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Dependence of elastic properties of argillaceous rocks on moisture content
investigated with optical full-field strain measurement techniques

D.S. Yang **, M. Bornert®, S. Chanchole?, H. Gharbi?, P. Valli?, B. Gatmiri ¢

 Laboratoire de Mécanique des Solides, Ecole Polytechnique, 91128 Palaiseau, France
b Laboratoire Navier, Université Paris-Est, Ecole des Ponts ParisTech, Champs-sur-Marne, 77544 Marne-la-Vallée, France
¢ Agence nationale pour la gestion des déchets radioactifs (ANDRA), 92298 Chatenay-Malabry, Cedex, France

The mechanical behaviour of the argillaceous rock considered in France as a potential host rock for
nuclear waste repository strongly depends on water content. In order to quantify the dependence of the
mechanical properties on humidity, an experimental setup that combines hydromechanical loadings
with optical observations and digital image correlation (DIC) has been developed. It allows investiga-
tion of the hydromechanical behaviour of a material from the sample scale (cm) down to micrometric
scale (100 pum). Using this system, the shrinkage and swelling properties of the argillaceous rock at
various constant uniaxial stresses, and the linear mechanical behaviour of the material at different
moisture levels, were experimentally studied. A quasi-linear relation between the relative humidity,
ranging from 39% to 85%, and the deformation during dehydration and rehydration is found at both the
sample scale (cm), and a mesoscopic scale of a few hundred micrometres. This relation depends on the
applied stress with much less swelling at higher axial compressive stress. In addition, a linear decrease
of the axial Young’s modulus (normal to bedding plane) with an increase of the relative humidity is

observed.

1. Introduction

Due to its very low permeability (<10~2! m?), the Callovo-
Oxfordian (COx) argillaceous formation of the Meuse/Haute
Marne (MHM) site near Bure (eastern France) at a depth of about
500 m, is considered as a possible host rock for high level radio-
active nuclear waste repository by ANDRA (Agence Nationale
pour la Gestion des Déchets Radioactifs, the French agency for
radioactive waste management) [1]. The construction of the
underground nuclear waste repositories will strongly disturb
the initial thermo-hydro-chemo-mechanical equilibrium of the
site. In addition to direct mechanical perturbations during exca-
vation, which induce redistribution of the stresses and potential
damage of the surrounding rock mass, the ventilation of the
galleries will also modify the moisture content of the rock,
resulting in shrinking or swelling, and more generally modifying
the physical-chemical properties of the material [2,3]. Safety
concerns about preservation of confining properties of the rock
mass at short and long time scales require a deep understanding
of the hydromechanical behaviour of the host rock. In particular
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the dependence of elastic and nonlinear (plasticity, damage, creep
etc.) properties with moisture content needs to be quantified.
In addition, in order to construct physically based micromechani-
cal models of these dependencies, the various micromechanisms
at their origin and their characteristic scales need to be identified.
The MHM argillite is a complex material composed of different
minerals. It can be described as clay matrix (mostly illite and
smectite) with embedded calcite and quartz grains and several
other minerals in lower content [1,3,4]. Such a mineralogical
composition leads to a complex behaviour at various scales when
the material is subjected to hydromechanical loading. A high grain
content may increase the overal rigidity of the material while a
high smectite content induces large swelling and shrinkage strains
which may degrade the material during hydration and dehydra-
tion. The heterogeneous mineralogical composition may induce a
coupled hydric and mechancial behaviour during hydration.
Many studies on the hydromechanical behaviour of the COx
argillite have been carried out at the macroscale (cm) [5-11].
Some of them focus on the dependence of the elastic properties
with moisture level [7,11] and while others have concentrated on
the shrinkage and swelling induced by suction variation [8-9].
In order to further study the hydromechanical behaviour of the
COx argillite and identify its micro-mechanisms, much effort has
been devoted to developing a specific optical setup to character-
ize the low strain levels, typically below 1073, generated by



moisture and mechanical load, both at the macroscopic scale of a
centimetric laboratory sample and at local scales (100 um and
below) [5,12]. The resolution in terms of strain measurements of
this setup needs to be rather high: the creep stain rate of this
material is less than 107 1%s, i.e. about 10~ per week and the
swelling/shrinking strain is about 10~* per humidity degree. The
swelling/shrinking depends on the composition, concentration and
pressure of the pore-liquid, the stress state and the initial satura-
tion of the material. Many studies were done on the swelling/
shrinking of the COx argillite without applied stress [8-9], but
there were only a few studies on the behaviour under combined
moisture and mechanical loading. This paper will provide some
new experimental results of the behaviour of the COx argillite
subjected to coupled hydromechanical conditions obtained with
the developed optical setup, which allows to simultaneously and
independently control the moisture and apply the uniaxial stress,
and to perform a real time continuous optical observation at both
the sample scale (cm) and the local scale (~100 pm).

