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Toarcian claystone such as that of the Callovo-Oxfordian is a qualified multiphase material. The claystone
samples tested in this study are composed of four main mineral phases: silicates (clay minerals, quartz,
feldspars,micas) (z86%), sulphides (pyrite) (z3%), carbonates (calcite, dolomite) (z10%)andorganickerogen
(z1%). Three setsofmeasurementsof themodulusofdeformabilitywere compared asdetermined in (i) nano-
indentation tests with a constant indentation depth of 2 mm, (ii) micro-indentation tests with a constant
indentation depth of 20 mm, and (iii) meso-compression tests with a constant displacement of 200 mm. These
three experimentalmethods have already been validated in earlier studies. Themain objective of this study is
to demonstrate the influence of the scaling effect on the modulus of deformability of the material. Different
frequency distributions of the modulus of deformability were obtained at the different sample scales: (i) in
nano-indentation tests, the distribution was spread between 15 GPa and 90 GPa and contained one peak at
34 GPa and another at 51 GPa; (ii) in themicro-indentation tests, the distributionwas spread between 25 GPa
and 60 GPa and displayed peaks at 26 GPa and 37 GPa; and (iii) in the meso-compression tests, a narrow
frequency distributionwas obtained, ranging from 25 GPa to 50 GPa and with a maximum at around 35 GPa.
� 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the mechanical behaviour of claystone is of
critical importance for nuclear waste storage. Previous studies of
this material have mostly focused on its mechanical properties at
the macroscopic scale. The tests were generally performed on
20 mm or 38 mm diameter cylindrical samples with a length to
width ratio of 2, given that the sample lengths are 40 mm and
76 mm, respectively (Chiarelli et al., 2003; Shao et al., 2006; Hoxha
et al., 2007; Jia et al., 2010). Micro-macromechanical approaches
linked to macroscopic tests have also been attempted on this ma-
terial, most notably in the study of Shen et al. (2012).

In order to better understand the instantaneous mechanical
behaviour of the claystone at different sample scales, we conducted
three series of measurements for this study: (i) nano-indentation
tests, in which the volume of material tested each time was around
0.001 mm3; (ii) micro-indentation tests, in which around 1 mm3 of
material was tested; and (iii) meso-compression tests, performed on
around 250mm3 ofmaterial. The representative elementary volume
r (C. Auvray).
f Rock and Soil Mechanics,

s, Chinese Academy of Sciences. Pr
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(REV) of the material is in the order of 0.001 mm3 (Robinet, 2008;
Robinet et al., 2012). Consequently, a single nano-indentation mea-
surement takes into account only one REV, and in contrast, a meso-
compression test requires a sample with a volume of 1 �106 REV.

The experimental techniques adopted for the three types of tests
have alreadybeenvalidatedonothermaterials: (i) Callovo-Oxfordian
claystone from the ANDRA Underground Research Laboratory (URL)
at Meuse/Haute-Marnes (France), on which both nano- (Magnenet
et al., 2011a,b; Auvray et al., 2013, 2015; Arnold et al., 2015) and
micro-indentation (Magnenet et al., 2009) tests were performed;
and (ii) iron minerals from underground mines in Moselle (France),
and (iii) limestone quarries in Lavoux (France), onwhich micro- and
meso-compression tests were performed (Grgic et al., 2013).

In the present study, the values of the moduli of deformability
measured in the tests performed at the three different scales were
compared in order to quantify the modulus-volum relationship.
2. Multi-scale mechanical tests

2.1. Typical characteristics of the rock materials

The claystone samples studied are a qualified multiphase ma-
terial composed of four principal mineral phases: silicates of about
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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86% (clays, 55%; quartz, 19%; feldspars/micas, 12%), sulphides of
about 3% (pyrite), carbonates of about 10% (calcite, dolomite), and a
form of organic kerogen of about 1% (Niandou, 1994; Schmitt et al.,
1994; Niandou et al., 1997; Charpentier et al., 2001, 2004; Tinseau
et al., 2006; Savoye et al., 2008).

