Examining microstructural evolution of Portland cements by in situ synchrotron microtomography
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Abstract
The application of synchrotron radiation X-ray computed micro-tomography (SR X-µCT) as a
non-invasive approach to the microstructural investigation of Portland cement binders during
hydration is presented. The two- and three-dimensional µm-scale imaging of undisturbed samples
at hydration ages from ~1.5 hours to 3 days is used to obtain a direct visualization of the spatial
and temporal relationships between different cement paste components. The microstructural
evolution of two cementitious systems during the early stages of hydration is successfully
monitored from the comparison of tomographic slices and volumes, clearly showing the
progressive growth of hydration phases; the changes in the amount of porosity and unreacted
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clinker are also quantified. Some critical issues related to the experimental setup and data
processing are addressed and discussed as well. Furthermore, a simple procedure to estimate the
mean X-ray absorption coefficient of cement pastes from X-ray radiographs is illustrated. The
results confirm the potentialities of synchrotron-based X-ray computed micro-tomography for the
three-dimensional investigation of µm-scale modifications in hydrating cement pastes with an
adequate time resolution, thus providing a real in situ monitoring of the microstructural evolution
of such complex materials.

Keywords: X-ray micro-tomography; cement hydration; microstructure; synchrotron radiation;
X-ray absorption coefficient

Introduction

Understanding the microstructural evolution and the chemical reactions taking place in cementbased materials during their setting and hardening is one of the most challenging goals of modern
materials science. It is widely acknowledged that the performance and durability of cements and
concretes are controlled by their microstructure, specifically by the pore network properties and
the spatial relationships between various hydration products. Among the most widely employed
experimental techniques for the investigation of the microstructural features in cementitious
systems, scanning electron microscopy (SEM) has played a major role in the past and still
remains a fundamental tool in this research field. The combination of 2D backscattered electron
(BSE) imaging with X-ray energy dispersive spectroscopy (EDS) on polished surfaces allows
easy identification and quantification of both clinker phases and hydration products [1,2]. In
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addition, excellent morphological information can be obtained using secondary electron (SE)
imaging on fresh fracture surfaces [3]. However, the lack of access to real three-dimensional (3D)
information represents one of the major limitations of SEM-based techniques when trying to
extract quantitative information, e.g. on pore connectivity and other microstructural properties.
Moreover, the sample preparation for electron microscopy is often very invasive, due to sample
cutting and polishing, but also to the exposure to high vacuum conditions inside the SEM
chamber that may induce modifications in the microstructure of the hydrating paste. This latter
aspect has been mostly solved after the advent of the environmental SEM (ESEM) technology
but sample cutting and polishing still remain two critical issues. In particular, polishing poses
serious problems in early age samples that have not attained a sufficient hardening. For these
reasons, during the last decade, efforts have been devoted to the developing of non-invasive
imaging methods for the investigation of cement-based materials.
Nowadays, X-ray computed micro-tomography (X-µCT), which represents the high resolution
adaptation of the computed axial tomography technique (CAT) employed in medical
applications, offers the great advantage of visualising the internal microstructure of undisturbed
samples in a three-dimensional manner. X-ray computed microtomography [4] is an imaging
technique based on the virtual reconstruction of the inner mass distribution of an object from 2D
X-ray radiographs (or projections) collected at different viewing angles, while the sample rotates
relative to a fixed source-detector pair. The final result of the reconstruction process is a series of
cross-sectional images called slices that, when stacked together, provide a full 3D map of the
spatial variations of the X-ray linear attenuation coefficient (µ) within the investigated object.
Each slice is formed by a matrix of voxels (volume elements) whose grey values are proportional
to the mean value of µ in the corresponding volume of the real sample; generally, dark is
associated with low- and bright with high-absorbing materials. The maximum spatial resolution
achievable can reach the sub-micrometer scale for standard applications and is related not only to
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the technical specifications of the experimental setup (i.e. X-ray source and detector), but also to
the size of the sample. As a general rule, higher resolutions require smaller samples due to the
limited field of view of X-ray area detectors.
The investigation of the micro- and nano-scale details of the complex microstructure of cementbased materials necessarily requires the most advanced X-µCT setups, which can be achieved in
synchrotron radiation (SR) facilities. Besides a better spatial resolution, several advantages are
offered by SR X-µCT compared to conventional laboratory (cone-beam) systems, including
faster acquisition times, a more accurate reconstruction process (owing to the parallel beam
geometry), increased sensitivity/contrast, and a general minimization of image artefacts. With the
improved capabilities of X-ray micro-tomography systems in SR facilities, it has now become
possible to investigate the three-dimensional microstructure of mm-sized cementitious samples
with a spatial resolution up to 1 µm. In the last decade, SR X-µCT has been successfully applied
to the study of cement binders and other building materials for the extraction of qualitative and
quantitative 3D information about pore structure properties, phase evolution, particles shape and
other features of interest [5 - 12]. Furthermore in the last few years, other synchrotron-based
experimental tools related to X-µCT, with enormous potential applications for the cement
community, have become available. As an example, the combination of pencil-beam X-µCT with
spatially resolved powder diffraction has led to the development of diffraction tomography
(XRD-CT) methods [13-17]. In XRD-CT, phases are identified on the basis of crystallographic
information (inter-planar spacings) instead of X-ray attenuation, allowing a direct spatial
identification and mapping of many cement phases (including calcium-silicate hydrates, C-S-H)
that could be hardly differentiated from each other using conventional X-µCT, owing to the very
limited contrast between their attenuation coefficients.
In the present work SR X-µCT has been used to visualize and quantify the phase evolution of
hydrating Portland cement pastes during the initial stages of hydration, in order to perform a real4

