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Abstract

X-ray micro-tomography (XMT) is an efficient technique for non-destructive imaging of morphological structures. It is
suitable for monitoring local displacement fields of heterogeneous materials. Digital volume correlation (DVC) methods
are widely used for the quantification of local strain fields from highly contrasted XMT images. The aim of this work is to
investigate strain localization and cracking process in a hard clayey rock. For this purpose, three-dimensional images have
been taken by in situ X-ray micro-tomography on a tested sample under different loading levels and time steps. These images
are analyzed with a DVC based method to calculate both local strain fields and averaged global strains. In particular, the
progressive localization of strain field with applied stress and creep time is investigated in relation with material heterogenei-
ties. It is found that the strain field localization as well as the cracking process is clearly influenced by the presence of stiff

inclusions, pores, weak clayey zones and layered microscopic structure of claystone.
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1 Introduction

Clayey rocks have been widely investigated in geological
and engineering practices. As a current example, clayey
rocks are selected as potential geological barriers in sev-
eral countries for underground disposal of radioactive waste
(Armand et al. 2014, 2017). A high number of experimen-
tal studies, at different scales, have been performed for
the characterization of mineralogy, micro-structure and
thermo-hydromechanical (THM) properties. It is found that
clayey rocks are heterogeneous materials containing differ-
ent kinds of mineral inclusions and pores at different scale
(Robinet et al. 2012; Bennett et al. 2015). Their macroscopic
THM properties are clearly affected by the mineralogy and
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heterogeneities (Hu et al. 2014; Liu et al. 2018), as well
as by water content (Hu et al. 2014; Yang et al. 2013; Liu
et al. 2018) and temperature (Chen et al. 2014; Menaceur
et al. 2015; Liu et al. 2019). Most clayey rocks also exhibit
a clear initial anisotropy so that their THM properties are
dependent on loading orientation (Zhang et al. 2012; Yang
et al. 2013; Liu et al. 2015b). Due to strong heterogeneity,
cracking induced by THM loading is also an important pro-
cess of many clayey rocks (Wang et al. 2015). On the other
hand, for the long term safety analysis of geological disposal
of radioactive waste, time-dependent deformation of clayey
rocks is a primordial property to be taken into account (Liu
et al. 2015b). For instance, creep deformation can be a driv-
ing factor for the time-dependent cracking process through
closure of excavation-induced cracks or creation of new
cracks, generating variation of transport properties such
as permeability (Liu et al. 2015a, 2016). Conversely, creep
deformation is controlled by stress fields and fluid pressure.
Therefore, long term evolutions of fluid pressure, stress
fields and creep deformation are intimately coupled. On the
other hand, the creep deformation in clayey rocks is gener-
ally related to the clay matrix. Standard macroscopic creep
tests provide overall creep strains but are not able to identify
the local creep strain field inside the clay matrix. Therefore,
microscopic tests become a crucial issue.
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During the last decades, different kinds of imaging tech-
niques have been developed to capture local displacement
fields in heterogeneous materials. Among these techniques,
three-dimensional (3D) X-ray micro-tomography imaging has
become one of the most widely used. The main principles of
computerized tomographic imaging can be found in (Kak and
Slaney 2001). This technique has also successfully applied
to rock-like materials, initial for the post-mortem analysis of
deformation and cracking in tested samples (Chu et al. 1985;
Kawakata et al. 1999; Otani et al. 2000; Bornert 2010; Chen
et al. 2014; Yang et al. 2016). More recently, new experimental
devices have been designed allowing the realization of in situ
tests with real time micro-tomography monitoring (Viggiani
et al. 2013; Pardoen et al. 2020). Multi-modal X-Ray and
neutron tomographies have even been combined to study the
dynamics of water absorption in claystone (Stavropoulou et al.
2020). However, in situ creep tests with XMT monitoring have
so far been rarely performed on rocks.

High-resolution and highly contrast images obtained from
micro-tomography and all other observation techniques can be
analyzed by different mathematical methods to quantify strain
fields in selected observation zones. Methods based on digi-
tal image correlation digital (DIC) for 2D problems and digi-
tal volume correlation (DVC) for 3D problems are the most
widely used. A recent review on DVC methods can be found
in (Buljac et al. 2018). The combination of XMT imaging and
DVC or DIC based methods has successfully been used for the
determination of local displacement and strain fields in differ-
ent kinds of materials (Besnard et al. 2006; Stock 2008; Born-
ert 2010; Desbois et al. 2017). In some studies, these methods
have been used for the characterization of strain localization
and cracking processes (Viggiani et al. 2004; Bauer et al. 2006;
Desrues et al. 2010; Lenoir et al. 2007; Mao et al. 2019).

