increased volume of air to dissolve
in solution. Residential water is typically pressurized between 200 kPa
and 400 kPa [77]. The pressure of the deionized water was approxi-
mately 400 kPa. For pressures between 100 kPa and 400 kPa the dis-
solved air in deionized water is 20 mg/L to 120 mg/L [61–64,78]. The
ionic concentration values from the literature vary between 0.25 M to
1.1 M [79–81]. If the deionized water was pressurized to 300 kPa then
the volume of exsolution is estimated to be between 0.41% and 1.95%
of the volume of the paste. The measured values in this work were
found to be between 1.1% and 2%. This suggests that this phenomenon



Fig. 11. Effect of different threshold gray values on the trend of the curves for mC3S w/s=
0.70; the calculated threshold value was 7256 based on the segmentation method.
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and the proposed mechanism based on the change in ionic concentra-
tion are probable.

As the acceleration period begins, the ionic concentration decreases
as hydration products are precipitated [24,39,40,67,68,82]. This de-
crease in ionic concentration will change the solubility of the air and
allow the air to dissolve. This could explain why the air leaves the bub-
bles and dissolves into the solution. This behavior was observed in both
volume graphs and 3D images (Figs. 4, 5, 6, and 7). This volume decrease
could also be caused by the formation of hydration products within the
voids. Furthermore, the time lapse images in Figs. 6 and 7 show that
formed voids did not change location after being formed and neither
did the OPC or mC3S solids. This means that other phenomenon such
as settlement and temperature changes were not significant over the
times investigated.

It is expected that air would transfer from the smaller bubbles to the
larger bubbles through Ostwald ripening [83]. However, it appears that
both the large and small voids start shrinking simultaneously. This is not
consistent with Ostwald ripening. However, in high ionic strength solu-
tions it becomes harder for air to transfer between the bubbles to redis-
tribute their size. It is also reported by several researchers that many
electrolytes inhibit bubble coalescence above a certain transition con-
centration depending on the type of solution [69–71,73–75,84–86].
This means that the average size of the air filled space is a function of
the local dissolved ion content of the solution. This mechanism is ex-
plained further in other publications [76].

Observations from the present work support this. The large air-
filled voids available in the first collected tomographs as shown by
Figs. 6 and 7 suggest that there is more of a tendency for coalescence
when the ionic concentration is low at the beginning of the tests. As
the ionic concentration increases during the induction period, more
bubbles are formed in the paste. The high ionic concentration may
hinder coalescence of the bubbles in the slurry. These bubbles are
dispersed and have a finer size distribution, because the solution
concentration is not favorable for coalescence. This is shown by 3D
images and size distribution graphs (Figs. 6, 7, and 10). Also, a
more uniform spacing of the voids is observed in Fig. 8 after 3 h of hy-
dration. Unlike the samples made with deionized water, over 80% of
voids are N100 μm3 in the sample made with de-aired water, and the
total volume and size distribution of voids do not change significant-
ly over time. This lack of observed volume change in the de-aired
sample is a strong observation that the dissolved air is important in
the observed volume change.
Furthermore, the observed differences in samples with different w/s
can be interpreted based on the change in ionic concentration. The
pastes with the lower w/s can potentially contribute more ions to the
solution because of the higher solid content in the solution [39]. This
might be the reason that the total void content reaches its peak volume
earlier than in samples with a higher w/s.

The higher ionic concentration of slurry in loww/s samples can also
prevent coalescence of the voids formed in the solution [71,84–86]. Be-
cause these voids are less likely to coalesce at high ionic concentrations,
theywould be smaller and the number formedwould be higher in sam-
ples with a lower w/s. The void volume, size distribution, and spacing
stopped changing after about 3 h. This could be attributed to early stiff-
ening or setting that occurs and may prevent change in the system.

Although this mechanism can explain most of the observations in
this study,more details are needed in order to be able tomodel this phe-
nomenon accurately. The reported solution concentrations in the litera-
ture are based on the average ionic concentration of the slurry. This will
not be necessarily representative of the local ion concentration near the
individual hydrating particles where the voids form. This makes the
modeling of this phenomenon difficult. Research efforts are underway
to make in-situ measurements to fulfill this need.

5. Practical importance of the findings

This study follows the evolution of the void system in OPC andmC3S
pastes with different w/s. It is widely understood that the microstruc-
ture impacts the performance of materials. These findings suggest that
as the microstructure is being formed, there is also a creation of voids
that are caused by dissolved air in the mixing water. These voids are
likely important to the durability and mechanical properties of the con-
crete. This work should have broad implications as it is common to dis-
tribute water with pressures. This will in turn increase the number of
voids observed in the system. These findings provide a deeper under-
standing of how w/s and mixing water properties influence the void
system of hardened paste.

In addition, these observations reinforce the importance of changes
in ionic concentration during hydration and how they may impact the
volume and distribution of voids within different cement systems.

While there are still discussions about themechanisms of increasing
ionic strength on void formation [71,84–86], this technique can provide
new insights into the current understanding of void formation and coa-
lescence in other ionic solutions. This phenomenon is important for rec-
ognition of interactions in biological system, fluids, and slurries. The
application may include drug design, protein crystallization, formula-
tion science, oil recovery, food, and mineral flotation [74,76,84].

6. Conclusions

In this paper, fCTwas used to study the evolution of air-filled voids in
cementitious pastes within the first 16 h of hydration. The change in the
total volume and size distribution of air-filled voidswere investigated at
a micron resolution. The following conclusions can be drawn for sam-
ples made with deionized water:

• The total volume of the air-filled voids continuously increased during
the induction period. During the same time period, the average dis-
tance between individual voids decreased. A considerable amount of
voids b100 μm3 were observed to form uniformly, while the larger
voids decreased in size.

• The total volume of the voids started to decrease over the first hour of
the acceleration period and ultimately reached a constant after ap-
proximately 4 h in most samples. In this time period, which coincides
with initial setting, the spatial and size distribution of air-filled voids
becomes more uniform.

• All samples regardless of w/s and whether they were OPC or mC3S
showed similar volume change and void distribution at comparable
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times. However, the sampleswith a higherw/s had a higher portion of
voids N100 μm3.

The following conclusions can be drawn for samples made with de-
aired water:

• A significantly lower volume of air-filled voids is observed in these
samples and these voids do not significantly change in size or spacing
over time.

• The size distribution of the voids in the sample with de-aired water
mainly consisted of voids N100 μm3 and over time these voids de-
creased in volume.

• This performance is drastically different than the samples made with
the same materials and binder that contained deionized (but not de-
aired)water. This highlights the importance of dissolved air on themech-
anism for the void formation.

Mechanisms have been discussed involving chemical shrinkage and
changes in ionic strength and their contribution to the formation of air-
filled space. The ionic strength mechanism is consistent with the trends
observed for the volume of air formed and the changes in size distribu-
tion, and provides insights into why the void formation is not observed
in samples with de-aired water.

Furthermore, this study provides insights for improved understand-
ing of void system development during hydration. It is noteworthy that
the current study was limited by the resolution of the scans, and there-
fore only the voids greater than a few microns were considered. The
method provides no insight intowhat occurs at the nanoscale; however,
the high capillary pressure in such small voids makes their existence
improbable.

Additionalwork is needed to investigate how other variables such as
chemical and mineral admixtures can affect the void formation. This is
an important area of ongoing research that has potential to improve
the performance of concrete.
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