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Abstract

The objective of the present study is to investigate deformation behavior of anisotropic claystone

at sample scale in relation with microstructural parameters. For this purpose, a set of five triaxial

compression tests are performed on samples of Callovo-Oxfordian (COx) claystone under in-situ

X-ray micro-tomography monitoring. Complete 3D images of the samples during whole load-

ing history are recorded and analyzed by digital volume correlation method. Full non-uniform

strain fields of samples are determined and averaged global strains are calculated. As novelty,

we particularly focus on the effects of bedding planes and confining stress on strain fields. The

results indicate that the structural anisotropy of COx claystone has a strong influence on the local

strain distribution and cracking process. The confining stress has also an important impact on the

strain fields and failure modes of samples in the triaxial tests. The cracking process of samples is

strongly correlated with radial strain distribution.

Keywords: Claystone, X-ray micro-tomography, Digital volume correlation, Strain field, Triaxial

compression, Anisotropy
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1. Introduction

Claystone is considered as potential geological barriers in several countries for underground

disposal of radioactive waste (Félix et al., 1996, Birkholzer et al., 2012), due to its low perme-

ability and self-sealing properties (Zhang, 2011, Liu et al., 2016, 2018b). Predictions of mechan-

ical and time-dependent behaviour are essential for the evaluation of underground integrity. For

this, it is generally accepted that a multi-scale experimental approach that combines measure-

ment of mechanical properties and time-dependent measurements with micro-structure studies is

required to determine the deformation mechanism and develop constitutive equations based on

micro-mechanics. A lot of experimental studies, at different scales, have been performed to char-

acterize mineralogy (Robinet, 2008, Robinet et al., 2012, Armand et al., 2014, Robinet et al.,

2015), micro-structure (Hicher et al., 1994, David et al., 2007, Laurich et al., 2014, Desbois et al.,

2017, Liu et al., 2020) and Thermo-Hydro-Mechanical (THM) properties (Tang et al., 2011, Tsang

et al., 2012, Menaceur et al., 2015, Dao et al., 2015, Liu et al., 2018a, Zhang, 2018). It is found

that most claystones exhibit a more and less important initial anisotropy, and their THM proper-

ties can depend on the loading orientation (Chiarelli et al., 2003, Holt et al., 2011, Ponomaryov

and Sychkina, 2015, Liu et al., 2015, McBeck et al., 2018, Zhang et al., 2019, Liu et al., 2019,

Grgic et al., 2019, Zeng et al., 2020). For instance, the cracking process induced by mechani-

cal and thermo-mechanical loading is influenced by bedding planes. (Hu et al., 2013, Menaceur

et al., 2016, Armand et al., 2017). Standard macroscopic tests only provide global stress-strain

responses of sample. The advantage of micro-mechanical tests presented studies is the possibility
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to investigate the local strain fields in relations with microstructural parameters such as mineral

grains (quartz, calcite, pores).

During the last decades, different kinds of non-destructive techniques, such as BIB-SEM

(Broad Ion Beam and Scanning Electron Microscopy), FIB-TEM (Focussed Ion Beam and Trans-

mitted Electron Microscopy) and other means, have been rapidly developed for the characteriza-

tion of non-uniform deformation and micro-structural evolution (Bésuelle et al., 2006, Buffiere

et al., 2010, Houben et al., 2013, Hemes et al., 2015, Robinet et al., 2015, Desbois et al., 2017,

Laurich et al., 2018, Cartwright-Taylor et al., 2019, Shi et al., 2020). X-ray micro-tomography

has become one of the most widely used non-destructive techniques. The main principles of com-

puterized tomographic imaging can be found in (Kak and Slaney, 2001, Goldman, 2007). This

technique has been successfully applied to the deformation and failure analysis of rock-like ma-

terials. In recent years, several new test systems have been designed allowing the realization of

in-situ tests with X-ray micro-tomographic monitoring (Lenoir et al., 2007, Suuronen et al., 2013,

Kaufhold et al., 2016, Yang et al., 2017, Shi et al., 2021b). For in-situ tests of rock-like materials

under X-ray monitoring, some researchers have accomplished uniaxial and triaxial experiments.