The main objective of this study is to characterize the full
strain field, the strain localization as well as cracking process
in a hard clayey rock sample. A series of uniaxial compres-
sion creep tests are performed with XMT monitoring and the
obtained images are analyzed by a DVC based method. The
present paper is organized as follows. The specific experimen-
tal procedure for creep tests with XMT imaging and DVC cal-
culation is first presented. The obtained experimental results
are then presented and discussed in terms of average strains,
local strain fields and strain localization as well as induced
cracks. The emphasis is put on the analysis of strain locali-
zation and of cracking process in relation with the material
microstructure and mineralogy.
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2 Materials and Methods
2.1 Material and Sampled Preparation

The tested material is the Callovo-Oxfordian (COx) clay-
stone cored at the Underground Research Laboratory
(URL) at Bure, operated by the French national agency
for radioactive waste management (ANDRA). Based on
previous studies (Robinet et al. 2012), the COx claystone
is mainly constituted of clay minerals, calcite, quartz
and other secondary minerals. The clay fraction is about
40-45%, carbonate (mostly calcite) about 25-35% and
quartz about 30%. The minor minerals include pyrite and
siderite. The natural water content of the stratum ranges
between 5 and 8% (Gasc-Barbier et al. 2004; Armand et al.
2017).

To characterize representative mechanical behaviors
of material, the tested sample should be a representative
volume element (RVE). That means that the size of sample
should be large enough with respect to the size of hetero-
geneities. At the same time, to get high resolution images
by using XMT, the sample size should be as small as pos-
sible. For the tested COx claystone, the average size of
calcite and quartz grains is about a few hundreds microm-
eters (Robinet et al. 2012). A reasonable compromise is
here adopted. The average size of cylindrical sample used
in in situ creep tests is 4.96 mm in diameter and 9.54 mm
in length. The emphasis of this study is put on the char-
acterization of creep strain field and cracking process. It
is known that the mechanical properties of clayey rocks
are dependent on loading orientation with respect to bed-
ding planes. However, in the present study, the emphasis
is put on the cracking process and local strain localization
in the COx claystone for a given loading orientation. The
length axis of the tested sample is chosen to be perpen-
dicular to the stratum or bedding planes. With this choice,
the consequence of compaction deformation of bedding
planes is expected to be enhanced. The influence of load-
ing orientation with respect to material anisotropy will be
investigated in future studies.

More precisely, the tested sample is prepared from
original large cores of about 300 mm in length and 79
mm in diameter. An intermediate cylindrical sample with
a diameter of about 10 mm is first drilled from the large
cores (Reference EST58125). Then the final small sample
with a diameter of about 5 mm is carefully cut by using a
spiral turning machine. The upper and lower end faces of
specimens are carefully cut and polished to obtain a good
parallelism. All the sample preparation procedure is com-
pleted in the natural air condition and the lateral surface
of sample are covered with a plastic film, to minimize the
modification of water saturation state. The mass of each
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Fig. 1 Intermediate cylindri-
cal cores and final prepared
claystone sample
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Fig.2 a Overall view of creep test device, b translucent polycarbon-
ate bases

prepared sample is measured at the end of preparation and
its water content is estimated by using the reference values
of dry density and porosity of the COx claystone (Robinet
et al. 2012). Their average value is about 4.5 + 0.5%. An
example of prepared sample is shown in Fig. 1.

2.2 Creep Test Device

To realize in situ creep tests with X-ray micro-tomography
imaging, a new experimental device is here developed. As
shown in Fig. 2a, the designed device includes a long cell,
a manual axial loading system, a base, a force sensor and
a data logger. The long cell is made of polycarbonate with
a high light transmissibility for X-ray. It also has a good
mechanical stability. The force sensor has an accuracy of
0.01 kg and a range of 0—100 kg. For the specimens with
a diameter of 4-5 mm studied here, the maximum of axial
stress generated is about 60—80 MPa. As shown in Fig. 2b,
the claystone sample is sandwiched at the middle part of cell
by a pair of translucent polycarbonate bases to minimize the
friction at the upper and lower surface with loading system.
The axial stress is increased as slowly as possible and is

160 kV source

Tested sample

Creep device

Rotative platform

Fig. 3 Picture of X-ray micro-tomography platform (ISIS4D)

monitored by the force sensor. During creep stage, the axial
force is regularly adjusted to keep the loading constant. This
study focuses on uniaxial compression creep test. Additional
experiments are ongoing to investigate the triaxial compres-
sion creep behaviour of such a material.

