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Abstract: 12 

It is reported an innovative methodology based on in situ MoK1 laboratory X-ray powder diffraction 13 
(LXRPD) and microtomography (μCT) avoiding any sample conditioning. The pastes are injected in 14 
2.0 mm capillaries and the extremes are just sealed. The measurements take place in the same region 15 
of the hydrating paste. Thick capillaries are key to avoiding self-desiccation, which dictates the need 16 
of high-energy X-ray radiation for the diffraction study. This approach has been tested with a PC 42.5 17 
R paste having w/c=0.50. μCT data were collected at 12 hours and 1, 3, 7 and 79 days. LXRPD data 18 
were acquired at 1, 3, 7 and 77 days. In this proof-of-principle research, the same paste was also cured 19 
ex situ. Portlandite contents obtained by thermal analysis, ex situ powder diffraction, in situ mass 20 
balance calculation and in situ powder diffraction were 13.8, 13.1, 13.1 and 12.5 wt%, respectively. 21 
From the μCT study, the grey value histogram evolution with time showed a crossing point which 22 
allowed us to distinguish (appearing) hydrated products from (dissolving) unhydrated cement 23 
particles. Segmentations were carried out by global thresholding and the random forest approach (one 24 
type of supervised Machine Learning). The comparison of the segmented results for the unhydrated 25 
cement fraction and the Rietveld quantitative phase analysis outputs gave an agreement of 2%. The 26 
potential of this methodology to deal with more complex binders is also presented. 27 
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1. Introduction 30 

Understanding of the hydration of Portland cements (PC), at the different length scales, is puzzling because of 31 
the interaction of many intervening parameters [1,2]. PC are multiphase materials with variable (i) elemental 32 
compositions, (ii) phase contents, (iii) textural properties (particle size distributions and specific surface areas 33 
of the different components), and an increasing trend of using inorganic additions and organic admixtures. 34 
Moreover, the hydration processes occur under variable conditions, including but not restricted to, (i) water-35 
to-cement mass ratio (w/c), (ii) temperature, (iii) pressure and (iv) alkalinity. Therefore, a range of analytical 36 
techniques, as accurate as possible, are needed to understand the hydration reactions/processes. There are many 37 
techniques used for studying cement hydration and the most common ones were thoroughly treated in a book 38 
published in 2016 [3] which is the standard in the field. 39 

Cement notation is used hereby. On the one hand, PCs have more than five crystalline components before 40 
water mixing: CSH2 (and/or other calcium sulfates), C3S, C3A, C4AF, C2S, ordered by their hydration kinetics 41 
in commercial PCs. On the other hand, and after partial dissolution, transport of mass and supersaturation, 42 
interacting precipitation reactions take place over existing surfaces, i.e. heterogeneous nucleation, and within 43 
the capillary porosity, i.e. homogeneous nucleation. In this hydrating environment, more than four new 44 
hydration products are formed: crystalline ettringite (AFt), nanocrystalline calcium silicate hydrate (C-S-H 45 
gel), crystalline portlandite (CH) and amorphous iron-siliceous hydrogarnet. Other hydrates can crystallize 46 
like AFm-type (sulfate, hemicarbonate, monocarbonate) depending upon the sulfate balance, etc. In PC blends 47 
containing supplementary cementitious materials (SCMs), there are even more hydrates, but this is not the 48 
focus of the present investigation. 49 

Nowadays, the faithful time-dependent quantification of the components for neat PC hydration is relatively 50 
well-established [3]. This is still not the case for PC-SCMs blends where the degree of hydration of the SCMs 51 
is still not routinely obtained accurately by easy-to-automatize techniques. Moreover, the accurate analysis of 52 
the unaltered microstructures, at the different length scales, is still not well-established neither in PCs nor in 53 
PC-SCMs binders. This investigation focuses on the in situ analysis of PC hydration by combining two 54 
laboratory X-ray techniques, X-ray powder diffraction and X-ray microtomography (CT), to contribute to 55 
help fill this scientific gap. It is noted that CT was not covered in [3]. 56 

On the one hand and after decades of research, the quantitative phase analysis of crystalline components in 57 
hydrating PCs by laboratory X-ray powder diffraction (LXRPD) is well-established [4–8]. Moreover, the 58 
overall amorphous content may be obtained by using external [9] or internal [10] standard methodologies. 59 
These approaches have advantages and disadvantages, but this analysis is out of the scope of the present work. 60 
On the other hand and after about fifteen years of research, the quantitative analysis of the hydrating 61 
components and microstructures by CT [11] is still challenging. The uses of CT in cements have been 62 
reviewed [12–17]. The readers are referred to these works for knowing the features that can be followed and, 63 
in some cases, quantified. 64 

This work is part of a long-term endeavour devoted to better understanding the development of the components 65 
and microstructures in cementitious materials by using techniques that do not require sample conditioning and 66 
where the data analysis can be automatized. To that end and in an initial work, laboratory X-ray powder 67 
diffraction and X-ray imaging were employed to analyse the same PC paste-filled capillary [18]. However, 68 
this work did not carry out any in situ hydration study. The PC hydration at early ages has been very recently 69 
in situ investigated by ptychographic synchrotron nanotomography [19] and the spatial dissolution rate of alite 70 
was reported. However, the access to this technique is not straightforward and the capillaries must currently 71 
have a maximum diameter of 200 m to access nanoimaging spatial resolution. On the one hand, it must be 72 
clarified that the spatial resolution achieved with this technique, ~250 nm, is much better than the spatial 73 
resolution that can be attained using laboratory-based CT, i.e. 2-3 m. On the other hand, the availability and 74 
accessibility of ptychographic synchrotron nanotomography is very limited. Here, we report the combined use 75 
of LXRPD and laboratory CT for studying the hydration of a PC paste. The reported approach avoids any 76 
sample conditioning step that could alter the samples/microstructures. A small fraction of this work has been 77 
accepted as a proceeding of the 16th International Congress on the Chemistry of Cement, 2023 [20]. Additional 78 
samples have been (ex situ) prepared here by well-established methodologies to assay the accuracy of the 79 
obtained results. These additional samples are investigated by thermal analysis, LXRPD and calorimetry. It is 80 
demonstrated that the proposed in situ methodology is accurate. This is a first, necessary, step before extending 81 
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this methodology to more challenging hydrating binders like PC-SCMs blends. The final aim is to be able to 82 
determine the SCMs degree of reaction from this combination of techniques. 83 

2. Materials and Methods 84 

2.1. The Portland cement and its initial characterization. 85 

A commercial Portland Cement type CEM I 42.5 R, conforming to EN 197–1, has been used. Its elemental 86 
analysis by X-ray fluorescence (XRF) and its mineralogical analysis determined by Rietveld quantitative phase 87 
analysis and thermal analysis are given in Table 1. The textural properties were also measured. The air 88 
permeability, i.e. Blaine, value was 3750 cm2/g. The specific surface area, measured by nitrogen isotherm with 89 
an ASAP 2420 (Micromeritics, USA) instrument, and the density determined by He pycnometry using a helium 90 
Pycnometer (Accupyc II 1320 Pycnometer, Micromeritics) equipped with a chamber of 10 cm3, were 1.9 m2g-91 
1 and 3.09 gcm-3. Fig. 1 displays its particle size distribution as measured by laser diffraction in a Mastersizer 92 
3000 device (Malvern Panalytical) by employing the Aero S dry chamber. Dv,10, Dv,50 and Dv,90 values were 93 
2.0, 17.6 and 59.1 m, respectively. 94 

