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We introduce in this Letter an approach to X-ray imaging of unsaturated water transport in porous

materials based upon the intrinsic X-ray scattering produced by the material microstructural

heterogeneity at a length scale below the imaging system spatial resolution. The basic principle for

image contrast creation consists in a reduction of such scattering by permeation of the porosity by

water. The implementation of the approach is based upon X-ray dark-field imaging via Talbot-Lau

interferometry. The proof-of-concept is provided by performing laboratory-scale dark-field X-ray

radiography of mortar samples during a water capillary uptake experiment. The results suggest

that the proposed approach to visualizing unsaturated water transport in porous materials is

complementary to neutron and magnetic resonance imaging and alternative to standard X-ray

imaging, the latter requiring the use of contrast agents because based upon X-ray attenuation only.

VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898783]

In porous materials, e.g., several building materials,

water ingress may cause unwanted swelling1 or high degrees

of pore saturation that might result in damage upon freez-

ing.2 In addition, water may carry harmful ions that, for

example, may induce salt precipitation in the pores with

consequent cracking due to crystal growth,3,4 expansive

reactions,5 or reinforcement corrosion.6

Water sorptivity is a material property characterizing

the tendency to absorb water by capillarity.7 This property is

usually measured gravimetrically,7 which allows precise

measurements of the total amount of absorbed water. The

determination of the water front evolution and of the water

content profiles from sorptivity data is less accurate and

depends on a number of assumptions resulting in substantial

errors.8 Independent methods for assessing the distance of

penetration of the wetting front include 1H nuclear magnetic

resonance imaging9 (MRI), neutron radiography10 (NR), and

X-ray radiography11(XR). The latter is widely available,

contrary to NR and MRI, and would offer the additional

advantage of assessing microstructural features in the porous

material (e.g., cracks, pores in the range of 10–100 lm, and

density gradients) which might affect water sorption. Such

assessment is not feasible with NR and MRI, due to their

lower spatial resolution. Standard XR is based upon the mea-

surement of X-ray linear attenuation coefficients.

Compared with the porous matrix, especially for build-

ing materials and geomaterials, water attenuates X-rays only

poorly. Thus, standard XR leads to poorly resolved and very

noisy water profiles, unless water is mainly localized in very

large (mm-scale) pores. This problem can be alleviated by

adding a contrast agent with high X-ray attenuation to the

water, for example, lead nitrate12 or potassium iodide.13

However, sorptivity experiments with pure water are

preferred, since the contrast agent influences the properties

of the solution and may react with or be adsorbed onto the

porous material.

In this work, we propose an approach to X-ray imaging

of unsaturated water transport in a porous (building) mate-

rial. The approach exploits the multiple X-ray scattering pro-

duced by the intrinsic microstructural heterogeneity of the

porous material, leading to small angle X-ray scattering

(SAXS) emerging from the sample.

A radiographic image with contrast based upon multiple

X-ray scattering, also called dark-field image, visualizes the

2D spatial distribution of the projected scattering strength of

the material itself.14 The scattering strength is higher where

the microstructure is more heterogeneous, i.e., where the

electron density varies on a length scale which is below the

spatial resolution of the imaging instrument.14–16

The basic principle on which our approach is based,

consists in the fact that when water fills the pores, reduces

the scattering strength of the material because the gradients

in the X-ray refractive index spatial distribution are

decreased, thus the X-ray multiple scattering.17 The signal of

the dark-field image is built upon decreases as well, conse-

quently creating a significant contrast between unsaturated

and saturated regions.18

The chosen X-ray dark-field imaging method is based

upon the Talbot-Lau interferometry (TLI), allowing simulta-

neously measuring the X-rays attenuation, refraction, and

scattering by the sample. This is achieved by analyzing a

periodic X-ray interference pattern which changes due to the

X-ray-sample interactions.19

The output from a single TLI measurement thus consists

in three radiographs, i.e., linear projections, of three different

physical parameters: the X-ray linear attenuation coefficient

l, related with the imaginary part b of the X-ray refractive

index n, the partial derivative of the decrement d, with

respect to 1, of the real part of n, and the X-ray scattering

coefficient n.20,21 The three types of radiographs are

characterized by different contrast to different materials and
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micro-structural features. The simultaneous acquisition

of three radiographs with different contrasts represents a

key advantage of this technique, together with the possibility

of implementing it with standard laboratory X-ray

sources.19,22

In order to prove the feasibility and the potential of

X-ray dark-field imaging of water in a porous material, we

designed a water capillary uptake experiment with mortar

samples based on radiography (2D imaging) with a TLI.