2.3 X-Ray Micro-Tomography

Laboratory X-ray micro-tomography was conducted at the
In Situ Innovative Set-ups under X-ray micro-tomography
(ISIS4D) platform (Limodin et al. 2013), as shown in Fig. 3.
This platform contains a computed tomography system Ultra
Tom manufactured by RX solutions. In the present study, a
100 kV acceleration voltage is selected with a filament cur-
rent of 45 uA. The claystone sample is placed on the rotat-
ing stage between the X-ray source and a flat panel detector
of 1874 x 1496 pixels. A voxel size of 4.5 ym is obtained
for a claystone sample of 4-5 mm in diameter. About 1440
radiography pictures are taken when the sample is rotated
through 360° along its vertical axis. Reconstruction of tomo-
graphic data is performed with a filtered back-projection
algorithm using the X-act software (Kak and Slaney 2001).

2.4 Digital Volume Correlation

Three-dimensional digital volume correlation (DVC) meth-
ods are an extension of the two-dimensional digital image
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correlation (DIC) methods. Significant advances have been
archived since the end of 1990s and these methods are now
widely used for quantitative treatment and analysis of 2D
and 3D images. The basic idea is to compare two images
of the same zone between two subsequent states, and then
to calculate the displacement and strain fields in the zone
by searching for the best match between the images. More
detailed description of digital image correlation methods
can be found in (Kak and Slaney 2001). Only a short review
is presented here.

Each image is identified by its gray scale function rep-
resenting the volume of the sample. Let f denoting the
reference 3D image taken before the deformation, while
g the deformed 3D image taken after the deformation. In
the present study, we use the optical flow equation, which
assumes that the gray scale variations are only due to the
displacement of the material point. Therefore, the initial and
deformed images can be linked by the following relation
(Besnard et al. 2006):

g(X) = fIX 4+ V(D)) 1)

where X is the vector denoting the position of the voxel and
v is the related displacement vector.

In the present study, a digital image correlation platform
called YADICS, developed at Laboratoire de Mécanique
de Lille (Lille, France) is used. This platform is based on
C++, and optimized to process large 3D volumes in a lim-
ited time. Correlation is based on a multi-scale resolution
strategy allowing save treatment time as the image con-
tains much fewer voxels at the first resolution level. The
correlation calculation is a sequence of optical flow elas-
tic transform based on finite elements method. In the pre-
sent case, several scales, i.e. resolutions, are employed; the
coarsest one with a “macro’ voxel, which is averaged over
25 x 25 x 23 voxels while the full resolution image corre-
sponds to a volume of 2° x 2° x 2°. This scheme can reduce
the problem size and thus avoids some local minimum
traps. For easy and fast convergence at the coarsest scales,
only global transformations are searched for, using optical
flow integrated (OFI) algorithm while at the finest scales,
the more computing intensive optical flow finite element
methods (OFFEM) algorithm is adopted to compute local

Fig.4 Dependency of calcu-
lated von Mises equivalent
strain field (%) on element size:

g e e
a 8 voxels, b 16 voxels and ¢ 32 E
voxels 2
: 1215 um
(a)
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displacements. Therefore, due to this multi-scale strategy,
the correlation sequence per image couple is defined with
the following analysis sequence: OFI_H, OFI_H, OFI_H,
OFFEM, OFFEM, OFFEM and OFFEM.

Choosing the most suitable element size is very impor-
tant for the results of DVC calculation. The results of the
local strain calculation show a diffusion phenomenon, i.e.,
the larger the element size, the more obvious the diffusion
phenomenon around the local deformation. An example is
shown in Fig. 4. Local strain fields are calculated by using
isotropic elements of different sizes respectively containing
8, 16 and 32 voxels. It is clear that the obtained results are
strongly sensitive to element size. In particular, the strain
localization cannot be correctly captured by large elements.

The uncertainty of displacement field is widely used
as a parameter to evaluate the accuracy of calculations
with DVC methods. This uncertainty is calculated by the
standard deviation of the displacement between the two
pictures. One is at the reference position and the other
translated by 20 microns. Then, the standard deviation of
the displacement field is calculated for all the components
in three directions. In Fig. 5, one shows the evolution of
uncertainty for the three displacement components when
the element size varies from 4 to 64 voxels. It is seen

0.20
. 0.15 - —=— Uncertainty Ux
e —e— Uncertainty Uy
g —v— Uncertainty U,
> 0.10 -
k=
8
8
g 0.05 -
5 0.

