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Summary
A new approach to characterise the evolution and coupling of deformation and fluid flow in geomaterials is presented. The
method exploits some key features of neutrons, namely penetration of dense materials used for triaxial pressure cells, sensitivity to
hydrogen and the possibility to distinguish hydrogen from its isotope deuterium (in normal water, H2O, and heavy water, D2O,
respectively). Illustration of the approach is provided with results from a combined fluid flow/triaxial compression test on a cemented sand specimen performed in-situ (i.e., acquiring images during loading) at a neutron imaging station. Quantitative analysis of
neutron tomography images acquired at different stages of deformation is made by Digital Volume Correlation to provide full 3D
strain fields that highlight the evolution of localised deformation features. Spatio-temporal tracking of the effect of the evolution of
the permeability in the sample was possible by neutron radiographies acquired during pressure driven flow of H2O into the sample
saturated with D2O. By exploiting the H2O/D2O neutron transmission contrast and similarities of their flow behaviour, the tracking
of the H2O/D2O front can be considered as an indicator of the permeability of the sample that is correlated to the measured evolution
of the deformation.
Keywords: neutron tomography, neutron radiography, fluid flow, localised deformation

1. Introduction
X-ray tomography is increasingly used in advanced experimental geomechanics to visualise the
interior of bulk specimens. If such experiments, e.g.,
triaxial tests, are run “in-situ” in the imaging set-up
(referred to hereafter as “in-situ testing”, following
the terminology of the imaging community) then images of the evolution of the samples can be acquired
in 4D (i.e., 3D plus time). Analysis of x-ray tomography images before and after (or during) deformation can be analysed with Digital Volume Correlation
(DVC; also known as Volumetric Digital Image Correlation) to retrieve the full 3D tensor strain field,
e.g., [BAY et al., 1999; HALL et al., 2010; CHARALAMPIDOU
et al., 2011]. Recent studies have shown that a similar
analysis can be achieved with neutron tomography
combined with DVC [TUDISCO et al., 2015a]. The advantage of using neutron imaging in this context is
three-fold. The first reason is the higher penetration
of neutrons, compared to x-rays, of dense materials
such as the metals used in the thick walls of triaxial
pressure cells for rock testing. This enables 3D imaging of rock samples during deformation tests at high-

*
**
***

Division of Geotechnical Engineering, Lund University,
Lund, Sweden
Division of Solid Mechanics, Lund University, Lund, Sweden
Paul Scherrer Institut (PSI), Villigen, Switzerland