Liquid capillary uptake consists in the unsaturated flow

driven by capillary forces and progressing from one or more

boundaries in contact with the liquid towards the bulk. We

chose to image the spatial-temporal distribution of water

absorbed into the samples in order to evaluate both the

contrast and the temporal resolutions of the dark-field X-ray

radiography method.

We chose mortar as a test material because of the rele-

vance of water transport in several processes related with its

microstructural development, during cement hydration, and

with its durability.

We prepared three samples with rectangular shape and

size 10� 20� 2mm3 (width, height, and thickness, respec-

tively). The thickness is measured along the propagation axis

of the X-rays. The three samples were made according to the

same mix design.23 After cutting, the three samples were

dried in an oven at 50 �C for 48 h. Afterwards, two of them

were further thermally treated (pre-conditioning). One sam-

ple (C_200D) was pre-conditioned at 200 �C for 1 h, in order

to induce thermal micro-cracking.24 Another sample

(C_120D) was pre-conditioned at 120 �C for 3 h. The third

sample (C_U) underwent no thermal treatment.

The three samples were expected to differ in terms

of their liquid sorptivity, as it relates to the amount of

dehydration and thermal micro-cracking (the higher the

pre-conditioning temperature, the larger the amount of micro-

cracks, the larger the sorptivity). After the pre-conditioning, a

0.07mm thick polyimide film tape was applied to each sam-

ple’s lateral surface, except for the bottom, which was put in

contact with water. This tape provides high transparency to

X-rays and reduces the evaporation from the lateral surfaces.

Given the boundary conditions and the large aspect ratios of

the samples, the water capillary uptake can be approximately

described as a mass transfer process preferentially along the

height of the samples.

The experiment consisted in the following protocol. A

plastic container with de-mineralized water was introduced at

the bottom of the field of view (FOV) of the TLI. Ten X-ray

radiographs were initially acquired before introducing the

samples in the FOV. These radiographs were used in the

image processing to retrieve the three types of radiographs

(flat-field correction stage of the phase-stepping protocol19,22).

The three samples were fixed side by side from their top

to a holder, they were introduced in the FOV and moved

down in order to submerge their bottom part into water for

about 3mm. Immediately after immersion, X-ray radio-

graphs were acquired continuously, following the phase step-

ping protocol,19,22 in order to track the capillary uptake. The

overall experiment lasted about 13 h. During the first hour,

the images were taken approximately every 11 s, while in the

following eleven hours every 131 s. A higher sampling fre-

quency was required during the first hour in order to improve

the capturing of the initial stages of the uptake. Despite such

higher frequency, the very initial stages were missed because

of the dead time occurring between the immersion of the

samples’ bottom into water and the actual start of the radiog-

raphy acquisition. All the details about the TLI configura-

tion, the phase stepping protocol for the multi-contrast X-ray

radiograph retrieval from the raw radiographs and the associ-

ated image processing are reported in Sec. II of Ref. 23.

Figure 1 shows a selection of dark-field (insets (a) and

(b)) and attenuation (insets (c) and (d)) radiographs at two

different time instants ((a) and (c) at the beginning, (b) and

(d) at the end) of the capillary uptake experiment. The pixel

value in the dark-field radiographs corresponds to the cumu-

lative value (linear projection) of n (expressed in units of

10�12), thus proportional to the scattering cumulative

strength. The pixel value in the attenuation radiographs cor-

responds to the cumulative value of l (in units of cm�1).23

The water wetting front is almost invisible in the attenu-

ation radiographs. Only an average pixel value increase can

be faintly, visually perceived with passing time (from inset

(c) to (d)). A better perception of changes, even though still

subtle, is achieved by looking at the entire time series of the

attenuation radiographs. See Ref. 23 for the movie

FIG. 1. X-ray radiographs at two different time instants during the capillary uptake, increasing from the top to the bottom. (a) and (b) Dark-field radiographs.

Brighter pixel values correspond to larger scattering strength. (c) and (d) Attenuation radiographs. Brighter pixel values correspond to larger X-ray attenuation.

