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Micro-scale investigation of unsaturated sand in mini-triaxial
shearing using X-ray CT

J.-P. WANG*, E. ANDÒ{, P. CHARRIER{, S. SALAGER{, P. LAMBERT{ and B. FRANÇOIS§

This paper explores the micro characteristics of unsaturated sand in triaxial shearing by using X-ray
computed tomography (X-ray CT). To obtain higher resolution, a mini-triaxial set-up is designed in
which the sample is miniaturised to 1 cm in diameter and 2 cm long, allowing scans with a pixel size of
9 μm. Samples are sheared in the mini-triaxial set-up at different constant suction levels (therefore,
different degree of saturation). In the meanwhile, the samples are scanned by X-ray CT at various
deformation stages, about 0, 2, 5, 10 and 15% axial strain. The three-dimensional (3D) reconstructed
image is trinarised based on a region growing technique, which gives access to the microstructure of
the solid, liquid and air phases. Then, the 3D image is subdivided into representative volume elements,
with length ≈3·8D50, which gives local information of degree of saturation and porosity. It is observed
that the sample dilates and water drains out during triaxial test under constant suction condition. The
local study shows that the porosity increase and water desaturation are more significant in the middle
part of the sample, especially for a higher suction value. This work allows the emphasis of the coupling
between dilatancy on shearing (highlighted by the evolution of local porosity) and the evolution of the
local degree of saturation in unsaturated granular materials.

KEYWORDS: partial saturation; particle-scale behaviour; sands

ICE Publishing: all rights reserved

INTRODUCTION
Soils on the surface of the earth above the water table are
usually partially saturated as a mixture of solid, air and
water. The mechanical behaviour is therefore highly related
to water content and liquid-phase morphology in the pores
(Scheel et al., 2008). In the context of global warming, severe
dry period and/or extreme rainfalls become more frequent in
some areas, which may cause geo-disasters such as soil
shrinkage leading to infrastructure settlement or landslides
and slope failures (Smethurst et al., 2012). Therefore, a
better understanding of macro−micro mechanics of unsatu-
rated soils is crucial. Besides traditional unsaturated soil
mechanics based on continuum principles (Bishop & Blight,
1963; Alonso et al., 1990; Fredlund & Rahardjo, 1993; Lu &
Likos, 2004), study of the micro-characteristics of unsatu-
rated granular media attracts much attention in the last two
decades by using numerical methods, such as discrete
element modelling (Scholtès et al., 2009; Duriez et al.,
2018; Wang et al., 2018). However, most numerical studies
are based on idealised assumptions and the liquid-phase
content and morphology are limited to certain basic
conditions.
With the development of X-ray computed tomography,

non-invasive investigations on geomaterials become
popular in recent years. It has been applied to study the

micro-characteristics of granular material deformation (Hall
et al., 2010; Andò et al., 2012; Vlahinić et al., 2014). As for
unsaturated granular material, the X-ray tomography is also
used to study the water-retention behaviour and the effect of
non-homogeneity water at the grain scale (Bruchon et al.,
2013; Wildenschild & Sheppard, 2013; Khaddour et al.,
2018). However, the grain-scale deformation of unsaturated
granular media under external loading and its coupling
effect with the water-phase distribution still need more effort.

In this study, a customised mini-triaxial test device was
designed for unsaturated soils, which reduced the sample
size and gives a possibility of better resolution in X-ray
tomography. Fine sand is sheared in this device under
different suctions. The sample is scanned by X-ray CT at
different strain stages and the micro-characteristics, such as
local porosity and local water distribution, are studied.

EXPERIMENTAL METHOD
The design of the customised mini-triaxial test device is
presented in Fig. 1(a). It is made of X-ray transparent
materials based on the same principle of conventional
triaxial test devices but with a reduced size. The sample
size is 10 mm in diameter and 20 mm long. A submersible
force sensor is employed and inserted into the axial piston in
the confining chamber to avoid the friction effect between
piston and the chamber orifice in force measurement. The
sample is prepared in a latex membrane with a cylindrical
mould (10 mm in diameter). The filled sand is fine sandwith
grain diameter ranging from 0·1 to 0·3 mm. After the mould
is filled up, the top cap is fixed on the top and sealed with the
membrane by an O ring. Before removing the cylindrical
mould, a vacuum pump is used to apply vacuum in the
sample through the bottom channel (top channel is closed).
This is to maintain the sample vertically when assembling
different parts and this also improves the sample saturation
afterwards. After assembling, 16 kPa cell pressure is applied
by a pressure controller. Then the bottom channel is also

*School of Civil Engineering, Shandong University, Jinan, China
(Orcid:0000-0001-7082-8864).
{CNRS, Grenoble INP (Institute of Engineering), Université
Grenoble Alpes, 3SR, Grenoble, France.
{TIPs Department, Université Libre de Bruxelles, Brussels,
Belgium.
§BATir Department, Université Libre de Bruxelles, Brussels,
Belgium.

