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Recent developments in laboratory testing of
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Développements récents de la géomécanique expérimentale de
laboratoire : focus sur I’imagerie

Gioacchino Viggiani & Alessandro Tengattini
Univ. Grenoble Alpes, CNRS, Grenoble INP, 3SR, F-38000 Grenoble, France

ABSTRACT: This paper presents a review of some recent technical developments and scientific accomplishments
in laboratory experimental testing of geomaterials — with a special focus on imaging. Full-field techniques such as
x-ray and neutron tomography have had a particular impact over the last two decades, and allowed the understand-
ing of the micro scale processes ultimately driving the behavior at the macroscopic scale. Two other very recent,
advanced experimental tools are briefly discussed: rheography and diffraction. These two modern techniques have
shown increasing potential to further expand the portfolio of possibilities of experimental geomechanics, by ex-
panding temporal resolution, and giving direct access to intra-granular strains, respectively. This contribution con-
cludes by outlining the broader impact that this panoply of techniques has had and is expected to have in geome-
chanics and geotechnics at large.

RESUME: Cetarticle présente quelques développements techniques et réalisations scientifiques récents en matiére
d’expérimentation en laboratoire sur les géomatériaux —avec unaccent particulier sur I'imagerie. Les techniques de
mesure de champs telles que la tomographie a rayons x et la tomographie & neutrons ont eu un impact important au
cours des deux derniéres décennies et ont permis de comprendre les processus a I'échelle micro qui déterminent
finalement le comportement des sols a I'échelle macroscopique. L’article examine également deux autres méthodes
expérimentales avancées, la rhéographie et la diffraction. Ces deux techniques modernes ont le potentiel pour
élargir davantage la gamme des possibilités expérimentales en géomécanique, en améliorant la résolution
temporelle, et en permettant la mesure des déformations intra-granulaires, respectivement. Finalement, cet article
souligne I’impact plus large que cette panoplie de techniques a eu et devrait avoir en géomécanique et en
géotechnique en général.
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1 INTRODUCTION material science has enabled the diffusion of tech-
niques previously unknown in soil and rock me-
chanics, e.g., nanoindentation (Daphalapurkar et
al. 2011, Hu & Zongjin 2015) and diffraction
(Hall et al. 2018) — to mention but two.

Of particular interest and impact are the so-
called non-contact measurement techniques,
which over the last two decades have passed from

During the last few decades, laboratory experi-
mental geomechanics has experienced a tremen-
dous —and perhaps unprecedented — leap forward,
thanks to major technological advances along with
a matching computational power. Besides the
availability of new and powerful tools, the in-
creased intertwining of neighboring domains in
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relatively niche to well-established tools (e.g.,
Hild & Espinosa 2012, Viggiani & Hall 2012).
Such techniques are often referred to as full-field,
in contrast to more conventional “point-wise” or
“bulk-averaged” measurement techniques, which
are based on the use of transducers positioned at
the specimen boundaries.

In conventional material testing, in fact, the
measured response can at best be seen to represent
an overall, averaged material response. Conse-
quently, only in the case of a perfectly homo-
geneous material undergoing perfectly uniform
deformation will the response measured from the
test reflect true material (i.e., constitutive) behav-
ior. Obviously, neither are materials truly homo-
geneous at the scale of a laboratory specimen, nor
are boundary conditions perfect. Furthermore,
even when starting from “perfectly”” homogeneous
conditions, processes (e.g., deformation) can
eventually localize into more or less narrow zones
(shear and compaction bands, tensile and shear
cracks or fractures) at some stage of a test. In the
presence of localized strains, it is clear that the
meaning of stress and strain variables derived
from boundary measurements of loads and dis-
placements is only nominal, or conventional.
Measuring the full field of deformation in the
specimen is in this case the only way in which test
results can be appropriately interpreted.

A number of full-field techniques (thermal,
wave-based, optical) have been —and are being —
used in laboratory testing of soil and rock: ultra-
sonic tomography (e.g., Hall & Tudisco 2012,
Tudisco et al. 2015), electrical resistivity tomog-
raphy (e.g., Comina et al. 2008, 2011, Derfouf et
al. 2019), magnetic resonance imaging (e.g.,
Sheppard et al. 2003, Yu et al. 2019, Xu et al.
2019), infrared thermography (e.g., Luong 1990,
2007, Salami et al. 2017) — to mention but a few.
A remarkable example is represented by the tech-
niques based on ionizing radiation: x-rays and
neutrons. This paper will focus on these two tech-
niques, as we believe that they are at the center of
a veritable revolution in experimental soil and
rock mechanics — besides, they are those that we
are most familiar with. X-ray and neutron imaging
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have a few limitations, notably spatial and tem-
poral resolution, and the difficulty to directly ac-
cess the intra-granular strains (hence inter-gran-
ular forces). An emerging technique that can help
to assess them is diffraction (either using X-rays or
neutrons), which will also be discussed. In terms
of temporal resolution, rapid processes such as
granular flow would require temporal resolutions
incompatible even with the most performant syn-
chrotron — not to mention that the rotation speed
required would cause centripetal forces compara-
ble to or larger than gravity (depending on the
sample size). A very recent solution to this prob-
lem is x-ray Rheography (Baker et al. 2018),
which allows the direct assessment of the proba-
bility distribution of velocities at high rates.

Even with synchrotrons, the spatial resolution
of x-ray imaging is not good enough for investi-
gating the mechanics of fine-grained geomaterials
(i.e., clays and clay rocks) at the particle scale.
However, synchrotron x-ray tomography has been
successfully applied, in combination with Digital
Image Correlation, to investigate strain localiza-
tion in clay rocks — at a scale that is much larger
than the scale of clay particles, though (Lenoir et
al. 2007, Bésuelle & Ando 2014). To access the
scale of the clay particles, a suitable technique is
Broad lon Beaming (BIB), which allows, when
coupled with Scanning Electron Microscopy
(SEM), achieving a resolution of a few nanome-
ters. BIB is used as a “knife”, to cut and expose
cross-sections that are then imaged by SEM.
Cross-sections with an area of a few square milli-
meters can be obtained, which are relatively
“large” as compared to those that can be obtained
with Focused lon Beaming (FIB) — of only a few
square micrometers. See Desbois et al. (2017) and
references quoted therein.

The structure of this paper is as follows. The
next two sections (2 and 3) give an overview of x-
ray and neutron imaging, respectively. For each of
these two imaging techniques, the basic physics is
outlined, an historical review of their use in geo-
mechanics is given, and finally some selected ex-
amples are presented, with particular emphasis to
the more recent and promising applications. Sec-
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tion 4 focuses on two comparatively new applica-
tions: diffraction and rheography. Through all
these examples our aim is to present the tremen-
dous possibilities now available and the new ave-
nues opening up for research in geomechanics.