We first briefly describe the experimental setup to monitor
samples submitted to uniaxial compression under controlled
moisture content with full-field optical measurement techniques
and focus on several specific procedures to improve the optical
measurement accuracy. The physical properties of the argillac-
eous rocks under investigation are presented in Section 3 while
the sample preparation and loading conditions are given in
Section 4. We present in Section 5 the experimental results on,
first, the swelling and shrinkage properties at various uniaxial
stresses and, second, the evolution of elastic properties with
moisture content. These behaviours are investigated at various
scales.

2. Experimental setup and measurements accuracy
2.1. Experimental equipments

The Digital Image Correlation (DIC) technique is widely used in
solid mechanics to investigate the mechanical properties of
structural materials [13-15] and has recently been applied to
geomaterials at various scales, in 2 and 3 dimensions [13,16-18].
It consists in tracking the grey level distributions in subsets of
images of a sample acquired by a CCD camera at different loading
states to determine displacement and strain fields. In a previous
study [4], this technique has been used to investigate at both
sample scale (cm) and microscopic scale (100 pm) the mechanical
response to uniaxial compression of a sample of COx rock
preliminary brought to equilibrium with a prescribed relative
humidity. This system has been extended to investigate the
coupled hydromechanical behaviour of this rock. Its accuracy
has been improved in order to measure the low strains (of the
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order of 10~3) induced by variations of moisture and the very low
strains observed during creep (of the order of 10~%4/week).
The new experimental setup mainly consists of three parts:
macroscopic and microscopic optical setups, mechanical loading
device and suction control equipment (Fig. 1).

The macroscopic optical setup (referred to in the following as
‘MacroDIC’) uses a 16 Megapixels CCD camera, which is equipped
with a macrolens (focal length f=120 mm, aperture F=1:5.6).
The chosen lens exhibits very low geometric distortion when the
optical magnification equals one, as used in this study. The
observed flat surface area is 24 x 36 mm? and the pixel size is
7.4 um. The working distance is about 240 mm. Two groups of
four blue (wavelength=440-490 nm) Light Emitting Diodes (LED)
symmetrically and uniformly illuminate the flat surface of the
sample with an incident angle of about 45°. The blue LEDs with
shorter wavelength have been preferred to red, green or even
white LEDs because they provide a larger depth of field (about
1 mm) for a given diffraction pattern size, the latter playing an
important role in the optimisation of the setup as shown in Ref.
[12]. In addition, blue light is close to the peak quantum efficiency
of the sensor. The camera is mounted on a manual X-Y-Z
translation stage with about 10 um positioning accuracy. This
macroscopic optical setup is held fixed during the whole hydro-
mechanical loading history.

The microscopic optical setup (referred to as ‘MicroDIC)
makes use of a 4 Megapixels CCD camera and an infinity-
corrected apochromatic x 10 objective lens. With this optical
combination, the observed object area is 1.5 x 1.5 mm? and the
pixel size is 0.74 pm. The working distance is 34 mm. In con-
sideration of the small depth of field of optical microscopy, about
3.5 um in the present case, the camera has been mounted on a
servo-controlled micrometric X-Y-Z translation stage. With this
servo-control, the Z position (normal to sample surface) is auto-
matically adjusted for sharp focus, by means of a contrast
maximisation algorithm, and the camera can be moved automa-
tically along X and Y directions to observe several juxtaposed
zones and centre them, with an accuracy of about 3 pm, on
preliminary defined positions of interest by means of standard
DIC algorithms. Both normal and lateral white illumination
modes are used. An additional manual rotation stage is used to
align the X-Y translation stage with the surface of the sample so
that focus is kept when the microscope is moved all over the
whole flat surface.

The MicroDIC setup is opposite to the MacroDIC setup but both
are mounted on the same rigid optical table, which is itself
mounted on a rigid electromechanical machine used to apply
the axial force on the cylindrical sample. Both force and displace-
ment control can be used. Teflon sheets are used to reduce friction
effects at the sample/machine interface and moments are reduced
by means of a spherical bearing.
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Fig. 1. Views of the setup designed to combine uniaxial compression test under controlled moisture content with optical multiscale full-field strain measurements.



