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In this study, we investigated by X-ray dark-field contrast imaging the internal displacements 40 
of water in early-age cement-based materials due to their spatial microstructural heterogenei-41 
ties. We performed time-lapse multi-contrast X-ray radiography measurements with a labora-42 
tory-scale Talbot-Lau X-ray interferometer during drying and hardening of a model system. 43 
Such system consisted of two mortar layers with distinct pore size distribution and local po-44 
rosities. With these measurements we propose a new approach to imaging water transport in 45 
such materials at early hardening ages. 46 

The results show that such approach provides higher sensitivity to local water content changes 47 
and higher temporal and spatial resolutions as compared to standard X-ray attenuation con-48 
trast imaging. In this work, we assessed both qualitatively and quantitatively the roles of key 49 
drivers of such water displacements in the evolving microstructure: capillary force gradients 50 
created by the spatial heterogeneity in the pore size distribution and by evaporative drying. 51 
This was accomplished by correlating the dark-field contrast imaging results with information 52 
about the system’s pore space features, obtained by attenuation contrast X-ray micro-53 
tomography and respective 3D image analysis. Such correlative analysis provides new evi-54 
dence of the existence of strong couplings between pore-scale water displacements and the 55 
microstructure formation in cement-based materials at early ages. 56 

1. Introduction 57 

 58 

Water transport occurs inside cement-based materials at early ages immediately since casting 59 

time. That is because of a highly heterogeneous spatial distribution of capillary forces inside 60 

the pore space. On one side, such heterogeneous distribution is caused by (1) the spatial het-61 

erogeneity and temporal evolution of the pore size distribution and (2) by evaporative drying 62 

[1,2]. On the other side, such transport significantly influences the microstructure evolution, 63 

thus the macroscopic poro-mechanical and fluid transport properties of the hardened materi-64 

als. The influencing is not uni-directional. Rather, couplings and feedback loops exist between 65 

how the microstructure evolves and how consequently water moves through the evolving pore 66 

space [3]. 67 

The availability of methods for imaging early age water transport has a significant practical 68 

impact on developing approaches for improving the long-term durability properties of ce-69 

ment-based materials. Examples of such approaches include the mitigation of early-age 70 

shrinkage processes, e.g., plastic [4] and drying shrinkage [5]. Another important example is 71 

the achievement by internal curing [6–8] of higher degrees of hydration in low water-to-72 

cement ratio (w/c), i.e., high and ultra-high performance, concretes. A final example is related 73 

with the optimal design of repair materials [9,10]. 74 

Evaporative drying leads to the formation of water menisci inside the pore space, typically 75 

starting from the surface(s) exposed to the environment, then progressing inside the bulk of 76 

the specimen. The heterogeneous spatial-temporal distribution of such menisci leads in turn to 77 

the development of very heterogeneous capillary force field gradients, responsible, at different 78 



 
 

early-age stages, of plastic shrinkage and drying shrinkage, respectively. Understanding the 79 

couplings between the microstructure formation, including the shrinkage-induced micro-80 

cracks, and the evaporative drying progression inside the specimen is functional to the devel-81 

opment of shrinkage reduction approaches based, e.g., upon shrinkage reducing admixtures 82 

[4] or internal curing water-saturated particles [8]. 83 

Internal curing particles, e.g., light weight aggregates (LWAs) or super absorbent polymers 84 

(SAPs), have been used as internal reservoirs and suppliers of water. They are saturated be-85 

fore or directly during the mixing and uniformly dispersed in the cast volume, thus providing 86 

a spatially homogeneous supply of curing water [8]. Such supply to the hydrating cement ma-87 

trix is thought of being driven by local capillary force gradients, which are dependent upon 88 

the local microstructure formation [11]. The optimization of internal curing methods requires 89 

a complete understanding of how and how far is water displaced from the more porous LWAs 90 

or from the SAP particles to the less porous cement matrix [12]. 91 

Cement-based composites for repair of already hardened concrete structures also rely upon an 92 

accurate understanding of how water is displaced by capillary force gradients generated by the 93 

spatial heterogeneities in the pore system. As hypothesized by Bentz et al., when the repair 94 

layer is designed to achieve a pore size distribution with a prevalence of the larger pores, 95 

compared with the substrate, the adhesion between the repair layer and the substrate could be 96 

increased by water capillary suction towards the substrate [1,2]. 97 

In their work, Bentz et al. were among the first to use model systems for investigating the role 98 

played by capillary force gradients in water transport at early ages. They did so by spatially 99 

mapping the temporal evolution of a proxy variable of local water content. The model systems 100 

they used consisted of different combinations of two layers of distinct cement pastes, one cast 101 

on top of the other in sealed or open molds. The cement pastes differed either in w/c value 102 

[1,2] or in cement particle size distribution [1]. In either case the overall effect was that of 103 

creating different pore size distributions for the two distinct layers. Independently of the posi-104 

tion of the two distinct pastes, either at the bottom or at the top of the mold, and independent-105 

ly of sealing the top or not, a relative increase in local water content was observed for the lay-106 

er with finer pores. On the contrary, a relative decrease was observed for the layer with 107 

coarser ones. 108 

These results provided the first systematic evidence, for cement-based materials, of the 109 

movement of water from the “coarser pores layer” to the “finer pores” one. Even in the case 110 

of an open mold and the layer with finer pores on top of the other one, thus exposed to a lower 111 

relative humidity (RH) environment and subjected to evaporative drying, the bottom layer, 112 

not directly exposed to the lower RH, was observed to lose water. Moreover, the bottom layer 113 

started losing water earlier than the top one. This likely occurred by water displacements from 114 

the larger pores of the bottom layer to the smaller ones in the above layer. This observed loss 115 

in the “sealed” bottom layer suggests that water can be displaced not only by capillary force 116 

gradients created by evaporative drying, as it is well known from the poro-mechanics of dry-117 



 
 

ing [13,14], but also by capillary force gradients produced by intrinsic spatial gradients in 118 

pore size range and pore size distribution. 119 

The experiments of Bentz et al. [1,2] were among the first results with broad impact on the 120 

understanding of water movement at early ages during the simultaneous and coupled micro-121 

structure formation and evaporative drying. 122 

One consequence of such experimental observations was the description of drying mecha-123 

nisms in computational models of hydrating cement-based materials [1]. In addition, these 124 

were the first measurements consisting of imaging, by X-ray attenuation measurements, the 125 

spatial-temporal distribution of water at early ages, even though only 1D spatial profiles could 126 

be obtained. 127 

Since those first studies [1,2], the visualization of water transport in early age cement-based 128 

materials has been achieved by different imaging techniques. 129 

Three of the most commonly used techniques have been neutron imaging (NI), magnetic res-130 

onance imaging (MRI) and X-ray attenuation-contrast imaging (XACI).  131 

NI has been widely used for both visualizing and quantitatively characterizing a large variety 132 

of water transport processes in cement-based materials [15]. This is because of the large total 133 

interaction cross section of a neutron with hydrogen, leading to high contrast to spatial differ-134 

ences in local water content and to their changes. 135 

Examples of NI applications, related with water displacements at early ages, include visualiz-136 

ing the release of internal curing water provided by saturated LWAs and the water movement 137 

across the surrounding cement [16,17] or mortar matrix [18]. Another example is related with 138 

the visualization of the release and movement of internal curing water provided by saturated 139 

SAP particles [19,20]. The last example regards locating the redistribution of water in fresh 140 

mortars exposed to external drying, leading to their plastic shrinkage and cracking [21]. 141 

Despite these applications (along with many others) to hardening cement-based materials 142 

show the usefulness and potential of NI, this technique has two main limitations. The first one 143 

is its limited accessibility, due to the small number of neutron facilities world-wide and to the 144 

time constraints in using them. The second main limitation is the maximum spatial and tem-145 

poral resolutions, currently not sufficient for pore-scale investigations. The spatial resolution 146 

does not exceed yet the length scale of 10-20 µm at state-of-the-art facilities [22], even though 147 

current developments may reduce these limits to the scale of a few µm [23,24]. The maximal 148 

temporal resolution does not allow yet investigating in 3D such fast displacements driven by 149 

large capillary force gradients, e.g., the capillary suction of water from a more porous region 150 

or from a porous internal curing particle to a less porous one [17,21].  151 

MRI has the advantage of allowing mapping quantitatively the local water content and, simul-152 

taneously, the local pore size distribution, the latter by nuclear magnetic resonance relaxomet-153 

ry, all feasible at the laboratory-scale [25,26]. In addition, different types of in-pore water can 154 

be distinguished and spatially mapped, still by NMR relaxometry. Thus, the two types of 155 



 
 

mapping have been successfully used for the investigation of the couplings between the mi-156 

crostructure evolution and the water displacements induced by evaporative drying [27]. How-157 

ever, compared to neutron imaging, this technique achieves even lower spatial and temporal 158 

resolutions [28]. Also the high cost of a scanning MRI instrument makes it less affordable by 159 

any laboratory. 160 

X-ray attenuation contrast imaging (XACI) has so far achieved both high spatial (down to a 161 

few hundreds of nm) and high temporal (down to a few hundreds of ms, for tomography) res-162 

olutions in studying, in general, water transport in porous materials. Such achievements have 163 

been obtained not only at synchrotron radiation facilities [29,30] but also with more accessi-164 

ble and widespread laboratory-scale setups [31], whose availability is typically higher than 165 

MRI instruments’, due to much lower costs. 166 

XACI is based on measuring the attenuation of an X-ray beam transmitted through the speci-167 

men. The pixel value in single 2D projection images (radiographs) reflects the accumulated 168 

projection of the specimen’s attenuation coefficient 𝜇𝜇 along the ray traced from the X-ray 169 

source to the detector’s pixel (Beer-Lambert law). 𝜇𝜇 is related to the imaginary part, 𝛽𝛽, of the 170 

complex index of refraction 𝑛𝑛 of the specimen,  171 

𝑛𝑛 = 1 − 𝛿𝛿 + 𝑖𝑖𝛽𝛽,                                                                                                                        (1) 172 

where 𝛿𝛿 is the real part of such index (decrement thereof, respect to the unity) and 𝑖𝑖 is the im-173 

aginary unit. 174 

𝛽𝛽 is linearly proportional to 𝑛𝑛𝑒𝑒, to 𝑍𝑍𝑛𝑛and to 𝐸𝐸−𝑚𝑚. 𝑛𝑛𝑒𝑒 is the electron density, 𝑍𝑍 is the atomic 175 

number of a predominant composing element, with 𝑛𝑛 ≅ 4 − 5, and 𝐸𝐸 is the photon energy, 176 

with 𝑚𝑚 ≅ 3 − 3.5 [32]. The contrast to local changes in water content strongly depends on the 177 

relative differences between water, air and the solid substrate, in terms of 𝑛𝑛𝑒𝑒 and/or 𝑍𝑍. For the 178 

majority of porous building materials, such differences are typically very small, leading to 179 

low contrast to local water content changes. Despite the low contrast, previous studies have 180 

shown that XACI can still allow visualizing water transport in porous materials when either 181 

the pore size ranges from hundreds of µm to tens of mm [33] and/or the water content change 182 

involves large volumes of water relatively to, e.g., the voxel size of the X-ray tomogram [34]. 183 

The last condition may be for example achieved when only 2D radiographs are acquired, each 184 

pixel value being the sum of 𝜇𝜇 values along the corresponding ray intercepting the specimen 185 

volume along the beam direction (thickness, 𝑇𝑇). Most of the studies published so far and deal-186 

ing with XACI of water transport in cement-based materials at early age have exploited the 187 

latter condition, which is not always fulfilled and depends upon the saturation degree and 𝑇𝑇, 188 

or they have exploited rather low X-ray energies (30-40 keV) at which most of the laboratory 189 

X-ray imaging setups do not operate [1,2,12,35–38]. Thus laboratory scale XACI is also af-190 

fected by strong limitations in studying water transport in early age cement-based materials. 191 

The limited contrast to local water content changes has been so far overcome in most of the 192 

studies by substituting pure water with water-based salt solutions, the salt being used as a con-193 



 
 

trast agent. Examples of contrast agents used with cement-based materials are lead nitrate [39] 194 

and cesium carbonate [40], used to investigate liquid transport through cracks in concrete. 195 

Other examples of contrast agents frequently used with other porous building and geo-196 

materials are calcium iodide (CaI), used to study evaporative drying in experimental models 197 

of soils [41], and cesium chloride (CsCl) [29,42–44] or potassium iodide (KI) [45–47], used 198 

for imaging pore-scale multi-phase fluid displacements and respective interfacial mecha-199 

nisms. 200 

Despite its widespread use for XACI of liquid transport in porous materials, the application of 201 

contrast agents to investigating early-age water transport in cement-based materials remains 202 

unfeasible, due to their interference with cement hydration, thus with the microstructure for-203 

mation and evolution.  204 

Two complementary X-ray imaging methods, developed in the last two decades and available 205 

also with laboratory scale sources, have been recently shown sharing the advantages of XACI, 206 

in terms of spatial resolution, and providing a possible solution to the problem of low contrast 207 

to local water content changes, also for early-age cement-based materials, without the need of 208 

using contrast agents. 209 

The first method is called X-ray phase-contrast imaging (XPCI). It consists of producing radi-210 

ographic or tomographic images whose pixel/voxel values are based upon the linear projec-211 

tion or the direct values of 𝛿𝛿 (see Eq. (1)). In previous work, we have demonstrated, for po-212 

rous building materials, the higher sensitivity of XPCI to pure water content changes in pores 213 

with size above the spatial resolution of the tomograms, compared with corresponding results 214 

obtained, on the same specimens and with the same X-ray source and detector, by XACI 215 

[48,49]. The reason for the higher contrast by XPCI is twofold: 1) the difference in 𝛿𝛿 values 216 

between pure water and air, normalized by the 𝛿𝛿 value of the solid substrate, is larger than the 217 

respective normalized difference for the 𝛽𝛽 values (see Figures 4(a) and (b) in [49]); 2) 𝛿𝛿 218 

achieves larger values than 𝛽𝛽, for both water and any material phase of the solid substrate, 219 

e.g., cement hydration products (see Figure 4(c) in [49]), and at any X-ray photon energy. 220 

