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On the ease of experimental access to deformation 
entities in granular assemblies

Edward Andò,* Gioacchino Viggiani*

Summary
This paper pragmatically discusses the ease with which 3D grain-scale variables of interest in soil mechanics can be obtained 

from 3D images of a natural granular material like sand recorded during a mechanical test. A mechanically meaningful test requires 
a sufficient number of particles to facilitate comparison to a macro-response at some scale, which in tomographic imaging means 
favouring the field of view over the spatial resolution.

We suggest that grain kinematics are relatively easy to measure (as abundantly shown in previous work) but is of limited use for 
the mathematical modelling of granular materials. The measurement of inter-particle contact properties – essential to the mechanical 
transfer of forces throughout a granular assembly – are much more challenging and prone to error if not handled with care. A number 
of potential methods for facilitating these measurements in the future are presented and discussed. 

Inroduction

Sand – the material where granular mechanics 
meets civil engineering – remains a difficult materi-
al to model mathematically with a view to predict its 
response to applied stresses. This is particularly true 
in the extreme case of shear banding, which causes 
strain to be highly localised into concentrated bands 
of activity making coarse-graining and upscaling dif-
ficult to the point of being dangerous. All these dif-
ficulties may seem surprising given the nature of the 
material: a simple collection of relatively stiff par-
ticles in a relatively narrow range of sizes carrying 
externally applied forces through interparticle con-
tacts. The keyword here is complexity, with emergent 
phenomena such as shear banding naturally emerg-
ing when a sufficiently large number of particles are 
involved in carrying a load.

Modelling perspective – Continuum and Dis-
crete Given this practically axiomatic emergent be-
haviour in sand, there is a clear dilemma in how to 
best capture this in a mathematical model. From an 
engineering perspective, the most convenient form 
this can take is a continuum model which abstracts 
the particulate nature of the material – typically the 

case in the Finite Element Method (FEM). In order 
for this to be done meaningfully, significant effort 
must be made beyond the standards in practice, with 
the introduction of the so-called “enriched contin-
ua” (e.g., GERMAIN, 1973; CHAMBON, 2011) to allevi-
ate mesh-dependency, for example, and/or the in-
troduction of micro-mechanically-inspired variables 
such as Fabric (e.g., RADJAI et al., 2004; FU and DAFALI-
AS, 2011a, 2011b) to convincingly capture, for exam-
ple, behaviour upon cyclic loading or the effects of 
anisotropy.

Radically different from this approach is the 
successful family of particle-scale simulation tech-
niques – such as the Discrete Element Method 
(DEM) or contact dynamics – that use simple con-
tact laws for the interaction between particles and 
then apply Newton’s laws. These techniques quali-
tatively show some key features of granular plastici-
ty (dilatancy, dependence on void ratio), however 
are far from being quantitative representations of 
sand’s behaviour – although some recent efforts in 
simulating realistic particle shapes (e.g., KAWAMOTO 
et al., 2018, NADIMI and FONSECA, 2017) start to yield 
encouraging results. A quantitative discrete numer-
ical model will likely have impossible computation-
al cost for (geotechnical) engineering-scale simu-
lations, but will certainly be of use within the so-
called FEM×DEM schemes (e.g., NITKA et al., 2011; 
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NGUYEN et al., 2014; ZHAO and GUO, 2015; SHAHIN et 
al., 2016).

Micro-mechanical experiments Regardless of 
the mathematical modelling framework, real in-
put data are required to represent different types of 
sand. Furthermore, to formulate the correct laws to 
update micro-mechanical variables (in the sense of 
at the small scale for this material, and not necessarily 
at the micro-meter scale), experiments where these 
quantities are measured cannot be avoided. Me-
chanical investigations of granular media at the par-
ticle scale remain mostly numerical, leading to an 
odd state of affairs as elegantly stated by Sibille and 
Froiio: “This has lead to the paradox of micro-me-
chanics of granular materials as a science based al-
most entirely on ‘virtual evidence’” [SIBILLE and 
FROIIO, 2007]. In the last two decades, the advent of 
x-ray tomography has allowed grain-scale measure-
ments on real (3D) granular assemblies to provide 
“real evidence” for micro-mechanical modelling – 
often on systems “frozen” with epoxy (e.g., ODA and 
KAZAMA,1998). Recently, technological progress and 
increased availability of x-ray scanners has allowed 
repeated imaging of a deforming specimen during 
experiments.