Relative humidity is prescribed by means of supersaturated
saline solutions which are placed near the sample inside an
airtight transparent container, about 25 x 25 x 40 cm in size, in
which holes have been machined for the optics and the loading
line. Two hygrometry sensors are placed inside the airtight
container to record continuously the actual relative humidity
near the sample, and a third one outside to record continuously
the atmospheric humidity. Temperature is recorded as well. It has
been observed during the test described in Section 4, that once
the sample has reached equilibrium with the saline solution,
there are still low amplitude fluctuations of the humidity inside
the container which are correlated with the variations of the
atmospheric humidity. This is due to imperfect tightness of the
container, probably due to the holes for the optical and loading
line which could not be perfectly sealed. Because of this imper-
fection, it was not possible to prescribe a relative humidity higher
than 85%.

2.2. Two procedures to improve the measurements accuracy

As small elastic and shrinkage or swelling strains need be
quantified, the DIC measurement accuracy needed to be
improved. Several procedures have been developed for this
purpose among which the two following ones are the most
important [12]. The first one aims at precisely quantifying the
actual so-called systematic DIC errors, i.e. the systematic under or
overestimation of displacement components by DIC, correlated
with the fractional part of the real displacement, expressed in
pixels. More details on these errors, quantified by an “S-shaped”
curve giving these errors as a function of the fractional part of the
displacement, can be found in Refs. [19,20]. Their intensity
depends on several factors such as available contrast, image
quality, noise and chosen image correlation algorithm. It has been
shown [12] that their amplitude can be reduced by, first, an
appropriate choice of the lens aperture, which controls the size of
diffraction patterns, and second, the selection of the best grey
level interpolation scheme used by the DIC algorithm, so as to
adapt them to the available natural contrast of the rock used as
DIC patterns.

To do so, a simple and fast procedure to quantify the actual DIC
systematic errors relative to the MacroDIC setup has been devel-
opped. It is based on a statistical analysis of the apparent
deformation induced by a uniform out-of-plane motion of the
sample with respect to the camera. While technical details can be
found in Refs. [12,16], an illustrative result is given in Fig. 2a,
where the systematic error associated with a bilinear grey-level
interpolation, for the natural contrast of the argillaceous rock
sample, is plotted for lens 5 apertures. The results show a strong
dependence of this error with aperture both in terms of amplitude
and shape of the S-shaped curve. In addition, a more than 10-fold
reduction of these errors can be achieved when an optimal
aperture is selected. The same analysis with a biquintic inter-
polation shows similar tendencies, but with different curves:
optimal aperture is now between 2 and 3, but with small
differences between apertures 2, 3 and 4 (Fig. 2b).

The second procedure aims at correcting the errors induced by
the overall micrometric out-of-plane motion of the sample on the
macroscopic DIC measurements. Due to several factors, such as
Poisson’s effect, small amounts of specimen bending, etc. [21],
global out-of-plane motions of the sample surface with respect to
the camera are unavoidable. In addition, the loading device may
move itself slightly with respect to an ideal setup, generating an
overall out-of-plane motion of the sample. This is in particular the
case on our setup where the loading device is not very rigid
transversally because of the presence of the airtight container
which requires a “long” loading system. These motions will
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Fig. 2. Systematic errors curves for various lens apertures: DIC with bilinear
interpolation (a) and biquintic interpolation (b).

induce a magnification variation on the MacroDIC images, which
depend linearly on the out-of-plane motion. The overall out-of-
plane shift is quantified by the MicroDIC setup and its already-
described automatic focussing system to record the motion of the
flat surface of the sample opposite the surface observed with the
MacroDIC setup. As illustrated in Fig. 3, the relative displacement
of the other side of the sample with respect to the fixed
macroscopic lens can be evaluated with micrometric resolution
by combining the measured motion dZ.;., and the transverse
deformation of the sample, assumed to be macroscopically
identical along the two transverse directions with respect to
loading direction, and measured by DIC. With this displacement
and the calibrated dependence of the MacroDIC magnification
with out-of-plane motion, the apparent strain can be corrected.
Such a correction is necessary to measure elastic moduli, as
without them the measured (apparent) strains do not evolve
linearly with applied stress [12,16].

With these improvements, the current optimised optical setup
ensures an accuracy better than 10~> at the sample scale (cm)
and 10~* at the micrometric scale (100 um). It is noted that the
strain of the global zone or of any selected local zone is
determined using the method of averaging the deformation
gradients over the domain of interest described in Ref. [22],
which requires the knowledge of in-plane displacement on the
boundaries of theses zones only. More precisely, overall strains
derived from the macroDIC setup are relative to the whole region
of interest (22 x 32 mm? in size, see Fig. 14a) while strain maps
obtained with macroDIC correspond to a local gauge length of
450 pm. Concerning MicroDIC (see Fig. 15a), overall data refer to
areas of about 1.1 x 1.2 mm? in size, and local data presented in
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maps are computed for a gauge length of 90 um. In addition,
MicroDIC data have also been averaged on intermediate areas of a
few 100 um in width. Note also that in the following measures of
strain are positive in contraction.