The typical physical properties of the claystone are given in
Table 1 (Niandou, 1994; Schmitt et al., 1994; Niandou et al., 1997;
Chiarelli et al., 2003; Zhang and Rothfuchs, 2004).
2.2. Experimental equipment

The technical specifications of the nano- and micro-indentation
testers and mini-compression (triaxial) cell are provided in Table 2.
Fig. 1. Nano-indentation tester (A: Optical microscope, B: Atomic force microscope,
C: Nano-indenter).
2.2.1. Nano-indentation press
The nano-indentation apparatus consists of two cells, one of

which contains the nano-indenter (CSM-Instruments) and the
other contains an optical microscope for viewing the surface of the
sample (Fig. 1).

For the nano-indentation tests, the surfaces of the sample must
be as flat and as smooth as possible and must lie parallel to the
support-stage axes. The distance between the support-stage plane
and the indented surface must not vary bymore than 5 mm. Though
these requirements are systematic when preparing samples for
indentation tests, it is particularly important that they are adhered
to each other for the nano-indentation experiments (Vandamme,
2008; Miller et al., 2008; Auvray et al., 2015).

The experimental procedure used in this study was developed
by the GeoRessources Laboratory (Nancy, France) and was pre-
sented in Auvray et al. (2013, 2015). The indentation procedure
consists of pressing an indenter into the surface of a sample by
applying an increasing normal load. The procedure is performed in
a repetitive manner at different points on the sample surface at a
constant interval along both the x- and y-axis. The load is directly
applied by an electromagnet assembly attached to a vertical rod,
the end of which houses a standard Berkovich diamond indenter.
Displacement of the rod is measured by a capacitive detector and
the rod is supported by two guide springs (Randall et al., 1997).
2.2.2. Micro-indentation press
In the nano-indentation tests, the surfaces of the sample must

be flat and smooth. The experimental procedure used in this study
was presented in detail in Magnenet et al. (2011b) and Grgic et al.
(2013). In brief, the indentation procedure involves pressing an
Table 1
Typical physical properties of the material tested.

rh (g/cm3) rd (g/cm3) rs (g/cm3) n (%) w (%)

2.38e2.41a 2.18e2.27a 2.68e2.73c 4e9aed 11e15a,b

Note: rh: bulk density; rd: dry density; rs: skeletal density; n: total porosity;
w: natural water content.

a Zhang and Rothfuchs, 2004.
b Chiarelli et al., 2003.
c Niandou, 1994; Niandou et al., 1997.
d Schmitt et al., 1994.

Table 2
Technical specifications.

Testing device Load range (N) Load resolution (N) Maximum depth (mm

Indentation tester 0.001e0.500 4.0 � 10�8 0.2
Micrope tester 0.1e5000 1.0 � 10�5 2.5
Mini-triaxial cell 1e20,000 0.1 2.5
indenter into the surface of a sample by applying an increasing
normal load.

Themicro-indentation press (Agotech) is equippedwith a 5000-
N force sensor. The piston holds a flat indenter tip made of tungsten
carbide. The chosen size of the indenter tip (f ¼ 0.5 mm) is
representative of the micro-structure of the claystone. The size of
the REV is 0.1 mm (Robinet, 2008; Robinet et al., 2012). The
penetration depth corresponds to the mean value of the displace-
ments, as measured using two LVDT sensors, and the force is
measured with a force sensor positioned on the axis of the indenter
tip (Fig. 2).
2.2.3. The compression cell
Meso-scale uniaxial compression tests were performed on

centimetre-scale cylindrical samples (h¼ 10mm, f¼ 5mm) with a
loading rate of 0.25 MPa/min. A mini-triaxial cell was developed in
the laboratory for the meso-compression tests (Fig. 3). The exper-
imental procedure used in this study was presented in detail in
Grgic et al. (2013). In this assembly, the confining fluid is prevented
from penetrating the rock specimen by means of a flexible sleeve
placed around the cylindrical sample. The confining pressure is
zero as the tests are essentially uniaxial compression tests. A self-
compensated axial piston is used, and the cell is autonomous and
does not require an external load press. Axial and transverse de-
formations were measured using four extensometers. Two of the
gauges were diametrically opposed and used to measure axial
deformation, and the other two gauges were used for measuring
transverse deformation.
2.3. Equations for the modulus of deformability

The model of Oliver and Pharr (1992, 2004) was used for the
nano- and micro-indentation tests. This model allows the Young’s
modulus (Eit) of the indented zone to be derived from loade
) Depth resolution (mm) Maximum load rate (N/s) Indenter

4.0 � 10�8 4.0 � 10�3 Berkovich
0.01 0.5 Flat (f ¼ 0.5 mm)
0.01 5 e



Fig. 2. Micro-indentation tester.