The paper concludes with a critical review of
the impact these techniques had (or could have) on
geomechanics, and a discussion about their practi-
cality (i.e., how these methods might be practical-
ly employed in a “standard’” geomechanics labora-
tory), as well as some foreseen avenues of future
development. It should be noted that in this work
we adopt the broader definition of geomaterials,
which besides soils and rocks also includes con-
crete — which after all is nothing but an artificial
conglomerate.

2 X-RAY IMAGING

2.1 Fundamentals

X-rays were discovered in 1895 by W.C. Ront-
gen, when the radiations emitted by a vacuum
tube affected a barium platinocyanide screen
across the room despite the obstacles interposed.
Rontgen temporarily named them using the math-
ematical designation (x) for something unknown.
The value of this non-destructive imaging tech-
nique for medical applications was immediately
recognized.

X-radiation is a form of electromagnetic radia-
tion composed of x-rays, with wavelengths rang-
ing from 0.01 to 10 nanometers, lying between
UV and gamma rays. One common way to pro-
duce x-rays is to accelerate with sufficient energy
charged particles (electrons and ions) to hit a ma-
terial. The deceleration of a charged particle caus-
es the moving particle to lose kinetic energy,
which is converted into a photon (braking radia-
tion or Bremsstrahlung), this is for example the
approach used in most laboratory scanners,
whereas in Synchrotrons the braking radiation is
produced by magnetically undulating or deviating
electrons. In both cases, the upper boundary of the
emitted x-rays is defined by the energy of the in-
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cident particle. X-rays interact with the outer elec-
tron shells of the atoms through different mecha-
nisms (e.g., Compton Scattering, Refraction and
Reflection, Pair Production, Rayleigh Scattering).

For geomaterials, and for the energy of x-ray
radiation normally used for their investigation, the
predominant mechanism is photoelectric absorp-
tion (surpassed by Compton scattering as we ap-
proach higher energies). The attenuation by ab-
sorption of the x-ray intensity | (in photons per
unit area and time) along an axis z can be ex-
pressed through the Beer-Lambert law for mono-
chromatic beam as:

1(z) = Ije Q)

where lo is the initial beam intensity. The coeffi-
cient of linear absorption u can be expressed as:

u= (") o @

where pm is the material density, Na is Avogadro's
number and M the molar mass. The absorption
cross-section coefficient o relates the number of
absorption events with the atoms per unit area.
This coefficient scales roughly with the fourth
power of the atomic number Z, although it pre-
sents a strong discontinuity when the work pro-
vided by the radiation becomes insufficient to
eject an electron belonging to the level closer to
the nucleus.

X-rays are normally detected by employing
special chemical compounds, named ‘scintillators’
which can absorb them while emitting visible
light, which is then captured by cameras some-
times with the addition of optical focusing ele-
ments.

In laboratory scanners, x-rays are often times
generated in conical beams, and the detectors are
composed of scintillators and detector chips right
behind them. In this case, the level of zoom is de-
termined by the relative distance between the
source, detector and sample. In Synchrotrons, the
x-ray beam is parallel, and the detector addi-
tionally includes optical elements (e.g., camera
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lenses) and the zoom is determined by the optics
chosen.

These elements allow acquiring bi-dimensional
projections of the attenuation to x-rays of the ob-
ject, named radiographies. To acquire then a to-
mography, several hundred projections are ac-
quired over a range of relative angles between ob-
ject and imaging axis. So-called “reconstruction”
algorithms, based on the Radon transform, are
then employed to obtain a 3D matrix of absorption
values, which are representative — as aforemen-
tioned — of the material density and its cross-
section coefficient oa.

2.2 Historical perspective

The use of x-ray imaging in experimental geome-
chanics dates back to the 1960s. To our
knowledge, the earliest examples are the works of
Hamblin (1962) and Calvert & Veevers (1962) for
the study of the structure of sandstones — see Fig-
ure 1. In the same period, x-ray radiography was
also used in Cambridge for measuring strain fields
in soil (Roscoe et al. 1963, Roscoe 1970). The ra-
diographs revealed extremely interesting effects
associated with local changes in the soil density,
namely narrow dilation bands forming in the soil
models (see Figure 2). Similar observations were
made by other authors (e.g., Kirkpatrick & Bel-
shaw 1968, Arthur & Dunstan 1982, Vardoulakis
& Graf 1982, Bransby & Blair-Fish 1975). In all
these examples, x-rays were used to obtain radio-
graphs, i.e., 2D images produced by x-ray radia-
tion on photographic plates. As explained above,
radiographs represent maps of attenuation accu-
mulated through the complete soil mass in the di-
rection perpendicular to the image, which is relat-
ed to soil density.

The above studies provided valuable qualitative
information on localization patterning. However,
they all suffered from two major limitations: (i)
lack of quantitative data on the observed density
changes, and (ii) limitation to 2D images. Both
limitations are overcome by x-ray Computed To-
mography (CT). The principle of CT mea-
surement consists of recording x-ray radiographs
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of a specimen at many different angular positions
around the object. From these different projec-
tions, a three dimensional image of the object can
be reconstructed with appropriate algorithms
(usually based on a back projection principle); see
for example Baruchel (2000) for a thorough de-
scription of the technique. X-ray CT is therefore a
non-destructive imaging technique that allows
quantification of internal features of an object in
3D. First developed for medical imaging, x-ray
CT is now widely used in material sciences and
proved its interest in various domains of geosci-
ences, including geomechanics (see, e.g., the re-
view paper by Cnudde & Boone (2013) and the
several references quoted therein).

Figure 1. X-ray radiography of the structure and
failure patterns in a sandstone (Calvert & Veevers
1962)

A pioneering application of x-ray CT to exper-
imental geomechanics is due to Desrues and
coworkers in Grenoble, who started from the early
1980s to use x-ray CT as a gquantitative tool for
experimental investigation of strain localization in
sand (see Desrues et al. 1996, and Desrues 2004
for areview). As an example, Figure 3 shows hor-
izontal slices through a three dimensional CT im-
age of a specimen of dry dense Hostun sand (at a
stage towards the end of a triaxial compression
test). Patterns of localized density variations are
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revealed as different intensities of the recorded x-
ray radiation. The 3D mechanism that appears has
some clear structure, which would be otherwise
hidden (i.e., invisible from just looking at the
specimen, which to external viewing just had a
barrel shape at the end of the test). Similar struc-
tures are shown in Figure 4, obtained from another
triaxial test on Hostun sand (Desrues et al. 1996).
The localization pattern in this case involves a
cone and multiple sets of planes associated in
pairs, each pair intersecting along a diameter at
the top of the specimen. Figure 4b shows Desrues’
interpretation of these patterns of localization, in-
cluding a cross-section close to the top platen, and
a section parallel to the axis (compare with Figure
43).