This paper opens with a short assessment of the 
current experimental possibilities for the micro-me-
chanical investigation of real sand. Some of the 
principal properties of interest in the structure and 
deformation of granular media are discussed with 
the objective of pragmatically evaluating their cur-
rent measurability, and some potential future direc-
tions are indicated. This paper is not entirely a tech-

nical paper: a deliberate choice has been made not 
to enter into very detailed and technical discussions 
for conciseness and readability as well as to favour a 
more philosophical discussion of perspectives in this 
domain.

Basic image-analysis ingredients to access the 
grain-scale in tomographic images of granular 
materials

For experimental micro-mechanics, x-ray 
tomography is perfect for sand, and sand is per-
fect for x-ray tomography for a number of reasons: 
• standard lab x-ray sources generally produce an 

x-ray beam of an energy sufficient to penetrate 
silica particles without attenuation artefacts; 

• standard micro-focus x-ray sources permit an 
effective spatial resolution sufficient to identify 
sand particles uniquely; 

• the size of standard x-ray detectors is sufficient 
to image a mechanically representative collec-
tion of particles at this resolution; 

• sand can reasonably be held in different qua-
si-static states allowing time to perform an x-ray 
scan. 
X-ray tomography, first used to study a triax-

ial test by DESRUES et al. [1996], is now routinely 
of sufficient spatial resolution to identify individ-
ual sand particles, and – when repeated during a 
test carried out in-situ within an imaging system 
– to follow them throughout a test (see HALL et 
al., 2010; ANDÒ et al., 2012; HASAN and ALSHIBLI, 

Fig. 1 – Horizontal cross-sections taken from x-ray tomographies of the same sand (Hostun HN31) at a number of different 
spatial resolutions – the scale that interests this paper is the middle one where there is a sufficient number of particles to 
obtain a “macro” response from mechanical loading, yet enough spatial resolution to be able to identify individual particles
Fig. 1 – Sezioni orizzontali di immagini tomografiche (3D) dello stesso materiale granulare (sabbia di Hostun HN31) ottenute utilizzando 
diverse risoluzioni spaziali – la scala di interesse in questo studio è quella intermedia, cui corrisponde un numero di grani abbastanza 
elevato perché il campione sia significativo dal punto di vista meccanico, e, allo stesso tempo, una risoluzione spaziale sufficiente a 
identificare ciascun grano nel campione.
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2012). The types of images that will be discussed 
in this paper are those of samples containing a 
sufficient number of grains to represent the me-
chanical behaviour at the macro-scale (which sets 
a lower bound on the field of view – right and mid-
dle in Fig. 1), but with identifiable grains (which 
sets an upper bound on the spatial resolution – 
left and middle in Fig.  1). Practically speaking, 
the middle image in figur e 1, with around 20 par-
ticles across the diameter of the specimen, rep-
resents a reasonable trade-off between the very 
high resolution image of few particles (of an in-
sufficient number to allow emergent phenomena 
to be studied) and the large field-of-view image 
of many more particles (but where grains cannot 
be identified). The micro-tomography setup used 
for our work at this scale is fully detailed in VIG-
GIANI et al. [2015].

X-ray tomography is essentially the reconstruc-
tion of a discretised 3D field of the lumped x-ray at-
tenuation within the scanned volume (hereafter re-
ferred to as “grey value”). The discretisation basis is 
small volume-elements – voxels – which have a giv-
en physical size (the misleadingly named 1D “pix-
el size”). At the very first order, the solid phase can 
be separated from voids by establishing a threshold 
grey value, set either by modelling the grey value 
distribution in the reconstructed images, or in such 
a way to obtain the total solid volume measured for 
example at the end of a test. The discretised sol-
id phase is then typically separated into individu-
al particles based on geometrical arguments imple-
mented for example in a morphological watershed, 
resulting in individually-labelled 3D grains.