Fig. 3. Mini-triaxial cell.
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displacement curves (Fig. 4), using the equation for the reduced
modulus, Er:

Er ¼ s
ffiffiffiffi
p

p

2b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ApðhcÞ

p (1)

where s is the elastic unloading stiffness, defined as the tangent of
the unloading curve; b is a correction factor related to the geometry
of the indenter; Ap(hc) is the projected contact area of the inden-
tation as a function of the contact depth; and hc can be obtained
from
hmax

Fmax

Unload

Load

S = dF/dh

h

F

F/dh

o

Fig. 4. Nano- and micro-indention tests e typical loadedisplacement curve.
hc ¼ hmax � a
Fmax

s
(2)
where Fmax is the load value before unloading and a is a coefficient
that depends on the indenter geometry.

From a theoretical point of view, the tangent (S ¼ df/dh) is
calculated between the start of the unloading phase and the end of
the linear part of this phase, as shown in Fig. 4. In order to ensure
repeatability and avoid any variability in the measurement of the
slope S in our tests, the tangent was systematically measured be-
tween the start of the unloading phase and 50% of the unloading.

The Young’s modulus of the indented material is then obtained
using:

1
Er

¼ 1� n2it
Eit

þ 1� n2i
Ei

(3)

where (Ei ¼ 1141 GPa) and (ni ¼ 0.07) are the elastic modulus and
Poisson’s ratio of the indenter, respectively; nit and Eit are the
Poisson’s ratio and modulus of deformability of the indentation
zone, respectively.

According to the earlier experimental and numerical studies in
which experimental conditions were applied, the mean Poisson’s
coefficient attributed to this material is equal to 0.30 (Niandou,
1994; Niandou et al., 1997; Homand et al., 2006; Kazmierczak
et al., 2008; Magnenet et al., 2011a,b; Auvray et al., 2015).

In themeso-compression tests, the modulus of deformability (E)
is derived from strain-deformation curves (Fig. 5) using the
following equation in accordance with the NF P94-425-2002
(2002) standard:

E ¼ Dðs1 � s3Þ
D 3a

(4)

where (s1 � s3) represents the deviatoric stress in triaxial config-
uration of revolution (in this case, s3 ¼ 0) and 3a corresponds to the
mean axial deformation recorded by the gauges.

2.4. Measurement protocols

The test programme consisted of three series of measurements
(nano- and micro-indentation tests and meso-compression tests).
The number of tests performed in each measurement campaign
depended on the different volumes of materials required for each
test and on the limited amount of materials available. In total, 520
nano-indentation tests, 221 micro-indentation tests, and 21 meso-
compression tests were performed. To avoid any hydromechanical
coupling, tests were performed on partially desaturated material,
achieved by storing samples in atmosphere with 30% humidity for
Fig. 5. Typical stress-axial strain curves of meso-compression test.
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three months prior to testing. These partial desaturation experi-
mental conditions have already been applied in a number of
experimental campaigns, notably in Shao et al. (2006) and Hoxha
et al. (2007). Because of the limited amount of materials available
for the present study, tests could only be conducted with the stress
direction perpendicular to the plane of anisotropy (plane 2e3 in
Fig. 6), which corresponds to the stratification plane. The indenta-
tion and deformation measurements were therefore also made
perpendicular to this plane.

The nano-indentation tests were conducted using the following
parameters:

(1) Loading and unloading rate of 0.03 N/min, and
(2) Measurement of the elastic modulus at a constant depth of

2 mm.

For the micro-indentation tests, the parameters were:

(1) Loading and unloading rate of 30 N/min, and
(2) Measurement of the elastic modulus at a constant depth of

20 mm.