Figure 2. Dilation bands in dense sand over a dis-
placing trapdoor observed with x-ray radiography
(Roscoe et al. 1963)

Figure 3. Horizontal slices through a CT image vol-
ume of a triaxial compression specimen of dry dense
Hostun sand showing complex patterns of density
variations (image was acquired near the end the test)
(courtesy of J. Desrues).
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Using x-ray tomography in a quantitative way re-
quires a calibration of CT values to obtain abso-
lute values of density or void ratio. With such a
calibration, Desrues was able to show that global
measurements of volume change in such tests only
give an averaged picture, and in fact density varia-
tion (dilation for dense sand) occurs predominant-
ly within the zones of localized shear. These quan-
titative analyses of density changes provided ex-
perimental confirmation that, for a given stress
level, a unique limit void ratio is in fact reached,
irrespective of the initial density of the sand being
tested (the well-known concept of a critical state,
as conjectured already by Casagrande & Watson
(1938). However, this is only true locally, i.e.,
within the shear zones (see Figure 4c).
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Figure 4. (a) patterns of localized density variations
revealed in slices through a CT image volume of a
specimen of dry dense Hostun sand near the end of a
triaxial compression test (note this is a different test
to Fig. 3). (b) suggested 3D interpretation of the pat-
terns of localization in Fig. 4a. (c) local (solid sym-
bols) and global (open symbols) variation of void ra-
tio in loose and dense specimens of Hostun sand dur-
ing triaxial compression with 60 kPa effective confin-
ing pressure (from Desrues et al. 1996).
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2.3 Recent results, challenges and
perspectives

This section presents recent and ongoing work
where granular assemblies are deformed “in-situ”
(i.e., inside an x-ray tomography machine), allow-
ing multiple states to be imaged in 3D. It is im-
portant to note that we have deliberately chosen to
present examples predominantly from our person-
al experience at Laboratoire 3SR in Grenoble.
Obviously, in so doing, we do not claim that these
are necessarily the best or the most advanced ex-
amples available — they are just those that we are
most familiar with. In fact, this is a technique that
has become extremely popular in materials sci-
ence, and in particular for granular materials, also
the work of Alshibli and coworkers in the USA
(e.g., Druckery et al. 2018, just to mention their
most recent publication on the subject) and the
group at ANU in Australia (e.g., Saadatfar et al.
2013) must be mentioned. The main focus of these
studies is on the grain-scale investigation of shear
banding, with results from triaxial tests.

The triaxial tests used in this work differ signif-
icantly from standard to allow x-ray scanning of
the specimen in various stages of deformation —to
this end experiments are entirely performed within
the Laboratoire 3SR x-ray microtomograph. Given
that the Dso of the grains studied is in the order of
300um, the pixel size necessary for sufficient in-
formation for grain has been set to 15.56pum/px,
meaning that an average particle will have around
20 pixels across a diameter. This choice limits the
field of view and consequently the size of the
specimen is reduced to 22mm height and 11mm
diameter. Despite this extreme miniaturization, the
specimen is composed of more than 50,000 grains
of sand.

Furthermore, since x-ray tomography requires
the rotation of the specimen, the steel tie bars that
usually take the return force from the compression
of the specimen would severely degrade the scan.
To avoid this, the pressure cell (which is made in
x-ray transparent Plexiglas or polycarbonate)
takes this extra load. Specimens are prepared
dense (through dry pluviation through a 1m tube),
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and are tested dry. This would normally mean that
no volume changes can be measured; however
these are obtained from the different 3D images.
Triaxial testing is done under strain control at a
strain rate of 0.1%/min, and loading is interrupted
at various points during the test to scan the speci-
men (acquiring around a thousand radio-graphs as
the specimen rotates through 360°). When loading
is stopped the specimen relaxes — the majority of
the relaxation happens in a few minutes after load-
ing is stopped. Axial force and imposed displace-
ment are measured externally.

The 3D images coming from each scan contain
around 1000x1000x1600 voxels, each voxel rep-
resenting a reconstructed value of x-ray attenua-
tion (which is roughly related to density, meaning
that grains have “high” and pores have “low”
greyvalues). From such an image, a local field of
porosity can easily be defined, for example by de-
fining the greyvalues representing pore and grain,
and measuring the average greyvalue in a suitably
defined subvolume. However, the preferred tech-
nique for the low-pressure tests where grains do
not break, is to define a threshold greyscale value,
above which voxels are considered to be grainand
below which they are considered to be pore — the
value is chosen to obtain the solid volume of
grains measured by weighing at the end of the test.
Porosity is then easy to define in a subvolume in
such an image: the volume of voids and solids are
simply counted.

Binary images where the solid and void phases
are defined are the starting point for the definition
of individual grains: the solid phase is split into
individual grains using a watershed as described
in Ando et al. (2012a). Each grain (i.e., all the
voxels making up an individual grain) are then
each given a unique number, and properties of
these 3D sets of voxels (position, volume) can be
measured. The splitting and labelling procedure is
repeated for each imaged state, and since grains
will not have the same unique number, labels are
reconciled by tracking grains from increment to
increment using a specifically developed tech-
nique called ID-Track (Ando et al. 2012a). Fol-
lowing the change in the center-of-mass of each
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grain over an increment gives a very precise eval-
uation of the displacement of the particle (with an
error less than 0.1 pixels).

The measurement of rotations is more challeng-
ing: at this resolution the grain shapes are not de-
tailed enough for the long and short axes of the

In-situ experimental setup
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moment of inertia tensor to be stable. To over-
come this problem, a discrete DIC technique has
been proposed in Ando et al. (2012b), where
tracked grains are matched based on their images
—this combined with ID-Track gives the full rigid
body motion of the grains.
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Figure 5. Illustration of the procedure for the analysis of in-situ experiments, with some highlighted results ob-

tained on Caicos Ooids (after Ando et al. 2012a).

The measurements that can be obtained with the
combination of tools detailed above are shown, for
an example test, in Figure 5. In the top of the fig-
ure, a schematic of the in-situ setup is shown,
along with the macroscopic measurements coming
from the force and displacement measurements
from the test.

In the bottom left of Figure 5, again very
schematically, are shown the steps of image pro-
cessing required to reconstruct a 3D image, and
then to define and follow grains between imaged
states, allowing measurement of their kinematics.
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The series of images presented at the bottom right
of the figure shows vertical slices taken through
the specimen at points during the test, where all
grains are colored by their incremental rotations.
Above these maps of discrete quantities, is a map
of a continuum mechanics quantity of shear strain,
measured on tetrahedra defined by tessellating
grain centers.

It is clear that this kind of discrete 3D infor-
mation available all the way through a mechanical
test represents an experimental revolution in geo-
mechanics. Ongoing work focuses on two areas:
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solving current measurement challenges for the
subject presented above, as well as elucidating
new phenomena using 3D images and data pro-
cessing tools similar in spirit as those presented.
The rotations of grains, as well as the shear
strain maps derived from grain displacements
highlight some interesting phenomena. Especially
before the macro-peak, there are some interesting
chains of rotating grains that can even be seen in
the vertical section shown (in 3D the chains are
clear to see, but unfortunately analyzing this struc-
ture in 3D as well as showing it in print also re-
mains an open challenge). The emergence of a
wide band of rotating grains that concentrates into
a final shear band is also very interesting, and the
grain-scale reasons for this collective behavior are
doubtlessly to be found in the way that forces are
transmitted from grain to grain. Looking at the
grain maps, we can see that a specimen with sig-
nificantly fewer grains would not have had the de-
grees of granular freedom in order to exhibit such
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a shear band. Unfortunately, having sufficient res-
olution to study grain kinematics does not appear,
using standard tools, to offer enough to study
grain-to-grain contacts, as shown in Ando et al.
(2013) — the number of voxels describing the con-
tact between the two objects is simply insufficient.