3. Material

The COx argillaceous rock contains an average of 40%-45% clay
minerals (mass percentage), 22%-37% carbonates, 25%-30%
quartz and less than 5% other materials (for example, pyrite )
[1,4]. A microscopic investigation by means of scanning electron
microscopy (SEM) of the core plug EST05749 taken in MHM at
504.13 m depth, illustrated by the micrograph represented in
Fig. 4 shows the various components of the studied material and
their typical sizes, as well as several preexisting mesoscale cracks.
The total porosity of the argillaceous rocks, evaluated by mercury
injection porosimetry, varies between 12% and 18% and the pores
are mainly mesopores (20-50 nm). Such a pore size distribution
leads to a very low permeability (~10~22 m?) [23,24].

The initial water content of such argillaceous rocks in the
as-received core plugs provided by ANDRA usually varies
between 5% and 9% and the water is mainly held in the clayey
matrix [4]. In this study, the initial water content of the core plug
EST05749 is estimated to be 6.33%, as measured from 6 reference
samples extracted from the same plug by drying them in an oven
at 105 °C. The ultrasound velocity is measured on the same
samples in the initial state to be about 2630 m/s. The apparent
density of the samples is evaluated at 2.4 g/cm>.

Several cylindrical samples have been taken from this core
plug with a diameter of 36 mm and a height of about 36 mm.
Their axis is perpendicular to the stratification plane. One sample
has been first freely dehydrated and rehydrated by the suction
control technique [8,25] in the airtight container, where the
relative humidity was controlled using supersaturated saline
solutions. The relative humidity varied between 50% and 98%.
The sample weight has been continuously recorded during the
test. About ten days were needed to reach the moisture equili-
brium at each step of the hydration/dehydration cycle. The
obtained sorption and desorption curve, represented in Fig. 5, is

i,

WD  mode spot

&Y 3 - e
HFW mag
15.00 kV 128 um 1 000 x21.1 mm Z Cont 4.5

HV

EST05491

Fig. 4. Microstructure of the core plug EST05749.

close to that obtained by Pham et al. [8], except for high relative
humidity. According to the almost linear relation between water
content and relative humidity observed for our material, the
sample at the initial state (i.e. at the beginning of the sample
preparation) can be estimated to be in equilibrium with a relative
humidity of 87%. A similar sample was chosen for the hydro-
mechanical test presented in next sections.

4. Experimental procedure

4.1. Surface preparation

Two symmetric flat surfaces in diametral opposition were
machined on the sample, one facing the macroscopic camera



and the other facing the microscopic camera. The width of these
flat surfaces is about 24 mm so as to adapt them to the MacroDIC
field of view, so that the remaining thickness of the sample
between the two flat surfaces is 27 mm. Given the very small
depth of field of the optical microscope, the two flat surfaces were
then gradually polished from grade 800 to 4000 using abrasive
paper. The latter grade corresponds to a grain size of 5 pm [9].

After sample preparation, several cracks were found, most of
them parallel to the stratification plane (Figs. 14a and 15a). They
were considered, according to earlier results [5], to be areas of
interest, with specific responses to the moisture and mechanical
loads. A local zone (1.1 x 1.2 mm?) with a transverse crack cross-
ing the whole field of view (Fig. 15a) and another local zone of
same size, without visible crack but with an inhomogeneous
mineralogical composition revealed by the grey level fluctuations
at millimetric scale (Fig. 15b), have been selected as regions of
interest for the ‘MicroDIC’ observations during the coupled
hydromechanical test.

4.2. Loading paths

The prepared sample was then placed in the airtight container.
A load of 0.7 kN, corresponding to 1 MPa, was firstly applied on
the ends of the sample by controlling the displacement rate at
1 um/s. The sample was then dehydrated with a controlled
environmental humidity (60%) less than the initial humidity of
the sample (about 87%). When the sample reached the moisture
equilibrium (after about 2 weeks), two cycles of mechanical
loading and unloading (uniaxial stress ¢ varying between 1 and
8 MPa) were prescribed to determine the mechanical elastic
properties at this moiture content. More precisely, the sample
was first loaded at the same displacement rate as above (corre-
sponding to a deformation rate of about 3 x 107> s~ '), for about
10 min; the stress was then kept constant for about 15 min until
stabilisation of the deformation of the sample; it was then
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Fig. 5. Sorption curve of the COx argillite.
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unloaded at the same rate and again kept at a constant stress of
2 MPa until stabilisation; the whole cycle was then reproduced a
second time. The whole mechanical loading procedure lasted
about 2 h. Then, the axial stress was again kept constant (at
2 MPa) for the next dehydration or rehydration test, with a
similar evaluation of elastic properties at the end. In this study,
four salines solutions (CaCl, - 6H,0, NaNO,, NH,4CI, CuSO,-5H,0)
were used to cover a large range of relative humidity during the
hydration and dehydration cycles. They theoretically correspond
to relative humidities of 36%, 66%, 79%, 98% respectively.