time in situ monitoring of the microstructural modifications occurring during setting and
hardening and assess the capabilities and limitations of the technique in time-resolved
applications. Two Portland cement pastes prepared with standard formulations were selected for
this study and analyzed at increasing hydration ages, from approximately 2 hours to 3 days.
Moreover, tomographic data have been used to extract other relevant complimentary information.
In particular, a simple method based on the analysis of X-ray radiographs has been used to obtain
a quantitative estimate of the global X-ray linear attenuation coefficient (µ) of the investigated
samples; the presented procedure aims at providing a fast but accurate tool to indirectly extract
information about relevant parameters of cement pastes, such as their actual w/c ratio and the
amount of micro- and nano-scale porosity. The advantages, but also the practical limitations of
using X-ray micro-tomography for the analysis of cement-based materials are illustrated. Some
fundamental issues related to experimental conditions, sample preparation and image analysis,
often not sufficiently taken into account, are addressed and discussed as well.

Materials and methods
Sample preparation

A CEM I 52.5 R (EN 197-1 classification) ordinary Portland cement (OPC) was used for the
preparation of the samples investigated in this study. The selected cement included a 5% by mass
of Ca-sulfates (gypsum, bassanite, anhydrite) acting as set retarders. The phase composition of
the dry cement, determined by means of the Rietveld quantitative phase analysis (QPA) based on
X-ray powder diffraction (XRPD) data is reported in Table 1. The presence of a small amount of
portlandite (Calcium hydroxide) in the dry mix can be related to the presence of free lime in the
clinker or to the partial hydration of Ca-silicates exposed to air moisture. The concentrations of
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major and trace elements in the same sample, obtained by means of an X-ray fluorescence (XRF)
analysis are shown in Table 2.

Table 1 Phase composition of the selected OPC (clinker plus sulphates) determined by means of
Rietveld QPA; a PANalytical X'Pert PRO MPD diffractometer (Bragg-Brentano geometry)
equipped with a PIXcel detector was used for XRPD data collection
Phase

Chemical formula

Alite
Belite
Aluminate
Ferrite
Periclase
Gypsum
Bassanite
Arcanite
Portlandite

Ca3SiO5
Ca2SiO4
Ca3Al2O6
Ca4Al2Fe2O10
MgO
CaSO4 • 2H2O
CaSO4 • 0.5H2O
K2SO4
Ca(OH)2

Cement
notation
C3 S
C2 S
C3 A
C4AF
M
CŠH2
CŠH0.5
KŠ
CH

Weight %
58.3(4)
19.6(3)
7.3(2)
5.6(2)
1.6(1)
0.5(1)
4.0(2)
1.2(2)
1.7(2)

Table 2 Quantitative XRF chemical analysis of the selected cement carried out on a fused bead
using a Philips PW 2400 sequential WDS spectrometer; L.O.I. = loss on ignition
Major oxides (wt. %)
CaO 64.65 TiO2 0.30
SiO2 21.01 P2O5 0.16
Al2O3 4.75 Na2O 0.13
Fe2O3 2.37 MnO 0.08
MgO 1.93 Total 96.17
K2O 0.79 L.O.I. 1.66

Other elements (ppm)
S
23693 Zn
214
V
155
Rb
42
Cr
92
Sr 1101
Co
7
Zr
54
Ni
68
Ba
791
Cu
175
Pb
37

Two cement pastes (Samples A and B) were prepared based on different formulations,
corresponding to standard and well-characterized mixes commonly used in practical applications.
Sample A was obtained by mixing the reference cement with deionized water, at a water-tocement mass ratio (w/c) of 0.5. Sample B was obtained by hydrating the same cement in the
presence of a polycarboxylate ether superplasticizer (PCE-SP). PCE-superplasticizers are
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essential constituents in the formulation of modern concretes; they are added in order to reduce
the water content in a mixture, preserving at the same time a good workability but they are also
employed to produce high-flowing concretes. Their behaviour and effectiveness are governed by
complex mechanisms of adsorption, electrosteric stabilization, deflocculation and dispersion of
cement grains in the fresh mixture that are strictly related to the structural architecture of the
different polymers. The selected superplasticizer was added to the mix of sample B at a dosage of
0.6% of the total mass. The w/c ratio was reduced to 0.37 in order to obtain a comparable
rheological behaviour for the two mixtures, on the basis of mini-slump test results [18]. At the
selected dosage of SP, a w/c of 0.37 produced the same measured flow (i.e. the same initial
workability) of the cement paste with w/c of 0.5 in the absence of SP.
The cement powder (approximately 50 g) and de-ionized water (including the superplasticizer for
sample B) were mixed by hand for 1 minute and then manually inserted into cylindrical
borosilicate glass capillary tubes characterized by a low X-ray absorption. The internal diameter
of the tubes was in the range 400 - 600 µm, with a wall thickness of ~20 µm. The tubes were
sealed with plasticine at both ends in order to prevent any loss of mixing water by evaporation.
For each of the two samples, X-ray tomographic scans were acquired at increasing hydration
ages, from a minimum of approximately 30 minutes after mixing, up to a maximum of 2-3 days.
Particular care was taken to always ensure the scan of the same region for each sample, in order
to obtain a consistent in situ comparison of the cement paste evolution as a function of time.
After preparation and between different tomographic scans, the samples were cured at room
temperature in sealed glass vessels.