Sun et al. (2017) carried out the real-time uniaxial compression scanning test on cement paste by

medical X-ray computed tomography and explored the patterns of porosity evolution during the

bearing failure of cement paste backfill. Li et al. (2017) obtained the deformation process of Long-

maxi shale under uniaxial compression by X-ray micro-tomography. Birdwell et al. (2013) utilized

a uniaxial confinement clamp to investigated fracture development during thermal maturation on

Woodford Shale cores by X-ray computed tomography. Recently, Song et al. (2020) explored the

anisotropy related to the loading direction of coal, and a series of uniaxial compression tests were
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performed. The microstructure and anisotropy were characterized by X-ray micro-tomography.

McBeck et al. (2018) and Renard et al. (2019) completed triaxial tests on the Green River shale

and sandstone on an X-ray synchrotron platform using the X-Ray-Transparent Triaxial Deforma-

tion Apparatus and quantified the 3D strain fields and fracture coalescence with DVC method.

Cartwright-Taylor et al. (2020) introduced a network of microcracks into an Ailsa Craig micro-

granite sample by heat treatment and investigated the effect of microstructural parameters on the

evolution and localization of a random nanoscale crack network by triaxial compression tests on

an X-ray synchrotron radiation platform.

High-resolution and high-contrast images obtained from X-ray micro-tomography can be an-

alyzed by different mathematical methods to quantify the full-field and local strains. Various

mathematical methods based on Digital Image Correlation (DIC) to solve 2D problems and Digi-

tal Volume Correlation (DVC) to solve 3D problems are widely used. The combination of X-ray

micro-tomography and DIC/DVC has successfully been used to explore full-field and local dis-

placement and strain in different kinds of materials (Louis et al., 2006, Viggiani et al., 2013, Mao

et al., 2019, Lorenzoni et al., 2020). However, only a few studies have so far been devoted to

quantitative analysis of full-field and non-uniform local strains as well as cracking processes un-

der complex triaxial compression conditions.

Due to various technical difficulties such as the application of confining stress, triaxial com-

pression tests with X-ray micro-tomography imaging is not easy to perform. In this work, we com-

bine X-ray micro-tomography and DVC to investigate the deformation and failure of the Callovo-

Oxfordian (COx) claystone under triaxial compression. The full-field and local strains as well as

the development of cracks in the samples were characterized. Five in-situ triaxial compression
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tests were performed with X-ray micro-tomography and the acquired images were quantitatively

computed by DVC. Finally, the computation results were displayed intuitively through visualiza-

tion software such as Avizo. Full-field and local strains were discussed, as well as induced cracks.

The emphasis was put on the analysis of the anisotropy of the triaxial strain fields, the effects of

initial and induced cracks and the failure modes of the samples.

2. Material and methods

2.1. Material characterization and sample preparation

The tested samples of claystone in this study are originally drilled from the COx argillaceous

formation of Meuse/Haute-Marne in the underground research laboratory at Bure by the National

Agency for the Management of Radioactive Waste (ANDRA). The mineral composition can vary

within the stratigraphic levels. In general, the average distribution of minerals in the formation

is: 50-55% clay minerals, 20-25% carbonate, ∼20% tectosilicates and ∼3% heavy metal minerals

(e.g. pyrite and iron oxide). The clay mineral constitutes a quasi continuous matrix in which the

other mineral grains are embedded (Robinet, 2008). The size of these mineral grains is about a

few tens of micrometers. The composition of clay minerals is relatively constant: the volume

ratio of interstratified illite-smectite, illite and kaolinite-chlorite is approximately 4:2:1 (Armand

et al., 2013). However, it is easy to give an accurate estimation on the average size of the various

clay aggregates. It is at the scale of a tens of nanometers. It is then not possible to identify

such clay mineral particles with the micro-tomography used in this study. Moreover, the inter-

particular voids represent the majority of porosity of the clay matrix and the average porosity varies

between 14% and 21%. Due to a very small average pore diameter (∼ 20 nm), the permeability
5



of claystone is quite low (10−18 to 10−20 m2). The natural water content is between 5% and 8%

(Armand et al., 2014, Liu et al., 2016). As a summary, at the mesoscale (scale of calcite and

quartz grains), the COx claystone can be seen as a heterogeneous material composed of a clay

matrix containing a random distribution of mineral grains. More information on the mineralogy

and micro-structure can be found in previous studies (Robinet, 2008, Harrington et al., 2012, Wang

et al., 2013, Pardoen et al., 2018). Figure 1 demonstrates the mesostructure of the COx claystone

obtained by synchrotron X-ray micro-tomography.