The first fact implies that pore-scale water displacements can produce a larger pixel/voxel 221 

value change when the pixel/voxel value itself is related with the local 𝛿𝛿 value than the 𝛽𝛽 one: 222 

any water gain to or loss from a pixel/voxel, containing both the solid phase and a pore, will 223 

have smaller impact to the change in the pixel/voxel value if it is based upon 𝛽𝛽 than upon 𝛿𝛿. 224 

The second fact implies that, specifically for pores with size above the spatial resolution of 225 

the images, a partial or complete filling/emptying by water is more likely to produce local 226 

changes in the image when it is based upon 𝛿𝛿 than 𝛽𝛽. 227 

Several XPCI implementations mainly or only exploit synchrotron radiation sources, because 228 

they require an X-ray beam with high spatial coherence. That is the case for XPCI based upon 229 

a crystal analyzer [50] and free space propagation [51,52]. However, in the last decade new 230 

approaches have been pursued for performing XPCI using also laboratory sources, namely 231 



 
 

edge illumination (EI) [53], speckle pattern analysis (SPA) [54,55] and X-ray Talbot-Lau in-232 

terferometry (TLI) [56,57]. The latter techniques bear an additional advantage: they allow ob-233 

taining, from the same measurement session, both the linear projection of 𝛽𝛽 and of 𝛿𝛿 plus the 234 

linear projection of the 3D spatial distribution of a variable here called 𝜖𝜖 and phenomenologi-235 

cally defined as an (ultra-)small angle X-ray scattering, (U-)SAXS) “strength”, as introduced 236 

in [58] for TLI. From sets of linear projections, the actual 3D spatial distribution of each of 237 

the three variables can be retrieved by tomographic reconstruction [58]. Thus, three tomo-238 

grams can be obtained from a single measurement, with complementary information. 239 

Producing images based upon 𝜖𝜖 is typically termed X-ray dark-field contrast imaging 240 

(XDFCI). The contrast in such images stems from the heterogeneity in the spatial distribution 241 

of 𝛿𝛿 at a length scale below the spatial resolution of the imaging system, which we call sub-242 

resolution heterogeneity. Such heterogeneity contributes to create (U-)SAXS. The overall, 243 

macroscopic-scale consequence of the (U-)SAXS occurrence is a reduction in amplitude and a 244 

further distortion of the periodic (Talbot) interference pattern. The spatial mapping of such 245 

reduction and distortion allows for a qualitative mapping of the degree of sub-resolution het-246 

erogeneity. 247 

Even though (U-)SAXS as a physical process is considered to play a key role in forming the 248 

X-ray dark field contrast, XDFCI does not provide directly the same data as obtained in a tra-249 

ditional (U-)SAXS measurement. In the latter, a monochromatic pencil beam is typically used 250 

for illuminating the specimen at a specific point. The correspondingly transmitted beam is 251 

measured in the Fraunhofer diffraction range of the specimen at the used photon energy. Such 252 

spatial distribution of the beam at that range is the (U-)SAXS pattern. It is directly related 253 

with the spatial Fourier transform of the auto-correlation function, 𝐺𝐺(𝑟𝑟), of the sub-resolution 254 

heterogeneity (see Eq. 3’’ in [59] and Eq. 4 in [60]). The features of such function embed 255 

quantitative information about the sub-resolution heterogeneity at the illumination point. For 256 

example, the auto-correlation length, 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, is defined as the distance between two points at 257 

which the auto-correlation function achieves a global minimum. Such length is related to a 258 

characteristic length scale of the sub-resolution heterogeneity. For example, in the case of a 259 

statistically homogeneous and isotropic dispersion of overlapping spherical “particles” with 260 

diameter 𝐷𝐷, it has been shown that 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ≅ 𝐷𝐷 (see Section 5.1.1 of [61]). “Particle” is here in-261 

tended with the common meaning of a heterogeneous inclusion in a homogeneous matrix (see 262 

Chapter 2 of [61]), e.g., a pore in a continuous, solid material phase. 263 

Such type of information, in the case of XDFCI, is embedded in the local modifications of the 264 

Talbot interference pattern by the specimen’s scattering, quantified by the variable 𝜖𝜖. This oc-265 

curs even though during a TLI measurement no traditional (U-)SAXS pattern is actually ac-266 

quired in the Fraunhofer diffraction region of the specimen. 267 

Several theoretical studies have demonstrated that the phenomenological variable 𝜖𝜖 is directly 268 

proportional to the product of the macroscopic scattering cross-section, Σ, and of the auto-269 



 
 

correlation function of the sub-resolution heterogeneity, 𝐺𝐺(𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖), sampled at a specific cor-270 

relation distance 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 which depends only upon the interferometer configuration, under the 271 

assumption of elastic scattering [62–64]. These theoretical results are based on a few assump-272 

tions, the most important of which are the presence of a periodic intensity interference pattern 273 

illuminating the specimen and scattering at small angles by the specimen’s sub-resolution het-274 

erogeneity. The theoretical framework describing such X-ray dark-field contrast has been ac-275 

companied by experimental validations for model systems, e.g., colloidal suspensions [63,64]. 276 

For such systems, analytical formulations of 𝐺𝐺(𝑟𝑟) are available and they have been experi-277 

mentally validated by corresponding (U-)SAXS measurements. 278 

A key important result of such theoretical framework is the relationship between 𝜖𝜖 and 279 

𝐺𝐺(𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖). The latter suggests that by performing multiple XDFCI measurements, with dis-280 

tinct configurations, thus distinct 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 values, it is possible to retrieve 𝐺𝐺(𝑟𝑟), thus to quantify 281 

descriptors of the sub-resolution heterogeneity which have been typically obtained with 282 

standard (U-)SAXS measurements. The advantage of XDFCI resides in its full-field nature, 283 

i.e., the possibility of obtaining by full illumination of the specimen volume a spatial distribu-284 

tion of (U-)SAXS-like descriptors which would otherwise need a point-by-point determina-285 

tion by standard scanning (U-)SAXS measurements. However, the spatial scanning is substi-286 

tuted by an “instrument-configuration” scanning, i.e., a scanning of a range of possible 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 287 

values. 288 

In the study presented in this article, no quantitative retrieval of 𝐺𝐺(𝑟𝑟) or of Σ was pursued and 289 

compared with similar quantification from standard (U-)SAXS measurements. Rather, we 290 

aimed at spatially mapping the linear projection of 𝜖𝜖 by XDFCI in radiographic mode for 291 

mapping sub-resolution heterogeneity changes with time due to the coupled local water con-292 

tent changes and the actual microstructural changes. 293 

Indeed, as shown in our previous work by TLI, in addition to microstructural changes, the 294 

saturation/desaturation of pores by pure water in cement-based materials leads as well to mi-295 

crostructural heterogeneity changes, with consequent change in the XDFCI signal [65–67]. As 296 

a result, XDFCI exhibits high sensitivity to local water water-content changes, since it can 297 

visualize regions affected by water-content changes when the majority of the pore space is be-298 

low the spatial resolution of the imaging system. The latter condition is always the case for 299 

cement-based materials because they have a majority of pore space with size at the length 300 

scale of tens/hundreds of nm. 301 

The availability of XACI and XPCI images, in addition to XDFCI ones, when using either 302 

approach among EI, SPA or TLI, also offers the possibility of exploiting the different types of 303 

contrast for better resolving the specimens’ microstructural changes occurring at a length 304 

scale above the spatial resolution, thus empowering the investigation of the couplings between 305 

the microstructural evolution and the water transport at early-ages. 306 

TLI-based XDFCI has been previously used to investigate microstructural changes during 307 



 
 

hardening [66] and the release of water from a saturated porous limestone embedded in a ce-308 

ment paste and used as an internal curing element [65]. 309 

In this work, we exploited XDFCI, implemented by TLI at the laboratory scale, to investigate 310 

early age water displacements with higher temporal and spatial resolutions (191 s and 105 311 

𝜇𝜇m, respectively) and higher sensitivity to local water content changes than those achieved by 312 

Bentz et al. [1,2]. The object of our investigation was a system made of two mortar layers 313 

with distinct w/c values, the top layer being exposed to an environment with lower RH, thus 314 

subjected to evaporative drying. As in the work of Bentz et al., we chose such type of speci-315 

men as a model system of the spatial heterogeneity in pore size distribution in actual early-age 316 

cement-based materials hardening under the simultaneous occurrence of drying shrinkage. 317 

We performed a time-lapse multi-contrast radiography measurement campaign by TLI during 318 

hydration of the system. The multi-contrast imaging involved, simultaneously, two other mor-319 

tar specimens with the same w/c values and boundary conditions, i.e., sealed or open to the 320 

environment, of the two respective layers of the model system. We used these two reference 321 

mortar specimens to better understand the relative importance of evaporative drying and of 322 

the microstructure formation in regulating the water transport, as such to resolve the roles of 323 

the two driving processes and their respective weights. 324 

In Section 2, we describe the preparation and characterization of the model system and of its 325 

respective reference specimens. We then briefly summarize the image formation mechanisms 326 

in TLI and the configuration of our TLI radiography campaign, while we leave the details of 327 

the necessary image processing to the Supplementary Materials [99]. We also describe the 328 

standard, XACI micro-tomography measurements we performed on the model layered system 329 

after the TLI one for characterizing the pore space with better spatial resolution than what 330 

achieved by TLI-based XACI. We used these additional pore space data for the validation of 331 

the XDFCI results. 332 

In Section 3, we report the results of the qualitative visualization of the spatial-temporal dis-333 

tribution of water inside and across the two distinct layers during cement hydration and evap-334 

orative drying and its characterization in terms of the spatial pore space information obtained 335 

by 3D image analysis of the XACI micro-tomography data. All the details of how we per-336 

formed the analysis are contained within the Supplementary Materials [99]. 337 

In Section 4, we conclude with a summary of the results obtained, in comparison with those 338 

obtained previously by Bentz et al., and we provide an outlook about the advantages of 339 

XDFCI for the systematic investigation of early-age processes involving water displacements 340 

in cement-based materials. 341 

 342 

2. Materials and methods 343 

 344 



 
 

2.1. Materials and model layered system/reference specimens preparation and their character-345 

ization 346 

Three casting molds were produced by 3D printing technology at the Technical University of 347 

Munich. The 3D printer was a Stratasys Objet Eden260VS® and the printed material was Stra-348 

tasys VeroBlackPlus (RGD875), a black and rigid photopolymer-based plastics.  The size of 349 

the inner horizontal (𝑍𝑍-𝑋𝑋 plane in Figure 1(a)) cross-section is 6 mm in length (𝑋𝑋-axis) × 5 350 

mm in thickness (𝑍𝑍-axis) for all the three molds, with 1-1.5 mm wall thickness. Two of the 351 

molds have an inner volume height (along the 𝑌𝑌-direction) of 12 mm, the third one of 10 mm. 352 

Before preparing the mortar specimens, the three molds were, laterally and at their bottom, 353 

sealed with Kapton® tape to reduce water loss by evaporative drying through the possibly not 354 

perfectly sealed edges of those lateral surfaces. 355 

Two types of mortars, called M1 and M2 and with different w/c, 0.42 and 0.30 respectively, 356 

were used in this study. The mortar mix design is given in Table 1. We used ordinary Portland 357 

cement of type CEM I 42.5N. The cement density was 3.15 g cm-3 and the Blaine fineness 358 

3190 cm2 g-1. Alluvial sand with density 2.65 g cm-3 and particles size ranging from 250 to 359 

500 µm was employed. The sand content was 40% by volume for both mortars. Polycarbox-360 

ylate-based superplasticizer (SP) was used for the M2 mortar, at a dosage of 0.8% by mass of 361 

cement. 362 

 363 

Mortar type M1 (0.42 w/c) M2 (0.30 w/c) 

Cement CEM I 42.5N (kg/m3)   821.5   971.3 

Aggregate (kg/m3)  1060.0 1060.0 

Water (kg/m3)   345.0   283.6 

SP (kg/m3)         7.8 
 

w/c    0.42    0.30 

Table 1. Mix design of the two mortars (M1 with 0.42 w/c and M2 with 0.30 w/c). For each component, the 364 
mass per unit volume of the mixture is provided. 365 

 366 

The cement and dry sands were dry-mixed manually, after which either de-ionized water, for 367 

the M1 mortar, or the mixture of de-ionized water and SP, for the M2 mortar, was added to 368 

the mixture. The mortar preparation was done with a vacuum mixer (Twister Evolution) by 369 

Renfert. The overall mixing lasted 2 minutes at the speed of 450 rev/min. The same mixtures 370 

used to produce the actual specimens of investigation were mixed again at a later time to per-371 

form isothermal calorimetry with a TAM Air Isothermal Calorimeter produced by Thermo-372 

metric AB. Isothermal calorimetry helped to identify the different stages of hydration of the 373 



 
 

mortars, in order to correlate the multi-contrast X-ray radiography results with the information 374 

about the hydration kinetics. 375 

The M1 mortar was mixed first. While mixing the M2 mortar, we cast the M1 mortar into the 376 

two taller molds. We filled completely one of these two molds to realize a reference M1 spec-377 

imen. This mold’s top was covered with a plastic lid, sealed with grease to reduce as much as 378 

possible any water loss due to evaporative drying during the TLI measurements. We filled the 379 

other taller mold up to half of its height. The top half volume of this mold was then filled with 380 

the M2 mortar, in order to realize the model layered system with the lower w/c mortar on top 381 

of the higher w/c mortar. When filling the mold with either mortar layer, we gently tapped it 382 

in order to favor a uniform cast and to reduce entrapped air voids as much as possible. The 383 

mold for the model system remained open during the overall duration of the TLI measure-384 

ment, in order to subject the M2 layer to direct evaporative drying through its top surface. 385 

During the overall measurement time, the RH and temperature inside the TLI hutch were 386 

about 30% and 28-30°C. 387 

The third and shorter mold was completely filled with the M2 mortar only, to realize a refer-388 

ence M2 specimen. The top of this mold was also left open in order to have the same bounda-389 

ry conditions as for the top M2 layer in the model system. 390 

Finally, the three molds were fixed on a plate, side by side along a line orthogonal to the X-391 

ray beam direction (𝑍𝑍-direction in Figure 1(a)) and with their thickness aligned along the 392 

beam. The three specimens were not moved from the TLI specimen holder until the end of the 393 

experimental campaign. We measured the mass of the three molds before and after the cam-394 

paign to estimate the water loss due to the evaporative drying. 395 

As done by Bentz et al. [1,2], we chose to investigate such model layered system because it 396 
allows investigating early-age water transport in conditions similar to those of interest for 397 
practical applications. In particular, a more porous region surrounded by a less porous matrix 398 
exposed to the external and drier environment is encountered in the investigation of water re-399 
lease into a mortar matrix by LWAs or SAP particles. Another case of interest is local water 400 
transport inside a mortar matrix across regions characterized by different pore size distribu-401 
tions and porosities (which might be intrinsic to real world concrete, e.g., due to inhomoge-402 
neities resulting from the casting process or induced by damage). 403 