Problems appear both in the counting of con-
tacts (they are systematically overestimated — see
Wiebicke et al. (2017), as well as the extremely
poor definition of their orientation.

Some work in collaboration with discrete math-
ematicians has allowed this measurement to be
made in some idealized cases using a Random
Walker (see Viggiani et al. 2013, the base of this
algorithm is now implemented in the python
toolkit skimage — see Van Der Walt et al. 2014),
and the application of this sort of tool is part of the
ongoing PhD work of M. Wiebicke, with the ob-
jective of obtaining a fabric tensor from such
measurements (see Wiebicke etal. 2019a, 2019b).

Vertical slice (State 5)
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Figure 6. Some observations of grain breakage in triaxial compression of Hostun sand (after Ando et al. 2013)
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Another approach to compensate for the scarcity
of information is to use geometrical models to
capture grain shapes, either in the style of level
sets (Andrade et al. 2012, Kawamoto et al. 2018),
or in the style of spherical harmonics (see Zhou et
al. 2015). Work on all fronts is extremely im-
portant to get further in the characterization of the
complex phenomenon of shear banding.

The ability to non-destructively image multiple
states of a granular medium in 3D offers tremen-
dous possibilities in the quantification of many
phenomena in granular materials. In Grenoble, a
number of different phenomena have been (and
are being) investigated. The three-phase interac-
tion of soil-water-air mix with a focus on the wa-
ter-retention behavior of soil is an important area
of focus (Kaddhour et al. 2018, with important
work also done by other groups such as Sheel et
al. 2008 and Higo et al. 2011, 2013). One of the
main challenges here is the “trinarization” of such
a volume to distinguish all three phases without
errors; this is a particular challenge in the case of
water, since its density is low compared to sand
grains.

Furthermore, the quantification of cement is al-
so an important area of research work, be it “bio-
cemented” materials such as those produced in
U.C. Davis (DeJong et al. 2006) which have been
studied with x-ray tomography (Tagliaferri et al.
2011), or artificially cemented material (see Das et
al. 2013 as well as Tengattini et al. 2014). Chal-
lenges here include the difficult quantification of
cement and its evolution between grains (since
both can be of similar grey-scale values).

One last major area of work is grain breakage
(as illustrated in Figure 6), where the challenge is
to quantify the process of breakage, even when
particle shapes are evolving, and particle sizes are
becoming small. When particles fall below the
resolution of the measurement, only their average
mass can be followed, and taking this into account
in an algorithm is certainly a big challenge. Re-
cent work by Karatza et al. (2019) propose two
bespoke image analysis algorithms, which allow
breakage to be tracked in 3D images of a dry
granular assembly undergoing crushing, and con-
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tacts prior to breakage to be identified. Finally, it
is worth noting that recent work using synchrotron
based x-ray tomography indicates that even creep
of sand can in fact be the result of rather pro-
nounced fracturing at the individual grain scale
(Ando et al. 2019) — see Figure 7.
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B
@’ e Wi - e e - e e e - e |

10 min 50 min after first HR scan

Figure 7. X-ray imaging of creep experiments on
sand. Positions labelled A and B are tracked through
time (after Ando et al. 2019)

3 NEUTRON IMAGING

3.1 Fundamentals

Neutrons were discovered in 1932 by J. Chad-
wick, while trying to understand the origin of the
theoretical imbalance of the energy necessary to
contain the electrons in the atom, which could not
be justified by the protons alone.

Unlike x-rays, neutrons are fundamental parti-
cles which have mass and, as the name suggests,
carry no electric charge. Two of the most common
ways to produce neutrons is through nuclear fis-
sion, e.g., by bombarding with one neutron a Ura-
nium 235 atom, which splits into a Barium and a
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Kripton atom plus three neutrons, with a net gain
of two neutrons and about 180 MeV of energy.
Alternatively, spallation can be adopted: protons
are magnetically accelerated onto a heavy metal
target as Lead, which releases about 15 to 20 neu-
trons per proton. The energy of neutrons is in both
cases usually too high for imaging purposes,
which is why they are generally slowed down by
making them pass through water or heavy water
tanks at low temperatures.

Unlike x-rays, neutrons interact with the nucle-
us of the atom, which is why they are sensitive to
the different isotopes of the matter. A relevant ex-
ample is provided by Hydrogen and Deuterium:
they are both composed by one proton and one
electron, but the latter also contains a neutron in
its nucleus. As a result, their interaction with neu-
trons is an order of magnitude different, while be-

ing chemically and physically nearly identical.
Like x-rays, neutrons interact with matter in a va-
riety of ways, but the dominant ones in the context
of geomaterials are absorption and scattering.
While x-ray attenuation increases proportionally
with the atomic number of the material, neutron
interaction is far less obvious, as highlighted in
Figure 8. One interesting example is hydrogen
(and its compounds, such as water and hydrocar-
bons), which is nearly invisible to x-rays while
highly opaque to neutrons. Similar considerations
can be done for some salts (e.g., the Chlorine in
NaCl is highly visible), Lithium (for batteries), as
well as Aluminum or Titanium, which are nearly
transparent to neutrons and can thus be used to
build sample environments imposing extreme
conditions.
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Figure 8. Interaction of x-rays and neutrons with matter: top: x-rays interact with the outer electron shells of
atoms (left), which yields an increasing attenuation with increasing atomic number as highlighted by the peri-
odic table (right). Conversely, neutrons (bottom) interact with the nuclei — hence their isotope sensitivity — and
their attenuation does not depend on the atomic number.

The detection of neutrons follows the same prin-
ciples as for x-rays, except that different scintilla-

tion compounds are sometimes required to convert
neutrons into visible light. Producing neutrons
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generally requires large-scale nuclear reactors
(e.g., Institut Laue-Langevin (ILL) in France,
Helmholtz-Zentrum Berlin and Technische Uni-
versitdt Mdnchen in Germany) or spallation
sources (e.g., European Spallation Source in Swe-
den and Paul Scherrer Institut in Switzerland),
whereas laboratory sources are still substantially
underdeveloped. The beams in these facilities are
nearly parallel, so the zoom is, like in synchrotron
x-rays, determined by the optical components em-
ployed. The Beer-Lambert law detailed for x-rays
(Equation 1) is also generally valid for neutrons,
although in some cases special attention is needed
to account for the larger fraction of diffracted neu-
trons. The tomographic acquisition, reconstruction
and data processing algorithms developed for x-
rays are otherwise identical for neutrons.