Radiographs in the same row refer to the same time instant. The samples are C_U (undamaged), C_120D (thermally damaged at 120 �C), and C_200D (ther-

mally damaged at 200 �C), respectively, from left to right. The bright horizontal lines visible towards the bottom in (c) and (d) are artifacts created by evapora-

tion from the water surface during the experiment. See Sec. III of Ref. 23 for additional explanation about the source of these artifacts.
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containing the time series of both the attenuation radiographs

(top row) and the dark-field (bottom row) radiographs.

The wetting front and the wetted part of each sample are

instead well distinguished in the dark-field radiographs

(insets (a) and (b)). In those images, the wetted regions

appear darker than the non-wetted ones, confirming our ini-

tial hypothesis about the scattering reduction by water per-

meating the material porosity.

The capillary uptake in all the samples is characterized by

a wetting front proceeding towards the top and not completely

uniform along the sample width. The latter feature is due to (a)

the microstructural inhomogeneity of the porous material, spe-

cifically the presence of large spherical pores created by air

entrapped during the mixing of the mortar, and to (b) boundary

effects. Such features can be better appreciated in Fig. 2, where

the wetting front is plotted as a red line (color online) on top of

a central region of interest (ROI) of the last attenuation radio-

graph of each sample ((a) C_U, (b) C_120D, and (c) C_200D,

respectively). The wetting front has been extracted from the

dark-field radiographs according to the image processing algo-

rithms described in Sec. IV of Ref. 23.

Different lines in Fig. 2 correspond to different time

instants, the initial one being about t¼ 2.9min, thus in the

initial stage of the process, and the time gap between two

successive lines corresponding to 25 radiographic sampling

time steps. Figure 2 shows, for every sample, a significant

curvature of the wetting front in correspondence of the larg-

est pores. In addition, the wetting front tracing in Fig. 2

confirms the increase of sorptivity with the thermal pre-

conditioning of the samples: the inter-distance between two

temporally successive fronts increases on average from inset

(a) to inset (c).

In order to obtain a more quantitative characterization of

the change in contrast between a wetted region and a non-

wetted one, both for the dark-field and the attenuation radio-

graphs, we calculated the contrast-to-noise ratio (CNR)

given a ROI that is permeated by water and one that remains

at any time dry. At a given time instant, for a given radio-

graph type and a given sample, the CNR was calculated as

CNR ¼ jSwet � Sdryj=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rwet2 þ rdry2
q

; (1)

where Swet is the average pixel value of the image within the

wetted ROI, Sdry the corresponding average value for the

non-wetted ROI and rwet and rdry the pixel value standard

deviation for the two ROIs, respectively. For a given image

type and sample, a larger CNR after a wetting step indicates

more contrast brought by water wetting. Thus, the image

type with larger increases in the CNR during wetting allows

for better visualization of the temporal changes in the water

distribution.

We summarize here the results for the CNR analysis.

Section V of Ref. 23 contains tables with the numerical val-

ues for each sample and for each radiograph type.

For the attenuation radiographs, the CNR decreases

with time for all the samples (except for sample C_120D at

time t1) with a relative change between time t0 and t2 of the

order of 30%–50%. A small increase would be expected

instead, due to the small increase of the pixel value for the

wetted ROI. However, the noise level increases as well in

the wetted region, while it remains constant for the dry one.

The noise increase mirrors the small but highly heterogene-

ously distributed increase in the X-ray attenuation brought

by the absorbed water.

On the contrary, the CNR increases significantly with

time for the dark-field radiographs (relative change between

time t0 and t2 of the order of 500%–1000%), confirming the

visible contrast in Fig. 1. We notice that the CNR value is

slightly dependent upon the choice of the ROIs. However, its

temporal evolution with wetting follows the same trend inde-

pendently of the ROI. Results for other sets of ROIs are

reported in Ref. 23.

The results reported here prove the feasibility of imag-

ing with high contrast pure water in a porous material by

exploiting X-ray scattering. This approach offers a signifi-

cant number of advantages over neutron or magnetic reso-

nance imaging.

The first advantage consists in the greater accessibility

of instruments implementing X-ray dark-field imaging. All

the techniques proposed for such imaging at the laboratory

scale19,25 are based upon X-ray optical components that can

be added to existing laboratory instruments. This feature pro-

vides them the potential for systematic studies requiring fre-

quently repeated, time-lapsed measurements. Such studies

are not always feasible with neutron imaging because of the

limited number of available facilities and access to them.