X-ray micro-tomography setup

7

X-ray micro-tomography experiments were carried out at the ID22 beamline [19] of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The energy of the incident X-ray
beam was set to 14 keV (λ = 0.0887 nm) using a double-crystal monochromator. The selected
energy ensured a good balance between X-ray penetration and absorption contrast between
different materials. Besides a more precise reconstruction of the variations of the linear
attenuation coefficient within samples, the use of a monochromatic radiation (only applicable
with synchrotron-based X-µCT systems due to the high photon flux densities available)
prevented any artefact related to the beam hardening effect [4,20-22]. Owing to the finite
propagation distance of 24 mm between sample and detector, edge-enhancement by means of
inline (propagation-based) phase contrast contributed to the overall signal as well [23-25]. Phase
contrast imaging is based on the fact that the refractive index for X-rays is slightly different from
unity and an X-ray wave is modulated in its amplitude and phase after passing through a sample.
The refractive index n of a material for X-rays is conveniently described by a complex number
consisting of a real and an imaginary part, usually written as n = 1 - δ + iβ, where δ is the
refractive index decrement (in the order of 10-5-10-6), proportional to the electron density of the
material, and β (extinction coefficient) is responsible for the amount of attenuation of the wave
and is related to the absorption coefficient (µ) and wavelength (λ) by the equation µ = (4πβ)·λ-1.
Basically, when X-rays pass through an object, a phase shift depending on δ occurs, leading to a
deviation of the wavefronts. When using a sufficiently coherent radiation, as a result of local
focusing and defocusing of the deviated X-rays, the formation of bright and dark fringes at the
interfaces between different materials is observed, especially in the presence of high density
gradients (e.g. at the sample/air interface). In other words, the interference at finite distances
between mutually coherent parts of the beam that experienced different phase shifts is used to
transform local phase variations into intensity variations recorded in the radiographs. This effect
is enhanced by increasing the sample-detector distance, which is typically in the order of cm-dm,
8

whereas a simple absorption image is obtained if the distance is very small (in the range of a few
mm).
For each tomographic scan, 1800 X-ray projections (Fig. 1) were acquired with an angular step of
0.1° over a 180° rotation. Raw projection data were collected using the ESRF-in-house developed
FReLoN 2000 CCD camera [26], equipped with a 2048 x 2048 pixels chip with a pixel size of 14
µm. In this device, a CCD is optically coupled to a 3.5 µm-thick Eu-doped Lu3Al5O12 (LAG:Eu)
scintillator screen that converts the incoming X-ray photons into visible light [27]. The optical
system attached to the camera operated with a 20x magnification, resulting in a final pixel size of
0.7 µm. The exposure time was kept as low as possible in order to reduce the total duration of the
experiments, which is a crucial aspect for the investigation of rapidly evolving cementitious
systems, especially during the initial stages of hydration, when the rate of reaction is particularly
fast. At the same time, the short exposures allowed to reduce the thermal load to the sample due
to its interaction with the beam, minimizing water evaporation that may alter the nominal waterto-cement ratio of the mix and lead to undesired movements within the fresh paste. Small
adjustments to the exposure time, which was in the range 650 - 800 ms per projection, were
necessary in order to compensate for the different densities and sizes of the samples and for the
primary beam decay with time. By using the described setup, each scan took approximately 3035 minutes (including multiple flat- and dark-field acquisitions), which proved to be an
acceptable timescale for the in situ study of the reactions taking place in the hydrating cement
paste, except for the very early stages characterized by fast reactions. Three-dimensional stacks
of cross-sectional slices (1600 contiguous images, corresponding to ~1.1 mm in height, were
reconstructed from projections data using the filtered back-projection algorithm [4] for parallel
beam geometry implemented in the ESRF software package PyHST [28-29].