Table 1 95 
Chemical (elemental) analysis (by XRF) and Rietveld quantitative phase analysis (by LXRPD) of the 96 
employed Portland cement. All data are expressed in weight percentages. 97 

chemical composition 
from XRF (wt%) 

mineralogical composition 
from LXRPD (wt%) 

CaO 61.4 C3S 58.3 
SiO2 19.9 -C2S 12.9 
Al2O3 4.56 C3A  6.7 
Fe2O3 3.3 C4AF 10.3 
SO3 3.9 CSH0.5 3.1 
MgO 1.5 CSH2 2.2 
K2O 1.14 CC 5.3 
Na2O 0.24 Minors 1.2 
Others 0.4   

 98 

 99 
Figure 1. Particle size distribution (left – relative volume percentages, right – cumulative volume) determined by laser 100 
diffraction for the anhydrous PC. 101 

2.2. Paste preparation. 102 

The pastes, for all the employed techniques, were prepared in exactly the same way. 50 g of PC and 25 g of 103 
twice boiled distilled water were mixed, w/c=0.50, by mechanical stirring at 800 rpm for 90 s. After a resting 104 
period of 30 s, the same stirring step was repeated. The water was boiled to remove the dissolved CO2 and it 105 
was cooled to 25 ºC, covered with a plastic film to avoid CO2 diffusion. The resulting homogeneous paste was 106 
used for filling three type of holders. A) For the in situ LXRPD and CT studies, the paste was injected into a 107 
glass tube with a nominal diameter of 2.0 mm using a syringe. Then, both ends were sealed with ultraviolet 108 
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(UV) curing adhesive to avoid any water loss and carbonation. B) For the ex situ diffraction and thermal 109 
studies, the paste was poured into polytetrafluoroethylene (PTFE) cylindrical moulds (length: 35 mm, 110 
diameter: 10 mm) sealed and rotated at 16 rpm for 24 hours at 25°C as previously reported [21,22]. After 1 111 
day, the cylinders were demoulded and stored at 25°C for 6 additional days within (1) a plastic bottle filled 112 
with Ca(OH)2-saturated water, and (2) a sealed plastic bag. The bottle was tightly closed to prevent carbonation 113 
and the volume of water was kept to a minimum to minimise any leaching. The samples were prepared just by 114 
gentle grinding in an agate mortar and the powder diffraction and thermal analyses were performed in those 115 
powders. C) For the calorimetric study, the paste was poured into the glass ampoule of the calorimeter. Table 116 
2 lists the techniques and the samples used in this study. 117 

2.3. Isothermal calorimetry. 118 

This study was carried out by employing an eight-channel Thermal Activity Monitor (TAM) microcalorimeter 119 
from TA Instruments. The data were acquired at 25°C for a week. The first 45 minutes were not collected as 120 
this time was needed for the thermal stabilisation of the equipment. The selected temperature was dictated by 121 
the temperature of the X-ray laboratory room where the in situ studies were carried out. 122 

2.4. Thermal analysis. 123 

Thermogravimetric (TGA) traces for the two ex situ prepared samples, see Table 1, were recorded in an SDT-124 
Q600 analyser from TA instruments (New Castle, DE, USA). The temperature was increased from 25 to 125 
1000°C, with a 10 ºCmin-1 rate. The powders were loaded in open platinum crucibles and the experiment was 126 
carried out under synthetic air with a gas flow rate of 100 ml/min. 127 

Table 2 128 
Analytical techniques and paste preparation, always w/c=0.50, and holders employed in this study. The 129 
abbreviations for fabricated pastes are also detailed. 130 
technique paste procedure age 

CT within 2 mm glass capillary in situ 12h, 1d, 3d, 7d, 79d 
Mo-LXRPD within 2 mm glass capillary 

abbreviation: insitu-paste 
in situ 1d (27.5h), 3d, 7d, 77d 

Calorimetry within glass ampoule  in situ continuous for 1 week 

Mo-LXRPD, TA Cylindrical paste cured in a sealed bag; 
abbreviation: s.b.-paste 

ex situ 7d 

Mo-LXRPD, TA Cylindrical paste cured within CH-saturated 
water; abbreviation: CH-paste 

ex situ 7d 

2.5. Laboratory X-ray powder diffraction (LXRPD). 131 

The X-ray powder diffraction study of the pastes was carried out by using a D8 ADVANCE (Bruker AXS) 132 
diffractometer at SCAI, University of Malaga (UMA), Spain. This diffractometer employs a Molybdenum 133 
anode and it has a monochromator to remove the Mo-K2 radiation, yielding monochromatic Mo-Kα1 X-rays 134 
(λ=0.7093 Å). The tube worked at 50 kV and 50 mA. The optical setup in both studies (in situ and ex situ) 135 
consisted of a primary monochromator, a focusing mirror, 2 mm anti-scattering slit and 2.5 Soller slits for the 136 
incident and transmitted beams. The X-ray detector was an EIGER from DECTRIS, Baden, Switzerland, 137 
optimised for Mo radiation, and operated with an aperture of 7×21 degrees. All powder patterns have been 138 
taken in transmission configuration, which minimises preferred orientation, with rotating samples (10 rpm), 139 
which maximises the random arrangement of the particles within the beam. High energy Molybdenum 140 
radiation is critical to in situ measure the diffraction signal of the pastes within glass capillaries of 2 mm of 141 
diameter. Cu radiation cannot analyse such thick capillaries as absorption is too high. As it will be shown in 142 
results section, this wide capillary is in turn needed to avoid self-desiccation at hydration ages later than one 143 
week.  144 

For the ex situ studies, the pastes were loaded between two Kapton foils, without pressing. These powder were 145 
prepared as cylinders, as indicated in subsection 2.2, and just grinded. The patterns were collected in coupled 146 
2theta/theta mode between 3 to 40° (2θ) counting for 101 min. The detector worked in VDO (Virtual Detector 147 
Opening) mode. For the in situ study, the paste within the glass capillary was mounted in a goniometer head, 148 
see Fig. 2, for alignment. The patterns were collected in decoupled 2theta mode between 1 to 38° (2θ) counting 149 
for 188 min. The detector worked in NOUT (No Over-/UnderTravel) mode. The in situ powder diffraction 150 
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patterns were collected just after the CT data acquisition. Moreover, because in this study it is crucial to easily 151 
exchange between LXRPD and µCT, an additional piece has been designed which allowed using of a similar 152 
setup for the µCT to be able to scan the same volume of the capillary with time. This brass holder, which 153 
allows precise vertical positioning of the glass tube in the µCT, is displayed in Fig. 3. The powder patterns 154 
were taken at the ages indicated in Table 2. 155 