DOI:10.19199/2017.4.0557-1405.60

er confining pressures (in the order of tens of MPa)
and with more-standard sample sizes compared to
in-situ testing with x-ray imaging, which has thus far
been restricted to smaller samples or lower pressures
(up to 10 MPa or 100 MPa for a sample size of 10 mm
or 5 mm in diameter respectively), e.g., [LENOIR et al.,
2007; HALL et al., 2010; ANDÒ et al., 2011, ALIKARAMI et
al., 2014; RENARD et al., 2016]. The second interest in
using neutron imaging for this research challenge
is that neutrons are strongly sensitive to hydrogen,
which facilitates measurement of water distributions
and movements in bulk rock samples even at low saturation levels, e.g., [JASTI and FOGLER, 1992; DE BEER
and MIDDLETON, 2006; Hall, 2013; PERFECT, 2014].
The third advantage is that neutrons interact differently with different isotopes and, in particular, deuterium (an isotope of hydrogen with an extra neutron in the nucleus) has a lower neutron attenuation
coefficient than hydrogen. This allows heavy water
(D2O) to be distinguished from normal water (H2O)
in transmission (radiography or tomography) images. Otherwise, H2O and D2O have very similar properties and so can, to a first approximation, be considered to have the same flow behaviour through rocks.
Therefore, moving fronts between H2O and D2O
can be detected as they move through a rock, e.g.,
during pressure driven flow. Following such fronts
as they advance can, thus, provide measurements of
the velocity of the fluid and so opens to the calculation of the intrinsic permeability of the rock (if flow
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of a fluid into a dry sample or a sample saturated
with another fluid is measured this would provide information only on the relative permeability). Since
the pore pressure field and, therefore, the local hydraulic gradient can not be directly measured, the
permeability field can not be retrieved. Numerical
simulation could be used to recover both permeability and pore pressure fields by iterative updating
of the local permeability in the model to achieve a
match of the simulated and the imaged fluid saturation evolution in the sample. This matching could
be made by making simulated neutron radiography
projections from the numerical simulations that can
be compared to the acquired radiographs.
This paper presents recent developments on the
use of neutron radiography and tomography to characterise the evolution and coupling of deformation
and fluid flow during in-situ triaxial tests. The first
part describes a recent combined fluid flow/triaxial compression test on a cemented sand specimen
performed in-situ at the NEUTRA neutron imaging
station at the Paul Scherrer Institute (PSI). The following sections present the results from the imaging
and quantitative analysis of the deformation in 3D by
DVC and of the fluid flow by spatiotemporal tracking
of H2O/D2O fronts through the imaged samples at
different stages of deformation. The experiment was
performed entirely in-situ in the neutron imaging instrument without removing the sample or the triaxial device from the imaging position. Data from DVC
allows a better understanding of the mechanical behaviour of rocks and the characterisation of the localised deformation (i.e., inclination and thickness of
the band), which is an essential input to improve or
develop new advanced constitutive models. Furthermore, by exploiting the H2O/D2O neutron contrast
and similarities of their flow behaviour, the tracking
of the H2O/D2O front can be considered as an indicator of the evolving permeability of the sample that
might be directly linked to the measured evolution of
the deformation.

2. Experimental method
2.1. Triaxial test apparatus
Based on previous experimental developments
[HALL, 2013; TUDISCO et al., 2015a;b], a triaxial cell
apparatus was designed that could be placed in the
neutron beam line (see Fig. 1). This device allows,
other than the application of a confining pressure
and an axial loading, the control of a fluid pressure
gradient across the sample by imposing the pore
pressure independently at the top and bottom ends
of the sample . Samples of 38 mm diameter and 76
mm height can be tested with this device. In the experiment described below, the test specimen was
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Fig. 1 – Photograph of the triaxial device in place in the
neutron imaging station, NEUTRA, at PSI.
Fig. 1 – Fotografia della cella triassiale installata nella stazione
di acquisizione di immagini a neutroni NEUTRA, al PSI.