Fig. 1 X-ray radiograph (projection) of a glass capillary tube filled with an OPC paste
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Image pre-processing

The analysis of the 3D datasets was focused on the temporal evolution of the cement paste
microstructure during the setting and hardening processes. In particular, the microstructural
changes occurring within a volume of interest (VOI) were evaluated by analyzing the same
portion of each sample at different ages and comparing the variations of grey values in the
tomographic images. Generally speaking, among the different crystalline and amorphous
constituents of cementitious systems, anhydrous clinker phases exhibit the highest density and
therefore the highest values of linear absorption coefficient (µ) whereas hydration products
typically show a lower X-ray attenuation. The values of µ for pure selected phases were
calculated for an energy of 14 keV using the X-ray database available in [30] and phase densities
reported in [31]. In Portland cements, calcium alumino ferrite (C4AF in cement chemistry
notation) shows by far the highest µ value (109.20 cm-1), followed by tricalcium silicate (C3S,
67.95 cm-1), dicalcium silicate (C2S, 63.89 cm-1) and tricalcium aluminate (C3A, 56.34 cm-1),
respectively. For what concerns the hydration phases, the absorption coefficients vary from a
maximum in portlandite (calcium hydroxide, 45.68 cm-1) to a minimum in ettringite (17.00 cm-1).
The absorption coefficient of the most abundant hydration products, i.e. calcium-silicate hydrates
(C-S-H), lies between these two end-members but can vary significantly depending on the
density and content of structural and gel water, as well as on C-S-H nano-porosity. In practice,
the discrimination of each single phase using X-ray micro-tomography remains an extremely
difficult task, not only because of the small absorption variations between various crystalline and
amorphous phases but also because of the extreme complexity of cement microstructure. The
difference in µ between air and water is below the resolution of the adopted experimental
configuration, hence no clear distinction can be made between entrapped air voids, self10

desiccation pores and capillary water on the basis of the voxels grey values. In addition, the size
of the features to be observed typically approaches the spatial resolution limit of the technique,
thus further complications may arise from the fact that the volume corresponding to a single
voxel may often be occupied by two or more different phases such as intergrown hydration
products and nanopores filled with air or water. Hence, the reconstruction process will attribute to
each of these "mixed" voxels a grey value that is proportional to the weighted mean of the
attenuation coefficients of the phases contained in it (partial volume effect).
In order to obtain statistical and quantitative information about the evolution of the hydrating
cement systems, histograms of the grey values distribution at different hydration ages were
considered for each sample. Cylindrical volumes of interest (VOIs) laterally delimited by the
inner wall of the glass tubes were accurately selected at identical positions from each 3D dataset
and their grey values histograms were then compared. The width of the VOIs ranged from ~600
to ~850 voxels (voxel size = 0.7 µm) depending on the diameter of the capillary tubes, while the
vertical extent was limited to 120 slices in order to restrict the selection to portions of the paste
characterized by high homogeneity. Larger VOIs were not considered, in order to exclude regions
of the cement paste affected by large macro-pores, fractures and air bubbles caused by the
inhomogeneous filling of the glass tubes. The total number of voxels considered in the VOIs
ranged between ~30·106 and ~70·106; from a statistical point of view, the examined volumes can
be reasonably considered representative of the phase ensemble.
Before calculating the grey values histograms, a 3x3x3 median filter was applied in order to even
out brightness and contrast variations between adjacent slices and reduce image noise. It has to be
pointed out that, in order to perform reliable comparisons between images acquired with different
scans, the mean greyscale values of each phase must be consistent throughout all the different
datasets. However, owing to experimental issues (e.g. variations of the maximum and minimum
absorption values within the sample, limitations of the tomographic reconstruction algorithms),
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this condition is usually not met. Therefore, brightness and contrast variations arising between
different datasets had to be corrected prior to the calculation of histograms. For this kind of
calibration, regions of interest within particular portions of the samples were defined and then
compared for the various scans. In particular, the glass of the capillary tubes and the central
portion of the largest clinker particles were chosen as reference materials because they can be
assumed to remain unaltered during the hydration process (at least in the temporal scale
investigated in this experiments). In general, a good correspondence was found between different
datasets (typical differences in the mean value of reference regions were on the order of 1-2 grey
values on an 8-bit scale), hence only minor adjustments in brightness and contrast were
necessary. It should be pointed out that, owing to the particular experimental configuration
adopted, the grey values in the reconstructed images are not only a function of the X-ray
absorption contrast between different materials, but also depend on the effect of phase contrast
[23 - 25] that is related to the sample-detector distance. Owing to X-ray refraction at interfaces
within the specimen, phase contrast leads to the formation of bright and dark fringes in the
recorded X-ray projections. As a result, edges appear significantly enhanced after reconstruction,
with positive effects on the visualization of features (e.g. grain boundaries) and image
interpretation, but at the same time the grey values in the slices become altered in proximity of
the interfaces. A semi-quantitative estimate of the relative phase volumes can be achieved
therefore only by the application of phase retrieval methods [32-34] that allow the reconstruction
of maps of the electron density distribution within a sample, starting from projections acquired in
phase contrast mode. Work is in progress to apply such methods to the quantification of phases
present in cementitious systems. However, it should be pointed out that: 1) fully quantitative
phase retrieval in a single-distance manner is hardly possible nowadays unless a lot of a priori
information about the sample is known; 2) multi-distance phase retrieval is not possible due to
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dose and time constraints; 3) heterogeneous samples such as cement pastes are generally quite
hard to handle for phase retrieval based on inline phase contrast images.