() S S S S

0 8 16 24 32 40 48 56 64

Size of element (voxel)

Fig.5 Variations of uncertainty for three components of displace-
ment with different element sizes in DVC calculations

..

(b) (c)
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that the spatial resolutions considered here give quite
good results of three-dimensional displacement field. It
is noticed that the values of uncertainty obtained here are
of the same order of magnitude as that found in previ-
ous studies (Wang et al. 2016; Li et al. 2017). Although
the uncertainty for high spatial resolution is several times
higher than that of low resolution, the description of strain
localization process is much better. Considering together
the results of strain localization, the time cost of the DVC
calculations and the uncertainty in displacement field, the
element size with 8 voxels is selected in this study for the
DVC analysis of all creep tests.

2.5 Loading and Monitoring Procedure

Based on a preliminary test on a typical sample, the uni-
axial compression strength of the studied claystone is about
38 MPa. Based on this value, five stress levels are selected
for performing uniaxial creep tests, namely 14.20, 20.79,
25.46, 32.66 and 36.0 MPa, respectively corresponding to
40, 60, 70, 90 and 95% of the uniaxial compression strength.
According to some previous studies (Liu et al. 2015b), the
creep rate of COx claystone drops to 107 /s after 400 hours
(approximately 2.5 weeks) (loaded at 50% of peak strength).
Here each creep step is maintained at least for 3 weeks or
until failure of the sample.

The creep cell is kept in a chamber where the temperature
is regulated (19.5 + 0.5°C) and the desiccation of the sample
is prevented by the design of the creep device, which limits
water exchange with the environment. The tested sample was
wrapped in a rubber sleeve with an inner diameter of 5 mm.
In addition, the small size of the sample made it difficult to
collect a complete failed sample. We tried to measure the
water content of the failed sample and found a small amount
of moisture loss, about 12%. Micro-tomography scans are
taken during each creep step. To capture the main physical
processes to be considered at a relevant scale, the voxel size
is an important parameter. In the present study, the emphasis
is put on the characterization of creep strain localization
and cracking process by taking into account the influence
of mineral inclusions and pores. Based on the average size
of these inclusions (a few hundreds micrometers) and the
size of sample, the voxel size used here is about 4.5 ym.
With this resolution, it is possible to determine the positions
of main mineral grains in the studied sample. As shown in
Fig. 6, the principal mineral components of claystone at the
sample scale are identified by gray-scale images. Further, to
capture the progressive cracking process at the subsequent
creep steps, four horizontal slices perpendicular to the sam-
ple axis are selected and shown in Fig. 7. The evolutions of
microstructure on these selected slices are analyzed at the
different loading steps.

- Heavy minerals
g
§ ________ Carbonates
-Silicates
)2;\7 - Pore
Z
x% | |

1000 um

Fig.6 Simplified view of distribution of main mineral components of
claystone

Scanned zone
Slice 1100

Slice 910
Slice 800

/Slice 500

Slice 200

Fig. 7 Positions of selected slices in claystone sample for cracking
analysis at different loading steps

3 Cracking Process and Averaged Creep
Deformation

3.1 Analysis of Cracking Process

In Fig. 8, one shows the tomographic reconstruction of the
selected four slices at five creep loading steps. The step 0
(axial stress = 0) is the initial state and the step 5 (axial
stress = 36 MPa) is the last one leading to failure of sam-
ple. On these slices, the grey levels represent the attenua-
tion to X-ray and light colors are related to materials with
high density. Thus the white zones in images correspond to
heavy minerals, e.g., pyrite and siderite. Their movements
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Fig. 8 Tomographic reconstruc- Loading step Slice 200 Slice 500 Slice 800 Slice 1100
tion of four selected horizontal
slices in sample EST58125 at
different loading steps
0
1
2
3
4

wn

during loading steps can be identified. But it is hard to cap-
ture the evolution of cracking process during the first four
steps. Only at the last loading step, one clearly observes
the generated fractures on the slices 200 and 500 located
in the lower part of sample. It seems that the failure of
sample occurs in a brittle manner when the applied stress
is close to the estimated uniaxial compression strength. In
Fig. 9, one shows the reconstruction of two longitudinal
slices parallel to the longitudinal axis respectively at the
initial and failed states. Due to the applied compressive
axial stress, the length of sample is clearly compacted.
Further, these slices show again that most cracks initiate
around from the bottom surface and extend to the middle

@ Springer

part of sample. The arrows with solid lines indicate two
major conjugated cracks, while the arrows with dashed
lines show the cracks intersecting the major cracks. The
absence of the expected vertical through cracks may be
due to the loading orientation being perpendicular to the
bedding planes.