a cylinder of cemented sand. The sample was prepared by compacting a hydrated mixture of Ordinary Portland Cement (OPC) and HN31 Hostun
sand (50% of cement: sand ratio in weight) in a cylindrical mould in layers of ~2 mm. The sand has a
mean grain diameter of 327 µm and the initial porosity of the sample was approximately 35%.
During the experiment, the sample was mounted in the triaxial device and the confining pressure
and pore pressures at the top and bottom of the sample were imposed by three independent pressure
regulators; these were connected to the laboratory
compressed air supply. In this first experiment, air
pressure was used directly for the confining pressure
and the pressure was relatively low. This first prototype of the cell is capable of sustaining a pressure
up to 4 MPa. In future developments, however, this
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can be increased up to 50 MPa maintaining the sample dimensions and without significantly affecting
the image quality. Air/water interfaces were used for
the pore pressures. These interfaces also provided
a measurement of the volume of fluid entering or
exiting (by displacement transducers measuring the
fluid levels in the interfaces); in the following these
are referred to as volumometers. Three volumometers were used, one connected to the top of the sample and two connected to the bottom, one filled with
H2O and the other with D2O. The fluids (H2O or
D2O) were always pushed upwards through the sample and the top volumometer was used to collect and
measure the water that passed through during the
flow measurements. The fluid passing out of the top
of the sample could be a mixture of H2O and D2O
plus other material accumulated as the fluid passed
through the sample and so the fluid was not reused.
Electrovalves were used to control the flow remotely
and also allowed the selection of which fluid (H2O
or D2O) was pushed into the bottom of the sample.
The ability to control the experiment remotely is essential when working with neutron imaging, as, due
to radiation protection reasons, access to the experimental area is highly restricted.
The sample was surrounded by a Fluoroethylenepropylene (FEP) membrane that seals the sample from the confining fluid and contains the pore
fluid. FEP is a fluorinated plastic and is highly transparent to neutrons, whereas standard membrane
materials used in geomechanical testing are rich in
hydrogen and, therefore, largely opaque in neutron
imaging.
2.2. Neutron imaging
The experiment was performed at the neutron
imaging beamline, NEUTRA, at PSI. A pinhole aperture (D) of 20 mm was placed at a distance (L)
of 11 m from the sample position, which gives an
L/D of 550; this is a key parameter in neutron imaging related to the image resolution (e.g., STROBL et
al., 2009). To maximise the signal:noise ratio and to
have as fast as possible acquisition for the flow imaging, a scintillator of 200 µm thickness was used (the
scintillator converts the transmitted neutrons to optical light that can be recorded by the camera). The
image resolution with this set-up was 200 µm and was
limited by the thickness of the scintillator; note that
it would have been possible to reach a better resolution (around 120 µm) using a 50 µm thick scintillator, but this would have increased the acquisition
time. Even if fast acquisition was only needed for
the radiography imaging of the fluid flow (see below), changing of the scintillator required a wait of
around 1 hour due to radio-activation and so it was
chosen not to switch the set-up between radiography

and tomography acquisitions. To further increase
the speed of the radiography acquisition, the image
resolution was reduced to 400 µm with binning 4 on
the camera. Tomography acquisitions were carried
out with an exposure time of 15 s for 660 projections
over 360°. Radiography was performed with a frequency of 2 Hz.
Neutron tomography acquisitions were made
after application of confining pressure and at each
subsequent step of loading with the sample fully saturated with D2O. Having the sample saturated with
D2O, as opposed to H2O, during the tomography
provided good transmission that allowed the microstructure of the material to be characterised and followed by DVC.
Pressure-controlled flow of H2O (into the D2O
saturated sample) was imaged using neutron radiography. Radiography was chosen for the fluid flow
part to enable fast image acquisition of the fast flow
phenomena. The main issue with this approach is
that, radiography being a 2D projection of an object,
the three dimensionality of the structure is lost. It is,
therefore, potentially challenging to directly relate
the heterogeneity of the fluid flow to the (complex)
deformation of the sample. Faster tomography could
be carried out to overcome this issue. As such, in a
more recent experiment, 1-minute tomographies
have been performed in which the 3D front of H2O
imbibing into a sandstone sample could be tracked
in 3D. However, this is still too slow to follow H2O/
D2O pressure driven flow, such as presented in this
paper, which occurred over about 20 seconds. Improved control of the pressure gradient could allow
a slower motion of the fluid and thus facilitate the
use of fast tomography in the future. To aid the interpretation of the radiographies in this experiment, a
notch, which covered a quarter of the circumference
of the sample, was cut at the middle height of the
sample to encourage the localisation of deformation
to occur in a predetermined plane. This plane was
aligned with the neutron beam, such that it would be
visible as a line in a radiograph.
After each H2O flow, the sample was re-saturated with D2O to enable clear tomographic imaging
at the next load step. As described in later sections,
applying DVC to the repeated tomographies enables
3D mapping of strain field evolution in the samples
and analysis of radiography images provides information on the local hydraulic properties and how
they evolve with loading.