 404 

2.2.  Multi-contrast time-lapse X-ray radiography measurement by Talbot-Lau interferometry  405 

Figure 1 shows a layout of the TLI setup at the Technical University of Munich used in this 406 

study. 407 

A typical Talbot-Lau interferometer, as the one depicted in Figure 1(b), comprises three grat-408 

ings, G0, G1 and G2, with line patterns having periodicity at the 𝜇𝜇m scale, aligned along a 409 

single direction, the 𝑌𝑌-axis of Figure 1 in our case. 410 



 
 

X-ray TLI consists of measuring on a detection plane the changes brought by a specimen to a 411 

periodic X-ray interference pattern produced by illuminating, with a highly spatially coherent 412 

X-ray beam, a periodic grating (G1 in Figure 1(b), typically called as the “phase” grating) 413 

consisting of gaps alternated to a given material thickness, producing a certain phase shift of 414 

the beam at a certain energy (Talbot-Lau effect [68,69]). Any local perturbation of the inter-415 

ference pattern is due to the local values of the X-ray complex index of refraction 𝑛𝑛 of the 416 

specimen. By resolving the changes in the interference pattern, the linear projections of 𝛽𝛽, 𝛿𝛿 417 

and 𝜖𝜖 can be retrieved point-wise from a signal processing procedure described in Section S1 418 

of the Supplementary Materials [99]. The basic physical principles of such retrievals consists 419 

of a contribution of 𝛽𝛽, i.e., of the X-ray attenuation, to decreasing the overall average interfer-420 

ence pattern intensity while 𝜖𝜖, i.e., the (U-)SAXS, contributes to decreasing its oscillation 421 

amplitude. 𝛿𝛿, i.e., X-ray refraction, contributes to local displacements of the pattern along the 422 

direction of the G1 periodicity. 423 

When working with laboratory X-ray sources, which produce beams either spatially incoher-424 

ent or with very low coherence, a “source” grating, indicated as G0 in Figure 1(b), is placed 425 

between the X-ray source and G1, creating an array of mutually incoherent but independently 426 

sufficiently coherent beams. 427 

The period of the inference pattern is directly proportional to that of G1. Such period is at the 428 

𝜇𝜇m scale, in order to achieve sensitivity to spatial variations in 𝑛𝑛 at that scale. In order to be 429 

able to resolve the periodic interference pattern created by G1, an X-ray detector with pixel 430 

size much smaller than the interference pattern periodicity is needed, which is almost never 431 

available, especially at the laboratory scale. These detector technology limitations are over-432 

come by exploiting a third grating, called “analyzer” grating or G2 in Figure 1(b), placed in 433 

front of the detector. The relative translation of G2 in respect to G1 along the direction of the 434 

gratings periodicity allows resolving the interference pattern intensity at each pixel location 435 

on the detector plane. This is achieved by several translation steps, each corresponding to a 436 

fraction of the interference pattern period. 437 

One X-ray radiograph is acquired in correspondence of each translation step. The pixel-wise 438 

processing of such radiograph, according to a procedure known as “phase stepping protocol” 439 

[70,71] and described in Section S1 of the Supplementary Materials [99], leads to three new 440 

radiographs, 𝑃𝑃𝜇𝜇(𝑥𝑥, 𝑦𝑦), 𝜕𝜕𝑃𝑃𝛿𝛿
𝜕𝜕𝜕𝜕

(𝑥𝑥,𝑦𝑦) and 𝑃𝑃𝜖𝜖(𝑥𝑥,𝑦𝑦). (𝑥𝑥,𝑦𝑦) indicates the pixel position on the detec-441 

tor plane, according to the coordinate system shown in Figure 1. 𝑃𝑃𝑖𝑖(𝑥𝑥, 𝑦𝑦) indicates the linear 442 

projection of the function 𝑓𝑓(𝑥𝑥′,𝑦𝑦′, 𝑧𝑧′), i.e., a path integral of 𝑓𝑓(𝑥𝑥′,𝑦𝑦′, 𝑧𝑧′) along a ray connect-443 

ing the source and the position (𝑥𝑥,𝑦𝑦) on the detector plane. 444 

The phase stepping protocol requires two sets of radiographic acquisitions, one in the absence 445 

(reference scan) and the other in the presence of the specimen. We refer to Section S1 of the 446 

Supplementary Materials for the complete description of the image processing leading to the 447 



 
 

retrieval of the three radiographs 𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦), 𝜕𝜕𝑃𝑃𝛿𝛿
𝜕𝜕𝜕𝜕

(𝑥𝑥,𝑦𝑦) and 𝑃𝑃𝜖𝜖(𝑥𝑥,𝑦𝑦). In this study only 𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦) 448 

and 𝑃𝑃𝜖𝜖(𝑥𝑥,𝑦𝑦) were used [99]. 449 

 450 

 451 
Figure 1 (with colors in the online version of the article). (a)  Picture of the three 3D printed molds with the 452 

mortars cast inside them, just before being mounted of the specimen stage of the X-ray imaging setup. The M2 453 
reference specimen is on the left side while the M1 (with its top sealed by a lid) on the right. The layered speci-454 
men is the one in the center. (b) Schematics of the X-ray Talbot-Lau interferometer at the Technical University 455 
of Munich, with the geometric settings used in this study. The X-ray source was located at the 𝑍𝑍 = 0 mm plane. 456 
The zoom-in window on top of the specimen plane shows the picture of the three specimens during the experi-457 

ment. 458 

 459 

The three gratings of the Talbot-Lau interferometer used in this study were set according to 460 

the distances shown in Figure 1(b) such that the interference pattern was created at the first 461 

fractional Talbot-distance of the interferometer (distance between G1 and G2). The G0 and 462 

G2 gratings were of the same type, with period of 10 𝜇𝜇m and made of gold as material filler 463 

of the gaps, with thickness of 150-170 𝜇𝜇m along the beam direction. G1 had a period of 5 𝜇𝜇m 464 

and was made of Ni, with thickness of 8 𝜇𝜇m along the beam direction, leading to a π/2 phase-465 

shift of the illuminating beam at 45 keV. The X-ray source was a micro-focus source pro-466 

duced by X-ray WorX (Garbsen, Germany) of type XWT-160 SE. It was operated at 60 kVmax 467 

and ≅680 𝜇𝜇A in order to achieve an energy spectrum with mean value of 45 keV. With this 468 

configuration, a mean TLI visibility (see Section S1 of the Supplementary Materials for its 469 

definition [99]) of 22.9% was obtained in a central region of the field of view (FOV). The X-470 

ray detector was a PaxScan 2520DX by Varian, with physical pixel size 𝑝𝑝 = 127 𝜇𝜇m and 471 

1920×1536 pixels (𝑋𝑋 and 𝑌𝑌 directions of Figure 1, respectively), based upon a 600 𝜇𝜇m-thick 472 

CsI scintillator screen, for the conversion of X-ray photons to visible light photons, on top of 473 



 
 

an amorphous Si as direct converter of visible light photons to electrical charge. The detector 474 

readout was set to 1 frame per second so that several images were acquired and pixel-wise av-475 

eraged to produce a final radiograph with higher signal-to-noise ratio within the single radio-476 

graph acquisition time. 477 

The micro-focus X-ray source produced a cone beam with correspondent projection magnifi-478 

cation factor 𝑀𝑀 = 𝑑𝑑𝑆𝑆𝑆𝑆
𝑑𝑑𝑆𝑆𝑆𝑆

≅ 2.42 and effective pixel size 𝑝𝑝� = 𝑝𝑝
𝑀𝑀
≅52.5 𝜇𝜇m, where 𝑑𝑑𝑆𝑆𝑆𝑆=1959 mm 479 

was the source-to-detector distance while 𝑑𝑑𝑆𝑆𝑆𝑆=808 mm was the source-to-specimen distance. 480 

We estimated an effective average spatial resolution in the radiograph of the order of double 481 

the effective pixel size (105 𝜇𝜇m). 482 

2.3. Radiographs acquisition and processing 483 

As soon as we fixed the specimen on the specimen holder, we immediately started the acqui-484 

sition of the radiographs by TLI, following the protocol described below. 485 

First, the specimens were moved out of the FOV to perform a reference phase stepping proto-486 

col consisting of 8 steps with equidistant displacement over 1 period of the interference pat-487 

tern, equal to the period of G0(G2) (≅10 𝜇𝜇m). Then the specimens were moved back into the 488 

FOV and the same phase stepping protocol was repeated once. After that, the specimens were 489 

moved out of FOV again and the whole procedure was repeated (1 reference phase stepping 490 

protocol + 1 specimen phase stepping protocol). A reference phase stepping protocol was 491 

needed before each specimen’s in order to perform the TLI signal processing (Section S1 of 492 

the Supplementary Materials [99]), at each time point, with reference interference patterns as 493 

closely related as possible to the actual ones illuminating the specimen. Such reference pat-494 

terns can vary significantly in time due, e.g., to temporal fluctuations of the X-ray source. 495 

At each step of any phase stepping protocol, each radiograph was acquired with an exposure 496 

time of 8 seconds (8-frame averaging). The temporal resolution of the multi-contrast time-497 

lapse radiography campaign was 191 s, considering the total acquisition time for each radio-498 

graph at each phase stepping stage, the time for the stepping for each of the two cycles of the 499 

phase stepping protocol, in the absence and in the presence of the specimens, and the time 500 

needed to move them out of and into the FOV. Thus, after retrieval, one 𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦) radiograph, 501 

one 𝜕𝜕𝑃𝑃𝛿𝛿
𝜕𝜕𝜕𝜕

(𝑥𝑥, 𝑦𝑦) and one 𝑃𝑃𝜖𝜖(𝑥𝑥,𝑦𝑦) were obtained every 191 seconds.  The overall campaign last-502 

ed approximately 7 h continuously, consisting totally of 133 reference phase stepping proto-503 

cols and respective 133 specimen ones, thus 133 multi-contrast radiographs.  504 

 505 

2.5. X-ray attenuation contrast micro-tomography analysis of the pore space 506 

We performed attenuation-contrast X-ray micro-tomography only on the model layered sys-507 

tem at Empa’s Center for X-ray Analytics (http://www.empa.ch/web/s499/mct) for quantita-508 

tively analyzing the resolvable part of its pore space and for supporting the interpretation of 509 

http://www.empa.ch/web/s499/mct


 
 

the water transport spatial-temporal patterns observed by the time-series of dark-field contrast 510 

radiographs. 511 

A micro-focus X-ray transmission source, manufactured by VISCOM AG (Germany, type 512 

XT9160 TXD), based upon a tungsten target and with focal spot size of ≅ 2-3 𝜇𝜇m, was used 513 

and operated at 80 kVmax and 120 𝜇𝜇A.  514 

The X-ray detector was a digital flat-panel detector of type XRD 1621 CN2 ES from Perkin 515 

Elmer (United States) with a 0.7 mm-thick tallium–doped cesium iodide CsI(Tl) scintillator 516 

screen, for the conversion of the X-ray photons to the visible light ones, and amorphous Si 517 

pixels for the direct conversion of the visible light into electric charge. The physical pixel size 518 

is 𝑝𝑝𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑎𝑎=200 𝜇𝜇m. The FOV consisted of 2048×2048 pixels.  The source-to-detector distance 519 

was 𝑑𝑑𝑆𝑆𝑆𝑆,𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑎𝑎= 1017 mm while the source-to-specimen distance was 𝑑𝑑𝑆𝑆𝑆𝑆,𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑎𝑎= 35 mm, lead-520 

ing to a projection magnification factor 𝑀𝑀𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑎𝑎 ≡
𝑑𝑑𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

≅ 29 and an effective voxel size 521 

𝑣𝑣𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑎𝑎 = 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

≅ 6.9 𝜇𝜇m. The spatial resolution of the final tomogram was thus estimated of 522 

the order of 14 𝜇𝜇m. 523 

The micro-tomography measurement consisted of 2000 radiographs acquired over a range of 524 

360° of relative orientation of the specimen around an axis parallel to the vertical axis of the 525 

detector plane. The radiograph at each orientation angle was the result of acquiring and aver-526 

aging five of them with 900 ms as acquisition time per radiograph. 527 

The radiographs recorded were corrected for the dark-current and flat field by a detector cali-528 

bration procedure. The overall measurement took 3 h 46 min. The raw radiographs were 529 

saved as 16 bit unsigned integer images.  530 

The tomographic reconstruction was performed with the tomographic reconstruction software 531 

Octopus Reconstruction® (XRE, Belgium), using a standard filtered back-projection algo-532 

rithm for a cone beam geometry [72], optimized for GPU processing. After reconstruction, the 533 

horizontal (𝑋𝑋-𝑍𝑍) cross-sections of the reconstructed 3D spatial distribution of 𝜇𝜇(𝑥𝑥′,𝑦𝑦′, 𝑧𝑧′) (at-534 

tenuation-contrast tomogram) were saved as floating-point 32 bit images. 535 

The 3D image processing implemented for segmenting and characterizing the pore space 536 

above the spatial resolution of the tomogram is described in details in Section S4 of the Sup-537 

plementary Materials [99]. 538 

 539 

3. Results and discussion 540 

 541 

3.1. Hydration kinetics by isothermal calorimetry 542 

The rate of heat release (or heat flow) due to cement hydration, for both reference mortars M1 543 

(w/c = 0.42) and M2 (w/c = 0.30), is reported in Section S3, Figure S2, of the Supplementary 544 

Materials [99]. The goal of these measurements was to estimate the time of initial and final set 545 