Finally, the following parameters were used for the meso-
compression tests:

(1) Loading and unloading rate of 100 N/min, and
(2) Measurement of the elastic modulus with constant

displacement of 200 mm.

In the indentation tests (nano or micro), any variation in the
indentation depth will likely result in a variation in the modulus,
F

2

3
displacement

F

2

3
displacement or strain

Fig. 6. Displacement or strain in relation to the anisotropic structure of argillite.

Fig. 7. Photographs of indents in argillaceous matrix containing micro- and macro-inclusio
inclusions; (b) Matrix with a high proportion of micro-inclusions; and (c) Matrix containin
because plasticity or damage can be induced when the penetration
depth is too large. In order to avoid this, we used preliminary tests
to determine the maximum depth at which the mechanical
behaviour remained solely elastic, and then fixed the indentation
depth at this value.

Similarly, for the meso-compression tests, preliminary tests
were conducted to allow us to determine the boundary between
elastic and plastic behaviours. We fixed the amount of displace-
ment used for measuring the modulus at this limit.
3. Results and interpretation

Histograms of the modulus values and F/Fm coefficients (F is the
maximum force reached during any given individual test; Fm is the
maximum force reached in all of the tests considered) were
calculated for each set of tests.

Statistical analyses were performed according to the method
proposed by Constantinides et al. (2006). The cumulative distri-
bution function Fexp was fitted by superimposition of three normal
distributions Fk (with k ¼ 1, 2, 3) with mean value mk, standard
deviation sk, volume fraction f k, and Gauss function error erf, which
can be written as

Fi
k ¼ 1ffiffiffiffiffiffiffi

2p
p fk

Zxi�mk
sk

�N

e�
t2
2 dt ¼ 1

2
fk

"
1þ erf

 
xi � mk
sk

ffiffiffi
2

p
!#

(5)

The decision to use three phases was operator-dependent,
and reflected the composition of the claystone by optical mi-
croscopy (Fig. 7): (i) a weak phase likely corresponding to the
clayed matrix; (ii) an intermediate phase in which the clayed
matrix had been hardened in the presence of hard micro-
inclusions; and (iii) a hard phase corresponding to the largest
hard inclusions.

The optimization algorithm consisted of minimizing the cost
function 3, as defined by

3ðPÞ ¼
���Fexp �

X3
k¼1

Fi
k

��� (6)

where P is the vector of parameters to be optimized; f k (k ¼ 1, 2, 3)
is the parameter satisfying the constraint f 1 þ f2 þ f 3 ¼ 1. This
enabled determination of the mean values and standard deviation
of each normal distribution, as well as their volume fractions. The
frequency distributions of the elastic moduli and F/Fm of the three
series of tests are shown in Figs. 8 and 9, respectively.
ns (<1 mm in size) of calcite and quartz. (a) Matrix with a low proportion of micro-
g a calcite macro-inclusion (approximately 30 mm in size).



Fig. 8. Experimental frequency distributions of elastic modulus for (a) nano-indentation, (b) micro-indentation, and (c) meso-compression tests.

Fig. 9. Experimental frequency distributions of F/Fm in (a) nano-indentation, (b) micro-indentation, and (c) meso-compression tests.
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3.1. Test results

3.1.1. Results of nano-indentation tests (see Figs. 8a and 9a)

(1) The elastic modulus distribution shows a relatively wide
spreadofvalues between15GPaand90GPa. Thedistribution is
bimodal and positively skewed shape, with a large peak
apparentataround34GPaandasmallerpeakataround51GPa.

(2) The F/Fm frequency distribution ranges from 0 to 1.0, with a
maximum centred at 0.24.

3.1.2. Results of micro-indentation tests (see Figs. 8b and 9b)

(1) The distribution of the elastic modulus is narrower than it
was for the nano-indentation tests. Values are spread be-
tween 20 GPa and 60 GPa, and two peaks are located at
around 26 GPa and 37 GPa.

(2) The F/Fm distribution is spread between 0.20 and 1.0 and
contains two peaks at 0.43e0.45 and 0.81, respectively.