3.2 Historical perspective

Neutrons were first used for geomaterials in the
early 1950s, for measuring the water content in
soil (Gardner & Kirkham 1952) by studying the
thermalization of “fast” neutrons from a source
probe. We must nonetheless wait for twenty years
to see the first examples of neutron imaging ap-
plied to rocks (Subramanian & Burkhart 1973, see
Figure 9), concrete (Reijonen & Pihlajavaara
1972) and soils (Wilson et al. 1975, Lewis &
Krinitzsky 1976). The first attempt to quantitative-
ly analyze dynamic processes in geomaterials is
perhaps due to Jasti et al. (1987), where radiog-
raphies of water moving in rock pores were ac-
quired. It isn't until the 1990s (Kupperman et al.
1990), though, that the first tomographies of a
rock are reported — with the objective of character-
izing water in tuff samples for permanent disposal
of radioactive wastes (see Figure 10). This signifi-
cant delay with respect to x-ray imaging is due to
the aforementioned lower availability of neutron
facilities, but also to the lower flux in most of
these facilities (the most powerful of which is the
one available at ILL in France), which makes the
acquisition more cumbersome.

Past review papers on neutron imaging are quite
broad in scope (e.g., Lehmann et al. 2004, Win-
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kler 2006, Banhart et al. 2010, Kardjilov et al.
2011, Kardjilov et al. 2018). Comparatively few
review papers focus on geosciences and porous
materials (Wilding et al. 2005, Hess et al. 2011,
Perfect et al. 2014). Hereafter, we will focus on
the more recent developments of neutron imaging,
in particular those that are most relevant for the
mechanics of geomaterials.

....... A

Figure 9. First neutron radiography of rock: polymer
in shale (Subramanian and Burkhart 1973)
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Figure 10. First neutron tomography of rock: water
in tuff (Kupperman et al. 1990)
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3.3 Neutron imaging for fluids

One of the key questions that neutron imaging can
address is the distribution of fluids in geomaterials
— thanks to the high attenuation of hydrogen to
neutrons. The aforementioned pioneering work of
Jasti et al. (1987) was followed by a number of
radiographic studies of the evolving water distri-
bution for a range of soils, rocks and concrete (de
Beer et al. 2004, 2005, de Beer & Middleton
2006, EI Abd et al. 2005) and even bricks
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(Pleinert et al. 1998) and ceramics (Prazak et al.
1990). Some such studies (Middleton & Pazsit
1998 and Svéab et al. 2000) used hydrogen iso-
topes such as deuterium (and the corresponding
water molecule, informally named “heavy water”)
to obtain neutron contrast between two otherwise
very similar — at least from a physico-chemical
standpoint — fluids. A similar method can also be
used to distinguish (heavy) water and any other
fluid such as oil.

While these dynamic radiography experiments
allow the observation of rapid processes of imbi-
bition and fluid flow, their bi-dimensional nature
fails to capture complex three-dimensional struc-
tures — whether intrinsic to the material or in-
duced, for example by strain localization. In this
direction, in Tudisco et al. (2017a) the effect of
localization on fluid flow is studied by repeating a

a b C

series of alternated flushes of heavy and normal
water while performing the in-situ loading of a
sandstone sample, highlighting the limits of radi-
ography.

Tomography is in these cases essential, but so
far the lower neutron flux available has limited
most studies to static conditions, for example post-
injection (Lopes et al. 1999, Solymar et al. 2003),
or quasi-static conditions , e.g., the determination
of water retention curves in soils (Deinert et al.
2004, Tumlinson et al. 2008, Kim et al. 2012).

Explorations at acquisition speeds compatible
with the speed of the process under investigation
were generally performed at relatively low spatial
resolutions. Masschaele et al. (2004) and Dierick
et al. (2005), for example, acquired 10 s tomogra-
phies at a resolution of 8 pixels, or 1.5 mm.

300s

Figure 11. 3D renderings of the water uptake in Lupine roots captured through high speed (10 second) neutron

tomography (after Tétzke et al. 2017)

Itisn’t until very recently that developments in de-
tector technology allowed experimental cam-
paigns that optimize resolution for a given pro-
cess. A notable example is the study by Totzke et
al. (2017), where a series of 10 second neutron
tomographies where performed on loose sand at a
resolution sufficient to study the effect that lupine
roots have on the hydraulic properties of granular
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media and most notably on the Rhizosphere (see
Figure 11). A few experimental campaigns are
currently being performed on rocks (sandstones
and limestones) with the specific objective of in-
vestigating the influence of strain and damage lo-
calization on fluid flow (Extegarai et al. 2017,
Lewis etal. 2017, Tudisco et al. 2019). While not
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(yet) conclusive, the results obtained so far open
new tantalizing perspectives.

In terms of future developments for high speed
neutron tomography, the opening of imaging in-
struments in uniquely high flux centers (NeXT at
ILL, see Tengattini et al. 2017, 2019) and the on-
going development of high flux centers (the Euro-
pean Spallation Source, ESS) will prove essential
to further these efforts.

There are cases in which the experiments re-
quire relatively high confinement (cell pressure) —
say several tens of MPa. This is for example the
case when imaging fluid flow in concrete for un-
derstanding the durability and behavior of dams
and infrastructures. In this respect, neutrons have
the unique advantage over x-rays of a high pene-
tration capability to metals, which allows the con-
struction of high confinement vessels over sizes
compatible with the intrinsic length scales of real
concrete (and reinforcements), i.e., several centi-
meters. One such testing rig, capable of withstand-
ing 50 MPa pressure, has been recently developed
by Yehya et al. (2018). This allowed the water
flow in a concrete sample cured in heavy water to
be imaged, revealing the dominant influence of
local heterogeneities even at very high confine-
ment. Besides the intrinsic interest for concrete,
this also opens new interesting venues for all ge-
omaterials at extreme conditions.

a) ‘ b)
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Figure 12. 3D Renderings of natural and water-
injection-induced features in Marcellus Shale (after
Roshankhah et al. 2018)

Comparably high pressures are for example also
necessary to hydraulically fracture rocks, e.g, for
gas extraction, to enhance geothermal energy per-

IGS

formances as well as to study the effect of fluid in
the initiation of earthquakes. A recent example of
the utility of neutrons in this domain is provided
by Roshankhah et al. (2018), where shales were
hydraulically fractured in-operando at site condi-
tions (equivalent to 3 km depth, in plane strain)
and rapid neutron imaging allowed for following
the initiation process as well as the essential role
of natural shale heterogeneities such as its bedding
planes (see Figure 12).