 
 

of the two mortars, to be compared with the time scale of the multi-contrast radiography cam-546 

paign (7 hours). 547 

The calorimetry results show that within the first 7 hours of hydration, corresponding to the 548 

same duration of the multi-contrast time-lapse radiography campaign, the initial setting of 549 

both mortars and likely also the final setting for mortar M1 were completed, while both mor-550 

tars approached the conclusion of their acceleration periods within the time range of 9-10 551 

hours. The results suggest that most of the relevant microstructure evolution of both mortars 552 

occurred before the end of the radiography campaign. 553 

Thus, the results of the radiography campaign, presented in the following Section, deal with 554 

the visualization of water transport during the most significant time interval of the microstruc-555 

ture formation. 556 

 557 

3.2. Multi-contrast time-lapse radiography by Talbot-Lau interferometry during hydration and 558 

evaporative drying 559 

Figure 2 shows the dark-field contrast radiographs, 𝑃𝑃𝜀𝜀(𝑥𝑥, 𝑦𝑦, 𝑡𝑡), where 𝑡𝑡 means time, (insets 560 

(a), (b), (c), left column), and the attenuation contrast radiographs, 𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦, 𝑡𝑡), (insets (d), (e), 561 

(f), right column), at three different time instants during the campaign (rows). The left column 562 

images show the values of 𝑃𝑃𝜀𝜀(𝑥𝑥,𝑦𝑦, 𝑡𝑡) in units of 10-12, with brighter pixels indicating larger 563 

cumulative (U-)SAXS “strength”, while the right column images show the 𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦, 𝑡𝑡) values, 564 

with brighter pixels associated with more X-ray attenuating regions. For each contrast type, 565 

the dynamic range of the shown images was identically set for each time instant, for more re-566 

liable visualization of the temporal changes and their proper comparison. The rectangles 567 

drawn inside each specimen in Figures 2(a) to (c) indicate regions of interest (ROIs) over 568 

which, at any time instant during the campaign, 𝑃𝑃𝜀𝜀(𝑥𝑥,𝑦𝑦, 𝑡𝑡) was spatially averaged, to obtain a 569 

“dark-field contrast signal” 𝑆𝑆𝑖𝑖(𝑡𝑡) = 〈𝑃𝑃𝜀𝜀(𝑥𝑥,𝑦𝑦, 𝑡𝑡)〉(𝜕𝜕,𝑦𝑦)𝑚𝑚, where the index 𝑖𝑖 identifies the ROI and 570 

the symbol 〈… 〉(𝜕𝜕,𝑦𝑦)𝑚𝑚 indicates the pixel-wise averaging over the ROI 𝑖𝑖. The same ROIs were 571 

defined and used to perform similar averaging also for the attenuation contrast radiographs, 572 

computing for each ROI 𝑖𝑖 a corresponding “attenuation contrast signal” 𝐴𝐴𝑖𝑖(𝑡𝑡) =573 

〈𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦, 𝑡𝑡)〉(𝜕𝜕,𝑦𝑦)𝑚𝑚. Important to notice in Figure 2 is that the ROIs for the reference M1 and 574 

M2 specimens covered approximately their entire heights while, for the layered specimen, 575 

each of the two ROIs covered approximately either the M1 layer at the bottom or the M2 one 576 

at the top, respectively. Such span for any ROI on any specimen was chosen as such to track 577 

only the bulk temporal evolution of the attenuation and dark-field contrast signals during the 578 

ongoing hydration and drying, without being influenced by fluctuations due to localized spa-579 

tial differences. 580 

The change, for the attenuation radiographs, inside any specimen and during the overall 581 

measurement, is hardly visible by the naked eye in Figure 2. The spatially averaged pixel val-582 

ues only slightly decreased with time, with a more appreciable decrease for the reference M2 583 



 
 

specimen on the right side of the radiographs and the top M2 layer in the model system center 584 

specimen. A slightly better visual evidence of such a decrease is obtained by looking at the 585 

whole time series of attenuation radiographs, available in the form of a movie in Section S5 of 586 

the Supplementary Materials [99]. 587 

In contrast, a clear evolution is visually easily appreciable for the dark-field radiographs, with 588 

qualitative differences in behavior for the M1 reference specimen and the M1 (bottom) layer 589 

in the model system while the M2 reference specimen and the M2 (top) layer of the model 590 

system qualitatively behave the same. 591 

Such differences/similarities result from the distinct phenomena happening within the distinct 592 

specimens. The M1 reference specimen (left in each radiograph), subject to almost no evapo-593 

rative drying because of the top sealing of its mold, exhibited a gradual and small decrease in 594 

𝑃𝑃𝜀𝜀. On the contrary, the M2 reference mortar (right in each radiograph) showed an increase in 595 

𝑃𝑃𝜀𝜀 followed by the achievement of a plateau level (no large change is visible between Figures 596 

2(b) and (c) for that specimen). In the model layered system (center in each radiograph), 𝑃𝑃𝜀𝜀 597 

looks like having increased in both the top M2 layer and in the bottom M1 layer. However, a 598 

larger increase seems to have happened in the M2 layer than in the M1 one. 599 

These qualitative observations and conclusions are better validated also by the visual inspec-600 

tion of the complete time series of dark-field and attenuation contrast radiographs, reported 601 

and described in Section S5 of the Supplementary Materials [99]. 602 

One last note regarding Figure 2 concerns a feature observed at any time instant in the M2 603 

reference (right) specimen dark-field radiographs. An irregular, “crack”-like feature with low 604 

𝑃𝑃𝜀𝜀 value is visible on the left side of the specimen. This was an artificial feature created in 605 

such radiographs and at that location by a physical scratch on the G1 grating, which intro-606 

duced an artifact only within the 𝑃𝑃𝜀𝜀(𝑥𝑥,𝑦𝑦, 𝑡𝑡) and 𝜕𝜕𝑃𝑃𝛿𝛿
𝜕𝜕𝜕𝜕

(𝑥𝑥,𝑦𝑦) radiographs. 607 



 
 

 608 
Figure 2 (with colors in the online version of the article). Dark-field, 𝑃𝑃𝜀𝜀(𝑥𝑥, 𝑦𝑦, 𝑡𝑡), ((a), (b), (c)) and attenuation, 609 

𝑃𝑃𝜇𝜇(𝑥𝑥, 𝑦𝑦, 𝑡𝑡), ((d), (e), (f)) contrast radiographs at three different time instants, t0 (beginning of the campaign, (a) 610 

and (d)), t1 (after 2 hours and 54 minutes, (b) and (e)) and t2 (close to the end of the campaign, after 6 hours and 611 
58 minutes, (c) and (f)). The dark-field contrast radiograph pixel values are reported as multiples of 10-12. Super-612 

imposed on the dark-field radiographs are rectangular regions of interest (ROIs) which were used to calculate, 613 
for each specimen, the spatially averaged linear projection of the (U-)SAXS “strength”, 〈𝑃𝑃𝜀𝜀(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)〉(𝜕𝜕,𝑦𝑦), as a 614 

function of time (see Figure 3). The ROIs were, for each specimen, the same at each time instant. 615 

 616 

A quantitative validation of the conclusions drawn before and regarding the temporal evolu-617 

tion of 𝑃𝑃𝜀𝜀 in the different specimens is provided by its pixel-wise average values over the dif-618 

ferent ROIs highlighted by the rectangles in Figure 2. Figure 3 reports such dark-field contrast 619 

signals 𝑆𝑆𝑖𝑖(𝑡𝑡) after their normalization by each respective signal value at the beginning of the 620 

experimental campaign, i.e., it shows �̃�𝑆𝑖𝑖(𝑡𝑡) ≡
𝑆𝑆𝑚𝑚(𝑎𝑎)
𝑆𝑆𝑚𝑚(𝑎𝑎0). We call this signal the normalized dark-621 

field contrast signal. 622 

Figure 4 reports a correspondingly normalized attenuation contrast signal �̃�𝐴𝑖𝑖(𝑡𝑡) ≡
𝐴𝐴𝑚𝑚(𝑎𝑎)
𝐴𝐴𝑚𝑚(𝑎𝑎0) for 623 

the same ROIs. 624 

At the basis of our interpretation of the results reported in Figure 3, there is the assumption 625 

that the mold of any specimen was perfectly sealed, except for the opening to air at its top, for 626 

the model layered system and the reference M2 mortar. 627 

The mass of each specimen was measured before and after the experiment in order to assess 628 

the extent of validity of such assumption. The results are reported in Table 2. While some lim-629 



 
 

ited mass loss was recorded also for the M1 specimen (nominally sealed), this was, as ex-630 

pected, much smaller than for the unsealed specimens (more than 4 times smaller). Moreover, 631 

one should take also into account that the absolute mass changes were very small (in the order 632 

of a few 1/100 of g) for each specimen. We hypothesize that a mass loss, although very small, 633 

occurred systematically, with the sealed reference M1 specimen as well with the other two, 634 

because during handling each specimen could have possibly lost some of the grease applied to 635 

seal it. We thus attribute the rest of mass loss for each unsealed specimen to the evaporative 636 

drying through the top, open surface. 637 

 Before meas-
urement 

𝑚𝑚𝑏𝑏𝑒𝑒𝑖𝑖𝑎𝑎𝑖𝑖𝑒𝑒 [g] 

After measure-
ment 

𝑚𝑚𝑎𝑎𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖  [g] 

Relative mass change 

((𝑚𝑚𝑎𝑎𝑖𝑖𝑎𝑎𝑒𝑒𝑖𝑖 − 𝑚𝑚𝑏𝑏𝑒𝑒𝑖𝑖𝑎𝑎𝑖𝑖𝑒𝑒) 𝑚𝑚𝑏𝑏𝑒𝑒𝑖𝑖𝑎𝑎𝑖𝑖𝑒𝑒⁄ ) 
[%] 

M1, reference+ tube 1.5816 1.5689 -0.80% 

M2, reference+tube 1.2506 1.2025 -3.85% 

M1+M2, layered+tube 1.3631 1.3116 -3.78% 

Table 2. Mass of each specimen before and after the measurement and relative mass change. 638 

 639 

 640 
Figure 3 (with colors in the online version of the article). Temporal evolution, during the overall multi-contrast 641 

radiography campaign, of the pixel-wise average value, 𝑆𝑆𝑖𝑖(𝑡𝑡) = 〈𝑃𝑃𝜀𝜀(𝑥𝑥,𝑦𝑦, 𝑡𝑡)〉(𝜕𝜕,𝑦𝑦)𝑚𝑚 , of the linear projection 𝑃𝑃𝜀𝜀  642 

of the (U-)SAXS “strength”, 𝜀𝜀, normalized by the same average value at the beginning of the measurement cam-643 

paign, 𝑆𝑆𝑖𝑖(𝑡𝑡0) (𝑡𝑡0 = 0 hours). Such average values are also called normalized dark-field contrast signals and are 644 

indicated as �̃�𝑆𝑖𝑖(𝑡𝑡), where the integer index 𝑖𝑖 just enumerates them. Different curves refer to distinct regions of 645 
interest (ROIs), highlighted as rectangles in Figures 2(a)-(c) and covering the different specimens or parts there-646 
of: M1, bottom layer in the model system (red circles); M2, top layer in the model system (green asterisk); M2 647 

reference specimen (purple pentagram); M1 reference specimen (blue plus sign). 648 



 
 

Figure 3 confirms that the cumulative (U-)SAXS “strength” monotonically decreased during 649 

the overall campaign for the M1 reference specimen, even though within a small range (the 650 

relative change between the beginning and the end of the campaign was ∆�̃�𝑆 =-3.47%). 651 

Cement hydration and the corresponding microstructure formation lead to the creation of the 652 

hydration products network. In the absence of evaporative drying, two main features of such 653 

formation may influence differently the evolution of the real part of the X-ray index of refrac-654 

tion, 𝛿𝛿, local values, thus of the normalized dark-field contrast signal �̃�𝑆(𝑡𝑡). 655 

On the one side, chemical shrinkage and the corresponding emptying of capillary pores 656 

should contribute to an increase in the local scattering of the X-ray photons, thus to an in-657 

crease in the macroscopic (U-)SAXS “strength” measured by TLI. That is because the empty-658 

ing of such pores increases the interface area characterized by the highest difference in 𝛿𝛿 val-659 

ue, i.e., the interface between solid material phases and air. Thus the amount of interface area 660 

producing strong scattering increases. Such increase occurs at a length scale well below the 661 

spatial resolution of the TLI instrument (scale of 100 𝜇𝜇m in this work), thus manifesting itself 662 

as an increase for the probability of occurrence of the bulk scattering along each ray connect-663 

ing the X-ray source with a detector’s pixel. An increase in such probability corresponds 664 

quantitatively to an increase in the macroscopic scattering cross-section Σ, to which the dark-665 

field radiograph pixel value directly and positively relates. 666 

The increase in interface area equipped with the largest possible difference in 𝛿𝛿 values corre-667 

sponds, in terms of what measurable in traditional, single point (U-)SAXS experiments, to an 668 

increase in X-ray scattering contrast |∆𝜌𝜌𝑒𝑒|, where 𝜌𝜌𝑒𝑒 means electron density and its difference 669 

is taken between the value of the solid phases, e.g., of calcium silicate hydrates, and of the 670 

pore fluid, i.e., air in the case of the largest possible achievable value. We notice that the scat-671 

tered intensity measured in traditional, single point (U-)SAXS measurements scales with 672 

|∆𝜌𝜌𝑒𝑒|2, thus chemical shrinkage alone should lead to an increase in scattered intensity [73–673 

76]. 674 

On the other side, the growth of the cement hydration products and the correspondingly in-675 

creasing spatial percolation of their network lead to a gradual refinement of the capillary 676 

pores, which become on average smaller and more homogeneously distributed. Another effect 677 

of the increasing spatial percolation of the solid hydration products is their increasing spatial 678 

packing and “densification”. 679 

Together, smaller and more homogeneously-distributed capillary pores, even though they be-680 

come partially empty due to chemical shrinkage, and more percolating solid phase structures 681 

should contribute to a decrease in (U-)SAXS. 682 

The continuous decrease in (U-)SAXS “strength” we observed for the sealed M1 reference 683 

specimen is in agreement with what already reported by Prade et al. for the hydration of Port-684 

land cement pastes in completely sealed molds and in the absence of any curing agent [66]. 685 

Such experimental evidence, together with what presented in this work, suggests that the sec-686 



 
 

ond mechanism, i.e., the reduction of the sub-resolution heterogeneity due to the hydration 687 

products network growth, overcomes the first one, in terms of contribution to the cumulative 688 