Figure 1: 3D distribution of simplified minerals (Robinet, 2008)

The samples tested in this study are drilled from different orientations with respect to the

bedding planes so that we can evaluate the effects of anisotropy on the mechanical properties of

the COx claystone. The drilling orientation is defined by the angle θ between the drilling axis

and the bedding planes. The five selected values of the angle are θ = 0◦, 30◦, 45◦, 60◦ and 90◦

respectively. A total of five samples were deformed in the triaxial compression tests. The core

identification and size of samples are given in Table 1. For the sake of convenience, the values

of elastic properties and failure stress obtained from the tests presented below are put in the same
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table. The tested samples were drilled from three different large cores, which were about 79 mm

in diameter and 300 mm in length and conserved in a special container (Conil et al., 2018). Due to

the complex preparation procedure and the small size of the samples, the moisture content of the

samples was inevitably reduced by approximately 50% (from an average value of 6.9% to about

4.0%). It is important to point out that during the sample preparation and conservation, a number

of cracks can be induced in the samples. This phenomenon is amplified when there is an important

lose of waste content in the samples.

Table 1: Core identification, size and mechanical properties of five samples with different orientations

Rock core Directiona Diameter Length Failure stress Axial elastic modulus Poisson’s Ratio

θ (mm) (mm) qpeak/(MPa) E/(GPa) ν

EST58125 0◦ 4.10 7.80 52 9.3 0.21

EST58125 30◦ 4.20 7.02 21 6.9 0.22

EST58125 45◦ 3.53 8.48 27 6.6 0.16

EST60710 60◦ 3.97 7.88 28 7.6 0.23

EST57926 90◦ 4.10 7.60 44 5.5 0.14

a Note: “Direction” is the orientation of the sample’s vertical center axis with respect to the bedding planes.

2.2. In-situ triaxial device

A special triaxial compression device (as shown in Figure 2) was used in this research to

realize in-situ triaxial compression tests with X-ray micro-tomographic imaging. For the purpose

of obtaining high-quality images, the confining pressure cell of the triaxial device is made of a

special x-ray transparent polycarbonate with a high tensile and compressive strength. For a sample

with a diameter of about 4 mm, a confining pressure of up to 6 MPa and an axial pressure of up

to 70 MPa can be applied. As shown in Figure 2(a), the table surfaces in contact with the sample
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are also made of the same polycarbonate as the confining cell to reduce contrast at the sample

ends in the tomographic images. The device is suitable for oil pressure loading, the axial stress is

applied through the indienter and the confining pressure is applied through the base into the cell.

In this study, the axial stress and confining pressure were managed by stress-controlled mode with

a loading rate of 0.2 MPa/min. All triaxial compression tests were carried out in a conventional

room with a constant temperature (19 ± 0.5°C).

(a) In-situ triaxial test device (b) Sample with rubber sleeve in-
side the triaxial device

Figure 2: Triaxial test system

2.3. X-ray micro-tomography

X-ray microtomography is a versatile and non-destructive imaging tool, which is increasingly

being applied to the meso- and micro-structure research of geotechnical materials. In this study, the
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triaxial compression tests were conducted on the In-Situ Innovative Set-ups under X-ray Micro-

tomography (ISIS4D) platform (as shown in Figure 3) using a computational tomography system

Ultra TomR from RX Solutions. In the present study, a 100 kV acceleration voltage is selected

with a filament current of 55 µA. Two different voxel sizes of ∼5 µm and ∼6 µm are obtained re-

spectively for the tested samples (θ = 0◦ achieves ∼5 µm and others achieve ∼6 µm). The samples

are irradiated by a beam coming from an X-ray source and rotated a fraction of degree along their

vertical axises until a 360◦ turn. A flat-panel detector (1874×1496 pixels, pixel size 127 µm) has

been selected and 1440 radiographs will be taken. The series of acquired 2D radiographs uses

a filtered back projection algorithm for 3D reconstruction. Then, the newly 3D images required

for the calculation of digital volume correlation can be obtained. Finally, the visualization of 3D

images is handled by software such as Avizo and ImageJ.
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Figure 3: In-situ triaxial compression test of X-ray microtomography

2.4. Digital volume correlation

Digital Volume Correlation (DVC) is a 3D extension of the well-developed Digital Image