Results and discussion
Qualitative analysis of cement microstructure

Two slices from samples A and B, investigated approximately at the same hydration age, have
been compared in Fig. 2. The relative scale of grey values in tomographic images of cement
pastes is roughly similar to the one commonly observed in SEM-BSE imaging, although the
physical process of image contrast generation is significantly different between the two
techniques. Anhydrous clinker grains appear as bright particles (with a maximum size of
approximately 50-60 µm), dispersed in a matrix of intergrown hydration phases (intermediate
grey values), including also air- or water-filled porosity (dark areas). The clusters showing a
slightly brighter grey value among the hydrated matrix corresponds to large crystal aggregates of
portlandite. The typical texture within clinker grains, characterized by C3S and C2S crystals
embedded in a matrix of interstitial C3A and C4AF can be sometimes recognized but not clearly
resolved at the present level of spatial resolution. Large voids are caused by the inhomogeneous
filling of the glass capillaries with the fresh cement paste. One interesting aspect that can be
qualitatively evaluated in Fig. 2 is the different level of packing of clinker grains in the two
samples. As expected, the sample prepared with a w/c of 0.37 shows a significantly higher
density of particles, as well as a more compact matrix.

Fig. 2 Two cross-sectional slices showing the effect of the water-to-cement ratio on the packing
of clinker grains (brighter particles) for sample A (left) and B (right). The region outside the glass
tube walls has been set to black in order to aid visualization
13

In Fig. 3, the evolution of the microstructure of sample A (OPC, w/c = 0.5) from 1.75 hours to ~3
days is illustrated using slices from different scans, corresponding closely to the same virtual
section. The amount of deviation from perfect co-planarity, due to manual sample repositioning
on the sample holder, has been estimated to be less than 0.5°. An initial attempt to scan a sample
during the first tens of minutes after preparation gave poor results, as a consequence of small
movements of the fresh paste and to the extremely rapid evolution of the microstructure during
this stage. A decrease in the total scan duration is of course possible by reducing the number of
projections and exposure time, although this would result in increased artifacts and reduced
contrast in the reconstructed images; for such reasons, this possibility was not considered.

Fig. 3 Tomographic slices showing the evolution of the microstructure with hydration age in the
same cross-sectional plane for sample A (w/c = 0.5) at different stages of hydration. The region
outside the glass tube walls has been set to black in order to aid visualization

The effect of the hydration reactions is seen as a progressive dissolution of the original clinker
grains (brighter particles) and the consequent growth of lower density hydration products
(intermediate grey values) filling the pores initially occupied by water and air (darker grey
values). At least two levels of attenuation may be identified within the hydrated portion of the
sample. The less absorbing, which is also the most abundant, largely corresponds to C-S-H and is
uniformly distributed throughout the sample around unreacted clinker particles; also ettringite
and other minor phases appear in the images with a similar level of attenuation as C-S-H, but
they cannot be separated only on the basis of their mean grey value. Hydration rims around
clinker particles are clearly observed, in particular at higher hydration ages. The highest grey
values among hydrated phases can be identified with portlandite, which typically grows in large
14

and isolated platy crystals. The microstructural changes occurring within the cement paste can be
monitored also by means of a 3D visualization as shown in Fig. 4. The unhydrated clinker
fraction was segmented from a VOI of 70x70x70 µm3 and then visualized by setting the
remaining parts of the sample (pores and hydration products) to full transparency. By repeating
the same operation on datasets acquired at different ages, the progressive reduction in size of
clinker particles can be directly observed in 3D.

Fig. 4 Segmented volume images showing the evolution of the unreacted cement fraction with
time in a VOI of 100x100x100 voxels (70x70x70 µm) for sample A. As a result of hydration
reactions, smaller clinker particles are rapidly consumed and larger grains (arrow) significantly
reduce their size

The microstructural evolution of the cement paste of sample A can be evaluated also in the graph
of Fig. 5, where the grey values distribution at different hydration ages have been reported. In an
ideal case (high density contrast and no mixed voxels), each phase would be characterized by a
well defined mean grey value and the histogram would be constituted of a number of sharp and
isolated peaks. However, in real experimental data, peak broadening occurs due to, e.g.: 1) partial
volume effect, 2) overlapping of grey value ranges relative to phases having a similar µ, 3) the
presence of image noise, 4) real density variations within a constituent, and 5) edgeenhancements due to inline X-ray phase contrast. In Fig. 5, at early hydration ages (up to 7 h) the
grey value curves show a bimodal distribution where the first peak (lower grey values) largely
corresponds to air- or water-filled porosity and early hydration products, while the second can be
attributed to unreacted clinker particles. As the age of the sample increases (24, 48 and 71 h), a
significant change in the shape of the graph is observed. In particular, the evolution from a
bimodal to a unimodal distribution is clear, with an intermediate peak growing at the expense of
15