A labelled 3D image is the ideal starting point 
for all grain-based measurements: for example each 

grain can be individually interrogated as a discrete 
and contiguous cloud of voxels. This allows, for ex-
ample, for a grain-size distribution to be obtained, 
on the condition of having a well-defined “size” to 
measure, with a relative error in the order of the pix-
el size.

Furthermore, individual grain labels are a very 
convenient way of defining grains in the context of 
grain tracking from a 3D image of a given state to 
find their corresponding positions in a 3D image of 
a different state.

Table I lists some of the geometrical and kine-
matical grain-scale measurements that are often of 
interest in the literature. Local measurements of 
forces – which are always somewhat indirect – are 
not included in the list, however it may be possible 
to obtain them through inverse analysis [HALL et al., 
2011; HALL and WRIGHT, 2015; WENSRICH et al., 2014] 
which we will not discuss further. Table I also pre-
sents a vague notion of the “confidence” with which 
the different measurements can be made at a given 
spatial resolution.

“Easy” measurements

Particle Volumes Starting from a correctly la-
belled image, and armed with the fact that sand 
grains, at the large scale are on the whole rather 
convex, a simple counting of the number of voxels 
making up each labelled grain gives an accurate and 
rather unbiased and stable (with respect to a change 
of resolution) measurement of volume. This meas-
urement can be rendered a little more sensitive to 
partially-filled voxels on the edges by weighting vox-
el densities proportional to their grey value (since 

Tab. I – Some key grain-scale quantities with their ease-of-measurement from tomographic images of granular assemblies.
Tab. I – Alcune variabili di interesse alla scala del grano, e relativo livello di difficoltà della corrispondente misura sperimentale a partire 
da immagini tomografiche.

Variable
Measurement
Confidence

Comments

PVD (“Particle Volume
Distribution”)

Very Good Stable measurement

Particle Positions in space Very Good Excellent sub-pixel accuracy

PSD (“Particle Size Distribution”) Good
Needs definition of size – typically to match 

sieves

Grain Orientation Good
Requires non-spherical particles, can be unsta-

ble depending on shape

Grain surface topology/surface area Poor Measurement is spatial resolution dependent

Coordination Number or inter-grain distance Very Poor
Systematic bias with standard

thresholding

Orientation of grain-to-grain contact “plane” Very Poor Ill-defined measurement object
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the reconstructed grey value is roughly proportional 
to density).

The extension of this sort of measurement to the 
reproduction of sieve sizes is not particularly chal-
lenging, the main question being how close to simu-
lating the actual sieving procedure one wants to go. 
Some examples can be found in ALSHIBLI et al. [2014] 
and KARATZA et al. [2017].

Particle Positions The centre of mass of a label 
is simply calculated as the mean position of the vox-
el-cloud making up the grain – again, weighting by 
the grey value can improve sensitivity. Outside of the 
extraordinary case of cubic particles aligned with the 
coordinate axes, averaging means that the accuracy 
of this measurement is far better than the pixel size 
(around 1/20th of the pixel size for a grain measur-
ing roughly 15 pixels in diameter according to ANDÒ, 
2013).

In time-series data where particles are rearrang-
ing, all imaged states can be labelled, and labelling 
can be made consistent across time using techniques 
such as ID-Track [ANDÒ et al., 2012] or equivalent 
[SAADATFAR et al., 2012; ALSHIBLI et al., 2016]. Chang-
es in particle position therefore naturally provide 
a measurement of 3D particle displacements. Dis-
placements can also be measured using only one la-
belled image (typically the initial one) by using the 
greyscale data in the context of Digital Image Corre-
lation (DIC), as first done by HALL et al. [2010]. In 
this case, when tracking particles from one image to 
the next in order to measure their change in posti-
tion using a cross-correlation approach, the same or-
der of accuracy can be obtained (see PANNIER et al., 
2010).