Correlation (DIC) approach (Chu et al., 1985, Bay et al., 1999). The basic principles of DVC are

given in previous research (Kak and Slaney, 2001, Besnard et al., 2006). A DVC platform called

YADICs (Seghir et al., 2014), developed in Laboratoire de Mécanique Multiphysique Multiéchelle

(LaMcube) was used in the this study. The steps of the DVC process with YADICs are shown in

Figure 4. The platform is based on C++, and optimized to process 3D volumes in a reduced

time. To identify displacements, several parameters have to be defined: a metric, a sampling, an

interpolator, a transformation, an optimizer and finally a regularization method. More details can
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be found in (Shi et al., 2020, Shi, 2020).

Figure 4: The steps of the DVC process with YADICs

Choosing an appropriate size of element is essential for the calculation of DVC. The results

of the local strain calculations show a diffusion phenomenon, i.e., large element size increases the

diffusion phenomenon around the local strain concentration zones. Figure 5 illustrates a specific

exemplification. Strain fields are calculated by different sizes of elements respectively containing

8, 16, 32 and 64 voxels. The obtained results are strongly sensitive to the element size. In addition,

the uncertainty of the displacement field is widely used as a parameter to evaluate the calculation

accuracy of DVC. This uncertainty is computed by the standard deviation of the displacement

between two images. In this study, a translation of about few microns relative to the reference

position was used as the computation of uncertainty. Then, the standard deviation of the displace-

ment field is computed for all the components in three directions. Figure 6 shows the evolution of

uncertainty when the element size varies from 4 to 64 voxels. Although the uncertainty of high

resolution is higher than that of low resolution, the description of local strain is much better. It

is worth noting that all the values of uncertainty obtained here are quite small. Considering the
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results of strain localization, the calculated time of DVC and the uncertainty of the displacement

fields, the element size with 8 voxels is selected here for the DVC calculation of all triaxial tests.

As mentioned previously, the voxel size of the sample with θ = 0◦ is ∼5 µm and the voxel sizes of

the other four samples are about ∼6 µm. The pores in the COx claystone are mainly distributed at

the nanoscale. The pores in the COx claystone are mainly distributed at the nanoscale (Robinet,

2008). At the micron scale in this study, the pores represent approximately 0.3-0.5% of the total

volume of the sample. For hard inclusions, the volume fraction is approximately 0.5% -1.0% (Shi,

2020). However, the hard inclusions are very irregular in shape and widely ranging in size (from

a few voxels to several thousand voxels). From a large number of calculations, the results for a

DVC window size of 8 voxels have difficulty in reflecting the influence of hard inclusions within

100 voxels on the strain fields.

Figure 5: Dependency of calculated axial strain field (%) on element size: (a) 8 voxels, (b) 16 voxels, (c)
32 voxels and (d) 64 voxels
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Figure 6: Variations of uncertainty for three components of displacement with different element sizes in
DVC calculations in the triaxial test

3. Main results and discussions

3.1. Evolution of average strains

Traditional laboratory testing techniques for measuring deformation such as strain gauges and

displacement transducers are not able to provide detailed strain distribution inside samples. Based

on highly contrasted 3D tomographic images, DVC technology provides an effective means to

quantitatively calculate the local and global displacement and strain fields. McBeck et al. (2018)

investigated the deformation processes of micro-strain localization in the Green River shale and

the impact of mechanical anisotropy on micro-strain localization using the European Synchrotron

Radiation Facility and and DVC.

The global stress-strain relationships of the five claystone samples are shown in Figure 7.

It should be noted that points representing the failure strength of each sample were not acquired,
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therefore they cannot be present in Figure 7 (except for the sample with θ = 30◦). This is explained

by the difficulties of the tested sample being scanned at precisely the peak strength. The values

of the failure strength for each sample can be found in Table 1. Under the same deviatoric stress,

the average radial strains of the tested samples are significantly smaller than the average axial

strains. The failure strengths of the three samples with inclined bedding planes (θ = 30◦, 45◦

and 60◦) are significantly lower than the other two samples (θ = 0◦ and 90◦), (see Table 1). This

may be affected by the sliding of the bedding planes as well as the initial cracks in the sample.

In addition, the axial elastic modulus of the samples decreases as the θ increases. This indicates

that the anisotropy of the samples is affected by the load orientation relative to the bedding planes.