those relative to pores and anhydrous clinker. This variation reflects the progressive hydration of
clinker, forming lower density hydrates (mainly C-S-H and portlandite) that fill the available
porosity. A limited shift of the central peak towards higher grey values can be observed between
24 and 48 hours, as a consequence of the increased density of the hydration products in the
cement matrix. In both the slices and the histograms, a major jump in the evolution of the
microstructure occurs between 7 and 24 hours, with the rapid development of a considerable
amount of hydration products. This can be interpreted as an effect of the increased reaction rate
of C3S, corresponding to the beginning of the well-known acceleration period of hydrating
Portland cements. On the contrary, almost overlapping trends of the histograms are observed
from 1.75 to 7 hours, suggesting that the investigated cement was still within the induction period
during these stages. Although the sequence of reactions is clear and seems to correspond to that
observed in macroscopic systems by calorimetric techniques, the rate of reaction appears slowed
down compared to real scale cement systems with a similar formulation. Such a behaviour can be
attributed in part to an inadequate initial mixing of the cement but another important aspect that
may have played a role in the retardation of the reactions is the low amount and dispersion of the
self-generated heat of hydration, as a consequence of the very small size of the glass vials. The
problem is of course common to other experimental techniques that adopt the same kind of
sample preparation for the study of cements (e.g. in situ powder diffraction) and should be
carefully taken into account for future experiments. The use of in situ heating devices for
temperature control around the sample may represent an option to overcome these
inconveniences but such methods typically add serious limitations to the experimental setup of
X-µCT.

Fig. 5 Grey values distribution within a selected VOI at different hydration ages for sample A
(OPC, w/c = 0.5); an evolution from a bimodal to a unimodal distribution is clearly observed
16

The same procedure described for sample A was followed also for sample B (OPC, w/c = 0.37
with the addition of a PCE-superplasticizer), although a smaller number of scans were performed
on this sample, reaching a maximum hydration age of ~2 days. Cross-sectional slices showing the
microstructural evolution as a function of hydration age are reported in Fig. 6, while the
variations of the grey values distribution are shown in Fig. 7. If compared to the previous sample,
a lower degree of modification can be observed within the microstructure of the paste, indicating
in general a slower evolution trend. The dissolution of clinker particles and the filling of pores is
not easily recognizable because the largest cement grains and pores do not show a significant
reduction in size. In addition, the global shape of the grey value curves appears to be
considerably different compared to sample A, showing in this case an initial less defined
separation (and a lower difference in height) between the two peaks of the bimodal distribution.
This latter aspect is related to the different water-to-cement ratios of the two samples and in
particular to the lower amount of pores and higher packing of cement particles in sample B.
Furthermore, the deflocculation of clinker particles caused by the superplasticizer may have
contributed to increase the interfacial surface. The combination of these effects results in a higher
probability of sampling volumes containing phases with a marked difference in the value of the
absorption coefficient (partial volume effect). However, the overall evolution trend is similar to
that already observed for sample A, although less evident, with a progressive increase of the
hydration products peak (that also shifts towards higher grey values) at the expenses of unreacted
clinker. The rate of reaction appears further slowed down compared to the previous sample, as a
consequence of the much lower water content of the cement mix. A possible retarding effect on
the hydration caused by the superplasticizer may also be present, although the dominant effect is
the large difference in w/c between the two samples.
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Fig. 6 Tomographic slices showing the internal microstructure of sample B (w/c = 0.37, with
superplasticizer) at different ages from preparation; the region outside the glass tube walls has
been set to black in order to aid visualization

Fig. 7 Evolution of the grey values distributions for sample B (w/c = 0.37, with superplasticizer)
with hydration age; a different shape of the curves is observed if compared to sample A, owing to
the much lower w/c

Quantitative estimate of the relative phase volumes

Phase segmentation of tomographic images relative to cement paste microstructures has been
attempted in previous studies and, although some quantitative information on the microstructural
development and time evolution of the phase proportions can be obtained, the procedure suffers
from issues related to spatial resolution. Even though excellent sub-micron resolution can be
achieved by the use of synchrotron sources and proper experimental setups, the intrinsic length
scale of cement features such as nano-porosity and nano-scale C-S-H colloidal aggregates
prevents the whole spectrum of microstructural details to be properly resolved. In a previous
work, Gallucci et al. [10] clearly showed that the measured porosity content and pore
connectivity are strongly affected by the voxel size and in particular that the segmented porosity
decreases with increasing voxel size. Therefore, particular care has to be taken when tomographic
images are used for quantitative analysis of cement microstructures. In this study, two different
thresholds were applied to the grey values histograms of samples A and B in order to
discriminate, as a function of hydration age, a) the unhydrated clinker grains and b) the air- or
water-filled porosity. Owing to the high degree of overlap between the grey values shown by
different phases, the determination of the correct threshold values for image segmentation is a
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challenging task and represents the main potential source of uncertainty. Even though some
rigorous methods based on the histogram shape exist for the determination of thresholds, the best
separation between different image features was obtained by manually selecting the appropriate
values. Therefore, the thresholds were chosen on the basis of the best match between the borders
of the segmented region and those of the known features in the images. The volume fractions of
anhydrous cement and porosity were then calculated from the binarized dataset based on a simple
cubic voxel model and the results reported in Fig. 8. On the one hand, the clinker fraction can be
reasonably segmented without any significant loss of data, being clinker particles characterized
by a grain size that is approximately one to two orders of magnitude larger than the voxel
resolution. On the other hand, the quantification of pores by image segmentation is highly
underestimated because in cementitious systems the size of a significant fraction of pores is well
below the voxel size adopted in this work. This is evident from the graphs of Fig. 8, where the
amount of measured porosity extrapolated at t = 0 (i.e. before mixing) is well below the actual
volume fraction of water initially present in cement mixtures of the selected w/c ratios, thus
leading to an overestimation of the hydration products. In particular, assuming a mean clinker
density of 3.2 g/cm3 and converting the mass ratios to volume ratios, the total initial (i.e. t = 0)
volume fraction of water-filled space (without considering entrapped air) in two cement pastes
with w/c of 0.5 and 0.37 by mass, should be equal to 61.6% and 54.3%, respectively. Hence, it
was assumed that the segmented porosity was constituted only by pores larger than the voxel size
(0.7 µm). The remaining, unsegmented voxels are constituted by a mixture of hydration products
and small-scale capillary pores (< 0.7 µm). Furthermore, owing to the effect of phase contrast,
pores and other features may be better detectable but their size may be significantly modified as a
consequence of the presence of wide phase contrast interference fringes in the images (e.g. [35]).
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Fig. 8 Temporal evolution of the unreacted cement content (left) and pores (right) in sample A
(solid line/squares) and B (dashed line/circles). Owing to the lower amount of water, a reduced
initial porosity and a larger fraction of unreacted cement are observed in sample B