Challenging measurements

Grain orientation can be defined in a number of 
different ways. Some typical methods used in the lit-
erature are: 
• Feret diameters (or caliper lengths) where vox-

elised objects’ sizes are probed with digital cali-
pers (or more correctly plates) at a number of 
different orientations. The shortest orientation 
(for lentil-like particles) or the longest orienta-
tion (for rice-like particles) can be unique and 
thus useful for detecting the orientation of such 
particles 

• The Moment of Inertia Tensor and its eigenvec-
tors are also a common way to measure the ori-
entation of a particle’s long and short axes – al-
though these are not always aligned with the ax-
es in a symmetric shape. This method has the sig-
nificant advantage with respect to Feret of not 
having to scan a number of discrete angles which 
can limit sensitivity, as well as taking advantage of 
the full body of the 3D data available 

• Geometrical fits of particle shapes can be good 
ways of detecting their orientation – 3D ellip-
soid fits are often used – however for good re-
sults some a-priori information about the shape 
of the particle is needed, which is unfortunately 
not typically available for natural particles 

Generally speaking, the quality of the defini-
tion of a particle’s orientation depends both on the 
method used to measure the orientation, and on the 
shape of the grain. It is clear that in the extreme case 
of a perfect sphere, its orientation is not defined, 
and for particles very close to spheres, making an ac-
curate and stable measurement will be difficult. It 
can be safely said that the less spherical the shape of 
a grain, the better the measurement of orientation 
will be, regardless of the method used to measure it. 
The overall picture is not so simple, however, since 
there can be some features of a grain’s shape which 
are unmistakable and others where the shape can in-
duce errors: for the examples given above, only the 
long axis of rice and the short axis of lentils are rep-
resentative and stable when measured in a number 
of different states.

It must be said that the evolution of measured 
particle orientation is not necessarily stable for nat-
ural sand grains, where for small changes in orien-
tation, non-unique axes can “snap” (see ANDÒ et al. 
2012). In this case an initial orientation can be up-
dated using incremental rotations measured with 
image correlation. The identification of a unique or 
representative axis to orient natural particles is not 
necessarily obvious but can be studied on high-reso-
lution images.

Grain surface/topology is a challenging meas-
urement because of the fractality of natural grain 
surfaces [SAMMIS and BIEGEL, 1989; MAJUMDAR and 
TIEN, 1990; STALLMACH et al., 2002], which means that 
the measurement of the surface area, for example, 
depends on the scale of measurement (i.e., the spa-
tial resolution in this case). This makes a direct meas-
urement very problematic (by any means), however 
a-priori knowledge of the fractal length of the surfac-
es of the material in question can be of use for inter-
preting a measurement made at a given scale. Fur-
thermore, starting from a 3D image where the grey 
values have already been thresholded to define the 
volume of a grain, a significant amount of precious 
greyscale information for reconstructing the surface 
of the grain is lost.

Very challenging measurements

Inter-particle distance measurement for in-
ter-particle contact detection. The series of steps de-
scribed above to obtain labelled 3D volumes repre-
senting each individual particle are relatively stand-
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ard, however they introduce a tacit assumption that 
damages the detection of contacts: the grey value 
threshold. Although this seemingly innocuous step 
retrieves the correct solid volume, in a voxel partially 
filled with edges of two close-but-not-touching grains 
there is no obvious way to assign solid pixels to each 
particle and see whether the grains are really in con-
tact1; the single voxel may appear dense enough to 
seem solid, and therefore the obvious conclusion 
to draw is: since there is a solid bridge between two 
particles, they must be touching. Based on this sim-
ple reasoning, the number of contacts that a parti-
cle has, can be shown to be systematically over-esti-
mated. Some remedial measures being developed in 
the ongoing PhD work of Max Wiebicke2 allow the 
over-detection distance to be reduced but never elimi-
nated when dealing with images of irregular natural 
particles [WIEBICKE et al., 2017]. Furthermore, given 
that one deals with an over-detection distance, a dou-
bling of the spatial resolution only yields a halving 
of this over-detection distance, a situation very un-
like the measurement of particle positions which im-
proves with a very strong function of the spatial reso-
lution (the actual numbers depend on the shape of 
the object).