Manuscript received 2 December 2018; first decision 12 March
2019; accepted 14 March 2019.

Wang, J.-P. et al. (2019) Géotechnique Letters 9, 1–9, https://doi.org/10.1680/jgele.18.00214

1

Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution

http://orcid.org/0000-0001-7082-8864


closed and connected to a water container. The bottom
channel is then opened to allow water inflow to saturate the
sample and the top channel is opened to the atmosphere.
After water saturation, the water reservoir is lowered to a
certain level to apply suctions (four tests with 2, 2·5, 3 and
4 kPa suctions are applied in this study). It takes about
20 min to reach the equilibrium state after applying suction.
Evaporation and room humidity may not affect the test as
there is no obvious change of water level in the reservoir
during the test.

The triaxial cell is fixed on a rotational table in the
micro-focus X-ray tomography chamber in Laboratoire
3SR, Grenoble (Fig. 1(b)) to conduct X-ray CT scans.
Scans are performed at different strain stages (0, ≈2, ≈5, ≈10
and ≈15%) when the axial loading is ceased, keeping the
axial piston at a fixed position. The loading rate is slow
enough (2·5 × 10−4 s−1) to keep fully drained conditions. The
deviatoric stress evolutions of the four triaxial tests are
presented in Fig. 1(c). The behaviour of a dry sample is also
presented as a reference. A slight decrease of the axial stress
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can be observed during the cease of the loading (on constant
axial strain) due to relaxation processes but the whole
stress−strain behaviour is not obviously affected by the
pause of loading, as already observed in previous studies
(Higo et al., 2011). It can be seen that generally the
unsaturated samples have higher material strength with a
maximum strength for a suction of 2·5 kPa. Due to the
relatively coarse particle size, the suction range of the sample
is relatively low and the maximum strength is determined by
the effective stress, which is a combination effect of suction
and degree of saturation (Lu et al., 2010; Wang et al., 2017).
For the specimens subjected to suctions of 3 and 4 kPa, the
quantity of water stored in the meniscus after desaturation
is not strong enough to produce a significant strength
enhancement.

IMAGE TRINARISATION
To have a high image resolution in the X-ray scan, it requires
either a small focused area or a large number of scanned
positions (therefore longer scanning time). Since strain
localisation mainly occurs in the middle part (Higo et al.,
2011), a region of interest (Fig. 2(a)) in the middle of the
sample with 1·2 cm long is taken to perform the X-ray CT
scan (2 h per scan). Finally, the obtained image resolution
is 9 μm/pixel, which is close to the best resolution of this
machine.

The series of X-ray projections were converted into a
three-dimensional (3D) image (in the form of layered
two-dimensional images) through the reconstruction
process. Each pixel has a particular grey level, which is
associated with its representing material − that is, solid,
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Fig. 6. Map of degree of saturation of the triaxial tests at different strain levels
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water and air. Figure 2(b) shows the grey-level distributions
of the initial samples with different suctions. The three peaks
are air, water and grain, respectively. The authors used a
segmentation technique adapted for three phases materials
(Hashemi et al., 2013) to separate the different phases.
It should be noted that at a low degree of saturation (for the
higher suction), the quantity of water is not enough to
exhibit a clear peak in the grey-level histogram. For this case,
the authors used the same parameters of segmentation
(in terms of grey levels) of the lower suction case, as the CT
settings were the same.
Figure 3 illustrates the trinarised images of the triaxial

tests with suction values of 2·5 and 4 kPa, respectively. Both
the central vertical and central horizontal cross-sections
are presented. It can be seen clearly that with the increase of
axial strain, the sample is expanded horizontally. The pore
water is not uniformly distributed on loading. As the
specimen is dilated, the water is redistributed with the pore
structure change. This is consistent with the observation in
literature (Li et al., 2018) that highlight a lower probability of
liquid cluster occurrence in larger pores. Moreover, there are
some thin water layers on particle surface beyond the
meniscus even though the partial volume effect is minimised.
These could be some water droplets on the particles
(Lourenço et al., 2012).

REPRESENTATIVE VOLUME ELEMENT-BASED
ANALYSIS
The representative volume element (RVE) method
(Khaddour et al., 2018; Wang et al., 2019) to quantify the

local parameters of porosity and degree of saturation by
meshing samples into cubic RVEs was used. The size of the
RVE should be small enough but keeps the reliable infor-
mation of the solid structure. To choose the RVE size, six
RVEs are set on six nodes at different locations in the sample.
The initial size of the RVEs is 1 pixel. In this case, the porosity
of one RVE is either 0 (on the grain) or 1 (on air or water
phase). With the increase of RVE length, the porosity values
of the RVEs stabilise and become constants. After 110 pixels,
the porosity value is almost constant (Fig. 4(a)). Therefore,
the length of 110 pixels (≈1 mm) is taken as the RVE length
and the sample is meshed into cubic elements (e.g. Fig. 4(b)).
According to the size of the region of interest, the sample is
divided into 12 layers of elements in the vertical direction.