To study the influence of the applied stress on swelling and
shrinking of the COx argillite, three cycles of rehydration and
dehydration were performed at 2, 8.5 and 0.3 MPa, respectively.
The cycles of mechanical loading and unloading were performed
at each moisture equilibrium state. Finally, 16 hydration or
dehydration stages and 16 mechanical loading/unloading tests
were performed on the same sample as summerized in Fig. 6.

In fact, the actual loading path and the test time differed
slightly from this ideal presentation. First, after the third elastic
test, the stress was increased to 2 MPa during the hydration
stages. Second, during the cycle of mechanical loading at the
relative humidity of 85%, the axial stress was only increased to
6 MPa to avoid any plastic strain, expected to develop at lower
stresses for higher moisture content. Third, because of the limits
of the container sealing conditions, the measured moisture levels
in the container deviated somewhat from the theoretical ones
presented above and the real humidity varied between 39% and
85%. In order to improve the sealing conditions, the first cycle of
dehydration and rehydration at 1 or 2 MPa was kept relatively
long (6 months) and the whole test lasted 9 months. The actual
moisture and stress loading path is shown in Fig. 7, together with
the axial strain curves at macroscale (cm) measured by MacroDIC.
Note that the temperature turned out to be rather constant with
limited long term fluctuations (maximal amplitude below 4 °C)
due to the heating system of the buiding, and in general much
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versus time for the whole experiment.
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Fig. 6. Illustration of the planned moisture-mechanical loading path.



lower short term fluctuation during a given hydration stage
(0.5 °C).

During the mechanical loading, the MacroDIC camera recorded
one image every three seconds and the MicroDIC scanned four
zones of interest, among which the two representative zones
mentioned above and presented in Fig. 15a and b, at a rate of 5 s
per image (including the positionning and focussing procedures).
During the dehydration and rehydration tests, the MacroDIC and
the MicroDIC continuously captured one image per 30 min during
the first day and per hour during the following days until the
moisture equilibrium state was reached. Hundred thousands of
images, 32 Mbytes in size for MacroDIC (Fig. 14a) and 8 Mbytes in
size for MicroDIC (Fig. 15a and b), were processed with the Unix-
based in-house DIC software CMV, developed at LMS and Navier.
The average strain over different zones (Figs. 14 and 15) and the
full-field strain are obtained. Note that the chosen subset size is
30 pixels=225 pm for the macroDIC image analysis (Fig. 14a),
with 146 x 96 measurement positions, and 60 pixels=45 pm for
the MicroDIC analysis, with 16 x 18 positions (Fig. 15). More
classical measurements (LVDT placed between two ends of the
pistons which were in contact with the ends of the sample, three
strain gauges glued on the sides of the sample at mid height: two
longitudinal and one traversal. Data presented in Section 5 are
those measured with longitudinal one which gave very similar
results with those of the other one) at macro-scale (cm) were also
recorded during the test.

5. Results and discussion

The measurements of the shrinkage and swelling properties
and the elastic mechanical response at different moisture contents
of the argillite are now summarised.

5.1. Shrinkage and swelling of the argillaceous rocks

Due to many physical and chemical mechanisms, such as the
chemical reaction between smectite and water leading to crystal-
line swelling, the physical reaction (hydration of exchangeable
cations, attraction by osmosis, etc.), and the mechanical
dilatation-contraction induced by the capillary pressure, etc.
[25-29], the argillaceous rocks dilate during rehydration and
contract during dehydration. The axial strain curve obtained at
the macroscopic scale (cm) by MacroDIC shows evidence of the
shrinkage and swelling properties of the argillite during the
dehydration and rehydration cycles (Fig. 8a). The axial strains
obtained at various scales (100 pum-cm) as function of time
during rehydration at 2 MPa (Fig. 8a) and during dehydration at
8.5 MPa (Fig. 8b) illustrate that the sample required more than
one week to reach the equilibrium when the relative humidity
was kept constant. This long equilibrium time is related to the
very low permeability of the material [8,24]. As an example of
result, the permanent axial strain at the macroscopic scale during
dehydration at 8.5 MPa when the humidity decreased from 52% to
39% is about 0.1% (see Fig. 8b, note that the initial RH peak at over
60% in this plot is induced by the opening of the container to
replace the saline solutions).