The three-dimensional tomographic reconstruction of the
failed sample is presented in Fig. 10. The distribution and
shape of cracks are clearly displayed. In consistency with
the previous 2D slices, the 3D image confirms that almost
all visible cracks are found in the lower half region of sam-
ple and many of them pass through the lower surface. Most
major cracks propagate upward inside the sample. It is not
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Fig.9 Tomographic reconstruction of two longitudinal slices at initial state (a) and (b) and at failed state (c¢) and (d), slices a and b, ¢ and d are

perpendicular to each other

Fig. 10 Three-dimensional tomographic reconstruction of sample at
failed state with main cracks inside lower half region

easy to give a definitive explanation of this quite localized
cracking process. Two reasons can be invoked. Firstly, in
spite that two translucent polycarbonate bases are used to
support the sample, frictional forces still exist between the
sample and bases. There is a stress concentration around
the lower and upper surfaces of sample. It is possible that
the stress concentration of slightly stronger on the lower
surface than on the upper one. Secondly, a number of small
weak bands, corresponding to low-density soft minerals, are
identified in the lower half region of sample through the
scanned images and in particular around the bottom surface.

The mechanical strength of these weak minerals is gener-
ally lower than that of other ones. As a consequence, most
induced cracks in the present case are located in the lower
half region of sample. On the other hand, in the upper half
region of sample, there is a big weak band perpendicular
to the longitudinal axis. Although the weak band exhibits
a large deformation under applied compressive stress, no
cracks are formed in the band.

The tomographic reconstructed images presented here
allow the observation of major strain localization and crack-
ing processes, in particular around the failed state of sample.
But they are not suitable to quantify the local strain field
and to capture its progressive localization through different
loading steps (Louis et al. 2006; Maire and Withers 2014).
The micro-tomography images actually represent the current
local mass density field, which is related to local volumetric
deformation. When the local deformation occurs under an
isobaric condition, i.e. without volume change, it is invisible
in tomographic images. In some cases, even a large volu-
metric strain is generated, the change of local mass density
is not necessarily significant enough to be clearly observed
in XMT images. Therefore, the Digital Volume Correlation
based method should be used for the fine characterization
of local strain localization. This will be performed and pre-
sented in Sect. 4.

3.2 Evolution of Averaged Strains
Due to the material heterogeneity, the small size of sample
and the long duration of creep test, classical techniques for

measuring strain such as gauges and displacement transduc-
ers are not appropriate for the strain measurement. Based on
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highly contrasted 3D tomographic images, the DVC provides
an efficient alternative procedure to quantitatively calculate
the local displacement and strain fields. Indeed, by search-
ing for the similitude between two images by considering
the optic flow conservation, the displacement vector of the
selected point can be determined (Bornert 2010). The local
strain field can then be calculated from the displacement
field. This method is here used to compute the local creep
strain field inside the claystone sample. In order to represent
the macroscopic responses of each tested sample, the aver-
age strains are also calculated by making volumetric averag-
ing of the local strain field.

~35 Axial stress (MPa)
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Fig. 11 Average axial, radial and volumetric strains of sample versus
axial stress in the creep test

The calculation of the radial strain is completed in the
cylindrical coordinate system. First the calculation zone in
the sample is defined by using a 3D mask. Then the centre
of the circle of each slice is found by Hough Circles Trans-
formation. Finally the value of the radial strain is obtained
by transforming the results of the calculation from the space
Cartesian coordinate system into the cylindrical coordinate
system (e; = /€2 + €2, x and y directions being orthogonal
in the space Cartesian coordinate system).

As an example, in Fig. 11, one shows the curves of
average axial (e;) and radial strains (e;) versus the axial
stress for a representative creep test. The volumetric strain
(e, = €, + 2¢3) is also given in this figure. The horizontal
parts of strain curves with a constant value of axial stress
represent the strains induced by claystone creep process. The
corresponding evolutions of strains with time are presented
in Fig. 12. As mentioned above, all strain values in Figs. 11
and 12 are obtained by the volumetric averaging of local
strain fields issued from the DVC computations.