High Low
attenuation attenuation

Figure 13. Vertical slices of rapid (1 minute) neutron
tomographies capturing drying and moisture migra-
tion in concrete heated in operando — 4mm (left) and
8mm (right) aggregates. Top row at 38 mins, mid
row at 48 mins, and bottom row at 58 mins (after
Dauti et al. 2018)
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A converse problem to that of fluid injection is
the one of drying. A key engineering problem in
this domain is moisture migration in construction
materials in the event of a fire, which is at the root
of explosive spalling, which in turn is a known
precursor to structural collapse. In the study by
Dauti et al. (2018), rapid (1 minute) tomographies
of concrete samples heated at 500° were acquired.
The comparison of samples with different aggre-
gate grading revealed a significantly different hy-
draulic response despite a nearly identical thermal
profile (Figures 13 and 14). Additionally, indica-
tors of moisture accumulation ahead of the heating
front (so far only hypothesized as a possible origin
of spallation) were identified.
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Figure 14. Comparison of the effect of aggregate size

on temperature (in red) and moisture migration (in

blue) as captured by neutron tomography (after Dauti

et al. 2018)
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All the aforementioned examples focus on the ca-
pability of neutrons to detect hydrogen and its
compounds. The full potential of this technique
for the broader scope of geomechanics is likely to
be as of yet untapped, notably because of its less
pervasive diffusion and less known potential in
this domain. As highlighted in Figure 8 above in
this paper (Section 3.1), a number of elements are
far more (or less) visible in neutron than in x-ray
imaging. So, for example, salts such as NaCl or
pollutants containing Cadmium are highly visible
in neutrons.
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3.4 Neutron plus x-ray imaging

Besides individual advantages of x-ray over neu-
trons or vice-versa, Figure 8 highlights the ex-
treme degree of complementarity of these two
techniques. A noteworthy example of this is con-
crete: Figure 15 shows a scan of a concrete sample
acquired with both ionizing radiations. X-rays are
clearly effective in distinguishing pores from the
rest of the matrix but, because of their comparable
density, aggregates and mortar are barely distin-
guishable. Conversely, the low neutron attenua-
tion of the SiO; aggregates makes them stand out
with respect to the cement matrix, whereas it
brings them too close to the average attenuation
values of the pores to allow their straightforward
segmentation. It is therefore evident that it is the
combination of these two techniques which makes
it possible to rigorously segment the essential
phases. Recent theoretical developments (Tudisco
et al. 2017b) allow not only for accurately align-
ing neutron and x-ray tomographies, but also for
automatic segmentation of the phases — by analyz-
ing the joint x-ray and neutron histogram. A re-
cent paper by Roubin et al. (2019) presents the
technical details of the algorithm proposed by
Tudisco et al. (2017b) and applies it to neutron
and x-ray tomographies of concrete (those shown
in Figure 15). This yields a registered neutron im-
age that matches the x-ray image with subpixel
accuracy.

The combination of x-ray and neutron infor-
mation allows also for compensating the lower
neutron flux, as for example in the work by Stav-
ropoulou et al. (2019a), which combines x-ray and
neutrons to study the complex hydro-mechanical
interactions in Callovo-Oxfordian claystone, used
for the storage of nuclear pollutants. The higher
speed of the x-rays and its high sensitivity to den-
sity variations can be exploited to study in 3D the
evolving fracture network, whereas neutron radi-
ography proves essential in determining their hy-
draulic origin — see Figure 16. The same authors
have recently combined neutron and x-ray tomog-
raphy modalities to characterize the dynamics of
water absorption in Callovo-Oxfordian claystone
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by comparing material deformation as well as wa-
ter arrival (Stavropoulou et al. 2019b). Neutron
and x-ray datasets are registered pairwise into a
common coordinate system, meaning that a vec-
tor-valued field (i.e., neutron and x-ray recon-
structed values) is available for each time step, es-
sentially making this a 5D dataset. The ability to
cross-plot each field into a joint histogram allows
an improved identification of mineral phases in

Cold Neutron Tomography

this complex material. Material deformation ob-
tained from the application of 3D DIC on the x-
ray time series data is locally compared to changes
in water content available from the neutrons,
opening the way towards a quantitative descrip-
tion of the hydro-mechanics of this process.

150kV Lab X-ray Tomography

Neutron attenuation
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|
Air Cement DO

Aggregates
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D20 Aggregates

Figure 15. Example of an horizontal slice of a neutron (left) and x-ray (right) tomography of a sample of con-
crete, emphasizing the high complementarity of the two techniques, essential for rigorously analysing / seg-
menting the images (after Yehya et al. 2018). Please note that for compatibility with a white background in
print, the color map has been inverted compared to the conventional for reconstructed volumes, such that low

attenuation is white and high attenuation is black.

The combination of x-ray and neutron imaging
for the study of geomaterials is relatively recent
(e.g., Kim et al. 2012, 2016, investigating partial
saturation in granular media), albeit it is only in
the last three years that some centers have started
combining x-ray and neutron imaging to allow for
simultaneous dual mode acquisitions: NeXT-
Grenoble in ILL, France; ICON in PSI, Switzer-
land, and NeXT-NIST an NIST, USA.

Not unlike in x-ray imaging, technological de-
velopments grow along an ever growing portfolio
of image processing toolboxes. While most tech-
niques such as DIC can be used interchangeably
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between the two radiation types (e.g., Tudisco et
al. 2015) a number of problem-specific tools for
example to track fluid fronts have been developed
for neutron imaging (e.g., Hall 2013, Jailin et al.
2018, Tudisco et al. 2019).

4 TWO OTHER ADVANCED X-RAY
TECHNIQUES

4.1 3D X-ray Diffraction (3DXRD)

A full understanding of the grain-scale mecha-
nisms that are responsible for the mechanical be-
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havior of granular soils (i.e., sand) requires the
ability to measure both the grain kinematics (par-
ticle displacements and rotations) as well as the
distribution of intergranular forces through the
granular assembly — in fact, it is by them that the
boundary forces are transmitted through the soil
mass. Valuable insight can be (and has been)
gained from discrete element simulations, but
these are just models and, therefore, only help in
the absence of real experimental data. Photoelas-
ticity experiments are also very insightful (e.g.,
Majmudar & Behringer 2005), but, whilst “real”,
they are highly simplified - they are restricted to
2D materials.
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Figure 16. Comparison of x-ray tomographies and
neutron radiographies of a sample of COX claystone
in contact with a water reservoir, for two different
orientations of the depositional layers. Water uptake
is perfectly captured by neutrons, which complements
the information about the fracture opening induced
by it, highlighted by x-rays (after Stavropoulou et al.
2019a).
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For real sand, full grain kinematics characteri-
zation has now become possible using x-ray to-
mography and adapted image analysis procedures
- as seen in Sect. 2.3. Much fewer studies have
tackled the second challenge, i.e., measuring in-
tergranular force distributions. Unfortunately, in-
tergranular forces cannot be directly measured;
however, they can be inferred from intragranular
strains. Each grain essentially acts as a local 3D
strain gauge or, for elastic deformations, a force
gauge. This is in fact the basic principle of 3D x-
ray diffraction (3DXRD), which has been recently
proposed as a new tool that, in combination with
x-ray tomography, enables force transfer networks
to be studied in 3D (Hall et al. 2011, Alshibli et al.
2013, Cil etal. 2014, Hall & Wright 2015, Hurley
et al., 2016, 2017, 2018a, Hall et al. 2018).