Figure 5 depicts the porosity map of two representative
triaxial tests (with 2·5 and 4 kPa suctions) in central vertical
and horizontal planes based on the RVEs. It should be noted
that there are some RVEs locating on the boundary of the
sample and these elements are not included in the analysis.
It can be seen that with triaxial strain, the strain localisation
is developed as the porosity of the RVEs at the corresponding
positions is increased (the colour becomes lighter). Figure 6
shows the map of the local degree of saturation of the
two tests. At 0% strain, the sample with a lower suction
has a higher degree of saturation throughout the sample.
Although suction is maintained during the test, water
content in the triaxial samples decreases on triaxial
loading. The specimen with a higher suction desaturates
more quickly.

Figure 7 demonstrates the relationship between local
porosity and local degree of saturation based on the discrete
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RVEs for the initial states of the four tests before shearing.
The overall degree of saturation of the scanned region is also
presented in the caption. It is observed that the porosity is
relatively homogeneous through the scanned zones, around
0·35, except for the specimen submitted to 4 kPa of suction
for which the porosity varies from 0·15 to 0·35 (Fig. 7(d)).
At this point it should be noted that the sample of 4 kPa
suction with 0% strain was the first trial scan and the scan
was conducted all over the sample. The image quality is
lower than others. The results are presented anyway for
further discussions.
Then, during triaxial shearing, the evolution of the local

porosity and degree of saturation relationship is presented in
Fig. 8. Loading induced deformation leads to porosity
increase (due to dilatancy on shearing) and water desatura-
tion in most elements. Consequently, after shearing, the
elements with higher porosity have more chance to have a
lower degree of saturation.
Figure 4 shows samples that are divided into 12 layers by

the RVEs. The degree of saturation and porosity values in
each layer can also be obtained. Figure 9 shows the degree of
saturation and porosity in each layer in triaxial tests, in
which the vertical axis is the layer number from bottom to
the top. Initially, the porosity is uniformly distributed
through all the samples around a value of 0·35, except for
the specimen submitted to 4 kPa of suction, which is due to
the deficiency in image quality of the first scan of this sample
and the possibly induced larger porosity measurement error.
It also indicates that a small change in microstructure by
axial strain may lead to a significant desaturation under a

constant suction. At the end of the shearing (at 15% of axial
deformation), the porosity is larger for higher suction. In
other words, it means that the specimen exhibits higher
dilatancy on shearing at higher suction. This is consistent
with usual unsaturated soil mechanics. Suction induces an
over-consolidation effect that, in turn, generated dilatancy
on shearing. Also, it can be seen that during triaxial
compression, the porosity increase is remarkably higher in
the middle part of the specimen. Consequently, the drop of
degree of saturation is larger in the central layers.

CONCLUSIONS
A miniaturised suction-controlled triaxial test device was
developed for micro-CT investigation. Fine sand was
sheared in the set-up under different suctions with scans
conducted at different strain stages and a resolution of
9 μm/pixel was achieved. The reconstructed images were
then trinarised in the three-dimensional space by a region
growing method. The samples were meshed into cubic RVEs
to study local information. The RVE length was chosen as
3·8 times of the mean grain size (110 pixels). Local porosity
and local degree of saturation were therefore obtained based
on the RVEs.

From the RVE mapping on porosity and degree of
saturation, it demonstrates the strain concentration in the
central part of the specimen. Under constant suction, the
samples desaturated due to soil dilation (porosity increase)
on triaxial loading. Statistically, a higher porosity after
shearing means a lower degree of saturation in the RVEs.
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A layered study also shows that the middle part of the sample
has a higher porosity and lower degree of saturation than
those of the two ends after triaxial shearing. These mean that

it may not be suitable to directly use the initial state
water-retention property to predict the failure and critical
state behaviours. The coupled local deformation and water
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redistribution/inhomogeneity effect should be considered,
especially for a continuous deformation condition, such as
triaxial test.
This local analysis of the link between porosity and degree

of saturation on triaxial shearing is based on the sub-division
of the scanned zone into cubic RVEs. In this approach, the
local behaviour is evaluated in terms of volumetric response.
Further investigations are currently performed to deduce
local strain components through a discrete particle tracking
approach and Delaunay triangulation in order to evaluate
the local dilatancy response (link between deviatoric and
volumetric strains) together with local saturation degree
evolution.
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