From the results obtained, one observes first that the
increases of compressive axial stress at all loading steps
produce instantaneous compressive strain increments in
the axial direction and tensile ones in the radial direction.
But the instantaneous tensile radial strain increments are
very small for the first two loading steps. This indicates
very small values of Poisson’s ratio if the mechanical
behavior of claystone is assumed to be elastic. Then, under
constant values of axial stress, significant creep strains are
observed for all loading steps. In general, the amplitude
of both axial and radial creep strains increases when the
applied axial stress is higher. The creep strains under the

40 25
I —®— Axial stress (MPa) T
—v— Axial strain (%) —u L] L] = 120
30 Radial strain (%) ——
—~ | —— Volume strain (%) S — " .
éf —— Von Mises strain (%) / e o— 15
-—u & —~
201 4 S
% I — - _.\.\°\o 41.0.8
= vy — & <
2 v B
Z10F e & &
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< L
0F
—————————————————————————————————————————————————————————————————————————————————————— 0.0
-10 1 : 1 ) 1 N 1 ) 1 ; 1 ] . - L ] 0.5
0 20 40 60 80 100 120 140 160
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Fig. 12 Evolutions of different average strain components with time during a typical creep test
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low stress levels, at the first to the third loading steps,
tend to stabilize in 2 to 3 weeks. Due to the direct effect
of compressive axial stress, compressive axial creep strain
increments are obtained for all the steps. However, the
variations of radial creep strain seems to be more complex
than those of axial one. More precisely, during the first
creep step, the radial creep strain first evolves slightly in
compaction before increasing in extension. During the sec-
ond and third creep steps, the variations of tensile radial
strain are very small. When the axial stress reaches about
90% of the estimated uniaxial compression strength at the
fourth step, the radial creep strain increases continuously
in extension during almost 2 months. Several underlying
mechanisms can be involved in such complex evolution in
particular in the compaction-extension transition. One of
those could be the pore compaction during creep process.
Indeed, it is believed that inelastic deformation of COx
claystone mainly occurs in the porous clay matrix (Wang
et al. 2015; Pardoen et al. 2020). Due to the presence of
pores and under compressive axial stress, the collapse of
pores can induce compressive strains even in the radial
direction. However, further investigations at the pores
scale are needed for an in-depth understanding of complex
creep deformation mechanisms of the COx claystone. On
the other hand, it is interesting to observe that the varia-
tion of volumetric creep strain (Ag,) shows a continuous
increase in extension during the fourth creep step. This
volumetric dilation can be related to the initiation and
propagation of cracks presented above.

For the sake of completeness, the so-called von Mises
equivalent strain (&) is evaluated. This scalar valued
strain variable is calculated from differences between
three principal strains and then used to especially repre-
sent the intensity of shearing deformation. This equivalent
shear strain is used to easily illustrate the strain localiza-
tion process in the tested sample. The obtained values are
also presented in Fig. 12. It is interesting to remark that
the equivalent shear strain is smaller than the volumetric
one during the first creep step, almost equal to during the
second and third steps and larger during the fourth step.
That means the difference between the axial and radial
creep strains becomes more and more large when the axial
stress is higher. Therefore, it seems that the creep process
under uniaxial compression loading produces an important
shearing deformation in the COx claystone. This shear-
ing deformation can be related to sliding along bedding
planes.

Finally, for the creep test shown in Fig. 11, the sam-
ple fails at 36 MPa before reaching the last loading step,
i.e. 95% of the estimated uniaxial compression strength.
Therefore, only the creep strains during the first four load-
ing steps are presented.

4 Analysis of Local Strain Field
4.1 Strain Field in Whole Sample

With the help of the DVC, the full strains fields in the
tested sample are calculated. For the sake of reducing fig-
ure number, the von Mises equivalent strain is then calcu-
lated from the different strain components. In this study,
17 strain maps at different values of axial stress and dif-
ferent time steps are determined and presented in Figs. 13
and 14. From these results, it is obvious that the creep
strain field of the sample is not uniformly distributed.
More precisely, the creep strain fields show some layered
distribution. It is recalled that in this study, the sample
tested is drilled in the perpendicular direction to the bed-
ding planes of COx claystone. Therefore, the applied axial
stress is perpendicular to those bedding plane. From the
strain maps obtained, one can identify a series of almost
regularly spaced horizontal strain concentration bands.
These bands are then parallel to the bedding planes. That
indicates that there are a series of horizontal weak material
zones in the claystone sample. These weak zones can be
related to weak clay zones with a small content of quartz
and calcite grains or with a high porosity. It is worth notic-
ing that under uniaxial compression loading, the compac-
tion of axial strain is an essential process. It could be then
interesting to present the distributions of axial strain. How-
ever, to limit figure number, only the distributions of von
Mises strain are selected in this paper as it corresponds to
the difference between axial and radial strains and it is a
good variable to show the progressive localization process
of strains. But as the axial strain is much larger than the
radial one (as indicated in Fig. 12), the general distribu-
tions of axial strain and von Mises one are quite similar,
with the formation of sub-horizontal localization bands.