 156 
Figure 2. LXRPD setup for the in situ paste data collection. 157 

 158 
Figure 3. Custom designed sample holder for the in situ capillary alignment to scan the same volume with time. 159 

The LXRPD data analysis was carried out by the Rietveld method. This was done by using the GSAS software 160 
[23] with an asymmetry-corrected pseudo-Voigt peak shape function [24,25]. The optimised overall 161 
parameters were: background coefficients, zero-shift error, phase scale factors, unit cell parameters, peak shape 162 
parameters, and preferred orientation coefficient if needed. The crystal structures used are described elsewhere 163 
[26,27] and they are explicitly given in Table 3. 164 

Table 3 165 
Crystal structures used in the Rietveld quantitative phase analysis including the ICSD code numbers.  166 

phase ICSD code reference 

C3S-M3 94742 [28] 
-C2S 81096 [29] 
o-C3A 100220 [30] 
C4AF 9197 [31] 
CSH0.5 151692 [32] 
CSH2 151692 [33] 
CC 79528 [34] 
Qz 41414 [35] 
AFt 155395 [36] 
CH 202220 [37] 
Hc 263124 [38] 

2.6. Laboratory X-ray computed microtomography (µCT). 167 

The µCT datasets were acquired on a SKYSCAN 2214 scanner from Bruker at SCAI in the University of 168 
Malaga. Scans were obtained with an X-ray tube using a LaB6 source (operated at 55 kV and 130 mA) and 169 
employing a 0.25 mm Al foil, between the sample and the CCD detector, to reduce beam hardening. After 170 
careful sample positioning and alignment, the capillary was rotated 360° during data acquisition. Images were 171 
taken every 0.2º, i.e. 1801 projections, with an exposure time of 1.9 s resulting in an overall recording time of 172 
225 min per scan. The geometrical settings were a sample-to-source distance of 9.953 mm and a sample-to-173 
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detector distance of 305.496 mm, see Fig.4. The CCD detector has a (physical) pixel size of 17.4 µm (binning 174 
2×2). This pixel size and binning, together with the geometric setting, resulted in a voxel size of 1.1 µm. In 175 
these conditions, the field of view was 2.2 mm horizontal and 1.5 mm vertical. With this experimental 176 
configuration, the average X-ray transmission was about 55%. Objective lenses were not employed, and 177 
therefore, the magnification was achieved using just the conical beam geometry. 178 

The images were reconstructed using a cylindrical VOI (volume of interest) of 2.0×1.1 mm (H×V) using the 179 
software NRecon (version 2.1.0.1, Bruker, Billerica, Massachusetts, United States). The reconstruction details 180 
were: (a) beam hardening correction (%)=30; (b) smoothing=1 with smoothing kernel=2 (Gaussian), (c) 181 
minimum for CS (cross section) to image conversion=-0.04 and (d) maximum for CS to image conversion=0.7. 182 
Each reconstructed dataset has a 7 GB size (as 16-bit data). Flat-field corrections were applied for dark and 183 
bright fields just before every scans. For in situ studies, an overall recording time not too high is mandatory. 184 
NRecon software allows to use a smooth filter before the reconstruction of the data in order to increase the 185 
signal-to-noise ratio, for the chosen recording conditions, which also reduces the data size.  186 

Data analysis was carried out in two ways. Firstly, Dragonfly software (version 2022.1 for Windows™, Object 187 
Research Systems (ORS) Inc., Montreal, Canada) was employed to segment the data based on global 188 
thresholding. The intervals were determined as described in the results section. Secondly, IPSDK Explorer 189 
program (version 3.2.0.0 for Windows™, Reactiv'IP, Grenoble, France), was used for a supervised machine 190 
learning (ML) image analysis [19]. 4D rendered volumes, showing the results of both approaches, were 191 
visualised with Dragonfly.  192 

Machine learning for microstructural characterization of cementitious materials has been currently reviewed 193 
[39] and an analysis of different methodologies/algorithms is out of the scope of the present investigation. A 194 
software based on random forest approach was chosen based on its simplicity and lower parameterisation 195 
requirements. Unlike more complicated algorithms such as neural networks, which can be quite parameter-196 
dependent and computationally expensive, the random forest approach is relatively easy to build and 197 
computationally efficient. It requires minimal modification, especially in the number of trees, making it a 198 
viable option for this application. Moreover, this software does not require Graphics Processing Unit (GPU). 199 
Softwares requiring GPU are more powerful but they may also have compatibility issues between the 200 
computer(s) and the software needing tailored-PC configurations, i.e. no compatible with other softwares. 201 
Concerning the features used in the algorithm, they are computed by using the pixel neighbourhood, so it is 202 
not limited only to the pixel value, like the global thresholding approach. Direct clustering methods like k-203 
means and self-organizing maps [39] have not been tried as the primary target has been to use an alternative 204 
supervised ML approach to the global threshold method. 205 

 206 
Figure 4. Laboratory µCT setup for the in situ paste data collection. (a) General view. (b) Capillary detailed view. 207 

3. Results and discussion. 208 

The main objective of this work is to evaluate the PC paste hydration without sample conditioning and to 209 
evaluate the accuracy of the resulting analyses. In order to do so, in addition to the central in situ study, well-210 
established ex situ studies have been also carried out to have reference values. With this approach, additional 211 
values can be obtained, like the key portlandite content. 212 

3.1. Ex situ thermal analysis study. Fig. 5 displays the thermal traces for the two pastes hydrated in a 213 
portlandite saturated solution and in a sealed bag. The employed PC has 5.3 wt% of calcite that corresponds 214 
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to 3.53 wt% in the resulting pastes. Because calcite losses 43.9% mass on heating due to the CO2 release, the 215 
expected mass loss due to the initial calcite content is 1.55%. The mass losses in the calcite temperature 216 
decomposition interval were 1.87% and 1.57% for the s.b.-paste and CH-paste, respectively. Therefore, 217 
carbonation of the pastes is not significant. Moreover, the total expected weight loss is derived from the added 218 
water 33.33% and from the initial anhydrous cement components (mainly calcite and gypsum). The calculated, 219 
i.e. expected, overall weight loss is 35.32 wt%. The measured weight losses are 35.1 and 35.2% for s.b.-paste 220 
and CH-paste, respectively. This indicates: (a) very minor water loss during the gentle grinding prior to the 221 
thermal analysis, and (b) a very robust and accurate experimental procedure. 222 

If carbonation is negligible and the experimental procedure is robust and accurate, it is possible to trust in the 223 
direct portlandite contents derived from the weight losses in the portlandite decomposition temperature 224 
interval, see Fig. 5. The measured weight losses are 3.5 and 3.2% for s.b.-paste and CH-paste, respectively. 225 
Thus, the portlandite contents are 14.5 and 13.1 wt% for s.b.-paste and CH-paste, respectively, referred to 100 226 
g of cement paste. The average value, 13.8 wt% of CH at 7 days of hydration, will be the reference for the ex 227 
situ and in situ quantitative phase analyses derived from the powder diffraction data. 228 

 229 
Figure 5. Thermal analysis traces for the studied pastes. (a) PC-paste hydrated for 1 day within the PTFE mould and then 230 
6 additional days within the sealed bag (s.b.-paste). (b) PC-paste hydrated for 1 day within the PTFE mould and then 6 231 
additional days within a CH-saturated solution (CH-paste). 232 

