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X-ray tomographic method for measuring 3D deformation
and liquid content in swelling materials
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Summary. A non-invasive method for measuring the three-dimensional displacement field and liquid
content distribution in a wetting and swelling material using X-ray tomographic imaging is introduced.
The method is demonstrated here in monitoring the evolution of 3D deformation and water content
distributions in cylindrical samples of swelling clay material wetted in a constant total volume. The mea-
surements were carried out using a high-resolution microtomographic device (SkyScan 1172) and image
voxel size 24 µm. The results obtained are repeatable and appear qualitatively correct and plausible.
They are useful e.g. in validating models involving transport of water and the resulting deformation of
swelling materials. The method is potentially applicable also in other materials and processes involving
liquid transport and deformation.
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Introduction

The dynamics of liquid transport and deformation in processes involving wetting or drying of
solid materials such as soils, building materials, foods and various biological materials [1, 2, 3, 4]
can be quite complicated. Theoretical approaches based on first principles towards modelling
these processes tend to become tedious, and phenomenological input is often required. Measuring
the total liquid content and the global deformation of a wetting/drying material sample is rather
straightforward by conventional gravimetric and morphological methods [5, 6]. At least rough
local information can be obtained by destructive segmenting of the sample. Various modalities
of tomography and other non-destructive methods have been used for measuring the local three-
dimensional liquid content distribution [7, 8, 9, 10] or the local deformation of material samples in
various mechanical conditions [11, 12]. However, few efforts appears to have been made towards
simultaneous non-destructive measurement of the evolution of both the liquid content and the
local deformation field of a material sample during wetting or drying process. Availability of
such a measurement method would be potentially useful for experimental research of processes
involving liquid transport and the resulting deformation, and for development and validation of
theoretical models of such processes.

In this work, we introduce a method based on X-ray microtomography for non-destructive
simultaneous measurement of three dimensional distribution of local liquid content and displace-
ment field of a wetted material. The method is applied here in monitoring the wetting-swelling
behaviour of bentonite clay samples enclosed in a sample chamber of constant total volume.
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Methods

X-ray tomography

With X-ray tomography, the spatial distribution of the linear X-ray attenuation coefficient (LAC)
in the sample is obtained [13]. In a typical X-ray tomographic imaging procedure, of the order
of one thousand X-ray projection images of the sample are taken from different directions by
rotating the sample in the X-ray beam. The three-dimensional distribution of LAC is then
reconstructed from the projection images by a computer. The data is conveniently represented as
a three-dimensional gray-scale image (stack of two-dimensional cross-sectional images) allowing
not only visualization but also quantitative study of the internal structure of many heterogeneous
materials. The gray-scale ’voxel’ values in such an image are linearly correlated with the actual
LAC value in the sample. In a case of monochromatic X-ray beam, the gray-scale value (or the
LAC) is furthermore linearly correlated with partial densities of materials present in the sample
so for the solid-liquid system the gray-scale value is

G = C + αs · ρs + αl · ρl (1)

where C, αs and αl are constants depending on materials and settings used. For a polychromatic
X-ray source (e.g. X-ray tube), linearity in Eq. 1 may not hold exactly due to beam hardening
artifact. However, this artifact can be corrected at the reconstruction stage which seems to work
well for the purposes of this study. There are usually many other artifacts present in images such
as ring artifacts, cone-beam artifacts and noise. Those can be reduced by optimizing scanning
settings or performing specific corrections in reconstruction software.

The X-ray microtomographic device used in the present work was SkyScan 1172 desktop
scanner (Fig. 1) which has a microfocus X-ray tube with maximum operating voltage of 100
kV and maximum power of 10 W. The minimum pixel size is 0.7 µm but for the purposes of
the present study the device was used in a reduced resolution mode with image size 1000 x 524
pixels of size 24 µm.

Experimental set-up and samples

Cylindrical bentonite samples of diameter 17 mm and height 10 mm were made by compacting
a weighed amount of bentonite powder (MP Biomedicals Bentonite) in a mould into a predeter-
mined mean solid phase partial density (1.2 – 1.5 g/cm3), and placed in a sample holder (see Fig.
1). In order to facilitate deformation measurement, hollow glass microspheres of diameter 100
µm were mixed with the bentonite powder to act as inert tracer particles in the otherwise quite
homogeneous material. During the experiment, the sample was held in approximately constant
volume in a plastic (PEEK) tube and between cylindrical end-pieces. The end-pieces include
wetting and venting channels, and glass sintered plates that allow liquid flow in the sample
through the lower end surface, and escape of air through the upper surface. The experiment was
started by taking a reference state tomographic image of the non-wetted sample and after that,
the wetting (simulated groundwater) of the sample was initiated. The wetting was periodically
interrupted and the sample holder with the partially saturated sample weighed, scanned in the
tomographic device, weighed again and reconnected to liquid supply to resume wetting. The
scanning time was about 45 minutes, and the total time required for each scanning-weighing
interval was about an hour. The procedure was repeated typically 10 times until the sample
was completely saturated in about 1–2 weeks total time.