3. Results
The sample was deformed in steps of about 1.6
mm vertical displacements under an effective confining pressure of 50 kPa. A total of six tomographies
and sets of radiographs (named from 0 to 5 below)
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Fig. 2 – Vertical cross-section slices through the tomography volume images for the first 5 load steps, as indicated by the displacement values above each section. The initial width of the sample was 38 mm. Darker indicates lower attenuation coefficients and lighter high attenuation. The sample was saturated with D2O during each of the acquisitions. The voxels in the
images are cubes with width 48.5 µm. The slices have been extracted in the same orientation as those in Fig. 3.
Fig. 2 – Sezione verticale delle tomografie acquisite nei primi 5 incrementi di carico, come indicato dal valore di spostamento riportato
sopra ogni sezione. Il diametro iniziale del provino è di 38 mm. I colori più scuri indicano minore attenuazione dei neutroni. Il provino
è saturo di D2O durante l’acquisizione delle immagini. I voxel sono cubi di lato 48.5 µm. Le sezioni sono state estratte con la stessa
orientazione di quelle presentate in Fig. 3.

were acquired, corresponding to displacements of
[0, 1.6, 3.3, 4.9, 6.5, 7.5] mm.
In the described experiment, the confining fluid
was compressed air and the final total confining pressure was 200 kPa. At the beginning of the test the total confining pressure was set to 300 kPa and the pore
pressure to 100 kPa. For reasons linked to the fluid
flow rate and to remove bubbles of air that formed at
the boundaries of the sample, the pore pressure was
raised to 200 kPa and total confining pressure to 350
kPa. Subsequently, due to problems with the motor
controlling the axial force, it was decided to decrease
the total confining pressure to 200 kPa and the pore
pressure to 150 kPa. Consequently, before axial loading, the sample has experienced, a variable effective
confining pressure from 200 kPa to 50 kPa.
Figure 2 shows example vertical slices extracted
from the tomography volumes for steps 0-4. These
slices are extracted in the direction that best intersects the main localization features, which can be
seen to be already appearing at step 1 and are very
clear by step 4 when cross-like feature of localized
deformation can be seen giving offset of the specimen boundaries. To better analyse and quantify this
strain field, DVC was applied to each consecutive
pair of images, as described below.
3.1. Deformation
The DVC analysis of the tomography images was
performed with the code TomoWarp2, which allows
the measurement of 3D vector displacement fields between two volume images over a 3D grid of points (for
more detail see [TUDISCO et al., 2017]. The complete
3D tensor strain field can be calculated from the gra-
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dients of the DVC displacements. Results of DVC are
presented in figure 3 in terms of maximum shear and
volumetric strain for the increments 1-2, 2-3 and 3-4.
Technical issues during the acquisition of the first and
the last scans resulted in poor image correlation results for increment 0-1 and 4-5. The deformation pattern that can be observed from the DVC results is a
complex overlapping of different phenomena that is
most clear in the 3D rendering of the shear strain in
increment 3-4 in figure 3e. Furthermore, these DVC
results indicate that the sample failure involved a
main shear band crossing the sample with an angle
of 32° about the major principal stress direction and a
set of conjugate shear bands in the middle of the sample. Despite the presence of the notch, the deformation did not align as expected with the localised deformation parallel with the beam when the rotation stage
was at 0°. In fact, the main shear band was at about
60° from this orientation. As such, figures 3a-c present central vertical slices of maximum shear and volumetric strain fields perpendicular to the shear band
as indicated in the central horizontal slice of the maximum shear strain over increment 3-4 in figure 3d.
The DVC analysis also reveals information about
the evolution of the deformations, in addition to
the structure. The main shear band can be seen to
be dilatant in the initial stages and to become compactant as the deformation progressed, but continued to exhibit dilation away from its core in the final
stage. A similar evolution is seen for the other deformation features.
A key aspect revealed by the DVC analysis is the
development of the two classical frictional cones at
the top and the bottom of the sample; the friction
cone at the top can be seen to be more developed
than the lower one. These features likely evolved as,
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Fig. 3 – a)-c): incremental strain fields from DVC analysis of the tomography for consecutive pairs of tomography images for
the load steps as indicated at the top of each column; the images shown are vertical slices through the volumes along the line as indicated in d) and e). The maximum shear strain is shown in the upper images and the volumetric strain in the lower
images with compaction indicated by positive values. d) shows an example horizontal cross section through the maximum
shear strain volume for increment 3-4 and e) shows a volume rendering of the maximum shear strain distribution with a threshold to make low values transparent.
Fig. 3 – a)-c): campi di deformazione incrementale risultanti dalla DVC di coppie di tomografie per gli incrementi di carico indicati sopra
ogni colonna; le immagini presentate sono sezioni verticali allineate secondo le linee raffigurate in d) ed e). La deformazione di taglio
massima è presentata in alto e la deformazione volumetrica in basso dove valori positivi indicano compressione. d) esempio di sezione
orizzontale del volume di deformazione di taglio massima per l’incremento di carico 3-4 ed e) rendering dello stesso volume in cui i valori
più bassi sono resi trasparenti.