3.1.3. Results of meso-compression tests (Figs. 8c and 9c)

(1) The distribution of the elastic modulus is very tight, ranging
from 25 GPa to 50 GPa with a maximum observed at around
35 GPa.

(2) The F/Fm distribution ranges from 0.30 to 1.0, with two peaks
located at 0.47 and 0.83, respectively.

3.2. Comparison and interpretation

3.2.1. Different distributions of various scale tests
Given the distribution of the clayed matrix and isotropic hard

inclusions at the macroscopic scale, we assumed that three
different phases are distributed similarly at each scale. As such, the
different distributions can be compared and interpreted as follows:

(1) At the nano-indentation scale, three families of measure-
ments (Fig. 8a) can be distinguished. These three families
most likely represent the modulus values for a matrix of
variable purity, for a matrix containing variable numbers of
micro-inclusions, and finally, for zones containing little ma-
trix and variable numbers of inclusions.

(2) At the micro-indentation scale, three families of moduli are
less well-defined (Fig. 8b). The matrices appear to contain
variable amounts of micro-inclusions as well as a number of
larger inclusions.

(3) At the meso-compression scale, the modulus distribution is
very tight (Fig. 8c). Even though peaks at 27 GPa, 35 GPa, and
22.5 GPa can be distinguished, the multimodal distribution
observed at the nano- and micro-indentation scales is much
less apparent. Thematrix again appears to be associatedwith
micro-inclusions. Only the proportion of large inclusions
present appears to vary.

(4) A tightening of the elastic modulus frequency distributions
with increasing sample size is apparently observed (Fig. 10),
and is most likely due to the fact that the nano-indentation
tests allow both the elastic moduli of certain inclusions and
the modulus of a pure clayed matrix to be measured. This
was also observed in the study of Auvray et al. (2015) and a
number of hypotheses were put forward to explain it.
Constantinides et al. (2006) and Constantinides and Ulm
(2007) showed that the statistical processing of nano-
indentation tests is only relevant if the typical size of the
inclusions (d) is much larger than the typical penetration
depth (h). If d << h, the material can be considered
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homogeneous (see Fig. 2, in Constantinides and Ulm, 2007);
whereas when d >> h, the mechanical behaviour of the in-
dividual constituent becomes important. The choice of the
indentation depth for this claystone was particularly prob-
lematic because of the wide range of inclusion sizes pre-
sented and the limited number of specimens available. Two
characteristic inclusion sizes could be identified from optical
microscopy, the smallest of which was approximately 1 mm.
According to Tinseau et al. (2006), the largest inclusions
appear to be greater than 50 mm. Conversely, the clayed
matrix is itself composed of different clay minerals as well as
minute hard inclusions of micrometric size. In previous
studies, the “1 mm < h < 10 mm” condition was met for all of
these heterogeneities (Magnenet et al., 2011a; Auvray et al.,
2015). The fixed indentation depth of 2 mm used for the
nano-indentation tests in this study thus allowed all of the
phases presented in the material to be indented.
3.2.2. F/Fm coefficients of various scale tests
Assuming once more that the material is homogenous at macro-

scale, the distributions of the F/Fm coefficients can be compared and
interpreted as follows:

(1) At the nano-indentation scale, we observe a very wide dis-
tribution of F/Fm values (Fig. 9a), synonymous with signifi-
cant variation in the maximum force reached in each
measurement. This may suggest indentation of different
0
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phases (e.g. clay minerals, micro-inclusions or larger in-
clusions) during each measurement.

(2) At the micro-indentation scale, the distribution is wider
again and two peaks can easily be distinguished (Fig. 9b). The
peak at 0.43 may correspond to the zones that contain only
micro-inclusions, and the peak at 0.81 might represent the
zones that are richest in inclusions. The general distribution
from 0.20 to 1.00 with a peak at 0.45 may be representative
of a matrix that contains variable amounts of micro-
inclusions and larger inclusions.

(3) At the meso-compression scale (Fig. 9c), three peaks (0.31,
0.47, and 0.83) can be distinguished. These are associated
with samples that all contain large inclusions but that
contain different amounts of micro-inclusions.