This result is consistent with the conclusions of existing macroscopic experiments (Niandou et al.,

1997, Zhang et al., 2019). By comparing the results of the tests without confining pressure (see

Figure 8) (Shi et al., 2021a), one can see that the failure strengths of the samples (θ = 0◦ and 90◦)

are significantly enhanced by the applied confining pressure. Furthermore, the confining pressure

acts as a strong constraint on the radial strain for samples with inclined angles, e.g. samples with

θ = 45◦ and 60◦.
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Figure 7: Deviatoric stress versus average radial and axial strains for the five tested samples under a confin-
ing pressure of 6 MPa

Figure 8: Axial stress versus average radial and axial strains for the five tested samples without confining
pressure (Shi et al., 2021a)
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Two complete loading-unloading paths are carried out for the samples (θ = 30◦ and 90◦) (as

shown in Figure 9). For the sample with θ = 30◦, one can see that at about 2/3 of the failure

deviatoric stress, the axial elastic strain exceeds 90% of the total axial strain, while the radial

elastic strain is only about 30% of the total radial strain. Moreover, the radial non-elastic strain

value is significantly larger than that of the axial non-elastic strain. Further viewing the chart of the

sample with θ = 90◦, one can find that, in contrast to the sample with θ = 30◦, the axial non-elastic

strain value is several times larger than the radial one. These results reveal that the strain field

in the COx claystone is clearly non-uniform and that the deformation of the samples is strongly

influenced by the bedding planes. This finding is consistent with the studies by Grgic et al. (2019),

Zhang et al. (2019).
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(a) θ = 30◦

(b) θ = 90◦

Figure 9: Deviatoric stress versus average radial and axial strains of the tested samples

At the scale of tested samples, the presence of mineral grains such as quartz and calcite affects

the distribution of local strain in the samples. Moreover, during the drilling of cores, preparation

and conservation of samples, some cracks can be created in the samples. The existence of suck

cracks also affects the local strain field of the samples. Figure 10 shows an example of the sample
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with θ = 30◦. Benefiting from the comprehensive control of the reconstructed images from sam-

ples by DVC technology, the deformation and strain of any selected local zone can be calculated.

The effective computational zone of the sample with θ = 30◦ is equally divided into two parts (Top

and Bottom) along the longitudinal orientation. In Figure 10(a), the initial crack is completely

contained within the Top part. The points in Figure 10(b) represent the height of the center posi-

tion of each part. One can see that the average axial and radial strains (blue color) in the Top part

are larger than those in the Bottom part at a medium axial stress. Under peak axial stress, the axial

and radial strains (red color) in the Top part are much larger than those in the Bottom part. This

difference mainly comes from the crack being compressed and sliding.

(a) Example of cracks incduced during sam-
ple preparation and conservation (θ = 30◦)

(b) Average strains of different parts in the sample (θ = 30◦)

Figure 10: Average strains of different parts in the sample (θ = 30◦)

3.2. Non-uniform full-field strains

As a significant advantage with respect to traditional measurement means, the application of

DVC to X-ray micro-tomographic images allows the computation of non-uniform full-field strains
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of the sample. Then the full-field strains can be achieved through visualization software such as

Avizo. All the axial strain fields and partial radial strain fields (the sample with θ = 30◦) of the five

samples under different axial stress levels with a confining pressure of 6 MPa are shown in Figure

11 to 15. To facilitate the observation of compression and dilation zones in strain fields, red colour

is defined as compression and blue colour as dilation in this manuscript.

From a global perspective, the axial strain fields of the five samples exhibit a strong layered

pattern, which is closely related to the orientations of the bedding planes. The layered direction

of the axial strain field for the sample with θ = 0◦ (see Figure 11) is almost identical to that

of the sample with θ = 90◦ (see Figure 15). And the layered direction is perpendicular to the

direction of the load. This should be caused by the closure of the initial micro-cracks. Moreover,

a number of micro-cracks are produced during the processing of the samples. The orientation of

those crack is random, but it seems that most cracks are oriented along the bedding planes. The

layered phenomenon is obvious and the global axial strain under a given axial stress is larger for

the sample with θ = 90◦ than that of the sample with θ = 0◦. This probably indicates that there

is a progressive compaction of weak layers around bedding planes. Additionally, the strain fields

present a strong non-symmetry in the vertical direction. This may be caused by the non-uniform

distribution of mineral inclusions of the COx claystone or by a test defect (axial stress not being

perfectly perpendicular to the end face of the sample). These phenomena above are consistent

with the results of the available uniaxial tests (Shi et al., 2021b,a).