to avoid interference with the fluid flow, no lubricant
was used to reduce the friction between the sample
and the piston and the base. Furthermore, a motor
was used initially to move the piston and apply the
deviatoric load. However, during the experiment this
motor stopped working and the sample loading was
made by manually turning the screw. During this operation there was some rotation of the piston, which
the sample followed partially. This could have caused
large deformation and grain crushing at the boundaries of the friction cone to produce the high compaction visible in figure 3b,c). In the future a method to
reduce friction that does not obstruct the flow will be
adopted (e.g., a perforated film of Teflon)
3.2. Fluid flow
As described above, pressure-controlled flow of
H2O into the sample saturated with D2O was imaged

using neutron radiography between each load step
to provide measurements of the fluid flow to compare with the DVC-analysed deformation. Figure 4a
shows the neutron radiography sequence during
H2O flow through the D2O saturated sample after
loading step 3. As H2O has a higher neutron attenuation coefficient than D2O, higher H2O saturation
appears darker in the radiographies. To enhance the
contrast in these radiographies, and thus highlight
the advancing H2O flow front, the ratio between radiographies acquired during flow and the first one
(taken before H2O entered the sample) are used for
the subsequent analysis (see Figs. 4b-e).
To enable the evolution of the advancing front
to be characterized and quantified, both within each
radiography sequence at each load step and between
the load steps, an in-house Matlab code has been written to detect the front in each radiograph. This algorithm works by numerically “dropping” a horizontal
line from the top of each image until it hits a prede-
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Fig. 4 – a) an example raw radiograph acquired just after the entry of H2O into the base of the sample during the flow step
3. The sample was initially saturated with D2O and the H2O can be seen as a darker (more attenuating) region at the base
of the sample. The wide horizontal dark lines above and below the sample correspond to the o-ring seals. b)- e) show four
example radiographies during the advance of the H2O into the D2O saturated sample; these have been normalised by a radiography acquired before the flow of H2O to reveal the changes in the image and thus to better visualise the advancing H2O
front (darker values indicate a decrease in the transmission, i.e., increased attenuation, which is related to increasing H2O
saturation). The overlain red lines indicate the automatically identified H2O front.
Fig. 4 – a) esempio di radiografia acquisita immediatamente dopo l’entrata di H2O dalla base del provino durante la fase di filtrazione
3. Il provino è inizialmente saturo di D2O e l’H2O viene visualizzata come una regione più scura (maggiore attenuazione) alla base del
campione. Le linee scure, orizzontali e spesse presenti al di sopra e al di sotto del provino corrispondono alle guarnizioni. b)- e) presentano
quattro esempi di radiografie durante l’avanzamento dell’H2O nel provino saturo di D2O; le radiografie sono state normalizzate rispetto
ad una radiografia acquisita prima del flusso di H2O per evidenziare i cambiamenti nelle immagini e quindi visualizzare meglio
l’avanzamento del fronte di H2O (colori più scuri indicano diminuzione della trasmissione e quindi aumento dell’assorbimento che è legato
a una maggiore saturazione di H2O). Le linee rosse sovrapposte alle immagini indicato il fronte di H2O identificato automaticamente.