All the measurements obtained by different methods (LVDT,
gauge strain, MacroDIC and MicroDIC averaged over a
180 x 180 um? zone) and reported in Fig. 8 are consistent. The
MacroDIC strain measurements determined from the whole sur-
face (22 x 32 mm?) are slightly lower than those measured by
LVDT, which is an indirect measurement which includes an
additional strain related to the deformation of the Teflon sheet
between the pistons and the ends of the sample. The small
difference between the MacroDIC strain and the MicroDIC strain

0.00 60
«==|VDT ——MacroDIC ——MicroDIC ---RH

I 55

I 50

Axial strain (%)

S
(4]
Measured relative humidity (%)

-0.12 T T T 40
0 200 400 600 800
Time (h)
0.12 70
=Strain_gage ——Macro_DIC —Micro DIC ---RH
0.10 t .
9
I 60
0.08 - 2
s =]
2 :
£ 0.06 ﬁ
i L 50 2
« ©
T 0.04+ ]
3
< ?
0.02 F
40 8
Q
=
0.00
-0.02 + r : T 30
0 50 100 150 200

Time (h)

Fig. 8. Axial strain curve at various scales during rehydration (RH from 45% to 58%)
at 2 MPa (a) and during dehydration (RH from 60% to 40%) at 8.5 MPa (b).

determined from the considered local zone is likely to be related
to the structural and mineralogical heterogeneity. The values of
the strain gauge are slightly lower than those of the MacroDIC
strain in Fig. 8b. As the difference of the strain measurements
between the traditional methods and the optical methods at
macroscale are small, only the optical results will be presented
in the following.

Fig. 9a and b report the MacroDIC axial and transverse strains
of the sample in equilibrium with various relative humidity,
considering the equilibrium state under the relative humidity of
60% and 1MPa stress as the reference state. A quasi-linear
relation between these equilibrium strains and the relative
humidity during rehydration and dehydration at constant stresses
is found in both the axial direction (Fig. 9a) and the lateral
direction (Fig. 9b). Moreover, this quasi-linear relation is rever-
sible during the cycle of hydration and dehydration at low axial
stress (0.3 MPa and 2 MPa). This relation can be expressed as

Eaxial = —0.0091 x RH+0.5374 at 2MPa, RH in %, ¢ in % 1)

However, it is irreversible during the cycle of dehydration and
rehydration at 8.5 MPa (Fig. 9). The sample swelled during
rehydration less than at 2 MPa, and it contracted during dehydra-
tion very slightly more than at 2 MPa. The relations between
the permanent axial strain and the relative humidity can be
formulated as

Eaxial = —0.0053 x RH+0.5133 during rehydration at 8.5MPa  (2)

Eaxial = —0.0094 x RH+0.8739 during dehydration at 8.5MPa (3)
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(2 MPa, 8.5 MPa, 0.3 MPa).

This irreversible deformation at high applied stresses is also
evident at the mesoscopic scale (millimetric gauge length) as
shown in Fig. 9c.

When the applied stress is decreased to 0.3 MPa, the linear
relation between the permanent axial strain and the relative
humidity returns reversible with a slope very similar to the one
at the applied stress of 2 MPa (Fig. 9).

In addition to this strong dependence of swelling strains with
stress, a slight deviation from linearity is observed for the axial
strain at the highest relative humidity (above 75%), with a
deformation larger than the one expected from the linear relation.
This is observed for all prescribed stresses. This offset of the strain

to the linear function could be related to the growth or propaga-
tion of micro cracks in the argillaceous matrix, as suggested by
the work of Freissmuth [3], who observed by means of computed
microtomography the opening of cracks when the relative humid-
ity exceeded 80%. Such cracks could be induced by swelling
pressures, which would induce local stresses that could surpass
a local damage threshold. But other mechanisms such as non-
linear swelling could also be considered as suggested by Wang
et al. [30] who recently observed a similar nonlinear behaviour at
higher moisture levels using DIC applied to environmental SEM
imaging, but without any observation of microcracks.