The method is based on coherent elastic x-ray
diffraction, i.e., the interaction of x-rays with the
electron cloud around an atom leading to diffrac-
tion of waves, which interfere to produce diffrac-
tion patterns characteristic of the arrangement of
atoms in the scattering crystal. The basic equation
describing this scattering is Bragg’s law, which
can be used to infer the mean strain tensor in each
individual grain from the changes in diffraction
patterns — provided the position of the grain is
known (see Hurley et al. 2017 for details).

As an example, Figure 17 shows results ob-
tained by Hurley, Hall and coworkers (Hurley et
al. 2017) with 3DXRD for a sample consisting of
1099 single crystal ruby grains subjected to 1D
compression. In the figure, (a) is a rendered image
of the sample before loading, and (b) shows the
stress-strain curves using stresses based on (i) the
load cell of the device and (ii) the grain stresses
from the 3DXRD data. Load step/scan numbers
are indicated in (b). For one specific load step
(step 14), (c) shows the grain vertical stresses de-
rived from the 3DXRD data, (d) the local vertical
strains in each tetrahedron of a Delaunay triangu-
lation, and (e) shows the contact force network.

It should be noted that all the studies cited
above employed spherical single-crystal grains.
However, in the very recent contribution by Hur-
ley et al. (2018b), 3DXRD has been used for ex-
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periments on angular quartz grains. Therefore, 3D
x-ray diffraction can be now used to study the me-
chanics of natural granular particles, e.g., sand. In
our opinion, the data from this type of experi-
ments have the potential to enable improved cali-
bration and/or validation of models aiming to de-
scribe the details of grain-scale characteristics and
deformation mechanisms.

(1)

(b) 120

External Force (N)

0.1 -0.1

-0.1 0

Grain stress (GPa)
f.22<f>

Figure 17. Example results from 3DXRD — 1D com-
pression of a sample consisting of 1099 single crystal
ruby grains. In (e) only forces greater than twice the
average are shown with corresponding grains. Forc-
es are shown as lines, centered at the corresponding
contact points, scaled linearly in width and length
magnitude, while grains are colored by principal
stresses and given 70% transparency. Only half of
the sample is shown to reveal the interior of the field
(after Hall et al. 2018).

4.2 X-ray Rheography

As discussed above in the paper, one of the major
limitations of tomography is temporal resolution.
In most of the examples detailed in Sections 2 and
3, tomographies are acquired in quasi-static condi-
tions. While in the most performant synchrotrons
it has recently become possible to acquire images
at MegaHertz rates (e.g., Olbinado et al. 2017),
their applicability in tomography for geomecha-
nics is relatively limited. While this would allow
several hundreds of tomographies per second, the
centripetal forces on geomechanics-compatible
samples would reach or surpass gravity, thus
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irrecoverably affecting the mechanical representa-
tivity of the tests.
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Figure 18. Schematic of the experimental set-up for
rheography. Confined granular material lies inside
the blue cylinder, which is sheared from below in the
direction indicated. The three x-ray source positions
are shown in yellow, with red indicating the approx-
imate extent of beams, and grayscale images repre-
senting radiographic acquisition at the correspond-
ing detector positions (after Baker et al. 2018).

Velocity magnitude (ms™")

Figure 19. X-ray rheography experimental results for
glass beads (a, d) and pearl barley (b, ), contrasted

with the output of an incompressible Newtonian fluid
simulation (after Baker et al. 2018).
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A solution to this problem was recently
proposed in Sydney by Einav and coworkers
(Guillard et al. 2017, Baker et al. 2018). The
technique was named Rheography, from the greek
rhéo, "flow" and tomos, "slice, section”. Very
much like tomography, rheography allows to see
the inside of the sample, however differently from
tomogra-phy, it provides information about the
internal flow. The scheme is illustrated in Figure
18: radiographic projections along the three
cardinal axes are acquired by three x-ray source-
detector pairs. Each radiography allows to
evaluate the in-plane velocity. Auto- and cross-
correlation functions on a regular grid can in fact
be deconvolved to compute the probability density
functions (PDFs) of in-plane displacements in that
window. This does not nonetheless give the
position of a given velocity along the x-rays
although the other two source-detector pairs
provide the analogous information along the other
two orthogonal axes. An optimisation procedure
(not unlike a Sudoku game) can then be adopted
to estimate the (unique) set of velocities on a
regular three-dimensional grid which can produce
the distributions measured along the cardinal axes.
In the work of Baker et al. (2018), steady state
flow is imposed thanks to a conveyer belt on two
granular materials with different degrees of
sphericity. Representative results of the stream-
lines and velocity magnitudes are reported in
Figure 19, revealing a highly planar flow (unlike
the simulated results for a fluid), which is then
successfully matched to DEM simulations.

5 DISCUSSION AND CONCLUDING
REMARKS

5.1 Potential for geomechanics

Imaging techniques of the type illustrated in the
previous sections allow for unprecedented obser-
vations and a renewed understanding of geo-
materials and processes — as stated by Viggiani et
al. (2014), they "allow old questions to be revisit-
ed with relatively low experimental effort yet with
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the promise of gaining great insight and the poten-
tial for surprising observations of unexpected
structures®. Furthermore, these techniques pro-
vide, when combined with appropriate image
analysis tools, quantitative information — images
are experimental data. As such, they open new
opportunities for theoretical and computational
developments. In fact, the basis for constitutive
models for geomaterials has historically been phe-
nomenology: observations at the laboratory spec-
imen level, and establishing a correlation between
stress and strain. The goal has been to fit observa-
ble experimental data (stress-strain) by making
use of models that depend on material properties
or variables in order to explain the observed mac-
roscopic behavior. In our opinion, the advances in
experimental geomechanics that have been dis-
cussed in this paper have the potential to trans-
form the way macroscopic stress-strain relations
are developed, treated and used in practice. The
road is now open for developing and micro-
inspired  (continuum)  constitutive  models,
equipped with measurable micro-mechanics-based
variables describing the evolution of the dominant
inelastic processes. In other words, it is now pos-
sible to think of models possessing a direct and
clear link between the macroscopic mechanical
behavior and the statistically averaged evolution
of the micro-structure — see, e.g., the work by
Tengattini et al. (2014) and Das et al. (2014).
For granular geomaterials (i.e., sand and sand-
stone), the ability to acquire 3D images with a
resolution of a few microns allows the grain-scale
to be experimentally accessed, and phenomena to
be characterized at this scale. This kind of meas-
urement opens many doors: to treat particles dis-
cretely and analyze their collective behavior with
complex networks (e.g., Tordesillas et al., 2013),
as well as discrete particle-by-particle simulations
(see the recent Level Set DEM by Andrade and
coworkers: Lim et al. 2016, Kawamoto et al.
2016, 2018). It should be noted that many open
metrological questions remain, since the develop-
ment of accurate and well-characterized image
analysis tools is a careful procedure (see Wiebicke
et al. 2017), however the tempting prospect of an-
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swering longstanding macro-questions at the mi-
cro-scale makes the challenge worth facing.