3.2. Ex situ laboratory X-ray powder diffraction study. 233 

The MoK1 powder patterns were analysed by the Rietveld method as detailed above. The Rietveld 234 
quantitative phase analysis (RQPA) outputs, direct results, are referred to 100% of crystalline phases and they 235 
are given in Table 4 and the fits are displayed in Fig. 6. These numbers are quite similar, for the two sample 236 
hydration conditions, showing the robustness of the overall employed methodology (i.e. experimental and data 237 
analysis). Moreover, and as expected, the reactivities are slightly larger when cured under CH-saturated water. 238 
However, the reported numbers do not consider the free water or any amorphous content including the C-S-H 239 
amount. In order to make comparisons, these values should be referred to a constant basis. The most used bases 240 
in cement studies are 100 g of anhydrous cement or 100 g of cement paste. Our research group always refers 241 
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the results to 100 g of cement paste for direct comparison to any other cement paste measurement including 242 
the thermal analysis outputs. Of course, when referred to a constant basis, the calculation of the degree of 243 
hydration of every phase is straightforward. 244 

Here, mass balance calculations have been carried out to refer the results to 100 g of cement paste where some 245 
assumptions are carried out in order to estimate the amount of amorphous phases: (a) amorphous C-S-H gel is 246 
formed according to the hydration of C3S following reaction (1) [40] with a C/S ratio of 1.80 and a water 247 
content of four molecules per SiO2 mol. With these assumptions, every gram of reacted C3S consumes 0.408 248 
g of water and produces 0.388 g or portlandite and 1.020 g of C-S-H gel; (b) belite hydration is negligible in 249 
the first week, and hence it does not produce further C-S-H gel. If belite reacts at later ages, the assumed 250 
stoichiometries are given in reaction (2). Hence, every gram of reacted C2S consumes 0.438 g of water and 251 
produces 0.086 g or portlandite and 1.352 g of C-S-H gel; (c) ferrite in the presence of alite is assumed to 252 
hydrate to give amorphous iron-siliceous hydrogarnet (Fe-Si-Hg) according to reaction (3) [41–43], where all 253 
aluminium is incorporated in the Fe-Si-Hg amorphous component. Every gram of reacted C4AF consumes 254 
0.789 g of C3S and 0.433 g of water, and produces 0.463 g or portlandite and 1.352 g of Fe-Si-Hg gel; (d) C3A 255 
in the presence of gypsum gives ettringite according to reaction (4). Every gram of reacted C3A consumes 256 
1.912 g of gypsum and 1.735 g of water, and produces 4.648 g or ettringite; (e) the formation of any amorphous 257 
AFm type phase is not considered; and (f) the amount of free water is computed by removing the water content 258 
of the hydrated phases (crystalline and amorphous) from the initial water content, 33.33 g in 100 g of cement 259 
paste. It is explicitly stated that the stoichiometries of the amorphous compounds C-S-H gel and Fe-Si-Hg gel 260 
have been assumed. 261 

Ca3SiO5  +  5.2H2O  →  1.2Ca(OH)2  +  (CaO)1.8SiO2(H2O)4.0 (1) 262 

Ca2SiO4  +  5.2H2O  →  0.2Ca(OH)2  +  (CaO)1.8SiO2(H2O)4.0 (2) 263 

Ca4Al2Fe2O10  +  1.68Ca3SiO5  +  11.68H2O    2Ca3FeAl(SiO4)0.84(OH)8.64  +  3.04Ca(OH)2 (3) 264 

Ca3Al2O6  +  3 CaSO4
.2H2O  +  26H2O    Ca6Al2(SO4)3

.26H2O (4) 265 

Table 4 266 
Direct ex situ RQPA results (referred to 100% of crystalline phases) for the two studied PC pastes, w/c=0.50, 267 
expressed in wt%. Hc stands for hemicarboaluminate AFm phase. 268 

phases CH-paste s.b.-paste 
C3S /wt% 9.6 12.0 
C2S /wt% 15.6 16.5 
C3A /wt% 0.8 0.7 
C4AF /wt% 10.1 10.0 
CC /wt% 9.3 8.9 
others /wt% 0.9 1.0 

AFt /wt% 24.8 22.9 
CH /wt% 28.2 27.2 
Hc /wt% 0.8 0.9 

Table 5 displays the RQPA results referred to 100 g of cement paste. The data at mixing correspond to the 269 
analysis of the anhydrous cement, reported in the experimental section, expressed in 100 g of cement paste 270 
containing 33.33 wt% of water, i.e. w/c=0.50. For the CH-paste and s.b.-paste, the amorphous phases are 271 
calculated according to the reactions given above. The assumptions seem to be close to correct as the resulting 272 
portlandite contents at 7 days of hydration are 13.2 and 12.9 wt% for CH-paste and s.b.-paste, respectively. 273 
These values agree relatively well with the values obtained from the thermal analysis study: 13.1 and 14.5 274 
wt%, respectively. Moreover, the portlandite contents can be calculated from the reactivities of C3S and C4AF 275 
given in equations (1) and (3). The calculated CH amounts are 13.72 and 13.26 wt% for CH-paste and s.b.-276 
paste, respectively. The good agreement between the portlandite content from these three approaches, (i) 277 
thermal analysis (13.8 wt%), (ii) measured RQPA (13.1 wt%), and (iii) calculated amount based on the clinker 278 
phase reactivities (13.5 wt%), shows the accuracy in this study and provides a reference value of the portlandite 279 
content at 7 days for the in situ study detailed below, i.e. 13.5 wt%. The derived degree of hydration (DoH) is 280 
totally in line with the known phase reactivities [1,2]. It is noted that neither the internal standard nor the 281 
external standard approaches have been used here to determine the overall amorphous phase content. Here, 282 
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mass balance calculations are employed to estimate the contents of the main amorphous phases based on the 283 
hydration reactions. 284 

 285 
Figure 6. Mo-K1 (=0.71 Å) Rietveld plots for (a) CH-paste hydrated for 7 days; (b) s.b.-paste hydrated for 7 days, 286 
(c) insitu-paste hydrated for 1 days; and (d) insitu-paste hydrated for 7 days. 287 

Table 5 288 
Ex situ and in situ RQPA results for PC 42.5 pastes, w/c=0.50, expressed in wt% and referred to 100 g of 289 
cement paste. The calculated contents (for the amorphous phases) are given in italics. The values of the factor 290 
needed to refer the crystalline contents (referred to 100% of crystalline material) to 100 g of cement paste are 291 
also given in bold and italics. The degree of hydration (DoH) of selected phases are also listed. Mc stands for 292 
monocarboaluminate (AFm type phase). 293 

 insitu-paste CH-paste s.b.-paste 

phases# t0 1d 3d 7d 77d 7d 7d 
C3S /wt% 38.9 15.3 7.5 6.2 4.1 4.5 5.7 
C2S /wt% 8.6 8.2 8.5 8.1 7.4 7.3 7.9 
C3A /wt% 4.5 2.1 1.0 0.5 0.3 0.4 0.3 
C4AF /wt% 6.9 6.2 4.6 4.4 3.7 4.7 4.8 
CC /wt% 3.5 4.7 5.1 4.8 5.0 4.3 4.2 
others /wt% 4.3 0.5 0.3 0.4 0.4 0.4 0.5 