Deformation analysis

The local displacement of the solid phase caused by swelling can, in principle, be found by
comparing the tomographic images of the reference state and each of the partially wetted states
of the sample, provided that both images contain enough tractable details. The displacement
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Figure 1. Microtomographic device (SkyScan 1172) and schematic cross-sectional view of the sample
holder.

vectors are determined in a three-dimensional grid defined in the reference state image. At
every point of that grid, a reference subimage is compared with subimages extracted from the
deformed image at the vicinity of the grid point. The minimum for the sum of the squares of
the difference in voxel values then defines the measured displacement for that particular grid
point. Sub-pixel accuracy is further achieved by fitting second order polynomial function to the
minimum.

In order to test the deformation analysis algorithm, a cylindrical sample was made of two-
component liquid rubber material doped with glass tracer particles similarly to the bentonite
samples. The rubber sample was placed in a material testing stage that allows tomographic
imaging of the material under compression or tension. A reference tomographic image of the
sample was taken at zero load. The sample was then compressed axially inducing deformation
into a barrel-like shape, and imaged again in this configuration. The subimage matching al-
gorithm was used to calculate the displacement field between the unloaded reference state and
the deformed state. The experimental result was compared with a numerical solution for the
same set-up obtained by COMSOL software indicating very close qualitative and quantitative
agreement.

Liquid content distribution

The unknown coefficients (C, αs and αl) in the Eq. 1 can be evaluated from measurements
of additional calibration samples made by varying solid and liquid densities. The reference
tomographic image gives the initial density of the solid material if the possible liquid content in
the reference state is known (measurable and assumed to be constant here). The change in solid
density between wetted and reference state can be calculated from the measured displacement
field and therefore the solid density distribution is known in the wetted state. The remaining
unknown quantity, i.e. the liquid density ρl can then be calculated from in Eq. 1.

The tomographic liquid content analysis method discussed above was compared with results
from a straightforward gravimetric analysis of subsamples obtained by slicing a partially wetted
(22 h) test sample. After CT method, the sample was carefully cut horizontally into 10 slices
of thickness about 1 mm. The liquid content of each slice was determined gravimetrically using
oven drying at 105 ◦C. The results obtained from the gravimetric measurement and from the
tomographic imaging method indicate reasonably good correspondence between the two results
in regions well inside the sample.
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Results

The X-ray tomographic imaging and image analysis methods described above yield three-
dimensional displacement field and liquid content distributions in the material sample at se-
lected times during the slow wetting process. Typical examples of such results averaged over the
azimuthal angle for a bentonite sample wetted in the sample holder chamber are visualized in
Fig. 2. The results on displacement distributions obtained by the X-ray tomographic analysis
appear consistent and repeatable in the entire sample region. The water transport mechanism
resembles diffusion which is characteristic for the bentonite. The time evolution of the displace-
ment field seems to be complicated which indicates that the swelling of the bentonite is complex
phenomenon.

The most important source of error in the deformation analysis are the spurious displace-
ment vector values that occasionally appear as a result of false local minima found by the image
correlation algorithm. Those do not seem to have significant contribution to azimuthally aver-
aged results. Another experimental issue affecting the accuracy of liquid content measurement
is the incomplete stability of the X-ray source and detector. For accurate results, very good
stability is required during each individual scan and between the scans during the experiment.
Although, lacking an applicable reference method, quantitative assessment of absolute errors of
both the local displacement and the total local liquid content analysis is not feasible, the overall
confidence level of the results is reflected by the deformation and wetting test cases.
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Figure 2. Azimuthally averaged displacement field (scaled by a factor of 5) and water content (ρl/ρs) in
a bentonite sample measured at four different times during wetting.

Conclusions

A method for simultaneous non-intrusive analysis of three-dimensional deformation and liquid
transport in solid, wetting material, based on X-ray tomographic imaging has been introduced.
The analysis is based on comparing the tomographic images of the reference state and of a wetted
and deformed state. The displacement field is obtained by a straightforward image correlation
method. This requires that a sufficient amount of local detail, identifiable in the two images, are
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found in both states, and that the imaging resolution is sufficient for revealing the deformations.
In addition, liquid transport in the material should be slow enough such that the sample can
be considered approximately stationary during a single tomographic scan. The deformation
analysis was successfully compared with numerical solution for a rubber test sample under axial
compression. The liquid content analysis was compared with gravimetric results from axially
wetted and sliced cylindrical bentonite samples. The results showed relatively good accuracy
in the interior parts of the sample. The method requires calibration with samples of known
solid and liquid partial densities. The plausible sources of errors in the method are related to
conical X-ray beam geometry, false displacements found by deformation analysis algorithm and
instabilities in tomographic device. While the primary motivation and field of application in
this work has been the study of the hydromechanical properties and swelling of bentonite clay,
the developed method is potentially applicable in also other materials and processes involving
liquid transport and deformation.
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