(U-)SAXS behavior, thus to the overall normalized dark-field contrast signal �̃�𝑆(𝑡𝑡). This is the 689 

conclusion we reach for the sealed reference specimen M1, based on the results presented 690 

here and on those shown in [66]. 691 

Such conclusion is supported by results from both traditional, single point SAXS [73,74] and 692 

small angle neutron scattering (SANS) experiments [75,76] reported in the literature and con-693 

cerning ordinary Portland cement pastes hydrating in sealed conditions. 694 

Single point small angle scattering (SAS) measurements, with either X-rays or neutrons, have 695 

been extensively used to characterize the temporal evolution of hydrating cement microstruc-696 

tures in terms of the morphological and structural characteristics of the most abundant cement 697 

hydration products (mainly the amorphous calcium silicate hydrates). Allen and Thomas pro-698 

vide an extensive review of what achieved with SANS [77]. 699 

Among all the work reported in the literature, that of Kriechbaum et al. about SAXS meas-700 

urements [73,74] and of Häussler et al. about SANS ones [75,76] is of particular importance 701 

for the validation of our conclusion mentioned above, because of the consistency of the results 702 

there presented and of the higher similarity of their specimens with ours, when compared with 703 

other published work. 704 

Both Kriechbaum et al. and Häussler et al. performed time-lapsed, single point SAS meas-705 

urements on hydrating cement pastes in sealed conditions with w/c values (0.5 in [73] and 706 

0.38 in [75,76]) close to the ones used in our work (0.42 and 0.3 for M1 and M2, respective-707 

ly). Their measurements also covered scattering vector magnitude (𝑞𝑞) ranges overlapping with 708 

each other ([0.3;0.7] nm-1 in [73,74], [0.086;1.5] nm-1 in [75] and [0.1;1] nm-1 in [76]). This 709 

common feature implies that the scattering patterns measured in all those works were pro-710 

duced by microstructural changes occurring at overlapping length scale ranges, of the order of 711 

[0.67;12] nm (estimated as the reciprocal of the maximum and minimum 𝑞𝑞 values reported 712 

above). This feature thus implies high comparability of their results and more reliability of the 713 

respective conclusions. 714 

A direct and similar assessment of the exact length scale range at which the microstructural 715 

changes affected the normalized dark-field contrast signal �̃�𝑆(𝑡𝑡) is not feasible when a single 716 

configuration of the Talbot-Lau interferometer is used. As mentioned before, TLI does not 717 

provide the exact identical information as single-point SAS measurements do, i.e., the de-718 

pendence between the differential macroscopic scattering cross-section, 𝑑𝑑Σ
𝑑𝑑Ω

, and the scattering 719 

vector magnitude 𝑞𝑞. Here Ω indicates the solid angle around each scattering direction. 720 

If multiple TLI measurements are successively performed changing the interferometer con-721 

figuration, specifically the relative position between the specimen and the G0 or G2 gratings 722 

(depending on whether the specimen is set in front or behind the G1 grating, respectively), 723 

then, as reported in Section 1, the dark-field contrast signal, at any given time, can allow re-724 



 
 

trieving the linear projection, along the beam direction, of the auto-correlation function of the 725 

sub-resolution heterogeneity, 𝐺𝐺(𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖), at multiple values of the variable 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 [62–64]. 726 

We recall that the latter, with the physical dimension of a length, plays the role of a (correla-727 

tion) length scale, thus the same role as played by 𝑞𝑞−1 in single point (U-)SAXS and SANS 728 

measurements. We also recall that 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 depends only from the interferometer configuration, 729 

specifically on the G0-specimen or G2-specimen distance, on the interferometer design ener-730 

gy and on the period of the G0 or G2 gratings [62–64]. 731 

In the absence of multiple TLI measurements by varying 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖, we can only estimate for our 732 

measurements an upper bound for 𝑞𝑞 and an indicative most probable value (maximum of its 733 

probability density function). 734 

The upper bound for 𝑞𝑞 can be quantified by considering its theoretical upper bound computed 735 

at the interferometer’s design energy of 45 keV. 736 

The theoretical upper bound of 𝑞𝑞, under the assumption of elastic scattering, is given by 737 

𝑞𝑞𝑚𝑚𝑎𝑎𝜕𝜕 = 2𝐸𝐸𝜈𝜈
ℏ𝑚𝑚0

, where 𝐸𝐸𝜈𝜈 is the photon energy, ℏ is the reduced Planck constant and 𝑐𝑐0 is the 738 

speed of light in vacuum. By plugging in that equation the interferometer design energy as 739 

value for 𝐸𝐸𝜈𝜈 and using an estimate of 0.197 keV ⋅ nm for the universal constant ℏ𝑐𝑐0, the ap-740 

proximate estimate of the upper bound of 𝑞𝑞 spanned in our experiments is 𝑞𝑞𝑚𝑚𝑎𝑎𝜕𝜕 ≅ 457 nm-1, 741 

corresponding to a lower bound for the length scale (𝑞𝑞−1)𝑚𝑚𝑖𝑖𝑛𝑛 ≅ 0.027 nm. 742 

Such estimate for the (U-)SAXS leading to the dark-field contrast in our measurements has 743 

limited usefulness because it reports only the theoretical upper bound, approachable in a 744 

wide-angle scattering (WAS) measurement configuration, positioning the X-ray detector at 745 

large angles compared with the beam incident on the specimen. On the opposite, the Talbot-746 

Lau interference pattern is not only recorded by a plane detector whose orthogonal direction is 747 

parallel to the incident been. The detector is also located at a rather small distance from the 748 

object compared with the far Fraunhofer diffraction range. In these conditions, what mostly 749 

contributes to the generation of the dark-field contrast is the ultra-small angle component of 750 

the overall SAS process, i.e., scattering at very small 𝑞𝑞 values. Thus the lower bound of 𝑞𝑞, 751 

𝑞𝑞𝑚𝑚𝑖𝑖𝑛𝑛, would be a more useful quantity to estimate for comparison with the 𝑞𝑞 ranges within 752 

which the SAXS and SANS results of Kriechbaum et al and Häussler et al. were obtained. 753 

Such estimation would require performing traditional USAXS measurements on the same 754 

specimens of this study and at photon energy equal to the TLI design energy of 45 keV. 755 

In the absence of such quantitative measurements, we can use the value of 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 for our TLI 756 

configuration as an estimate of the most probable value of 𝑞𝑞−1 at which the dark-field contrast 757 

was produced by the (U-)SAXS process. 758 

Figure 1 shows that the specimen was located in front of the grating G1 along the beam direc-759 

tion. In such a configuration, 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 = ℎ𝑐𝑐0
𝑑𝑑𝐺𝐺0−𝑆𝑆
𝐸𝐸𝜈𝜈𝑝𝑝0

 [63], where 𝑑𝑑𝐺𝐺0−𝑆𝑆 is the G0-specimen dis-760 

tance (=717 mm, Fig. 1), 𝑝𝑝0 = 10 𝜇𝜇𝑚𝑚 is the period of G0 and 𝐸𝐸𝜈𝜈 = 45 keV is the photon en-761 



 
 

ergy, assumed equal to the interferometer design energy. Under this assumption, 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 ≅762 

2 𝜇𝜇𝑚𝑚.  763 

Based on this approximate calculation and the hypothesis of 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 approximating the most 764 

probable value of 𝑞𝑞−1, we can conclude that the changes in dark-field contrast for the M1 765 

specimen, as well for the other specimens, should have stemmed from the cumulative, bulk 766 

microstructural changes mainly or up to such length scales rather than only at the scales of the 767 

nano-pores. 768 

The first major result from the SAS measurements by Kriechbaum et al. and Häussler et al. 769 

was the systematic observation of a power law scaling of 𝑑𝑑Σ
𝑑𝑑Ω

 with 𝑞𝑞 of the type 𝑞𝑞𝛼𝛼, with 𝛼𝛼 be-770 

ing a non-integer number and −4 <  𝛼𝛼 <  −2. 771 

Such power law scaling has been attributed to microstructures having fractal properties [75]: 772 

either a volume fractal, when −3 <  𝛼𝛼 <  −2, or a surface fractal, when −4 <  𝛼𝛼 <  −3 . In 773 

the former case, |𝛼𝛼| = 𝐷𝐷𝑉𝑉, the volume fractal dimension. In the latter case, |𝛼𝛼| = 6 − 𝐷𝐷𝑆𝑆, 774 

where 𝐷𝐷𝑆𝑆 is the surface fractal dimension. 775 

SANS studies by Allen et al. have attributed to the disordered packings and networks of outer, 776 

lower density calcium silicate hydrate particles the resemblance with volume fractals generat-777 

ed in numerical simulations of diffusion-limited particle aggregation processes [78]. The same 778 

studies have attributed to the calcium silicate hydrates forming directly on top of the interface 779 

between clinker particles and capillary pores resemblance with surface fractals. 780 

Fractal geometry properties, either volumetric or surface ones, of the calcium silicate hy-781 

drates, as evinced from SAS measurements, provide a formalized and quantitative characteri-782 

zation of such hydrates mirroring what both qualitatively and quantitatively [99] observed by 783 

transmission electron microscopy [80] and soft X-ray ptychography [81], i.e., the tendency of 784 

the hydration products to have high degrees of convolution, folding and space filling. 785 

The second major result in the studies by both Kriechbaum et al. and by Häussler et al. con-786 

sists in the systematic observation of an increase in the |𝛼𝛼| with increasing hydration age. De-787 

pending on the 𝑞𝑞 ranges, corresponding to either −3 <  𝛼𝛼 <  −2 or −4 <  𝛼𝛼 <  −3, i.e., ei-788 

ther to volume or to surface fractal scattering behavior, an increase in |𝛼𝛼| implies an increase 789 

in 𝐷𝐷𝑉𝑉 towards a value of 3 or a decrease in 𝐷𝐷𝑆𝑆 towards a value of 2, respectively. Such values 790 

correspond to the topological dimensions of a volumetric object or of a surface one, respec-791 

tively, embedded in 3D and not-being fractal [77,78,82]. Thus, in either case, a temporal in-792 

crease in |𝛼𝛼|, during hydration and in the absence of evaporative drying, signals a decrease in 793 

fractal geometry properties as a consequence of a continuous evolution from an open and 794 

ramified percolating network of hydration products to a more closed and more compact one, 795 

with more homogeneously distributed and more refined empty capillary pores, as mentioned 796 

above. 797 



 
 

Those observations by single-point SAXS and SANS measurements are thus compatible with 798 

the hypothesis we make in this work based upon our observations of a decrease in the bulk 799 

and normalized dark-field contrast signal �̃�𝑆(𝑡𝑡) for the sealed reference specimen M1. 800 

The radiography campaign lasted about seven hours, during which the cement hydration pro-801 

cess was still within the acceleration period. Thus we expect that the normalized dark-field 802 

contrast signal �̃�𝑆 could have continued to decrease, reaching a plateau only after the beginning 803 

of or well into the deceleration period, as a consequence of the slow-down in the hydration 804 

products’ volume ratio increase. 805 

Compared with the results obtained by Prade et al. within a similar time scale (7 hours hydra-806 

tion) with a Portland cement paste with lower w/c value (0.312), we observed for the hydra-807 

tion of our M1 reference mortar (w/c = 0.42) a much lower relative decrease in the normalized 808 

dark-field signal (about 3.5% against 27%, in absolute value) [66]. This difference might be 809 

explained by the fact that mortar and not cement paste was measured in the present study con-810 

trary to what done in [66]. The aggregates would both “dilute” the change in the �̃�𝑆 signal and 811 

lead to different pore structure properties. In addition, the capillary pore size distribution in 812 

the two systems differed due to the w/c. Despite such difference in magnitude of the (U-813 

)SAXS “strength” decrease, our results for the reference mortar M1, hydrating in sealed con-814 

ditions, confirm the qualitative trend of the dark-field contrast signal as observed previously 815 

by Prade et al. [65,66] and agrees with the interpretation of the temporal evolution of micro-816 

structural parameters obtained by single point SAXS and SANS measurements on hydrating 817 

and sealed cement pastes [73–76]. 818 

A completely different dark-field contrast behavior was observed for the M2 reference speci-819 

men, whose normalized dark-field contrast signal increased with time within the first three 820 

hours of hydration up to a plateau value about which it fluctuated for the rest of the campaign. 821 

Such an increase suggests that the main additional process taking place in this specimen, i.e., 822 

evaporative drying, overcame the hydration products formation in determining the degree of 823 

sub-resolution heterogeneity. While the latter process contributes to decreasing such hetero-824 

geneity, thus the dark-field contrast, evaporative drying empties capillary pores and air voids, 825 

(while chemical shrinkage only empties the capillary pores or only part of them), contributing 826 

to an increase of the sub-resolution heterogeneity, thus of the dark-field contrast. 827 

Pore emptying, as explained before, increases the scattering contrast |∆𝜌𝜌𝑒𝑒|. However, it also 828 

leads to additional microstructural modifications of the hydration products which amplify the 829 

normalized dark-field contrast signal increase shown in our work. 830 

Some of these microstructural changes have been investigated by traditional, single point 831 

SANS and SAXS measurements on cement pastes subjected to evaporative drying not imme-832 

diately after demolding but after a certain number of days/years, when the hydration degree 833 

can be considered having almost or completely achieved its maximum possible value. The 834 

advantage of using specimens with almost completed hydration consists in the possibility of 835 



 
 

better observing, as mirrored in scattering changes, only the poro-mechanical and microstruc-836 

tural effects of a decrease in saturation degree upon drying. In that case, the interpretation of 837 

such changes becomes easier because hydration products growth does not play anymore a 838 

role. 839 

Thomas et al. performed SANS measurements within the 𝑞𝑞 range [0.02;2] nm-1 , i.e., a length 840 

scale range of [0.5;50] nm, on white Portland cement pastes subjected to evaporative drying at 841 

distinct and successively decreasing RH values starting either at 8 days or at 3 years of curing 842 

by submersion into a Ca(OH)2 solution [83]. Similar trends for the SANS curves with de-843 

creasing RH values were obtained for both types of specimens, suggesting that for such ce-844 

ment paste the maximum hydration degree was already approached, if not completely 845 

achieved, before or at 8 days from casting. 846 

The authors of that work mention that a unequivocal quantification of changes, with drying, 847 

for the maximum value of the neutron scattering contrast, |∆𝜌𝜌𝑛𝑛|, was not feasible because at 848 

distinct RH values three material phases, i.e., the solid hydrates, liquid water and air in the ca-849 

pillary and larger pores, contributes differently to the macroscopic, effective values of |∆𝜌𝜌𝑛𝑛|. 850 