H2O /wt% 33.3 19.1 15.0 13.9 12.5 12.4 14.1 

AFt /wt% - 9.0 10.2 10.7 11.0 11.6 10.9 
CH /wt% - 9.0 11.7 12.5 13.3 13.2 12.9 
C-S-H /wt% - 24.7 32.1 34.0 36.1 37.0 34.5 
Fe-Si-Hg /wt%  1.2 4.1 4.3 5.6 3.8 3.9 
Hc /wt% - - 0.2 0.2 0.1 0.4 0.4 
Mc /wt% - - - - 0.6 - - 

factor 0.667 0.549 0.489 0.478 0.458 0.468 0.476 

C3S-DoH /% - 61 81 84 89 88 85 
C3A-DoH /% - 52 78 89 94 92 93 
C4AF-DoH /% - 10 34 36 47 31 31 

 294 
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3.3. In situ laboratory X-ray powder diffraction study. 295 

It is noted that the same PC paste has been analysed by in situ LXRPD and CT. This reduces the variability 296 
in the studies as PCs are heterogeneous materials. The LXRPD data were analysed by the Rietveld method and 297 
the fits at 1 and 7 days, as examples, are also displayed in Fig. 6. The RQPA direct results, referred to 100 wt% 298 
of crystalline content, are given in Table 6. The data shown in Table 6 indicate that C3S keeps reacting for up 299 
to 77 days. This is expected but previous results from our research group evidenced that PC hydration stops, 300 
for some pastes, as early as one week in capillaries of 1 mm or thinner [44]. This observation was variable 301 
because the water availability depends upon the initial w/c ratio but also upon the C3S content and the amount 302 
of AFt formed at early ages. This behaviour was very likely due to self-drying but a thorough investigation to 303 
fully understand that feature has not been attempted. This research focuses on developing a robust and easy 304 
experimental method yielding accurate results. Hence, thick capillaries, 2 mm of diameter, have been 305 
employed in spite that this yields (slightly) poorer resolution in the LXRPD and CT data. In any case, Table 306 
6 also shows the in situ results for the same PC paste but within a capillary of 1.5 mm of nominal diameter. It 307 
is clear that the hydration reactions have (slightly) slowed down already at 7 days. The C3S content is larger 308 
and chiefly, the CH content is lower. 309 

The in situ RQPA direct results, listed in Table 6, have been referred to 100 g of cement paste and the values 310 
were reported in Table 5, together with the results from the ex situ LXRPD study for easy comparison. The 311 
previously reported reactions have been again considered to estimate the contents for the non-crystalline 312 
phases: C-S-H gel and Fe-Si-Hg. Moreover, and as indicated above, the free water content is estimated by the 313 
subtraction of the water contained in all (measured and calculated) hydrates from the added nominal amount 314 
of water. Several observations/conclusions can be drawn from the in situ RQPA data reported in Table 5:  315 
(I) The experimental method is robust, and the data analysis seems to be accurate as the determined portlandite 316 
content at 7 days, i.e. 12.5 wt%, agrees very well with the data reported above for the same paste cured in 317 
different conditions, about 13.5 wt%. Moreover, mass balance calculations based on the reacted amounts of 318 
C4AF and C3S yield 13.1 wt%. 319 
(II) The ettringite content keeps growing up to 77 days without any signature of decrease at later ages, which 320 
is in line with the high SO3 content of the employed PC, i.e. 3.9 wt% (2.6 wt% referred to 100 g of cement 321 
paste). It is noted that in many cases inaccurate AFt contents are reported due to the employed hydration 322 
arresting procedure(s) [45–48]. The maximum amount of AFt, if all sulfates are incorporated within ettringite, 323 
would be 13.6 wt%. This value compares well with the measured one at 7 days, i.e. 10.7 wt%, as a fraction of 324 
the sulfates is incorporated/adsorbed in other phases, mainly amorphous ones like C-S-H gel and Fe-Si-Hg. 325 
(III) As expected, the obtained contents for the different components at 7 days in the in situ study are slightly 326 
more similar to the ‘sealed bag’ results than to the ‘CH cured’ ones. See for instance the C3S and free water 327 
contents in Table 5. 328 
(IV) A minor carbonation is measured in the first analysis and subsequently, no further carbonation is observed. 329 
(V) The renormalization factor to refer the contents to 100 g of cement paste, see Table 5, always decreases as 330 
the amount of amorphous phases invariably increases. This is the case in the hydration on neat PCs but this is 331 
not the case in the hydration of calcium sulfoaluminate cements but the extension of this methodology to those 332 
cements will be the subject of a forthcoming publication. Moreover, the evolution of total amorphous phases 333 
in PC-SCMs is at the core of a current investigation. 334 
(VI) Finally, it is not ruled out that the in situ kinetics reported here are slightly slowed down at late ages due 335 
to partial self-desiccation. However, increasing the size of the capillary beyond 2 mm is currently judged to be 336 
unsatisfactory as the poorer spatial resolution in CT and the larger peak overlapping in LXRPD which would 337 
yield less accurate results. 338 

It is remarked here that avoiding carbonation and attaining robust results for AFt and CH are very useful 339 
outputs themselves, not to mention the combination with CT results, see just below. Moreover, the addition 340 
of an internal standard is not needed for the reported methodology. The addition of a standard, with a small 341 
particle size to have random particle orientation, could affect the kinetics of the PC hydration reactions. 342 

 343 

 344 

 345 
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Table 6 346 
Direct in situ RQPA results (referred to 100% of crystalline phases) for the PC paste, w/c=0.50 within a 2 mm 347 
capillary, expressed in wt%. Data at 7 days for the same PC paste but filled within a capillary of 1.5 mm of 348 
diameter are also given in italics. 349 

phases 1d 3d 7d 7d (=1.5 mm) 77d 

C3S 27.8 15.3 13.0 14.1 9.0 
C2S 14.9 17.3 17.0 15.7 16.1 
C3A 3.9 2.0 1.0 1.4 0.6 
C4AF 11.2 9.3 9.2 9.6 8.0 
CC 8.6 10.4 10.0 11.0 10.9 
others 0.9 0.6 0.8 0.8 0.8 

AFt 16.3 20.9 22.3 22.9 24.0 
CH 16.3 23.9 26.2 23.8 29.0 
Hc - 0.3 0.5 0.5 0.3 
Mc - - - - 1.2 