The results presented above show evidences of the depen-
dence of shrinkage and swelling on the applied stress: the
material at high stress swells during rehydration less than at
low stress. Contraction during dehydration seems however to be
much less sensitive to applied stress. This dependency is also
evident on the evolution of the ratio of the lateral strain (normal
the stress direction) to the axial strain (in the stress direction)
during hydration and dehydration (Fig. 10). The ratio is nearly
constant (0.3) during hydration and dehydration at 2 MPa but is
about 0.4 during rehydration and 0.25 during dehydration at
8.5 MPa. These ratios can be compared to those of Pham et al. [8],
who have observed ratios closer to 1, corresponding to a lower
anisotropy. The difference could be related to different initial
anisotropy of the material. Another difficulty could be induced by
a slight deviation of the orientation of the sample and of the strain
gauges with respect to bedding. This problem is less critical with
optical full field strain measurements than with classical strain
gauge measurement as the whole in-plane strain tensor is
measured and not only two components, we could check that
lateral and axial strains indeed coincide with the principal strains.

A first interpretation of this dependence of swelling strains
with axial stress could be related to the some dependence of the
water content with stress: the higher stress would consolidate the
material and change the pore size distribution, so as to reduce the
absorption of water when humidity increases and induce a
smaller dilation than at lower stress level. Conversely, during
dehydration, the material would expel more water and exhibit a
larger contraction than at lower stress level [6]. As it is very
delicate to record water content during hydration under applied
stress, the verification of such a dependence of water content
with applied stress is left for further investigations.

A second interpretation could be related to viscous effects,
since higher stress would increase more creep. But in this study,
the highest stress is about 8.5 MPa, which was kept constant less
than 3 months for different moisture levels. The creep rate of the
MHM argillite is very low and has been measured to be
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Fig. 10. Anisotropy coefficient versus relative humidity.



2.5 x 10~ '1/s at 10 MPa axial stress and 75% relative humidity [31].
Under the present conditions, it should be even lower. Under such
conditions, the expected creep strain would be less than
0.5 x 10~ per month and thus very small with respect to the
measured swelling strains. So creep is certainly not the principal
reason for the low swelling at higher stress level. In addition, if
creep would significantly contribute to deformation at 8.5 MPa,
one would also observe higher compressive strains during dehy-
dration than at lower stress, which is not the case.

A third interpretation could be related to the dependence of
the elastic properties with water content. As shown in the next
section, the axial elastic modulus indeed decreases with satura-
tion. The applied constant stress induces thus an additional elastic
contraction when humidity is changed, resulting in a reduced
global swelling. This additional elastic strain can be evaluated to
be less than 0.5x 1073, when comparing hydration under
8.5 MPa with hydration at 2 MPa (decrease of Young’s modulus
from 9 to 6 GPa, with an additional stress of 6.5 MPa) and
explains only one third of the reduction of the swelling strains.
In addition, such a phenomenon cannot explain the irreversibility
of the hydration/dehydration behaviour at high stress. It is highly
likely that impurely elastic phenomena are activated during such
combined hydromechanical loadings, the investigation of which is
left for further experimental and theoretical investigations

5.2. Mechanical properties of the unsaturated argillaceous rocks

The strain versus stress curves are linear during the mechan-
ical loading and unloading at both the macroscopic scale (cm) and
the mesoscopic scale (mm) (Fig. 11a and b). Fig. 11a, which
corresponds to a relative humidity of 69% during the first hydra-
tion cycle, also shows that the axial strain over the whole surface
observed by MacroDIC is less than that determined from a local
cracked zone (Fig. 15a), but it is larger than that determined from
a local intact zone (Fig. 15b). An explanation is that the closure/
opening of the cracks lead to a locally large deformation and the
MacroDIC strain measurement represents the average response of
the structural heterogeneity of the material.

Some delayed deformation is also observed after the mechan-
ical loading or unloading. More precisely, after loading, the
sample continues to contract when the applied stress of 8.5 MPa
is kept constant about 15 min and the increase of the axial strain
is about 7 x 107>, After unloading the sample continues to dilate
when the applied stress of 2 MPa is kept constant for the same
period and the decrease of the axial strain is 4 x 10~>. At the end
of these two cycles of mechanical loading and unloading, the
irreversible strain is about 10—, and considered very small with
respect to the evaluated strain induced by the stress change. This
delayed behaviour of the material could be related to the primary
creep of the matrix or the redistribution of water in the sample.
Note that secondary creep (see previous section) is negligible at
such time scales.

During the second cycle of dehydration and rehydration, when
the axial stress is kept constant at 8.5 MPa and elastic moduli
evaluated by reducing the stress, a similar linear relation between
strain and stress is also at the stable hydric state (Fig. 11b). The
irreversible strain is also of the order of 10> at the end of the
mechanical unloading and loading cycles.