5.2 X-rays and physical modeling

This paper has mainly discussed the application of
imaging to element testing. However, imaging is
also of interest when applied to small-scale la-
boratory models, i.e., physical modeling. Physical
models can be defined as “physical idealizations
of all or part of an envisioned geotechnical sys-
tem” (White et al. 2013). They may provide quali-
tative and quantitative insights into soil-structure
interaction and geotechnical behavior — particular-
ly where simulation by numerical methods is
problematic. Given the complexity of soil consti-
tutive behavior and the complex deformations and
processes in some construction technologies,
physical modeling provides a basis to assess fun-
damental modes of behavior in controlled condi-
tions — a more convenient method of gaining
knowledge than observing or simulating the full
geotechnical system. Physical models use well-
characterized soil and known boundary condi-
tions, thus providing reliable performance data for
a given idealized problem. Of course, proper ap-
plication of scaling laws is vital when interpreting
physical model tests. In other terms, in order to
link physical model test data to a field scale proto-
type, correct account must be made of the influ-
ence of size and timescale effects. In general, test
conditions are admittedly not representative of
true field, real engineering conditions. In fact,
some of the results obtained from such physical
models cannot (and should not) be directly ex-
trapolated to field cases. However, due to well-
defined and fully known testing conditions, physi-
cal models provide valuable results, which can be
used to validate theoretical solutions or numerical
models.

Otani and coworkers at the University of Ku-
mamoto have pioneered the use of x-ray imaging
in physical modeling. They have studied a number
of geotechnical problems, including soil arching
in a reinforced embankment with a rigid pile
foundation system (Eskisara et al. 2012), compac-
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tion grouting (Takano et al. 2013), laterally loaded
piles (Otani et al. 2006), the interaction behavior
between soil and face bolts in tunnels (Takano et
al. 2006a, 2006b, 2009, 2010), and cavity genera-
tion in soils subjected to sewerage defects
(Mukunoki et al. 2010).
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Figure 20. Incremental volumetric (a) and deviatoric
(b) strains on the influence area of the cone during a
5mm penetration step of two cone penetration tests in
silt (after Paniagua et al. 2013).

More recently, a few model-scale studies investi-
gated the penetration of a probe (simulating either
a penetrometer or a pile) into a soil, by means of
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mini calibration chambers specifically designed to
be tested inside an x-ray tomograph. Paniagua et
al. (2013) performed cone penetration tests in silt,
and used 3D DIC to quantify the evolution of dis-
placement and strain fields in the soil. During in-
sertion of the instrumented probe, they identified a
contractant bulb of silt close to the tip of the probe
surrounded by a larger bulb of dilating material —
see Figure 20.

«>

(o)
Crushed grains layer
3-4Dg, thickness

Figure 21. (a) 3D reconstructed volume after pile
installation; (b) zoom on the interface; (c) detection
of different phases (blue = pores, red = intact grains,
and green = fines) (please note that, for practical
reasons, the pile is installed from the bottom of the
cell, i.e., it moves upwards) (after Doreau-Malioche
et al. 2013).

The results obtained (in particular the failure
mechanisms observed) shed new light on the me-
chanics of cone penetration in silt and consequent-
ly reflect on the interpretation of in situ CPTs. The
mechanisms occurring at the grain scale at sand—
pile interface under (displacement controlled) axi-
al cyclic loading were analyzed quantitatively ina
mini calibration chamber by Doreau-Malioche et
al. (2017), again using x-ray tomography and 3D
DIC. Individual grain kinematics and porosity
evolution are followed along with the macroscopic
mechanical response of the interface. Different
phases in the evolution of shaft resistance during
cyclic loading were observed, with a non-
negligible increase of shaft resistance in the latter
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phase. A layer of crushed grains (about 4Dso wide)
was observed at the interface — see Figure 21. The
powder resulting from grain crushing is highly
packed and fills the pores between intact grains.
Most of particle crushing occurred during pile in-
stallation.

Alcarez-Borges et al. (2018) explored the use
of x-ray imaging to determine the changes in bulk
density associated with chalk crushing and
remolding during the penetration of a mini-pile in-
to chalk. They observed the remolded chalk annu-
lus and measured its thickness. Thanks to 3D im-
aging, they found out that pile installation in the
radially confined chalk specimen took place, pri-
marily, by crushing and densification of the chalk
under the pile tip.

A final thought concerns centrifuge modeling,
which is widely used in geotechnical engineering
research (e.g., the series of the International Con-
ferences on Centrifuge Modelling in Geotechnical
Engineering — ICCMGE - the last of which took
place in UK in August this year). As it is well-
known, the purpose of spinning physical models
on the centrifuge is to increase the g-forces on the
model so that stresses in the model are equal to
stresses in the prototype. Geotechnical centrifuges
are typically equipped with high-speed digital
cameras that take on-the-fly images of one or
more sides of the model. Although the experi-
ments do not necessarily need to be in 2D, in fact
the recorded photographs are (by definition) in
2D. It would be of course of extreme interest to
couple geotechnical centrifuge testing and x-ray
radiography — or even tomography, i.e, 3D (vol-
ume) imaging. Technological advances are so fast
these days that one cannot exclude this is going to
become possible in the near future.

5.3 Availability / practicality

A crucial issue is practicality: clearly the methods
discussed in this paper are of interest, but which
can reasonably be used in a “standard” geome-
chanics laboratory and which require large in-
vestments?
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The technology of laboratory x-ray tomographs
is relatively simple, accessible, and readily
adoptable for geotechnical applications. In fact, in
recent years there has been arapid proliferation of
laboratory x-ray imaging facilities of ever increas-
ing quality and decreasing cost, also thanks to the
large demand — recent estimates place the overall
number of tomographs to several tens of thou-
sands including hospital and industrial scanners.
This broad availability, coupled with the tremen-
dous insight they allow, is certainly at the core of
the ever increasing scientific interest, also testified
by the ever growing dedicated conferences and
workshops (e.g., the series of the biennial Interna-
tional Conferences on Tomography of Materials
and Structures — ICTMS — the last of which took
place in Australia in July this year).

When the spatial and temporal resolutions of
lab scanners is insufficient, forty to fifty synchro-
tron sources (e.g., ESRF in France, DESY in
Germany, PSI in Switzerland, DIAMOND in the
UK, APS inthe USA, SPring-8 in Japan, and AN-
STO in Australia) are also available for free, alt-
hough accessing them requires the successful
submission of scientific proposals which are then
ranked in rather competitive rounds. However, as
shown by Viggiani et al. (2014), insightful, high-
impact findings can be made with relatively mod-
est x-ray lab devices without having to resort to
limited-access synchrotron sources.

As for neutron tomography, it clearly requires
large scale facilities, such as ILL in France, TUM
in Germany, ISIS in the United Kingdom, and PSI
in Switzerland. Laboratory neutron scanners are
also available, but their cost and flux is still not
competitive with that of x-ray scanners, albeit the
unique properties of neutrons still make them of
great interest for some specific research applica-
tions.
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