Magnetic resonance imaging facilities are more accessible

than neutron ones. However, they still do not achieve the

same spatial and temporal resolution available by X-ray

imaging.

As mentioned before, TLI provides three different

images. This multi-contrast imaging mode represents a sec-

ond advantage over magnetic resonance imaging of water

transport in porous materials: the information about the

FIG. 2. Wetting front positions (red lines) overlaid on top of a central region

of interest of the last attenuation radiograph, for the three different samples:

(a) C_U, (b) C_120D, (c) C_200D. For each sample, the first wetting front is

plotted at approximately time t¼ 2.9min. The time gap between two succes-

sive fronts is 25 temporal points.
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water spatial distribution from the dark-field images can be

complemented by the porous matrix microstructure informa-

tion contained in the attenuation and dark-field images them-

selves. In the dark field radiographs, regions with larger

microstructural heterogeneity are better highlighted, before

water permeation, Fig. 1(a), even though the microstructural

heterogeneity itself, e.g., the porosity, is not completely

resolved.26,27 On the contrary, the attenuation radiographs

allow resolving the pores with size much larger than the spa-

tial resolution of the instrument, e.g., the spherical air voids,

Fig. 1(c).

The complementarity of information is extremely

important for investigating how structural features of the

porous material, such as cracks with different widths, affect

the transport process. The use of another approach, differen-

tial (X-ray) radiography, where radiographs are normalized

by a first radiograph when the sample is completely dry,28

allows visualizing only the temporal changes in the water

distribution, thus no correlations between the micro-structure

and the water transport.

In general, one can foresee a significant impact of

laboratory-scale X-ray dark-field imaging on studying water

transport in porous geo-materials.29,30 Another field that

could benefit from this approach is the development of

hydrogen-based fuel cells. Water transport in polymer

electrolyte membrane fuel cells could be studied more

continuously during their service life, for characterizing the

correlations between the transport processes and the cells’

microstructural evolution, hence improving their water man-

agement and their durability.31–33

In order to fully assess and exploit the potential of X-ray

dark-field imaging of unsaturated water transport in porous

materials, further investigations and developments are

needed in two main directions.

On the one hand, it is necessary to extensively character-

ize the contrast produced in dark-field images by water

uptake as a function of the saturation degree and the micro-

structure heterogeneity, specifically the pore (and crack,

when present) size distribution. Quantitative relations

between the pixel value of dark-field radiographs obtained

with the TLI and the porous material microstructural hetero-

geneity have already been proposed via different models of

wave propagation in random media.34,35 Among these param-

eters there are correlation length and variance of the random

microstructure and other parameters indirectly related with

the shape and size distribution of microstructural features as

grain, voids, and bubbles.34–36 The effectiveness of our

approach to imaging water is expected to be larger in materi-

als with narrower pore size distribution and within a range

below or close to the spatial resolution of the instrument

used. In those conditions, scattering is expected to be stron-

ger. At the same time, capillary water uptake is also expected

to be more efficient, due to larger capillary forces involved,

leading to higher reduction in scattering, thus more contrast

in the dark field images. However, this physical assumption

needs to be carefully and systematically validated.

On the other hand, it is necessary to decrease the mea-

surement time needed for the retrieval of the three types of

radiographs in order to (a) allow tracking fast transport proc-

esses and (b) allow the acquisition of radiographs at different

orientation angles of the sample for performing a tomo-

graphic, i.e., 3D, multi-contrast reconstruction. Different

approaches have been already proposed and tested for

achieving such goal.37–40

To summarize, we propose in this work an approach to

X-ray imaging of unsaturated water transport in porous

materials exploiting the intrinsic X-ray scattering produced

by the spatially heterogeneous microstructure of the material.

Water uptake leads to a decrease in scattering, bringing high

contrast between wetted and non-wetted regions. We provide

a proof of concept based upon the Talbot-Lau interferometer,

used for retrieving 2D images (radiographs) based on scatter-

ing (dark-field) contrast. The measurements were continu-

ously performed during a water uptake experiments with

mortar samples. The results confirm the validity of the

approach and its potential for systematic, laboratory-scale

imaging of water transport in diverse porous materials.
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