Estimate of the mean absorption coefficient of cement pastes

The absorption of X-rays as a consequence of their interaction with matter is well described by
the Beer-Lambert's law that relates the incident (I0) and the transmitted intensity (I) to the X-ray
linear attenuation coefficient (µ) according to the following equation:


I = I 0 exp− ∑ ( µ i xi )
 i


(1)

where each increment i represents a single phase with an attenuation coefficient µi and xi is the
length travelled by X-rays through the ith phase. For each single phase, µ is related to its density
(ρ), mean atomic number (Z) and to the energy of the radiation (E). In the energy range
commonly used in X-ray imaging, the amount of attenuation is mainly determined by
photoelectric absorption and Compton (inelastic) scattering.
In this work, in order to evaluate the actual absorption coefficient of the investigated cement
pastes, a method based on the simple application of Beer-Lambert's law to radiographic images
from micro-CT measurements was used. The results obtained were then compared with the
calculated theoretical values in order to validate the adopted procedure. The knowledge of a mean
value of µ for a cement paste is very important because the X-ray absorption coefficient is
directly correlated to important properties such as w/c ratio, entrapped air content and phase
composition, but can provide at the same time indirect information about microstructural
features, such as nano-scale porosity, that cannot be detected by conventional imaging
techniques. The applied method is based on the following simple assumption: if a certain
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propagation direction of a hypothetical point-like X-ray beam is considered and the thickness of
the specimen along that trajectory is measured from a co-planar slice, the attenuation coefficient
of the cement paste can be easily estimated by appropriately measuring the grey values on a
radiograph perpendicular to the beam direction. In fact, it can be reasonably assumed that the
grey values recorded in the normalized X-ray radiographs (i.e. the raw data divided by a flat field
image), expressed as 32-bit floating point values, are equivalent to the I/I0 ratio. Since the
investigated cement pastes are usually enclosed in capillary tubes, the contribution of borosilicate
glass walls (µ = 14.38 cm-1 at 14 keV, as calculated from the NIST database [36]) to the total
measured attenuation has to be taken into account. The measurement of the X-ray absorption of
cement pastes from radiographs was carried out for samples A and B, considering all the datasets
acquired at different hydration ages, under the assumption that the net effect of propagationbased phase contrast on the projection images can be neglected. Since flat field images were
acquired with large angular steps, slight brightness variations were observed between different
normalized radiographs as a consequence of the slow intensity decay of the primary beam with
time; for this reason, radiographs were first rescaled in order to obtain a background value (i.e.
beam propagating in air) of I/I0 equal to 1. For each sample, a section showing a high degree of
homogeneity of the paste (i.e. with no macro-voids or air bubbles) was selected. The X-ray
attenuation values (I/I0) were measured from radiographs perpendicular to the propagation
direction, along two diametral chords lying on the plane of the selected slice, by measuring the
mean grey value of a circle with a diameter of 15 pixels, centered on the path of the hypothetical
X-ray point-like beam. In practice, the volume of sample considered for the measurement of the
attenuation of X-rays corresponds approximately to a 10.5 µm-diameter cylinder. The choice of
highly homogeneous regions of the sample is of course very important in order to obtain values
of µ that reflect the actual mean X-ray absorption of the paste, minimizing the effects of the
presence of macro voids caused by the difficult filling of the capillary tubes. The analysis of the
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X-ray radiographs according to this method allowed obtaining an estimate of the overall
attenuation coefficients of samples A and B at different hydration ages (Table 3); such values are
directly related to the w/c ratio, air content and average phase composition of the cement paste.
Mean µ values of 26.52 cm-1 and 29.61 cm-1 were obtained for sample A (w/c 0.5) and B (w/c
0.37), respectively. It can be observed that the absorption coefficient of the two cement pastes
remains practically constant throughout the whole investigated temporal range, as a consequence
of mass conservation in the sealed cement system. These results confirms the good
reproducibility of the adopted procedure and indicates at the same time that no significant water
losses by evaporation affected the samples.