3.4. In situ laboratory X-ray computed microtomographic study. 350 

CT directly shows the dissolution of anhydrous phases, if there is enough contrast and spatial resolution. This 351 
is independent of the amorphous or crystalline nature of the imaged particles. Therefore, it is very 352 
complementary to LXRPD which is blind to the amorphous phase(s). Moreover, for in situ studies there is a 353 
strong constraint in the CT data analysis as the particles/volumes of the anhydrous phases can only decrease. 354 
However,CT is blind to the particles smaller than the true spatial resolution of the measurements, not the 355 
voxel size. In other words, if the spatial resolution of the measurements is 2.5 m, the hydration of the particles 356 
with smaller spatial resolution cannot be directly followed. For decreasing the variability in the obtained 357 
results, the reported methodology proposes that the same region in the acquired CT scans (i.e. data from 358 
exactly the same volume) is used for data analysis, including segmentation. To illustrate this, the same 359 
horizontal view of the cylindrical capillary paste studied at 12 hours and 1, 3, 7, and 79 days of hydration is 360 
shown in Fig. 7. The top row displays the full orthoslice and a magnified view of the same region is displayed 361 
in the bottom row. The preferential dissolution of the smallest cement grains at early ages (brightest particles) 362 
is readily visible as well as the paste densification. This second feature is evident from the evolution of the 363 
grey regions with time. It is explicitly stated that the CT data were collected in 3 h and 45 min and this is 364 
quite long for pastes hydrating in the acceleration period or close to it, i.e. 12 h. However, the blurring because 365 
particle dissolution during the measurement is not large, see Fig. 7. The implication of this effect on the 366 
accuracy of the data is presently not established. On the other hand, synchrotron CT can collect data with 367 
slightly better spatial resolution (and better contrast) in 5 to 10 minutes that can contribute to understand this 368 
effect. However, the availability of this technique is quite limited. 369 

 370 
Figure 7. CT orthoslices at the studied hydration ages. (Top row) full data evidencing the enhanced reactivity of small 371 
particles. (Bottom row) Same enlarged view to follow up the paste changes with hydration time. 372 
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Four types of regions can be observed in this type of laboratory study, which have different enough linear 373 
attenuation coefficients (LAC), and they are highlighted in Fig. 8. Firstly, the darkest regions are porosity, i.e. 374 
water and air. This X-ray imaging modality cannot distinguish air from water. Secondly, the darkest-grey 375 
volumes are labelled as low-density hydrated products (ld-HP) and these are the regions with lower grey-376 
values. ld-HP should correspond mainly to C-S-H gel and AFt. Thirdly, the whitish-grey regions have higher 377 
LAC values and they are labelled as high-density hydrated products (hd-HP). These volumes should mainly 378 
correspond to CH, with a contribution of high-density C-S-H and calcium carbonate. Fourthly, unhydrated 379 
cement particles (UCP) are the white particles and they correspond to C2S, C3S, C4AF and any remaining C3A. 380 

Pixel size is related, but it does not equal, to the spatial resolution in the CTs. There is not a universal approach 381 
to measure the resolution in a given tomogram. Here, the edge sharpness across selected interfaces has been 382 
used to characterise the spatial resolution. ISO/TS 24597 defines the Gaussian radius of the point spread 383 
function of the images as the resolution, which is the change between 25%–75% grey value across the 384 
interfaces [19,49,50]. This approach, applied to the interface of the capillary outer wall [19], gave 2.3(6) µm 385 
from 10 measurements. This type of plot, for a pore of the paste, is shown in the right panel of Fig. 8. The 386 
derived spatial resolution is similar, ~2.8 µm. This value for the resolution is in line with previous 387 
investigations where it was reported that spatial resolution is generally 2-3 times poorer than the voxel size. 388 
The main consequence of the attained spatial resolution, about 2.5 ~m, is that the particles with that overall 389 
size (or smaller) cannot be identified. They are accounted within the nearby component which is likely the 390 
most abundant one, the i.e. the hydrate phases intermixed with the capillary water. As it will be discussed later, 391 
this effect leads to a slight overestimation of the hydrated products (HP) and a small underestimation of the 392 
unhydrated cement particles (UCP). Every strategy to improve the spatial resolution (and the contrast) is highly 393 
desirable as it will lead to better analyses. 394 

 395 
Figure 8. µCT orthoslice where the different components that can be visualized are highlighted: porosity, low-density 396 
hydrated products (ld-HP), high-density hydrated products (hd-HP) and unhydrated cement particles (UCP). The spatial 397 
resolution can be estimated from the line plot shown in the left panel (yellow line) and the corresponding grey-value 398 
profile shown in the right panel, see the text for details. 399 

A first semiquantitative study can be carried out by inspecting the time evolution of the grey-value histograms 400 
for exactly the same hydrating volume, see Fig. 9. Several features were observed which deserve discussion:  401 
(I) The employed experimental conditions allow the separation of the UCP from the HP, for particles larger 402 
than the attained spatial resolution. However, this does not preclude the existence of partial volume effects. 403 
This is unavoidable in cement binders where the size of many particles is smaller than the spatial resolution of 404 
the measurements [51]. 405 
(II) As expected, the amount of UCP decreases with time and the amount of HP increases, see red arrows. 406 
Moreover, it is worth noting that the number of voxels at ~22000 grey-value (i.e. right-tail of the HP peak) 407 
decreases with time which is a firm evidence that this is mainly due to UCP.  408 
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(III) There is a constant crossing point at ~20500 grey-value for the employed experimental conditions, see 409 
black arrow in Fig. 9. From the time evolution, it is clear that particles with grey values above this number are 410 
mainly UCP and particles with grey values below this number are mainly HP. 411 
(IV) Densification of HP is evident as the maximum of the HP not only increased, but it is smoothly moved 412 
towards larger grey values (see red arrow at the top). 413 
(V) High-density and low-density HP cannot be distinguished in the histograms very likely due to the fine 414 
intermixing of the particles in the paste. 415 
(VI) The signature of air porosity development, i.e. shrinkage, is evident in the left-tails of the HP, see Fig. 9. 416 
In spite of water consumption and binder densification (movement of the HP towards larger grey-values), the 417 
number of voxels in the left-tails at ~6000-8000 grey-value, increases with time because the development of 418 
air, i.e. liquid-water empty, porosity. 419 

 420 
Figure 9. Time evolution of the grey-value histograms showing the evolution of the different components. For the 421 
description of the labels, see the text. 422 

Quantitative analysis of the tomograms can be derived from their segmentations, in other words, the 423 
quantitative classification of the different components that can be disentangled. The analysed VOI, ∼1.4 mm3, 424 
was a cylinder with a height of ~0.6 mm, and a diameter of ~1.7 mm, see Fig.10. This ensures a sufficiently 425 
large volume which should not produce any bias because of insufficient averaging. This VOI is the 426 
superimposed region inside the capillary that was imaged at each of the 5 hydration ages and it is significantly 427 
smaller than the reconstructed VOI for each acquisition, ∼4 mm3. Here, the segmentations have been carried 428 
out by two approaches: global thresholding (GT) and Machine Learning (ML). Next, we focus on the GT 429 
which only uses the information available in the grey-value histograms. Dragonfly was employed for this and 430 
only three components were segmented: UCP, HP and porosity. The grey-value for the UCP/HP boundary is 431 
constant with time, being 20500 grey-value for the employed experimental conditions and reconstruction 432 
parameters. Conversely, the HP/porosity boundary is not constant with time and it was estimated for every 433 
dataset by the tangent-slope approach [43]. The values ranged 6000-8500 grey-value and the estimation for 434 
the 7 days tomogram is depicted in Fig. 9, as an example. The volume percentages of the three components 435 
for the in situ CT study are given in Table 7. The time evolution follows the expected trend, a decrease in the 436 
UCP contents and an increase in the HP amounts. However, the accuracy of the obtained results required a 437 
comparison with expected values which will be carried out below. 438 