Thus a unique trend of |∆𝜌𝜌𝑛𝑛| with drying could not be obtained. However, they could observe 851 

the same type of scaling relations between 𝑑𝑑Σ
𝑑𝑑Ω

 with 𝑞𝑞, i.e., 𝑑𝑑Σ
𝑑𝑑Ω

∝ 𝑞𝑞𝛼𝛼, characteristic, at distinct 𝑞𝑞 852 

ranges, of either surface or volume fractals. In addition, by fitting of such scaling relations 853 

with a model function [78], they could quantify the temporal evolution, with drying, of sever-854 

al parameters with direct microstructural meaning, among which the volume fractal dimen-855 

sion 𝐷𝐷𝑉𝑉, the surface fractal dimension 𝐷𝐷𝑆𝑆 and the total internal surface area, 𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎. Some of 856 

these results provide possible additional explanations for the increase in normalized dark-field 857 

contrast signal observed in our work. 858 

At any RH value, Thomas et al. obtained values for 𝐷𝐷𝑉𝑉 smaller than 3 (between 2.45 and 2.7) 859 

and values for 𝐷𝐷𝑆𝑆 larger than 2 (between 2.1 and 2.5). Such values clearly provide evidence of 860 

fractal geometry features from the porous microstructure within the length scale range of 861 

measurement ([0.5; 50] nm). 862 

Regarding the temporal evolution with drying, Thomas et al. reported a small variation in 𝐷𝐷𝑉𝑉, 863 

especially below 54% RH, interpretable as an increase in volumetric fractal properties. The 864 

surface fractal properties also increased with drying but only up to 54% RH and much more 865 

significantly than the volumetric fractal properties did. They correspondingly observed an in-866 

crease in scattered intensity within the 𝑞𝑞 range relating with the surface fractal components at 867 

the probed length scale. Finally, the estimated total internal surface 𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 monotonically de-868 

creased with drying. 869 

Thomas et al. interpreted all of these observations in terms of a systematic increase in packing 870 

of the cement hydrates particles caused by increasing capillary forces generated by evapora-871 

tive drying. This type of packing should lead to a densification of the hydrates, especially of 872 

the calcium silicates ones, without a refinement of the capillary pores as occurring during the 873 



 
 

hydrates growth. On the contrary, according to Thomas et al., it should contribute to creating 874 

new porosity because of the counter-action of the restraint exercised by the other solid phases, 875 

e.g., Ca(OH)2, with less tendency to shrink than the calcium silicate hydrates. This newly cre-876 

ated porosity should also increase the scattering due to the interfaces between the hydrates di-877 

rectly decorating the surface of the clinker particles and air, thus increasing the surface fractal 878 

properties sensed by the probing radiation. 879 

We hypothesize that this set of mechanisms should be more accentuated in a mortar than in a 880 

cement paste, due to a higher volume fraction of phases, e.g. fine aggregates, with shrinking 881 

tendency smaller than that calcium silicate hydrates. As a consequence, the production of 882 

new, empty porosity should be expected to additionally occur also at larger length scales, i.e., 883 

smaller 𝑞𝑞 values, than what observable with point-like SANS and SAXS measurements, lead-884 

ing to the bulk increase in dark-field contrast as observed in Fig. 3. 885 

Below 54% RH, Thomas et al. observed a decrease in 𝐷𝐷𝑆𝑆 towards values closer to the non-886 

fractal one (2), as if the packing of calcium silicate hydrates stopped or decreased. They inter-887 

preted such result in terms of lower stability of water-air interfaces at such lower RH values, 888 

reducing the magnitude of the corresponding capillary forces instead of increasing them as it 889 

should be expected by the Kelvin and Young-Laplace laws [83]. 890 

Finally, Thomas et al. interpreted the monotonic decrease in total internal surface area, 𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎, 891 

as a direct consequence of the calcium silicate hydrates shrinkage and packing, which should 892 

have increased the contact area between their particles. This last interpretation agrees with es-893 

timates of internal surface area obtained by Beddoe and Lang with single point SAXS meas-894 

urements on hardened cement pastes undergoing drying [84]. Such surface area decrease, 895 

considered alone, should suggest a decrease in normalized dark-field contrast signal instead of 896 

the observed increase, unless such surface area mainly belongs to interfaces between solid 897 

phases and liquid water, either free or adsorbed, in which case its loss would be less affecting 898 

the bulk dark-field contrast stemming from the interfaces between solids and empty pores at 899 

larger length scales. 900 

Overall we hypothesize that the cracking resulting from the calcium silicate hydrates’ shrink-901 

age proposed by Thomas et al. based upon their single point SANS measurements should 902 

have occurred in our M2 reference and M2 top layer specimens, as well as in the M1 bottom 903 

layer one, in a sort of amplified way compared with what obtainable in a cement paste only. 904 

That should have occurred because of the larger volume fraction of solid phases acting as re-905 

straints (the aggregates) and also because of drying occurring while hydration was still ongo-906 

ing, thus in the presence of a less cohesive and interconnected or even less percolated hydra-907 

tion products packings. As a consequence of more shrinkage cracking, we also expect a larger 908 

increase in normalized dark-field contrast signal for an hydrating and drying mortar than for a 909 

cement paste, as it has been shown that micro-cracks enhance the dark-field contrast [85]. 910 



 
 

The hypothesis of larger early-age shrinkage cracking at micron scale for mortars than for 911 

cement pastes is also in agreement with the larger amount of overall macroscopic drying 912 

shrinkage and cracking measured for mortar specimens subjected to drying [86,87]. 913 

Such hypothesis could be tested by performing similar measurements as reported in this work 914 

but with a cement paste specimen, instead of a mortar, cast with the same w/c value and same 915 

raw materials. According to this line of thinking, we would expect to observe a smaller or 916 

slower increase in the normalized dark-field contrast signal. 917 

The formation of new porosity, in the form of micro-cracks, at larger size ranges than just at 918 

the scale of capillary pores, as hypothesized by Thomas et al. for their cement specimens, is 919 

compatible with the increase of the normalized dark-field contrast signal and would be com-920 

patible with an increase in surface fractal dimension 𝐷𝐷𝑆𝑆, which could be estimated by per-921 

forming single point USAXS measurements. We would like to carefully remark here that, as 922 

the estimated value 𝜁𝜁𝑖𝑖𝑛𝑛𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖 shows, it would be necessary to perform USAXS and not SAXS 923 

measurements, as such to probe the microstructural changes up to length scales of tens of mi-924 

crons. Only in this case, the USAXS results could provide useful information to support the 925 

interpretation of the dark-field contrast ones obtained from TLI. 926 

Regarding the model layered system, in the absence of any water displacement from one layer 927 

to the other, one should expect for each layer a temporal evolution of its normalized dark-field 928 

contrast signal similar to that of the respective reference specimen, since similar boundary 929 

conditions were applied. In fact, the top M2 layer was subjected to evaporative drying through 930 

its top surface, while the bottom M1 layer was sort of “sealed” by the presence of the other 931 

layer on top of it, thus, in principle, not directly and immediately subjected to evaporative 932 

drying. Figure 3 shows, however, an increase in normalized dark-field contrast signal for both 933 

layers of the model system. 934 

The M1 bottom layer underwent a relative change of about 32% between the beginning and 935 

the end of the campaign, while the M2 top layer showed a corresponding relative change of 936 

about 44%. Compared with the M2 reference specimen, whose �̃�𝑆(𝑡𝑡) increased of 62% within 937 

the same time interval, the top layer in the model system exhibited a smaller and slower in-938 

crease, achieving a plateau value at about 5 hours against the 3 hours of the corresponding M2 939 

reference specimen. 940 

These two results are in agreement with the hypothesis of a displacement of water, during 941 

cement hydration, from the M1, bottom layer, to the M2, top layer. 942 

By losing water, the M1 bottom layer underwent a change of balance between the microstruc-943 

ture formation, which tends to decrease the (U-)SAXS strength, and the emptying of pores, 944 

which tends to increase it [67]. A change of balance occurred also for the pore-scale processes 945 

driving the water redistribution inside the M2 top layer: the emptying of pores from water 946 

happened more slowly as a consequence of their refilling with water displaced from the bot-947 

tom M1 layer. 948 



 
 

Such water displacements are hypothesized to be driven by capillary force gradients due to 949 

the differences in local porosity and pore size distribution between the two mortar layers 950 

[1,2]. The difference in the w/c of the two layers is one of the main factors influencing the 951 

pore size distribution. Under the same boundary conditions, e.g., external temperature and 952 

RH, sealing or not, curing time, presence or absence of a curing agent and the same material 953 

components, a mortar cast with higher w/c will have coarser pores and more of such larger 954 

pores compared to the one cast at lower w/c [88]. 955 

As additional evidence of the water displacements from the M1 bottom layer to the M2 top 956 

one, we also notice that within the first 1.5 hours from casting, the normalized dark-field con-957 

trast signal increased faster for the M1 bottom layer than for the M2 top one. This fact sug-958 

gests that water was pulled out from the M1 bottom layer across the interface with the M2 top 959 

layer immediately at early ages after casting the system. 960 

 961 

 962 
Figure 4 (with colors in the online version of the article). Temporal evolution, during the overall multi-contrast 963 
radiography campaign, of the pixel-wise average value, 𝐴𝐴𝑖𝑖(𝑡𝑡) = 〈𝑃𝑃𝜇𝜇(𝑥𝑥,𝑦𝑦, 𝑡𝑡)〉(𝜕𝜕,𝑦𝑦)𝑚𝑚 , of the linear projection 964 

𝑃𝑃𝜇𝜇  of the X-ray attenuation coefficient, 𝜇𝜇, normalized by the same average value at the beginning of the meas-965 

urement campaign, 𝐴𝐴𝑖𝑖(𝑡𝑡0) (𝑡𝑡0 = 0 hours). Such average values are also called normalized attenuation contrast 966 

signals and are indicated as �̃�𝐴𝑖𝑖(𝑡𝑡), where the integer index 𝑖𝑖 just enumerates them. Different curves refer to dis-967 
tinct regions of interest (ROIs), highlighted as rectangles in Figures 2(a)-(c) and covering the different specimens 968 

or parts thereof: M1, bottom layer in the model system (red circles); M2, top layer in the model system (green 969 
asterisk); M2 reference specimen (purple pentagram); M1 reference specimen (blue plus sign). 970 

 971 

Figure 4 shows the evolution of the normalized attenuation contrast signal �̃�𝐴𝑖𝑖(𝑡𝑡) for the same 972 

ROIs for which the normalized dark-field contrast one is plotted in Figure 3.  973 



 
 

For any specimen and layer in the model layered one, �̃�𝐴𝑖𝑖(𝑡𝑡) monotonically decreased with 974 

time. The largest relative change in �̃�𝐴𝑖𝑖(𝑡𝑡), between the beginning and the end of the meas-975 

urement campaign was achieved by the M2 reference specimen and was of about 9% while 976 

the smallest change was achieved by the M1 reference specimen and was of about 7%. These 977 

overall relative changes were, in absolute value, always much smaller than the corresponding 978 

ones for the normalized dark-field contrast signals (except for the M1 reference specimen, 979 

compare with Figure 3). 980 

Since �̃�𝐴𝑖𝑖(𝑡𝑡) is directly proportional to the cumulative value of 𝜇𝜇 along each ray connecting the 981 

X-ray source and a pixel position on the detector, averaged over each ROI, and given the line-982 

ar dependence of 𝜇𝜇 from the mass density and from a power of the atomic number 𝑍𝑍, any 983 

change in �̃�𝐴𝑖𝑖(𝑡𝑡) with time is either a proxy of change in mass density or a change in chemical 984 

species. Because of the level of spatial resolution in our radiographs obtained by TLI (105 985 

𝜇𝜇m) and given the nature of the radiography values, i.e., cumulative values over the full, con-986 

stant thickness (thus constant volume, at the length scale of the spatial resolution) of the spec-987 

imen, any change in �̃�𝐴𝑖𝑖(𝑡𝑡) can only relate to overall mass changes along each ray and for that 988 

thickness. That is because cement hydration and evaporative drying do not lead to any change 989 

in the largest possible value of 𝑍𝑍 into the material, while drying can only lead to mass changes 990 

due to water displacement and evaporation. Local changes of mass density due to cement hy-991 

dration and capillary forces due to drying are likely occurring at a much smaller length scale 992 

than the specimen thickness and are randomly distributed sufficiently enough to be averaged 993 

to 0 over the specimen thickness, in addition to likely be enough small not to influence signif-994 

icantly the detectable changes in 𝜇𝜇. 995 

This interpretation of the monotonic decrease in the �̃�𝐴𝑖𝑖(𝑡𝑡) signals agrees with the measured 996 

mass loss measured for each specimen (see Table 2): the M2 reference specimen underwent 997 

the largest mass loss as well as the largest total change in normalized attenuation contrast sig-998 

nal, while the M1 reference specimen underwent the smallest changes for both variables. 999 

The interpretation here provided also agrees with the original results by Bentz et al. for drying 1000 

cement pastes [1,2]. 1001 

We attribute part of the mass loss of the M1 reference specimen to imperfect sealing of that 1002 

specimen and part of it, as for any other specimen, to the removal of the grease deposited on 1003 

the lid when closing the mold of the specimen. The hypothesis of imperfect sealing is also co-1004 

herent with the observed decrease for the �̃�𝐴𝑖𝑖(𝑡𝑡) signal of such specimen. 1005 

The smaller relative changes of the �̃�𝐴𝑖𝑖(𝑡𝑡) signals compared with the �̃�𝑆𝑖𝑖(𝑡𝑡) ones also validate 1006 

what already reported by Yang et al. [67] and by Prade et al. [65,66] about the smaller sensi-1007 

tivity of X-ray attenuation contrast imaging to local water content changes during hydration 1008 

and drying in cement-based materials, when compared with that of X-ray dark-field contrast 1009 

imaging. 1010 



 
 