The axial and radial strain fields of the sample with θ = 30◦ under different axial stresses

are shown in Figure 12. As can be seen in Figures 12(a) and 12(d), this sample has a significant

initial crack and several new cracks have been generated at peak state. The orientation of the
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new cracks is highly consistent with the orientation of the bedding planes (see Figure 18(b)). The

same phenomenon was reported in the research performed by Grgic et al. (2019). Under the axial

stress of 20 MPa, the initial crack zone exhibits significant compression deformation along the

orientation of the axial pressure. At this moment, the initial crack has no significant effect on

the distribution of radial strain (see Figure 12(c)). At the peak stress (σ1 = 27 MPa), one can

see particularly large axial strains (>1.5%) around the initial crack and new crack zones. At this

point, the influence of the initial crack on the distribution of radial strain can still be considered

insignificant. However, the influence of new cracks on the radial strain is remarkable. The radial

dilation strain in the entire zone is in excess of 2% (see Figure 12(f)).

In order to better investigate the influence of cracks on local strain, three representative hor-

izontal slices (positions are shown in Figure 16) are selected. The distributions of accumulated

axial and radial strains on the selected slices are presented in Figure 17 for the tested sample

(θ = 30◦) under peak state. An initial crack (thicker) and several new cracks (thinner) can be seen

on each selected slice. It can be seen that the axial strains in the initial crack zones of the three

slices are very large (red color). For the new cracks that intersect with the initial crack, a relatively

large axial local strain can be observed only on slice-850. The local radial strain around the new

cracks on the left side of the initial crack is plainly larger than other zones. Interestingly, the local

radial strain in the zone where the initial crack and the new cracks overlap is considerable. In ad-

dition, the local dilation zone appears next to the largest compression zone in the axial strain field

(see Figure 17(h) (dark blue color)). This would be due to the presence of the initial crack causing

a strong compression band, which led to a relatively minor tensile zone in the nearby weak zone.

Further complicating factors need to be further investigated. Vertical slices of the tested sample
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with θ = 30◦ under peak stress is displayed in Figure 18. As can be seen in Figure 18(a), the local

dilation radial strains (blue) are mainly concentrated around the new cracks zones, and a small

amount is distributed in the initial crack zone. Large local compression axial strains (red color in

Figure 18(c)) are on the contrary, mainly concentrated in the initial crack zone and a small amount

is distributed around the new cracks. The results of this test reveal that tensile cracks in the sample

at the peak state are the main reason for the sample failure. Tensile cracks are reflected in the

strain fields by dilation in the radial direction and sliding (compression) along the orientation of

the maximum principal stress.

The influence of hard inclusions (high-density zones) on the axial strain field is considerable.

This influence is related to the size of inclusions. In general, large hard inclusions induce large

concentrated local strains (see Figures 13 and 14). However, it is not easy at this stage to pro-

vide a quantitative estimation of the critical size of inclusions. These hard inclusions are mainly

metal oxides. During the geological deposition process, metal oxide is accompanied by an enor-

mous production of hydrogen, which results to the formation of numerous nano- to micron-scale

micro-pores in the clay matrix surrounding the metal oxide zones (Robinet, 2008, Didier et al.,

2012). Consequently, strain concentrations are enhanced in these weak porous material zones.

This phenomenon was also completely observed in the uniaxial tests (Shi et al., 2021a).

It is worth noticing that in the current study, shear strain fields are not calculated, knowing

that those ones could be interesting for the analysis of strain localization in relation with bedding

plane orientation. However, in a three-dimensional cylinder sample, it is difficult to calculate shear

strains. In our previous study (Shi et al., 2021a), we have considered strain invariants such as von

Mises strain. But the conclusion was not really relevant. After comparison, it seems pertinent
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to consider axial and radial strains as the main outputs. As presented above, these strains are

directly affected by local strain concentration and clearly influenced by bedding plane orientation.

Moreover, they can be easily calculated.