ML segmentation was carried out with IPSDK software employing the random forest approach. The ML model 439 
training for PC pastes, including the initial pixel labelling and tweaking the model was described elsewhere 440 
[19]. It is noted that for this type of analysis, four components were assigned: porosity, ld-HP, hd-HP and UCP. 441 
ML profits not only from the grey-values but also from the local features of the (initially) manually labelled 442 
particles. It is noted that the (supervised) training of the model is operator dependent, and therefore the 443 
replicability is challenging. The results from this study are given in Table 8. It should be noted that the porosity 444 
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is always much smaller than the expected one. For instance, the free water content at 1 day from diffraction 445 
should be close to 36 vol% (19.1 wt%, see Table 5). Most of the water porosity is smaller than the attained 446 
spatial resolution, ~2.5 m, and it is concluded that (a) the porosity values shown in Tables 7 and 8 are mainly 447 
air porosities, and (b) the free water is manly considered within the HP contribution. A 4D visualization of the 448 
ML segmentations is shown in Fig. 10. 449 

Table 7 450 
µCT global-thresholding segmentation results, in volume percentage (vol%). 451 
time porosity  HP UCP 
12 h 0.8% 76.6% 22.6% 
1 d 2.6% 77.8% 19.6% 
3 d 4.1% 80.6% 15.3% 
7 d 2.4% 82.8% 14.8% 
79 d 2.6% 84.3% 13.1% 

 452 
Figure 10. µCT Machine Learning segmentation output. (Top row) 4D renderings. Colour code: porosity (pale blue), 453 
low-density HP (light brown), high-density HP (green), unhydrated cement particles (dark brown). (Bottom row) 2D 454 
comparison of the reconstructed orthoslices and the ML segmented output. 455 

Table 8. 456 
µCT machine learning segmentation result, in volume percentage (vol%). 457 
time porosity  ld-HP hd-HP UCP 
12 h 4.1% 55.8% 12.6% 27.5% 
1 d 4.4% 56.6% 16.2% 22.8% 
3 d 3.3% 57.9% 22.6% 16.2% 
7 d 3.1% 56.3% 25.3% 15.3% 
79 d 2.9% 55.5% 29.1% 12.5% 

 458 
3.5. In situ isothermal calorimetric study. 459 

The hydration kinetic of the employed PC has also been investigated by isothermal calorimetry, see Fig. 11. 460 
The maximum in the heat flow trace took place at 8 h. From the cumulative heat trace is deduced that the 461 
released heat at 27.5 hours, 3 and 7 days of hydration are 209.6, 295.7 and 325.1 J/g of anhydrous cement, 462 
respectively. From the RQPA results, it is possible to calculate the expected heat released considering the 463 
reaction degree of the different phases and their heats of hydration. For a detailed explanation, see [52]. Here, 464 
it is used 517, 1672 and 418 J/g for the heat of hydration of C3S, C3A (to yield AFt) and C4AF, respectively. 465 
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For this comparison, the basis is 1 g of anhydrous cement. Therefore, the reacted amount of these phases has 466 
to be referred to 1 g of anhydrous PC and then the heats of hydration are used. 467 

Following this approach, the calculated heats of hydration, from the RQPA-determined reacted fractions, are 468 
247.5, 345.5 and 369.4 J/g at 27.5 h, 3 and 7 days, respectively. It can be noticed that the calculated heats are 469 
invariably higher than those directly measured by calorimetry. There are two main sources of error for this 470 
type of comparison: (i) Firstly, lower heats are measured by calorimetry because the data during the first 45 471 
minutes were not collected, due to the needed thermal stabilization of equipment. (ii) Secondly, not all C3A 472 
hydrates yield AFt because of the lack of sulfates. In fact, the reacted amount of C3A at 7 days, i.e. 4.0 g, 473 
should yield 18.6 g of AFt. In fact, only 56% of the reacted C3A gives AFt. Crystalline sulfate-containing AFm 474 
has not been detected in any diffraction study, the heat of hydration for this reaction would be 1144 J/g. 475 
Additionally, the heats of hydration of C3A to yield aluminates adsorbed in the amorphous components and 476 
amorphous AFm are not known to the authors. 44% of C3A, not yielding AFt, rests 19.6 J, and this is judged 477 
as the largest source of error for this comparison. 478 

 479 
Figure 11. Isothermal calorimetry traces for the PC paste, w/c=0.50, at 25ºC up to 7 days. (a) Heat flow. (b) Cumulative 480 
heat. The triangles highlight the times for CT or LXRPD data acquisitions. Blue: CT recorded at 12 h. Red: LXRPD 481 
recorded at 27.5 h. Green and black: data acquired at 3 and 7 days, respectively. 482 

4. General discussion. 483 

The core of this investigation is to develop a methodology that allows obtaining accurate results from in situ 484 
powder diffraction and microtomography. It has been shown above that the RQPA results arising from the in 485 
situ MoK1 LXRPD study, for a CEM I 42.5 R, are relatively accurate, as the comparison with ex situ LXRPD 486 
data and thermal data were very satisfactory. Hence, sample preparation and in situ LXRPD data acquisition 487 
and data analysis were validated. The reason for the choice of this PC, i.e. 42.5 R, in contrast to the more 488 
commonly used, 52.5 R (or N), was its slightly coarse particle size distribution. As reported in the experimental 489 
section, Dv,50 for the cement employed, in this proof-of-principle work, was ~17 m. 52.5 PCs have smaller 490 
Dv,50 values ranging from ~10 to 14 m. This means a higher fraction of particles smaller than ~2.5 m than 491 
cannot be directly detected by CT. The in situ study of a CEM I 52.5 R, with different w/c mass ratios, is 492 
currently underway and the results will be reported elsewhere. Next, we focus on the comparison of the in situ 493 
RQPA results with the in situ CT results for the employed PC 42.5. 494 

In order to carry out this comparison, firstly the contents given in Table 5, in wt%, determined/calculated from 495 
LXRPD are transformed to vol% taking into account the known densities for all the components. Thus, Table 496 
9 displays the contents both in cm3 refereed to 100 g of cement paste and in vol%. It is noted that 100 cm3 of 497 
a paste is not a constant basis in cement hydration because of the difference in volumes between reactants and 498 
productski. Once the paste sets, this decrease in volume is shared between the bulk volume shrinkage and 499 
internal gas (air/water) porosity development. It is noted that C-S-H gel would be around 35 vol% of the paste 500 
when expressed as (CaO)1.8SiO2(H2O)4.0, i.e. containing the gel pore water but not containing the free-501 
water/capillary-water. Because of the fine intermixing of C-S-H and capillary water, if these two components 502 
are considered together, this would be around 60 vol% of the paste. Moreover, this means that any diffraction 503 
study of cement pastes is blind to more than 60 % of the volume of the probed sample. However, features like 504 
portlandite content increase and alite amount decrease can be accurately determined by LXRPD if the 505 
employed experimental approach is robust enough. 506 
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For the comparison between the LXRPD and CT results, the anhydrous cement components have been 507 
gathered, i.e. C3S, C2S, C3A, C4AF and CC. From the LAC point of view, it is not currently clear if CC is 508 
below or above the crossing point at 20500 grey value. This is the subject of an ongoing investigation which 509 
has also the goal to expand this approach to Portland-Limestone cements. In any case, the amount of calcite is 510 
minor in the investigated PC, and therefore this choice should not severely bias the results. For the ML results, 511 
the hd-HP and ld-HP are summed for easier comparison. The results are shown in Table 10. Here, the 512 
implications of the small differences in the evolving overall volume up to 7 days are not considered, as they 513 
are likely within the errors of the segmentations. 514 