We finally observed as within the first 1.5 hours since the beginning of the experiment, the 1011 

normalized attenuation contrast signal decreased slightly faster for the M1 bottom layer than 1012 

for the M2 top layer, indicating faster water loss than what happening because of evaporative 1013 

drying in the top layer. This fact is a further evidence of the water displacement across the in-1014 

terface between the two layers, from the bottom to the top, caused by the gradients in capil-1015 

lary forces. 1016 

Coming back to the dark-field contrast, in terms of spatial distribution 𝑃𝑃𝜀𝜀 looks like to have 1017 

increased/decreased in a rather random fashion. An exception is the layered system, where 1018 

one can observe the appearance of two regions, located at approximately 5 and 7 mm, respec-1019 

tively, from the specimen’s top surface. These two regions are characterized by larger in-1020 

creases compared with the surrounding regions. 1021 

In order to obtain more details of the spatial-temporal distribution of 𝑃𝑃𝜀𝜀 , especially along the 1022 

vertical direction of each specimen, we examined for each of them other narrow ROIs, with 1023 

horizontal (𝑋𝑋-axis) width of 5 pixels and centered in the specimens center. 𝑃𝑃𝜀𝜀(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) was spa-1024 

tially averaged over the 5 pixels of such ROIs along the 𝑋𝑋-axis, for each 𝑌𝑌 position, in order 1025 

to obtain a spatial profile along the 𝑌𝑌-axis at each time instant, 𝑃𝑃�𝑗𝑗(𝑦𝑦, 𝑡𝑡) = 〈𝑃𝑃𝜀𝜀(𝑥𝑥,𝑦𝑦, 𝑡𝑡)〉𝜕𝜕,𝑗𝑗, 1026 

where the index 𝑗𝑗 identifies such a ROI for a specimen and 〈… 〉𝜕𝜕,𝑗𝑗 indicates the spatial aver-1027 

aging over the 5 horizontal pixels for each ROI. We chose to average 𝑃𝑃𝜀𝜀 over such narrow and 1028 

central ROI in order to capture its vertical profile, along the 𝑌𝑌-axis of the specimen, by in-1029 

cluding also an example of the influence of the local spatial heterogeneity of the two layers 1030 

not only along that direction but also along the horizontal, 𝑋𝑋-axis. Even though we are mainly 1031 

interested in reporting and describing the spatial-temporal evolution of 𝑃𝑃𝜀𝜀 along the vertical 1032 

direction of the specimen, especially across the interface region between the two layers, the 1033 

overall spatial heterogeneity of the microstructure plays a role in the creation of the capillary 1034 

force gradients responsible for the water displacements from the bottom to the top layer. 1035 

Figure 5 shows, for the model layered specimen (inset (a)) and for the M2 reference one (inset 1036 

(b)), 𝑃𝑃��𝑗𝑗(𝑦𝑦, 𝑡𝑡𝑘𝑘) for five distinct time instants 𝑡𝑡𝑘𝑘, where 𝑃𝑃��𝑗𝑗(𝑦𝑦, 𝑡𝑡𝑘𝑘) ≡ 𝑃𝑃�𝑗𝑗(𝑦𝑦,𝑎𝑎𝑘𝑘)
𝑃𝑃�𝑗𝑗(𝑦𝑦,𝑎𝑎0)

 is the normalized av-1037 

erage value at the beginning of the campaign, 𝑡𝑡0. A similar plot but for the M1 reference spec-1038 

imen is reported in Section S2 of the Supplementary Materials [99]. 1039 

Figure 5(a) shows that, within the first 95 minutes since the beginning of the campaign, the 1040 

normalized scattering signal increased nearly at each vertical position in the layered system, 1041 

except within the first 0.4 mm from the top, where it underwent a drop. The reason for this 1042 

drop could be a water re-saturation during the acquisition, as the pores here may have partial-1043 

ly dried without sealing already at the beginning of the campaign. Another possible explana-1044 

tion for this phenomenon is gravitational settlement of the fresh mortar, which may have been 1045 

particularly evident near the top of the sample. As evaporative drying proceeded, the normal-1046 

ized dark-field contrast signal continued increasing within the first 4-5 hours. However, this 1047 



 
 

increase was not uniform along the vertical direction, with many regions characterized by al-1048 

most no increase at all. Figure 5(b), on the contrary, shows a rather spatially homogeneous 1049 

and slow increase, if any, in the normalized dark-field contrast signal, from 95 minutes on, 1050 

suggesting that most of the significant increase happened already before. 1051 

The spatial homogeneous distribution in increase of (U-)SAXS “strength” suggests that the 1052 

water loss due to drying occurred very rapidly, especially in the M2 reference specimen, and 1053 

was rather homogeneous. No localized drying front, gradually moving from the top evapora-1054 

tive surface down into the specimens was observed. This is in agreement with the observa-1055 

tions by Bentz al. in their X-ray attenuation study [1,2]. 1056 

Two important results are derived from the comparison of Figures 5(a) and 5(b). 1057 

First, the layered specimen was less homogenous in the vertical direction in respect to the in-1058 

crease of the (U-)SAXS “strength”, compared with the M2 reference specimen. This is 1059 

evinced by observing the existence of two vertical positions, at approximately 5 and 7 mm 1060 

from the top evaporation surface, respectively, within the layered system where the dark-field 1061 

contrast signal continuously increased with time even after 95 minutes from the start of the 1062 

campaign, contrary to what happened for the M2 reference specimen. Since these regions are 1063 

far away from the top evaporation surface, we attribute the continuous increase in local dark-1064 

field contrast signal to a local water loss driven by highly localized capillary force gradients 1065 

having larger magnitude than those in the rest of that layered specimens and larger than those 1066 

in the M2 reference specimen. 1067 

Such larger capillary force gradients are assumed to have been mainly due to differences in 1068 

the local porosity and pore size distribution rather than due to the creation of water-air menis-1069 

ci by evaporative drying. They must have also been mainly directed from the bottom of the 1070 

specimen toward the top, as expected by the order of casting for the two mortars with differ-1071 

ent w/c, otherwise the high and continuous scattering growth region at about 7 mm depth 1072 

from the evaporation surface should not be expected. 1073 

A detailed explanation of why these two regions in the layered specimen exhibited uninter-1074 

rupted growth in (U-)SAXS “strength” because of water loss is proposed in the following sec-1075 

tion based upon the comparison with the analysis of the features of the local pore space, such 1076 

that the coupling between the water displacement and the local pore structure is characterized. 1077 

We remark that such features of the local pore space spanned a length scale range including 1078 

also larger values than those at which the dark-field contrast is generated. However, we hy-1079 

pothesize that they induced local water content changes also at smaller length scales, thus 1080 

more strongly affecting the temporal evolution of the dark-field contrast signal. 1081 

The second important result inferred from the comparison between Figures 5(a) and 5(b) re-1082 

gards the difference in temporal scale and value of the dark-field contrast signal increase. The 1083 

M2 reference specimen exhibited much faster, large and homogeneously distributed dark-field 1084 

contrast increase than the M2 layer of the layered specimen (approximately the first 4 to 5 1085 



 
 

mm from the evaporation surface), in agreement with the results shown in Figure 3. This dif-1086 

ference provides another confirmation of the displacement of water from the M1 layer to the 1087 

M2 one, contributing to re-filling some of the pores of the latter, quickly and homogeneously 1088 

emptied by evaporation as it occurred for the M2 reference specimen. 1089 

 1090 

 1091 
Figure 5 (with colors in the online version of the article). Normalized dark-field contrast signal profile along the 1092 
𝑌𝑌 (vertical) direction of the specimen (see Fig. 1 for the coordinate system), obtained by averaging along the 𝑋𝑋-1093 
axis of the specimen 𝑃𝑃𝜖𝜖(𝑥𝑥, 𝑦𝑦, 𝑡𝑡), for each 𝑌𝑌 position, in a central region 5-pixel wide, then normalizing it by the 1094 

same average value at the beginning of the campaign (𝑡𝑡 = 𝑡𝑡0 = 0 hours). (a): model layered system. (b): M2 ref-1095 
erence specimen. Different curves, with distinct markers, refer to different time instants from the start of the 1096 

measurement: at 0 minutes (red diamond), after 95 minutes (cyan cross), after 190 minutes (blue plus sign), after 1097 
285 minute (pink asterisk), after 418 minutes (green circle). The black, dashed, horizontal line in inset (a) indi-1098 
cates the approximate position of the interface between the two layers as expected from the casting and as ap-1099 

proximately visible in the standard X-ray tomogram. 1100 

 1101 

3.3. Correlation between the water transport and the pore space heterogeneity 1102 

We performed X-ray attenuation-contrast micro-tomography on the model layered system 1103 

weeks after the multi-contrast X-ray radiography campaign. By 3D image analysis proce-1104 

dures, described in Section S4 of the Supplementary Materials [99], we segmented the part of 1105 

the pore space, excluding air voids, above the spatial resolution of the tomogram, i.e., pores 1106 

with size larger than 14 𝜇𝜇m. We used the segmentation results and their quantitative analysis, 1107 

in terms of pore size distribution and spatial distribution of the local porosity, for (1) qualita-1108 

tively locating and distinguishing between the M1 region and the M2 region, since we knew 1109 

only approximately the depth at which we should expect one mortar layer to end and the other 1110 

to start, and (2) interpreting the water transport results inferred by the analysis of the dark-1111 

field contrast radiographs in terms of the local properties of such part of the pore space. 1112 



 
 

One vertical cross-section (𝑋𝑋-𝑌𝑌 slice) from the tomogram is shown in Figure 6(a). The blue 1113 

(color in the online version of the article) rectangular region highlights the location, on that 1114 

slice, of a parallelepiped ROI (582 × 724 × 1430 voxels, in 𝑋𝑋-, 𝑌𝑌- and 𝑍𝑍-directions, respec-1115 

tively). We considered only that ROI for performing the quantitative analysis of the segment-1116 

ed pore space. Such ROI excludes the parts of the specimen close to the boundaries, where the 1117 

segmented pore space contains features, e.g., cracks, due to shrinkage. 1118 

Figure 6(a) shows representatively and qualitatively that the specimen had larger porosity 1119 

(considering only the pores larger than 14 𝜇𝜇m) and slightly larger aggregate volume fraction 1120 

towards its bottom than closer to its top. The larger aggregate volume fraction is expected 1121 

considering the effects of sedimentation due to gravity. 1122 

In order to set these statements more on a quantitative basis, we plotted the cumulative spatial 1123 

distribution on the 𝑋𝑋-𝑌𝑌 plane of the segmented pore space, shown in Figure 6(b). Such plot re-1124 

fers only to the 3D ROI whose one 𝑋𝑋-𝑌𝑌 cross section is shown by the blue rectangle in Fig. 1125 

6(a) and it was obtained by computing the Maximum Intensity Projection of the segmented 1126 

pore space along the 𝑍𝑍-axis. The Maximum Intensity Projection image was derived by sum-1127 

ming up all the 2D vertical cross-sections of the segmented pore space’s 3D binary image. 1128 

Therefore, the value of each pixel in the Maximum Intensity Projection image represents the 1129 

cumulative number of voxels, classified as pore voxels, along a ray parallel to the 𝑍𝑍-axis. For 1130 

a better visualization, we rescaled the original Maximum Intensity Projection image to the 8-1131 

bit integer dynamic range [0; 255] and reset the pixel value range between the average and 1132 

maximum pixel values. We chose to report the Maximum Intensity Projection image to pro-1133 

vide a comprehensive overview of the pore distribution, especially along the vertical (𝑌𝑌-) di-1134 

rection. 1135 

A high concentration of pores is clearly visible at a vertical position about 4.5 - 5.7 mm, as 1136 

shown in the yellow (color in the online version of the article) rectangle in Figure 6(b). Sever-1137 

al large and irregularly shaped pores are visible. These pores seem to be highly inter-1138 

connected, forming several local pore clusters with large size, a result confirmed by the local 1139 

porosity spatial distribution analysis described in Section S4, Figure S6, of the Supplementary 1140 

Materials [99].  This highly porous and interconnected region corresponds to the same region 1141 

that exhibits the largest values and respective changes in the normalized dark-field contrast 1142 

signal vertical profiles, at any time instant, shown in Figure 5(a). It is thus corresponding to 1143 

the bright region located at approximately the same 𝑌𝑌-position in the dark field radiographs 1144 

(see Figures 2(a) to (c) and the complete time series of such radiographs provided as a movie 1145 

in the Supplementary Materials [99], Section S5). In addition, we notice that the position of 1146 

this region agrees with the expectations for the location of the interface between the two mor-1147 

tar layers. 1148 

Despite some large and almost spherical air voids, not successfully removed by the proce-1149 

dures for the pore space segmentation and distributed more within the top M2 layer (see the 1150 



 
 

arrows in Figure 6(b)), one can clearly observe a higher local porosity and more pores with 1151 

larger size in the bottom M1 mortar than in the top M2 one. The main reason for not consider-1152 

ing large air voids in the analysis of the pore space heterogeneity is that they play a minor role 1153 

in creating the capillary force gradients during evaporative drying when compared with the 1154 

other types of pores, even though they are still involved in the drying process itself (they are 1155 

obstacles to the liquid water displaced during the constant rate period of the drying and water 1156 

vapor can re-condensate on some regions of their inner surface while liquid water can evapo-1157 

rate from other such regions). The quantitative analysis of the porosity distribution along the 1158 

𝑋𝑋-axis, reported in Section S4 of the Supplementary Materials [99], corroborates this observa-1159 

tion. 1160 

Thus, the 3D image analysis of the segmented pore space allowed us clearly identifying the 1161 

most likely locations of the two mortars and the position of their interface, which was charac-1162 

terized by large local porosity values. We can thus establish a clear correlation between the 1163 

source of large dark-field contrast pixel values, observed at the position of the interface, to 1164 

both the local higher spatial heterogeneity of the specimen and, more important, to the conse-1165 

quent higher transport, i.e., loss, of water in that region, since it is surrounded, along the verti-1166 

cal axis, by regions with lower local porosity and with less irregular pores. 1167 

The interface between the two mortars may have acted as a sort of local reservoir from which 1168 

water was continuously pulled out by regions above and below it, with lower local porosity. 1169 

Such emptying was likely more prolonged than that occurring in the bulk of the layers or in 1170 

the M2 reference specimen, thus leading to more prolonged and larger creation of new inter-1171 

facial area with the maximum possible scattering contrast |∆𝜌𝜌𝑒𝑒| between the solid phases and 1172 

air. The region above the interface, within the M2 layer, had not only lower local porosity, in 1173 

comparison with the region below the interface and within the M1 layer (see Figure S6 of the 1174 