Inter-particle contact orientation Also of inter-
est in the PhD work of M. Wiebicke is – given cor-
rectly-identified interparticle-contact points – the 
measurement of the local orientation of the contact 
plane. This is of key mechanical importance for find-
ing the orientation of the force which can be trans-
mitted with no tangential components (and thus the 
cone of possible forces given a constant friction) as 
well as the contact-sliding direction. This poses a se-
rious metrological problem: this key mechanical var-
iable – a contact – does not actually exist! Current at-
tempts to reconstruct the orientation of the contact 
plane from the “watershed line” that separates con-
tiguous parts of the solid phase have large errors (in 
the order of 10 degrees) and do not benefit at all from 
increases of spatial resolution, since fractal surfaces 
in contact in reality have very few touching points. 
The future directions to explore to overcome this im-
passe must involve the use of the local surface topol-
ogy to make two independent measurements of sur-
face orientation to be compared and combined.

Discussion and future directions
There is no doubt that for micro-mechanical 

work of real engineering relevance, it is essential 
to go beyond the particle – kinematics and descrip-
tions of shape – and focus on the way in which forces 
are transmitted through a rearranging granular as-

1 In the case of natural materials where there is no a-prio-
ri model for the shape which would significantly improve 
the accuracy of the interparticle distance measurement.
2 Working between TU-Dresden and Laboratoire 3SR in 
Grenoble.

sembly. To this end, the above discussion presents a 
bleak state of affairs for the “direct” measurement of 
granular entities attached to inter-particle contacts, 
which is particularly bad news for the experimental 
measurement of variables depending on these quan-
tities; a perfect example of this is the Fabric tensor 
mentioned in the introduction.

However, the ease with which particles can be 
identified and followed during a mechanical test can 
be exploited to the experimentalist’s advantage: a 
stunning recent example [KHALILI et al. 2017] shows 
how given an initial 3D image of a granular assem-
bly, particle positions and orientations can be updat-
ed with degraded tomographies, with as few as 1% 
of the number of projections required to reconstruct 
a whole image. Here we propose two possible direc-
tions for improving inter-particle contact measure-
ments which make use of the very high quality of 
measurements that can be made of particle kinemat-
ics.

1. Using particle registration to increase spatial resolution

KHALILI et al. [2017] show the extraordinary at-
tractiveness (from an optimisation standpoint) of 
rigid particle transformations through space, and 
suggest a potential method by which the spatial reso-
lution/field-of-view trade-off can be improved in or-
der to increase the quality of the measurement of 
granular Fabric for example. The idea, which is at 
the very heart of the PhD project of O. Okubade-
jo3 would be to improve particle tracking in a frame-
work in which segmentation errors and tracking er-
rors can be reduced iteratively taking into account 
the whole series of 3D images acquired throughout 
a test. A successful tracking of each grain would then 
mean that the experimentalist has a (relatively large) 
number of registered greyscale 3D images of the same 
particle. At the very first order this could be used to 
obtain a significantly de-noised image of the grain, 
but could subsequently yield a super-resolution im-
age of each grain (especially from views from differ-
ent positions and angles). Super-resolution works 
in the particular case where the real spatial resolu-
tion is better than the geometrical voxel size, mean-
ing that each voxel in this case can be subdivided 
and a higher resolution image can be reconstructed 
on this new basis meaningfully. This means that the 
over-detection distance for inter-particle contact de-
tection is reduced, and the quality of the map of the 
surface of each grain is improved, allowing a better 
contact plane to be estimated in the technique pro-
posed above.