Table 3 X-ray attenuation coefficients of the investigated cement pastes, as calculated from Xray radiographs; for each scan, the reported value represents the average of two measurements
carried out along different directions within portions of the samples characterized by high
homogeneity and absence of macropores
Sample
A - w/c 0.5
A - w/c 0.5
A - w/c 0.5
A - w/c 0.5
A - w/c 0.5
A - w/c 0.5
A - w/c 0.5
B - w/c 0.37
B - w/c 0.37
B - w/c 0.37
B - w/c 0.37

Hydration age
(h)
1.75
2.5
5.5
7
24
48
71
3.5
4.5
20
46

Attenuation
coeff. (cm-1)
26.49
26.42
26.32
26.61
26.53
26.65
26.61
29.58
29.79
29.44
29.63

In order to validate the results obtained, the theoretical mean attenuation coefficient of two
cement pastes with a w/c of 0.5 and 0.37 were calculated, starting from the phase composition
reported in Table 1 and using the attenuation coefficients available in [30]; a value of µ equal to
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1.841 cm-1 was adopted for water at 14 keV. In this way, theoretical µ values of 26.78 cm-1 and
31.52 cm-1 were obtained for sample A and B, respectively, assuming the absence of entrapped
air. In general, considering all the potential sources of uncertainties, the theoretical values are in
good accordance with those obtained from radiographs. In particular, for sample A the two values
are very close, while for sample B a higher difference is observed. The measured values are
always lower than the theoretical ones, as a consequence of air entrapment during the insertion of
the fresh cement mix in the glass tubes, in particular for sample B. The filling operation is in fact
very critical and may also lead to local alterations of the nominal w/c within the sample, even if
carried out with the maximum care. In particular, previous experiences have indicated that
introducing cement paste within the small glass vials has a tendency to lower their w/c ratio. It
should be pointed out that the theoretical absorption coefficients may be affected by the
uncertainties in the cement composition that was used as a starting point for the calculations. In
addition, the values of µ obtained from radiographs may suffer from uncertainties in the
measurement of I/I0, that should be taken into account as well.

Conclusions

The results presented in this work confirm the potentialities of synchrotron-based X-ray
computed micro-tomography as a non-invasive tool for the investigation of the microstructural
properties of cement-based materials. The access to real 3D information represents the major
advantages of X-µCT with respect to other imaging methods, allowing the investigation of the
properties of cements over relatively large volumes, by far more representative than 2D surfaces.
It was shown that SR X-µCT is able to monitor small microstructural variations with an adequate
time resolution, even though it was not possible to investigate with the same accuracy the first

23

tens of minutes of reaction, mainly because of sample internal movements. The development of
hydration products (mainly C-S-H, portlandite and ettringite) at the expenses of anhydrous
clinker grains and pores was visualized by comparing cross-sectional slices and 3D volumes
extracted from datasets acquired at different hydration ages on the same sample, thus providing a
real in situ monitoring of the microstructural evolution. The amount of unreacted clinker and
porosity as a function of hydration age was successfully quantified.
The spatial resolution of SR X-µCT is at present very good but still low compared to the scale of
the features present in the microstructure of OPC pastes, which are characterized by the
coexistence of a nanoscale porosity with several highly intermixed hydration phases showing
similar attenuation coefficients. However, it has to be pointed out that no other experimental
techniques are at present capable of imaging in 3D such a complex microstructure, with submicrometric resolution in a non-invasive manner.
Another technical limitation is represented by the limited size (less than 1 mm) of the samples
that can be investigated if the maximum resolution has to be achieved. This aspect leaves some
open questions about the degree of representativeness of real cementitious systems in practical
applications. Furthermore, many issues related to sample preparation and experimental conditions
(e.g. spatial resolution, scan duration, X-ray energy, sample size and mixing) have not been
extensively discussed in the previous literature dealing with X-ray computed tomography on
cementitious materials. All of these aspects are indeed very critical and may considerably affect
the results of the experiments, especially in terms of kinetics of the reactions and therefore should
be taken into account for future high resolution tomographic investigations of cements.
Further improvements in terms of spatial and temporal resolution will undoubtedly contribute in
the future to make SR X-µCT a unique tool for the in situ investigation of complex and rapidly
evolving systems. In particular, a reduction of the acquisition times will give the opportunity to
clarify the phenomena occurring during the first minutes of cement hydration that are at present
24

still not accessible by this experimental technique. In a recent study [37], SR X-µCT using
polychromatic radiation with acquisition times in the range of seconds per scan has already been
successfully applied to dry concrete specimens.
In the present work, a simple method based on the analysis of radiographs for the determination
of the X-ray attenuation coefficient of cement pastes was also illustrated. The procedure, if
carefully applied, provides a simple tool to evaluate the correspondence between the nominal and
actual properties of cement pastes and similar materials inserted in small glass vials, providing
information about the level of representativeness of the samples. In particular, the method may be
used for cement samples to obtain a rapid evaluation of, e.g., the amount of entrapped air or the
actual w/c ratio of the cement paste and to verify the presence of artefacts related to sample
preparation.
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