One can also observe a number of isolated small strain
concentration zones. These strain localization zones can
be related to high plastic deformation around stiff calcite
and quartz grains. This kind of strain localization process
has been reported in some previous results with 2D image
correlation (Wang et al. 2015; Yang et al. 2013).

On the other hand, the strain concentration zones men-
tioned above become more and more pronounced with
the increase of axial stress. More interestingly, for a fixed
value of axial stress, the strain field continues to evolve
due to creep process of claystone. For instance, from the
state 6,=25.5 MPa (Fig. 14d) and ¢t = 81 days to o, = 25.5
MPa and ¢ = 105 days (Fig. 14g), the amplitude of strain is
increased and the strain localization process is enhanced.
At the last step of loading (0,=32.7 MPa), one observes
a number of small zones (red color) with a strain value
close to 5%. The heterogeneity of the creep strain field
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Fig. 13 Distribution of von Mises strain (in %) in the sample at different stress and time steps

in the sample becomes more and more marked. It sug-
gests that the effect of stiff mineral inclusions (quartz and
calcite) on the deformation process of claystone is more
important at the high plastic strain range than at the small
elastic strain range. However, the overall creep strain fields
presented here are not clearly correlated with the cracking
process discussed in the previous section and do not allow
the detailed investigation of strain concentration process
around the stiff calcite and quartz grains. This issue is
discussed in the next section.

4.2 Strain Field on a Selected Section

To obtain a closer view on the effect of stiff inclusions on the
local deformation process of the claystone, the evolution of
strain field for on the slice-910 (see Fig. 7) is here analyzed
in a more detailed way. This slice is taken from a zone of the
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sample where a high content of stiff inclusions is found and
a strong strain concentration is observed.

In Fig. 15, one shows the reconstructed tomographic
image of the slice 910. The enlarged image on the right gives
a view of a selected local zone. The blue colored areas repre-
sent the low-density materials, for instance, the clay matrix
with many small pores. On the contrary, the white colored
areas correspond to the high-density materials, mainly the
heavy minerals such as pyrite and siderite. These mineral
particles represent the stiff inclusions with respect to the
clay matrix.

The maps of von Mises strain on this slice are presented
in Fig. 16 for the different values of axial stress and creep
time. Consistent with the results presented in the 3D maps of
Fig. 13, the strain field on the selected slice clearly increases
with the rise of applied axial stress and with creep time for
the same value of stress. Further, there are more and more
concentrated strain zones in the upper part of the section.
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Fig. 14 Distribution of von Mises strain (%) in the sample at different stress and time steps

Fig. 15 A partial enlarged view
of the soft hard inclusions on
the slice-910 at the initial state
(the blue colored areas represent
the low-density materials)

1.05mm

¢ 4.96mm

This deformation pattern can be related to the microstructure
shown in Fig. 15.

Indeed, it can be observed that the local strains of the low
density areas (blue colored) increase quickly and become
much higher than those in high density ones. Moreover,

1.95mm

the strain concentration is the most important in the low-
density areas round the stiff inclusions (white colored). For
instance, even at a relatively low axial stress (40% of the
uniaxial compression strength, i.e. 14.2 MPa), the strains in
those areas are already several times higher than that in other
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Fig. 16 Evolutions of von Mises strain field on the selected slice-910 at different values of axial stress and creep time

regions. Therefore, it seems that the presence of stiff inclu-
sions enhances the local strain concentration in the weak
porous clay matrix. This should be probably related to the
local stress concentration inside the interface zones between
the soft clay matrix and stiff inclusions.