fined grey-scale level in each column of pixels. To
avoid stopping due to random noise speckles before
the actual front, a smoothness constraint is applied
along the line during its advancement. The result of
this process is a smooth curve defining the H2O/D2O
interface in each radiography image. This process was
applied to all the radiographies for all the load steps;
the results are presented in figure 5, where the detected front (giving the position of H2O/D2O interface
every 0.5 second) have been overlain on the radiography of D2O saturated sample. Problems in the hydraulic system prevented good imaging of the fluid flow at
step 1, so this step is omitted. It should be noted that,
to induce fluid flow the top pressure was lowered until H2O was seen entering the bottom of the sample in
the live radiographies. This means that the pressure
gradient was not the same for all the steps and, consequently, the flow velocity varies between steps; the applied pressures are specified in the figure.
The curvature of the initial fronts shown in figure
5 and their concentration towards the center of the
sample indicates that, despite the use of porous stones
at the top and the bottom of the sample, the shape of
the advancing H2O front was likely influenced by the
entry point of the water; i.e., the H2O front elevation
was not as homogeneously distributed as expected,
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but more intensive along the axis coinciding with the
entry point of the water. The thickness of the porous
stones was perhaps insufficient. Figure 5a, shows the
flow through the sample in its intact state. During this
flow stage the front can be seen to maintain approximately the same shape through the whole sample,
which indicates that the permeability field was initially quite homogeneous. For the subsequent flow stages, as the deformation evolves, the advancing fronts
can be seen to evolve with more significant changes
happening at the top of the sample. This evolution
of the front profile with deformation suggests local
changes in the hydraulic conductivity linked to the
deformation. Further quantification of the flow could
involve calculation of the flow velocity field based on
the tracked position of the front and the elapsed time
between the images as in [HALL, 2013]. Each point of
this calculated flow velocity field represents the mean
value through the width of the sample and, therefore, it could be used as a quantitative measure of the
flow velocity in the deformation band only if this is
planar and perpendicular to the neutron beam. Unfortunately, despite the use of a notch to encourage
the deformation to localise along a particular orientation, this did not occur resulting in a more complicated 3D pattern of deformation.
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Fig. 5 – Evolution of the tracked H2O front during the pressure-controlled flow tests at each loading step overlain on the initial radiography for the respective step. The pressure values above and below the images indicate the boundary conditions
for the flow in each case.
Fig. 5 – Evoluzione del fronte di H2O durante la filtrazione ad ogni incremento di carico sovrapposto alla rispettiva radiografia iniziale. I
valori di pressione indicati in alto e in basso alle immagini si riferiscono alle condizioni al contorno che definiscono la filtrazione per ogni
fase.

Figure 6 presents the tracked flow fronts for
steps 2, 3 and 4 over the strain fields from the DVC
for the corresponding, immediately preceding load
increments: 1-2, 2-3 and 3-4. The DVC images in this
case are the median projections, in the direction of
the beam, of the volumetric strain, which is assumed
to be most directly linked to changes in permeability. This comparison of the strain fields and the flow

fronts indicates that there are correlations between
the evolution of the flow field and the structure of
the deformation with, for example, faster flow in regions showing greater dilation, in particular for the
dilative regions associated with the inclined localised
deformation bands. Further investigation of the coupling of the flow and the deformation will utilise 3D
simulation of the flow and generation of the associ-

Fig. 6 – Comparison of the tracked flow fronts, for steps 2, 3 and 4, with the strain fields from the DVC for the corresponding, immediately preceding load increments: 1-2, 2-3 and 3-4. The DVC images in this case are the median projections, in
the direction of the beam, of the volumetric strain. As in Fig. 3, compaction is positive.
Fig. 6 – Confronto fra i fronti rilevati per le fasi di filtrazione 2, 3 e 4 e i campi di deformazione misurati tramite DVC per gli incrementi di
carico immediatamente precedenti: 1-2, 2-3 e 3-4. Le immagini presentate sono ottenute proiettando il valore mediano della deformazione
volumetrica, misurata tramite DVC, nella direzione del flusso di neutroni. Come in Fig. 3 i valori positivi indicano compressione.
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ated radiographic projections to compare to the imaging data.