(a) σ1 = 6 MPa, σ3 = 6 MPa (b) σ1 = 29.8 MPa, σ3 = 6 MPa

(c) σ1 = 41 MPa, σ3 = 6 MPa (d) σ1 = 48.5 MPa, σ3 = 6 MPa

Figure 11: Distributions of accumulated axial strain fields (%) in the sample with θ = 0◦ under different
loads
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(a) σ1 = 6 MPa, σ3 = 6 MPa (b) σ1 = 20 MPa, σ3 = 6 MPa (c) σ1 = 20 MPa, σ3 = 6 MPa

(d) σ1 = 6 MPa, σ3 = 6 MPa (e) σ1 = 27 MPa, σ3 = 6 MPa (f) σ1 = 27 MPa, σ3 = 6 MPa

Figure 12: Distributions of accumulated axial and radial strain fields (%) in the sample with θ = 30◦ under
different loads: (a) and (d) are the grayscale maps of the initial and peak states respectively; (b) and (e) are
the distributions of axial strains; (c) to (f) are the distributions of radial strains
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(a) σ1 = 6 MPa, σ3 = 6 MPa (b) σ1 = 16 MPa, σ3 = 6 MPa (c) σ1 = 21 MPa, σ3 = 6 MPa

(d) σ1 = 26 MPa, σ3 = 6 MPa (e) σ1 = 31 MPa, σ3 = 6 MPa

Figure 13: Distributions of accumulated axial strain fields (%) in the sample with θ = 45◦ under different
loads
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(a) σ1 = 6 MPa, σ3 = 6 MPa (b) σ1 = 14 MPa, σ3 = 6 MPa (c) σ1 = 18 MPa, σ3 = 6 MPa

(d) σ1 = 22 MPa, σ3 = 6 MPa (e) σ1 = 26 MPa, σ3 = 6 MPa (f) σ1 = 30 MPa, σ3 = 6 MPa

Figure 14: Distributions of accumulated axial strain fields (%) in the sample with θ = 60◦ under different
loads
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(a) σ1 = 6 MPa, σ3 = 6 MPa (b) σ1 = 16 MPa, σ3 = 6 MPa

(c) σ1 = 29.5 MPa, σ3 = 6 MPa (d) σ1 = 40.7 MPa, σ3 = 6 MPa

Figure 15: Distributions of accumulated axial strain fields (%) in the sample with θ = 90◦ under different
loads
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Figure 16: Positions of selected slices in the sample (θ = 30◦) for cracking analysis under peak state
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(a) Slice 750 (b) Axial strain (c) Radial strain

(d) Slice 800 (e) Axial strain (f) Radial strain

(g) Slice 850 (h) Axial strain (i) Radial strain

Figure 17: Axial and radial strains (%) distribution maps of horizontal slices at different positions of the
sample (θ = 30◦) under peak state
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(a) Radial strain (b) Longitudinal slice (c) Axial strain

Figure 18: Axial and radial strains (%) distribution diagrams of a vertical slice through the longitudinal axis
of the sample (θ = 30◦) under peak state

3.3. Analysis of failure modes

The failure states of the samples after triaxial tests were constructed and are shown in Figure

19. In uniaxial tests, cracking patterns of the COx claystone are clearly influenced by loading

orientations with respect to bedding planes (Shi et al., 2021a). Nevertheless, the presence of

confining pressure significantly diminishes this effect in the triaxial tests. The major cracks of the

samples from θ = 0◦ to 90◦ have a similar inclination (yellow lines). These major cracks have

angles with respect to the horizontal in a small range between 60◦ and 66◦. The sample with

θ = 30◦ is more complex in the failure mode due to the presence of the initial crack. In terms of

fragmentation after sample failure, samples with θ = 30◦ and 60◦ were more severely disrupted

(The sample with θ = 45◦ failed to be reconstructed as it was too crushed). This was probably

caused by the weak strength of bedding planes. A group of sub-parallel secondary failure cracks
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(in the red box) can be seen in Figure 19(c). These cracks would be caused by the opening or

sliding of bedding planes in terms of their positions and inclined angles. Similarly, several quasi-

horizontal secondary cracks can be seen (in the red box) in Figure 19(d).