Supplementary Materials [99]), but it also had on average smaller pores, as visualized by the 1175 

Maximum Intensity Projection image in Figure 6(b). For these reasons, a net displacement of 1176 

water from the latter to the former could take place, leading to a gradual drying of the bottom 1177 

M1 layer. This was already hypothesized before, based upon the increase in its dark-field con-1178 

trast signal instead of a decrease, normally occurring in the absence of drying for the same 1179 

type of mortar (Figures 2(a) to (c)). 1180 

Additional support to the conclusion that water was continuously drawn from the M1 layer 1181 

towards the M2 layer, through their interface region, comes from observing that a region with 1182 

larger local porosity than in its top surroundings is located in M1 at about 7 mm depth from 1183 

the top evaporation surface (see Fig. 6(b), cyan rectangle). This region extends across the full 1184 

horizontal (𝑋𝑋-direction) length of the specimen. It corresponds, along the vertical direction, to 1185 

the region where the second peak in the vertical profile of the normalized dark-field contrast 1186 

signal is located (Figure 5(a)). It contains highly interconnected coarse porous patches, similar 1187 

to the ones observed at the interface between M1 and M2. These patches may also have acted 1188 

as buffers of water drawn by the capillary force gradients towards the M2 layer. The presence 1189 



 
 

of more irregular and coarser porous patches in the cement matrix of M1, compared with M2, 1190 

is in agreement with the observation of a slightly larger volume fraction of aggregates in the 1191 

bottom M1 layer than in the top M2 layer. 1192 

As already observed by Diamond [89], porous patches tend to be highly interconnected with 1193 

each other, thus likely contributing to increasing the liquid diffusivity and permeability of 1194 

mortar and concrete. The latter conclusion agrees with the dark-field contrast radiography re-1195 

sults, with consequent support of the interpretation of the changes in the dark-field contrast 1196 

signals. 1197 

 1198 
Figure 6 (with colors in the online version of the article). (a) Vertical (𝑋𝑋-𝑌𝑌) cross-section from the conventional 1199 
high resolution attenuation contrast micro-tomography image of the model layered system. The blue rectangle 1200 

shows the position, on that cross-section, of a 3D, parallelepiped ROI within which the pore space was segment-1201 
ed and analyzed (see Section S4 of the Supplementary Materials [99]). (b) Maximum Intensity Projection of all 1202 
the vertical cross-sections of the 3D binary image of the segmented pore space, considering only the ROI high-1203 
lighted on a single cross-section by the blue rectangle in inset (a). The green rectangles in inset (a) indicate the 1204 
locations, on that cross-section, of two other parallelepiped ROIs inside the top M2 layer and in the bottom M1 1205 

layer. The yellow and cyan rectangles in inset (b) highlight the projection on the 𝑋𝑋-𝑌𝑌 plane of two highly porous 1206 
regions where the two main peaks observed in the vertical profiles of the normalized scattering signal were ob-1207 
served at any time instant (Figure 5). The arrows inside the Maximum Intensity Projection image in inset (b) 1208 

point to some air voids not successfully excluded from the pore space 3D binary image. 1209 

 1210 

While Figure 6(b) provides only qualitative evidence about differences in local porosity and 1211 

pore size distribution in the regions of the two mortars and within their interfacial region, Fig-1212 

ure 7 reports quantitative data in the form of cumulative porosity as a function of the pore “di-1213 

ameter” obtained from the continuous pore size distribution of the 3D binary image of the 1214 



 
 

segmented pore space. The analysis was performed independently for two parallelepiped 1215 

ROIs contained within the M1 and M2 regions of the model layered system (one vertical (𝑋𝑋-1216 

𝑌𝑌) cross-section of each ROI is shown by the top and bottom green rectangles in Figure 6(a)). 1217 

The ROI within the M1 layer exhibited both higher total porosity (about 1.5%, down to a pore 1218 

size lower bound equal to the approximate spatial resolution of the tomogram, i.e., 14 𝜇𝜇m) 1219 

and a larger fraction of pore volume with larger radius (range of 50 to 100 𝜇𝜇m) compared 1220 

with the ROI within the M2 layer (about 0.7% total porosity). The existence of slightly larger 1221 

cumulative porosity in correspondence of the largest values of pore diameter, from about 220 1222 

𝜇𝜇m on, within the M2 ROI is in contradiction with what expected and with what observed for 1223 

the rest of the pore size range. This is possibly an artifact due to the unsuccessful complete 1224 

exclusion of large air voids from the 3D binary image of the segmented pore space at the top 1225 

of the M2 layer. 1226 

We note again that the estimates of the total porosity for the two ROIs within the two respec-1227 

tive mortar layers are based only upon pores with size larger than the spatial resolution of the 1228 

tomogram, i.e., 14 𝜇𝜇m, and after excluding the large air voids. 1229 

 1230 

3.4. Increased sensitivity in detecting water transport by X-ray dark-field imaging 1231 

The previous work by Bentz et al. consisted of spatially mapping in 1D the temporal changes 1232 

in X-ray transmission during hydration of a similar model layered system made of cement 1233 

pastes instead of mortar as done in this work. That work already showed the possibility of de-1234 

tecting water displacement from paste layers with higher w/c to paste layers with lower w/c 1235 

[1,2]. 1236 

Compared with our study, Bentz et al. achieved much lower spatial and temporal resolutions, 1237 

given the type of X-ray attenuation-contrast instrument available at the time of their work. 1238 

Despite they performed point-wise X-ray transmission measurements along a vertical line, 1239 

with a step of 200 𝜇𝜇m, the actual spatial resolution was smaller, due to the size of the illumi-1240 

nating beam and of the pinhole in front of the point-like detector (1 mm for both) [2]. Since 1241 

the measurements were point-wise, with the need of moving the specimen relatively to the 1242 

source and detector position, the transmission values at different vertical locations were not 1243 

simultaneous, even though the measurement at a single point was much faster (5 s [2]) than 1244 

the time required for a single phase-stepping protocol in our TLI measurements (191 s). 1245 

An improvement of the original setup used by Bentz et al. was obtained by using a 2D detec-1246 

tor, which allowed achieving higher spatial resolution (80 𝜇𝜇m pixel size [35], thus likely 160 1247 

𝜇𝜇m effective spatial resolution, for a FOV covering a specimen size of the same order of 1248 

magnitude of that used in our study). 1249 

Our approach, based upon X-ray dark-field contrast, is characterized by a relevant improve-1250 

ment compared with what achieved so far by X-ray attenuation contrast measurements. Such 1251 



 
 

improvement concerns the signal changes due to the water transport process in systems with 1252 

similar ranges of pore sizes. 1253 

In our study, the relative difference in the maximum dark-field contrast signal temporal 1254 

change between the top M2 layer of the model layered system and the corresponding M2 ref-1255 

erence specimen, both subjected to drying, was about -30%. Such difference was due to the 1256 

supply of water to the M2 layer by the M1 one, supply which did not occur in the reference 1257 

M2 specimen. 1258 

The same type of difference between the bottom M1 layer and the corresponding M1 refer-1259 

ence specimen was about 112%, due to the loss of water occurring in the M1 layer but not in 1260 

the M1 reference mortar. 1261 

Since Bentz et al. performed their X-ray transmission measurements on one similar layered 1262 

system (0.30 w/c layer on top of a 0.45 w/c) and respective reference specimens, with the ex-1263 

ception of investigating only cement pastes, it was possible to perform similar calculations of 1264 

relative differences in maximum X-ray transmission signal changes inside the two cement 1265 

paste types. For the 0.3 w/c paste the difference was about 4% while for the 0.45 one it was 1266 

about 7%, calculated at 8 hours after the initial setting time. Thus X-ray dark-field contrast 1267 

imaging shows to be much more sensitive to changes in local water content [65–67] due to 1268 

water displacements driven by capillary force gradients created by both cement hydration and 1269 

evaporative drying. 1270 

 1271 

 1272 
Figure 7 (with colors in the online version of the article). Cumulative porosity 𝜙𝜙 as a function of the pore “di-1273 

ameter” 𝑑𝑑, obtained by the continuous pore size distribution analysis proposed by Münch & Holzer [90] and ap-1274 
plied to the 3D binary image of the segmented pore space, derived by 3D image analysis of the tomogram of the 1275 
model layered system. The solid line refers to the 3D region of interest of the tomogram highlighted by the top 1276 

green parallelepiped (rectangle in that cross-section) in Figure 6(a), contained within the M2 top layer. The 1277 
dashed line refers to the 3D region of interest of the same tomogram highlighted by the bottom green parallele-1278 
piped one vertical cross-section of which is also shown in Figure 6(a), contained within the M1 bottom layer. 1279 
𝜙𝜙(𝑑𝑑) represents the amount of segmented pore volume (normalized by the region of interest’s total volume) 1280 



 
 

coverable by spheres of diameter larger than 𝑑𝑑. The range of pore diameter 𝑑𝑑 on the horizontal axis has a lower 1281 
bound equal to the approximate estimate of the spatial resolution in the tomogram, i.e., 14 𝜇𝜇m. 1282 

 1283 

4. Conclusions and outlook 1284 

We present in this article the results of an experimental campaign aiming at imaging the two-1285 

dimensional spatial-temporal distribution of water in a two-layer mortar system within the 1286 

first 7 hours since casting. The two layers were cast with different water-to-cement ratios, to 1287 

create regions with different pore size distributions. The specimen was subject to evaporative 1288 

drying only through its top surface. The layer with lower water-to-cement ratio value was cast 1289 

on top of the one with higher water-to-cement ratio. 1290 

The imaging approach we exploited was based upon multi-contrast X-ray radiography ob-1291 

tained via Talbot-Lau interferometry with a laboratory-scale instrument. Such approach al-1292 

lowed us obtaining not only a time series of standard, attenuation-based X-ray radiographs, 1293 

which have much more limited sensitivity to local changes in pore-scale water content but al-1294 

so a simultaneous time series of dark-field X-ray radiographs, which, as shown here and in 1295 

previous work [65–67], are much more sensitive to those local changes. 1296 

Finally, we used standard attenuation contrast X-ray micro-tomography, performed after the 1297 

multi-contrast X-ray radiography campaign, to quantitatively characterize the part of the pore 1298 

space with a size above a certain length scale (14 𝜇𝜇m, the spatial resolution of the tomogram) 1299 

and its spatial heterogeneity. 1300 

Beyond observing (with higher spatial, temporal and water content resolutions) qualitatively a 1301 

similar behavior for the local water content changes as observed by Bentz et al. by standard 1302 

X-ray attenuation contrast imaging, the combination of the X-ray dark-field contrast radiog-1303 

raphy with the pore space analysis by X-ray attenuation contrast micro-tomography has al-1304 

lowed us to validate the hypothesis proposed by Bentz et al. for explaining the drying mecha-1305 

nisms of the higher water-to-cement ratio layer. The drying of the bottom layer does not in 1306 

fact occur due to evaporative drying driven by air invasion percolation from the external envi-1307 

ronment, but due to the capillary force gradients directed towards the top, lower water-to-1308 

cement ratio layer, which tend to displace water from the larger pores in the bottom layer to 1309 

the smaller pores in the top layer. 1310 

The relevance of such result is two-fold: on the one side, the role played by the spatial hetero-1311 

geneity in the pore size distribution and local porosity in determining early-age water dis-1312 

placements in cement-based materials is confirmed; on the other side, the correlation between 1313 

X-ray dark-field contrast signal changes and local, pore-scale water content changes is further 1314 

validated. 1315 

The latter feature of our results shows the potential of X-ray dark-field contrast imaging to 1316 

become a complementary method to other imaging methods (e.g., neutron or magnetic reso-1317 

nance imaging) in investigating water transport in early-age cement-based materials, whose 1318 



 
 

better understanding stands at the basis of improving internal curing methods and designing 1319 

cement-based repair materials for already cast concrete structures. 1320 

Improvements in the understanding of the physical formation of the X-ray dark-field contrast 1321 

images and in the Talbot-Lau interferometry method are still necessary to provide a more ro-1322 

bust and complete understanding of the couplings between water transport and features of the 1323 

pore structure at early ages. 1324 

On the one hand, further theoretical and experimental characterization of the correlation be-1325 

tween the dark-field contrast signal and the pore structure could lead to more quantitative in-1326 

formation about the coupled microstructure evolution and the water transport at the pore 1327 

scale. So far, a complete framework and methodological approach to obtain quantitative in-1328 

formation about the pore space and the local water saturation degree is not yet available. What 1329 

has been proposed is only a framework relating the dark-field contrast signal to the particle 1330 

size distribution and local volumetric fraction of model systems of particles, e.g., colloidal 1331 

suspensions [62–64,91]. 1332 

Performing the Talbot-Lau interferometry and single point ultra-small angle X-ray or neutron 1333 

scattering measurements on the same exact specimens during repeated drying (or other types 1334 

of liquid transport) experiments, for example with hardened cement pastes and mortars, would 1335 

support the establishment of such correlation. Ultra-small angle experiments offer the ad-1336 

vantage of distinguishing the contribution to scattering by features and processes at distinct 1337 

length scales. Thus they could provide more evidence about the distinct contributions of water 1338 

loss and gain to the pore-scale mechanisms inducing changes in the dark-field contrast signals 1339 

and the respective length scales at which the different mechanisms mainly occur. The execu-1340 

tion of ultra-small (and not only small) angle scattering measurements would also allow cov-1341 

ering a range of length scales with an upper bound overlapping with the range of the best spa-1342 

tial resolution achievable with X-ray dark-field contrast imaging setups, especially those 1343 

exploiting synchrotron radiation. 1344 

On the other hand, advances in fabrication of the gratings, e.g., the production of gratings 1345 

with larger surface area [92] and/or the realization of gratings working at higher design ener-1346 

gies [93], will allow imaging larger specimens without significant decrease in spatial resolu-1347 

tion, compared with the resolution achieved in this work. New approaches to performing Tal-1348 

bot-Lau interferometry [94–97] at different specimen orientations, combined with iterative 1349 

tomographic reconstruction algorithms [98], will also allow in the next years increasing the 1350 

temporal resolution of 3D, tomographic imaging such that it will become possible to investi-1351 

gate water transport in early-age cement-based materials fully (and more quantitatively) in 1352 

3D. 1353 
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