3 Working in Grenoble between Laboratoire 3SR and 
GIPSA-Lab.
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2. Using particle kinematics to deduce local conditions

Another piece of information that can be ex-
ploited to improve measurements of contact prop-
erties from a series of images starts again from a 
high quality tracking of particles; however in this 
case we will interest ourselves with particle rear-
rangements. The precision that can be obtained 
for the displacements and rotations of each grain 
is at least an order of magnitude greater than the 
over-detection distance for contacts: this leaves 
some room to scrutinise granular displacements 
for signs of reorganisation, which in turn give in-
dications regarding the balance of forces, or pres-
ence of contacts. This discussion of course works 
increasingly well where small increments of rear-
rangement separate each image in the sequence, 
improving the chances of catching individual re-
organisation events. When studying a neighbour-
hood of particles where some rearrangement is 
measured between two states, out-of-balance forces 
must have existed at some point during the inter-
val studied. This causes a particle to move with re-
spect to its neighbours while losing, shifting along, 
or gaining contacts. This in itself is not a profound 
discovery, however a rearrangement event means 
that a number of pieces of information can be as-
sociated with this interval: for example to bound 
the uncertainly regarding apparent contact points 
(subject to the over-detection distance error de-
veloped above), as well as to set limits (given a 
simple friction model) on the forces at play over 
these contacts. This sort of approach really starts 
to make sense when deeply integrated with grain-
scale modelling able to take each individual grain’s 
shape into account in the style of KAWAMOTO et al. 
[2018].

Far in the future: breakage

A challenge with a significant jump in complexity 
is the handling of grain breakage, which first of all in-
troduces the problem of non-persistent grains in the 
tracking of particles, and thus the correct measure-
ment of the kinematics of the fragments of each grain 
that breaks. The fact that particle sizes reduce while 
the spatial resolution of the images stays constant also 
causes problems to the measurement of fabric, even 
given the potential developments outlined above.

Currently, studies allowing full quantification of 
breakage are severely limited in the number of parti-
cles [CIL and ALSHIBLI, 2012; ZHAO et al., 2015]. Stud-
ies with a larger number of particles suffer from the 
above-mentioned problems of resolution, but are 
improving in the direction of full fragment track-
ing [CIL and ALSHIBLI, 2014; ALIKARAMI, et al. 2015; 
OKUBADEJO, et al. 2017; KARATZA et al., 2017].

Conclusions

In conclusion, it appears that for natural sand 
grains the first two of the three points of micro-me-
chanical characterisation set out in CALVETTI et al. 
[1997]4, can be safely obtained for grains, however 
the presence and the properties of grain-to-grain 
contacts are a significant measurement challenge. 
This paper has shown that the essential grain-scale 
ingredients (based on inter-particle contacts) clear-
ly set out in RADJAI et al. [2004] or FU and DAFALIAS 
[2011a, b] are not easily and directly accessible from 
3D images issued from experiments carried out in-si-
tu inside an x-ray scanner. Two potential paths to 
follow for the improvement of these measurements 
have been outlined, both of which are based around 
a deeper and more comprehensive use of the fact 
that the 3D data is time-resolved.
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Alcune considerazioni sull’accessibilità 
sperimentale delle grandezze di 
deformazione in un campione di sabbia 
alla scala del grano

Sommario

L’articolo discute il livello di difficoltà con cui diverse variabili di 
interesse per la meccanica dei mezzi granulari possono essere misurate 
a partire da immagini 3D, ottenute attraverso l’uso della tomografia 
a raggi X nel corso di prove meccaniche su sabbie. È evidente che, 
affinché una prova sia significativa dal punto di vista meccanico, 
occorre che il campione contenga un numero sufficientemente elevato 
di particelle. Dal punto di vista della tomografia a raggi X, questo 
significa che il fattore cruciale è la dimensione del volume scandito, 
piuttosto che la risoluzione spaziale delle immagini.  

La misura delle grandezze necessarie a descrivere la cinematica 
di singoli grani di sabbia è relativamente facile (come già 
abbondantemente dimostrato in lavori precedenti); tuttavia, essa è 
di modesta utilità dal punto di vista della modellazione matematica 
del comportamento meccanico dei materiali granulari. Ben più 
interessante è la possibilità di misurare le proprietà dei contatti tra i 
grani, poiché è proprio attraverso i contatti che gli sforzi si trasmettono 
in un materiale granulare. Tale misura si rivela decisamente più 
complessa, ed è potenzialmente soggetta a errori importanti se non 
"maneggiata con cura". In questo articolo si presentano e si discutono 
alcuni metodi che potrebbero facilitare tale tipo di misure. 