(4) There is a significant narrowing and shift of the F/Fm coeffi-
cient distributions with increasing sample size (Fig. 11). This
most likely indicates that themaximum force reached during
each measurement depends on the proportion of micro-
inclusions and larger inclusions presented.

4. Discussion

The elastic modulus of the Toarcian claystone appears to be
strongly dependent on the volume of sample tested. This is
consistent with the multiphase nature of the material, which is
composed of a heterogeneous matrix containing both micro-
inclusions and larger inclusions. This would in turn suggest that
the elastic modulus of a monophasic material, such as a pure silica,
0.
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or even a polymer or a puremetal, is the samewhatever the scale of
the samples tested (nano-, micro-, meso- or macroscopic) is. In
such cases, the parameter could therefore be considered intrinsic to
the material (Doerner and Nix, 1986; Rodriguez and Gutierrez,
2003; Shuman et al., 2007; Oliveira et al., 2014).

On the basis of our results, and in discarding the concept of
damage, elastic moduli obtained from a multimillimetric sample
most likely cluster around a value of 30 GPa or less. This is sup-
ported in part by the studies of Niandou (1994), Niandou et al.
(1997), Rejeb (1999), Valès et al. (2004), and Masri et al. (2014),
in which elastic moduli of 20e35 GPa were determined from uni-
axial compression and compressibility tests carried out on cylin-
drical samples of 38 mm in diameter and cubes of 50 mm inwidth.

The present study highlights the advantages of conducting tests
on small sample volumes in order to determine the elastic modulus
of each constituent phase in a material (particularly when only
samples of small size are available). The elastic moduli can then be
interpreted in terms of the mineralogical and structural complexity
of the sample, and these parameters can subsequently be incor-
porated into micro/macro-mechanical behaviour models devel-
oped within the framework of homogenization of random
heterogeneous media theory as applied to multi-scale porous ma-
terials (Kachanov and Sevostianov, 2005; Sevostianov et al., 2008;
Hashemia et al., 2009; McCartney, 2010; Sevostianov and Giraud,
2012, 2013). A number of semi-analytical, analytical and numeri-
cal approaches are currently being explored. As a result of recent
advances in analytical, experimental and numerical techniques,
fundamental scientific questions concerning the micro/macro-
mechanical behaviours of materials can now be addressed. These
results will eventually be integrated into finite element numerical
codes dedicated to the modelling of underground structures
(storage sites, mines, etc.). To the best of our knowledge, applica-
tions to underground structure calculations are at present almost
non-existent. This research will provide a better understanding of
the influence of microstructure on the short- and long-term
macroscopic behaviours of materials at the laboratory and in-situ
scale.

5. Conclusions

The main objective of this study is to demonstrate the effect of
scaling on the modulus of deformability of a specific type of ma-
terial, a Toarcian claystone. Different elastic modulus frequency
distributions were obtained for the different volumes of samples
tested:

(1) At the nano-indentation scale, we were able to identify three
families of elastic moduli. The first corresponded to the
modulus of the pure clayed matrix, the second to a matrix
containing micro-inclusions, and the last to a matrix con-
taining larger inclusions.

(2) At the micro-indentation scale, three families could again be
distinguished, but this time with more difficulty. The three
groups corresponded to the moduli of a matrix containing
variable proportions of large inclusions.

(3) At the meso-compression scale, a unimodal frequency dis-
tribution for the moduli was observed and it was difficult to
distinguish any particular families. The measured values all
appeared to correspond to a clayed matrix containing large
inclusions and variable proportions of micro-inclusions.

The observed variability in the elastic modulus can thus be
explained by the multiphase nature of the material, which contains
both micro-inclusions and inclusions of larger size. The elastic
modulus of a monophase material should therefore be the same at
all scales of investigation (nano-, micro-, meso- or macroscopic),
and the parameter could in such a case be considered to be intrinsic
to the material.

The results of this study demonstrate the importance of having a
thorough knowledge of the lithology and mineralogy of the mate-
rial to be tested. It is clear that the structure of the material must
also be observed at the different scales of the tests conducted.
Without such information, the variability in the elastic modulus
would be difficult to interpret and the use of this parameter in
micro- or macro-mechanical behaviour models would remain
limited.
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