4. Conclusion
Results have been presented from a triaxial compression experiment on a sample of cemented sand
performed in-situ in a neutron imaging beamline
with a specially designed (portable) triaxial apparatus. Neutron imaging enabled visualisation of the internal structure of the standard-sized sample through
the confining pressure cell. Furthermore, the different sensitivity of neutrons to hydrogen and its isotope
deuterium, in H2O and D2O respectively, plus the otherwise similar physical similarities of H2O and D2O
have been exploited to follow the effect of the evolution of the permeability in the sample by imaging flow
of H2O into the sample saturated with D2O after each
load step. The tomography images, based on acquisitions at different stages of triaxial loading, have been
analysed by Digital Volume Correlation to provide 3D
tensor strain fields that can be used to characterise
the evolution of the deformation through the test.
Radiography was performed after each load step during the pressure-driven flow of H2O into the sample,
which was saturated by D2O. This enabled the characterisation of the hydraulic properties of the sample at different stages of deformation. The advancing
front of H2O into D2O has been clearly identified and
tracked by an image analysis procedure. Comparison
of the tracked fronts at different load steps thus provided insight into the evolution of the permeability
field in the sample due to the deformation. Furthermore, comparison of the strain fields from DVC analysis of the tomography data and the tracked fronts indicates correlations between local volumetric strain
and the hydraulic properties of the sample. Despite
the limitations of the presented experiment in terms
of mechanical and hydraulic characterization of the
material, due to various problems encountered to
control the fluid flow, this paper demonstrates the effectiveness of a new method to monitor the combined
evolution of the mechanical and hydraulic properties
of geomaterials by exploiting some of the unique features of neutron imaging.
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Analisi dell’accoppiamento idromeccanico nei geomateriali tramite
imaging a neutroni e correlazione
digitale di volumi
Sommario
L’articolo presenta un nuovo approccio per la
caratterizzazione dell’evoluzione e dell’accoppiamento tra
deformazione e filtrazione nei geomateriali. Il metodo si
basa su tre caratteristiche peculiari dei neutroni, vale a

dire la facilità di attraversare materiali densi come i metalli
utilizzati per le celle di confinamento per prove di compressione
triassiale, l’alto assorbimento da parte dell’idrogeno e la
possibilità di distinguere l’idrogeno dal suo isotopo, il deuterio
(rispettivamente in acqua normale, H 2O, e in acqua pesante,
D 2O). Il metodo è illustrato mostrando i risultati di un
esperimento in cui un provino di sabbia cementata è stato
ciclicamente sottoposto a compressione triassiale e a flusso di
fluido eseguito in situ (ossia acquisendo immagini durante
il carico) in una stazione di acquisizione di immagini a
neutroni. L’evoluzione della localizzazione delle deformazioni è
evidenziata grazie ad un’analisi quantitativa delle immagini
tomografiche tramite correlazione digitale di volumi (DVC), che
fornisce, per ogni incremento di carico, campi di deformazione
in 3D. Gli effetti dell’evoluzione della permeabilità sono stati
invece analizzati grazie alle radiografie a neutroni acquisite
durante il flusso di H 2O in pressione nel campione saturo di
D 2O. Il contrasto nell’assorbimento dei neutroni da parte di
H 2O e D 2O rendono possibile la localizzazione del fronte tra
i due liquidi. Il monitoraggio di questo fronte, considerando
le analoghe proprietà idrauliche dei due fluidi, fornisce
indicazioni sulla permeabilità del campione, che è a sua volta
legata all’evoluzione della deformazione.

RIVISTA ITALIANA DI GEOTECNICA