Table 9 515 
In situ RQPA results for the PC 42.5 pastes, w/c=0.50, expressed in cm3 (referred to 100 g of cement paste). 516 
The mass densities used for the transformation are also reported. The corresponding values in vol% are given 517 
in italics, but 100 cm3 of paste is not a constant basis in a hydrating cement. 518 

phases / gcm-3 
t0/ 
cm3 

t0/vol% 
1d/  
cm3 

1d/vol% 
3d/  
cm3 

3d/vol% 
7d/ 
cm3 

7d/vol% 
77d/ 
cm3 

77d/vol% 

C3S 3.15 12.18 22.4 4.79 9.1 2.34 4.5 1.95 3.8 1.29 2.5 
C2S 3.30 2.59 4.8 2.47 4.7 2.55 4.9 2.45 4.7 2.22 4.3 
C3A 3.05 1.46 2.7 0.70 1.3 0.32 0.6 0.16 0.3 0.09 0.2 
C4AF 3.73 1.82 3.4 1.63 3.1 1.21 2.3 1.17 2.3 0.97 1.9 
CC 2.71 1.29 2.4 1.73 3.3 1.86 3.6 1.75 3.4 1.83 3.5 
minors - 1.67 3.0 0.20 0.4 0.11 0.2 0.14 0.3 0.14 0.3 

H2O 1.00 33.33 61.3 19.13 36.4 14.99 28.8 13.87 26.7 12.48 24.1 

AFt 1.78  - 5.03 9.6 5.74 11.0 5.99 11.5 6.18 11.9 
CH 2.23  - 4.02 7.6 5.24 10.1 5.62 10.8 5.96 11.5 
C-S-H 2.11  - 12.37 23.5 16.04 30.8 17.00 32.7 18.07 34.9 
Fe-Si-Hg 2.52   0.49 0.9 1.61 3.1 1.70 3.3 2.22 4.3 
Hc 1.90  - - - 0.08 0.2 0.13 0.2 0.07 0.1 
Mc 2.22  - - - - - - - 0.25 0.5 

total:  54.36 100.0 52.55 100.0 52.08 100.0 51.94 100.0 51.78 100.0 

Table 10 allows to initially discuss the ML and GT results. At 1 day and later, the results are quite similar. At 519 
12 h this is not the case as the UCP contents are 28.7 and 22.8 vol% for ML and GT, respectively. There are 520 
no available results from LXRPD at this age, but the overall PC degree of hydration can be calculated 521 
considering the UCP content at the time of mixing, i.e. 35.6 vol%. The PC DoHs are 36 and 19% for GT and 522 
ML results, respectively. The DoH at 12 h from GT is too high and this result seems to be inaccurate. 523 

The comparison between the UCP contents from in situ LXRPD and in situ CT has to be exercised with care 524 
as the data are not taken simultaneously but sequentially. This means that there is always a delay between both 525 
sets of measurements. With our employed experimental conditions, in situ LXRPD were taken 3 hours later 526 
than the corresponding CT measurements. This is important at 1 day, when the reactions are fast, and likely 527 
negligible at 7 days or later when the hydration kinetics are very slow. With this caveat, the agreement between 528 
UCP contents from LXRPD and CT are within 2.3 wt% at 1 day and within 1.5% at later hydration ages. 529 
This disagreement/error is considered acceptable and means that the UCP results from CT data analysed both 530 
by GT and ML are relatively accurate. Global thresholding is easier to do from the methodological point of 531 
view. However, the final aim of this investigation is to be able to use CT for helping to determine the reaction 532 
degree of SCMs. In this case, the LAC of most SCMs is located within the HP peaks and global thresholding 533 
is not useful. Conversely, ML profits from the LAC/grey-values and the local features such as particle shapes 534 
and homogeneity within the reconstructed volume. Therefore, for the long-term development of this approach 535 
to obtain relevant scientific results, ML segmentation is judged to be much superior. 536 

 537 

 538 

 539 

 540 
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 542 

Table 10 543 
Comparison of RQPA and µCT results in vol%. The outputs for the CT study have been renormalized to 544 
leave out the (air) porosities, i.e. the results are shown respect to the HP and UCP contents. 545 
hydration age components LXRPD GT ML* 

t0 HP 64.4 - - 
 UCP 35.6 - - 
     
12h HP - 77.2 71.3 
 UCP - 22.8 28.7 
     
1d HP 78.5 79.9 76.2 
 UCP 21.5 20.1 23.8 
     
3d HP 84.1 84.0 83.2 
 UCP 15.9 16.0 16.8 
     
7d HP 85.5 84.8 84.2 
 UCP 14.5 15.2 15.8 
     
79d HP 87.6 86.6 87.1 
 UCP 12.4 13.4 12.9 

*ld-HP and hd-HP derived from ML have been summed as a single hydrate product (HP) for comparison to global-546 
thresholding and LXRPD results. 547 

5. Conclusions. 548 

This investigation reports an accurate experimental protocol for in situ cement hydration studies avoiding any 549 
alteration after mixing due to sample conditioning. The pastes are just injected within thick glass 550 
capillaries/tubes, nominal diameter of 2.0 mm, and both ends are sealed. The thick capillaries are vital to have 551 
very good powder averaging and to avoid self-desiccation. The sealing avoids any water loss and portlandite 552 
carbonation. The paste rotation within a capillary minimises portlandite prefer orientation. The pastes are 553 
sequentially analysed by X-ray microtomography and MoK1 X-ray powder diffraction.  554 

Results for a w/c=0.50 paste, made out of a commercial PC 42.5, are reported. To determine the accuracy of 555 
the proposed in situ methodology, the same sample was cured ex situ and also quantitatively studied by thermal 556 
analysis and powder diffraction. Portlandite contents were 13.8, 13.1 and 12.5 wt% by thermal analysis, ex 557 
situ powder diffraction and in situ powder diffraction, respectively. Moreover, a mass balance calculation from 558 
the reacted fractions of C3S and C4AF yielded 13.1 wt% of CH. AFt keeps growing with time up to 77 days 559 
without any sign of partial transformation to AFm, despite the lack of sulfates at later hydration ages. The 560 
second stream of this study was to collect microtomographic data in exactly the same region of the hydrating 561 
paste. This minimises the variability in the obtained results and shows a crossing, invariant, point in the grey-562 
value histogram evolution with time. Segmentations have been carried out by global thresholding and the 563 
random forest method. The comparison of the segmented results for the unhydrated cement particles and the 564 
Rietveld quantitative phase analysis outputs indicate an agreement within 2 %.  565 

In a nutshell, here it is proposed an innovative and accurate methodology, based on in situ X-ray powder 566 
diffraction and microtomography, with potential to determine binder reaction degrees with smaller errors and 567 
the possibility for automatize data analysis. This approach is developed to analyse more challenging binders, 568 
PC-SCMs, which will be the subject of forthcoming publications. 569 
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