On the other hand, the strain field on the selected slice
exhibits a clear asymmetry with respect to the sample axis
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(z-axis). More precisely, the strain along x-axis is signifi-
cantly different with that along y-axis. For instance, starting
from the sample center point, the strain in the right half part
is clearly smaller than that in the left one. This results sug-
gest that the classical axi-symmetry assumption adopted in
most macroscopic tests on cylindrical samples is not verified
by the local strain field. This dissymmetry can be related



Analysis of Local Creep Strain Field and Cracking Process in Claystone by X-Ray Micro-Tomography... 1949

to two reasons: the first one is the material heterogeneity
as discussed above. The second one may be related to the
parallelism of the tested sample and to the defect of the axial
loading device. It is possible that the axial stress is not per-
fectly aligned to the sample axis and the upper and bottom
surfaces of the sample are not strictly parallel. Therefore, a
small bending of sample can be induced.

Finally, in Fig. 17, one shows the evolutions of von
Mises equivalent strain on the slice at different instances
of creep time under a constant stress of 32.7 MPa. It is
seen that the strain level progressively increases with the
creep time (from 105 to 122 days) mainly in the low-den-
sity areas around the stiff inclusions in the upper half part
of the cross-section. The strain concentration is intensi-
fied during this period. However, after 122 days of creep,
it seems that there is a diffusion of creep strain through
all the cross-section. This evolution of creep strain field
can be related to the complex interaction process between
stiff inclusions and soft clay matrix. Indeed, the strong
heterogeneity of local strain field, in particular during
the phase of increasing applied stress, is directly induced
by the material heterogeneity. When the applied stress is
raised, a strong stress concentration is generated inside the
neighboring zones between the stiff inclusions and clay

(d) 01=32.7MPa, T=150d

matrix due to the difference in elastic modulus between
the different materials. This stress concentration induces
a strong strain localization in those zones. The larger the
volume fraction of stiff inclusions, the more significant
the stress and strain concentration. The greater the dif-
ference of elastic modulus between the stiff inclusion and
clay matrix, the greater the stress and strain concentra-
tion effects. However, when the applied stress is held con-
stant during the creep phase, the stress concentrations are
progressively relaxed with the creep deformation of clay
matrix. As a consequence, the strain contrast is progres-
sively attenuated (from 122 to 164 days) and the local
strain field tends to become more and more uniform. But
some local concentrated strain zones can still be observed.
Finally, in Fig. 18, the distributions of von Mises equiva-
lent strain on the longitudinal section along the sample
axis are presented for different instances of creep time at
the loading step of 32.7 MPa. In accordance with 3D dis-
tributions, one observes a layer-like distribution of strain
and the progressive formation of horizontal strain con-
centration bands. These results seem to confirm that the
creep deformation in the COx claystone is related to the
compaction of bedding planes.

(c) 01=32.7MPa, T=122d

35

(e) 01=32.7MPa, T=164d

Fig. 17 Evolutions of von Mises strain on the slice 910 under the axial stress of 32.7 MPa and at different instances of creep time
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Fig. 18 Evolutions of von Mises strain on the longitudinal section (parallel to cylinder axis) under the axial stress of 32.7 MPa and at different

instances of creep time

5 Conclusions

In this study, in situ creep tests have been performed on the
COx claystone under uniaxial compression stress by using
a new experimental device. The deformation of the tested
sample during stress loading and creep process was moni-
tored by using X-ray micro-tomography. Three-dimensional
strain fields inside the tested sample have been determined
by using a digital volume correlation (DVC) method. The
obtained results lead to the following main remarks.

The micro-tomography imaging combined with 3D image
correlation technique is able to accurately determine the
full strain field in tested sample. This method is particularly
powerful for long time tests and for strongly heterogeneous
materials for which most classical methods generally failed.

The local strain field in the COx claystone is strongly
heterogeneous and the strain heterogeneity is inherently
related to material heterogeneity. Due to the difference
of elastic properties between stiff inclusions and soft clay
matrix, under the applied axial stress, a strong stress con-
centration occurs inside the inclusion-matrix interfaces

@ Springer

zones and this leads to an important strain concentration.
The low-density zones around the stiff inclusions exhibit
a much higher strain than the other zones. With the creep
deformation of clay matrix under a constant stress, the
stress concentration is progressively relaxed and the whole
strain field becomes more and more uniform.

The cracking process leading to the macroscopic fail-
ure of sample occurs rather in a sudden manner. Multiple
cracks can be generated and they are essentially located
in the zones of materials with weak mechanical strength.

The COx claystone is an anisotropic material. It will be
useful to investigate the effects of material anisotropy on
the creep behavior by performed similar tests with other
loading orientations.
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