(a) θ = 0◦ (b) θ = 30◦

(c) θ = 60◦ (d) θ = 90◦

Figure 19: 3D reconstruction of tested samples with different loading orientations after failure

4. Conclusions

In this study, in-situ triaxial compression tests have been performed on intact and damaged

COx claystone samples using a new triaxial device. X-ray micro-tomography and Digital Volume
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Correlation (DVC) were successfully applied to the in-situ triaxial tests on samples of COx clay-

stone. This approach surpasses the traditional measurements and achieves the computation and

analysis of full-field and local strains on an anisotropic material under complex stress conditions.

Five samples with different orientations relative to bedding planes were successfully deformed

during in-situ triaxial compression tests with a confining pressure of 6 MPa on a X-ray micro-

tomography platform. Both average and local strains of the tested samples are presented. The

effects of structural anisotropy have been considered by comparing five different loading orienta-

tions.

With the help of the DVC approach, both axial and radial full-field strains of the COx samples

are demonstrated. The effects of cracks on local strains have been emphatically analyzed. It is

found that the large local strains prefer to produce around the initial cracks and along the loading

orientations. Partial results certificate that new cracks are induced by radial dilation deformations.

The influences of confining pressure on full-field strains and failure modes have also been anal-

ysed. The results indicate that confining pressure reduces the contributions of the bedding planes

to the failure modes of the samples. In addition, a strong limitation on radial strain was found in

comparison to previous tests without confining pressure.

The DVC results demonstrate that hard inclusions with volumes larger than a certain size

will cause localized concentration strains. This should be attributed to the great difference in

deformation modulus. However, at this stage, it is not easy to provide a quantitative definition

of the critical inclusion size with respect to the sample size. More in-depth studies remain to be

accomplished.

COx claystone is an anisotropic material. Local deformations of the samples are clearly in-
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fluenced by bedding planes and cracks induced during sample preparation and conservation. This

influence comes mainly from the compressed and sliding of bedding planes and cracks. More

research on this material under different environmental conditions will continue in future work.

Furthermore, only a small number of samples were tested in this work and one single test was

conducted for each loading case. Additional studies should be envisaged to investigate the uncer-

tainty of key mechanical properties.
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Shi, H., Hosdez, J., Rougelot, T., Xie, S., Shao, J., Talandier, J., 2021a. Influences of structural anisotropy and

heterogeneity on three-dimensional strain fields and cracking patterns of a clay-rich rock. Acta Geotechnica 16 (7),

2175–2187.

Shi, H., Hosdez, J., Rougelot, T., Xie, S., Shao, J., Talandier, J., Lacidogna, G., 2020. Digital volume correlation

applied to x-ray micro-tomography images in uniaxial creep tests on anisotropic clayey rock. Applied Sciences

10 (14), 4898.

Shi, H.-L., Hosdez, J., Rougelot, T., Xie, S.-Y., Shao, J.-F., Talandier, J., 2021b. Analysis of local creep strain field

and cracking process in claystone by x-ray micro-tomography and digital volume correlation. Rock Mechanics and

Rock Engineering 54 (4), 1937–1952.

Song, H., Zhao, Y., Elsworth, D., Jiang, Y., Wang, J., 2020. Anisotropy of acoustic emission in coal under the uniaxial

37



loading condition. Chaos, Solitons & Fractals 130, 109465.

Sun, W., Hou, K., Yang, Z., Wen, Y., 2017. X-ray ct three-dimensional reconstruction and discrete element analysis

of the cement paste backfill pore structure under uniaxial compression. Construction and Building Materials 138,

69–78.

Suuronen, J.-P., Kallonen, A., Eik, M., Puttonen, J., Serimaa, R., Herrmann, H., 2013. Analysis of short fibres orienta-

tion in steel fibre-reinforced concrete (sfrc) by x-ray tomography. Journal of Materials Science 48 (3), 1358–1367.

Tang, C., Tang, A. M., Cui, Y.-J., Delage, P., Schroeder, C., Shi, B., 2011. A study of the hydro-mechanical behaviour

of compacted crushed argillite. Engineering geology 118 (3-4), 93–103.

Tsang, C.-F., Barnichon, J., Birkholzer, J., Li, X. L., Liu, H., Sillen, X., 2012. Coupled thermo-hydro-mechanical

processes in the near field of a high-level radioactive waste repository in clay formations. International Journal of

Rock Mechanics and Mining Sciences 49, 31–44.

Viggiani, G., Besuelle, P., Desrues, J., 2013. X-ray micro tomography as a tool for studying localized dam-

age/deformation in clay rock. Tech. Rep. 1.
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