The axial Young’s modulus (E) of the material at each moisture
equilibrium state is determined from the unloading part of the
stress—strain curve as sketched in Fig. 12a, b and this analysis is
performed for all the 16 prescribed mechanical cycles. A linear
relation between E and the relative humidity is found not only at
the macro-scale (cm), but also at meso-scale (mm) as shown in
Fig. 12a, over the investigated range of relative humidity, going
from 39% to 85%. Note that the local moduli are evaluated
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Fig. 11. Stress-strain curve at various scales during mechanical loading and
unloading at the humidity of 68% (a: stage S4 during the first hydration and
dehydration cycle; b: stage S13 during the second hydration and dehydration
cycle).

assuming uniformity of the stress field, which is an approxima-
tion. The obtained values should not be considered as exact
measures of local elastic moduli, but rather as a signature and a
quantification of the heterogeneity of the response of the material
during such macroscopically elastic loading cycles. Indeed, due to
the structural heterogeneity, the values of the moduli obtained
over the global surface are larger than those obtained from the
local cracked zone. It is noticeable that the moduli at a given
moisture level vary only very slightly from one hydration/dehy-
dration cycle to the other (Fig. 12b). These variations of the
moduli are much lower than those of Pham et al. [8].
The difference is probably related to the initial states of the
samples and to the hydration conditions. The samples used in the
study of Pham et al. were probably more damaged at their initial
state and, more importantly, were hydrated/dehydrated without
any confining axial stress, so that their damage level probably
increased during the hydration/dehydration cycles. Moreover in
the analysis of Pham et al., each elastic modulus measurement
was obtained with a different sample, thus generating some
possible randomness, even though they were extracted from the
same core plug. A definitive advantage of the present study is that
all measurement (swelling strains and elastic moduli) are
obtained from the same sample, so that the sole effect of the
hydration history is investigated, without any additional random-
ness linked to microstructure fluctuations. The obtained moduli at
the macroscale in this study present some clear consistency with
those measured at the mesoscale by Ibrahim, who characterised
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the dependence of the elasticity with the relative humidity of the
same material by using a micro-indentation technique which
explores elastic properties over domains millimetric in size [32].
But the linear dependence of elastic moduli with relative humid-
ity is much clearer in our study, probably because, again, a single
sample has been used and fluctuations due to microstructure
variability from one sample to the other are avoided.

Finally, the Poisson’s ratio remains, as a first approximation,
constant during the various cycles of rehydration and dehydration
(Fig. 13). The results are in good agreement with those of Pham
et al. in the same range of relative humidity. One may notice that
the Poisson’s ratio measured during the rehydration/dehydration
cycle at 8.5 MPa is slightly lower than during the cycles at lower
axial stress. This result should however to be taken with care, as
such small differences in Poisson’s ratio correspond to differences
in transverse strains of the order of 3 x 10~>, which is near the
accuracy limit of the measurements.

5.3. Heterogeneity

The heterogeneous response of the material related to micro-
structural and mineralogical composition can be characterised by
the full-field strain maps at various scales provided by the DIC
technique. All strain maps confirm that the argillaceous rocks
contract during dehydration and dilate during rehydration rather
uniformly both at the macroscale and the mesoscale (mm)
(Figs. 14 and 15). These strain maps show however different
responses near pre-existing mesocracks (with a typical extension
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Fig. 13. Poisson’s ratio evaluated at macroscale (cm) versus relative humidity.
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Fig. 14. Lateral strain map of the whole surface when the relative humidity
increases from 41% to 71% at 8.5 MPa.

of several millimetres), the behaviour of which depends in
addition on their direction relative to the applied stress. The
cracks presenting a small angle with respect to the applied stress
direction close during rehydration (Fig. 14b) and open during
dehydration at 8.5 MPa, while the cracks nearly perpendicular to
the applied stress (i.e. nearly parallel to bedding) exhibit a hydric
response similar to that of the other undamaged parts of the
sample during the hydration cycles at 2 MPa (Fig. 15c and d) or
8.5 MPa: they do not contribute to the overall swelling strains.
This contrasted response to relative humidity changes of the
cracks can be explained by the fact that the swelling of the clayey
matrix can close mesocracks inclined to the applied stress, which
are still slightly open in the sample, while it influences much less
the other cracks perpendicular to the applied stress, which have
been totally closed by the prior mechanical load.

The strain maps show evidences of the slight heterogeneous
deformation at the scale of a few hundred micrometres during
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dehydration/hydration loading as shown in Fig. 15c-f, which
present the strain maps of two different zones at the mesoscopic
scale (1.1 x 1.2 mm?) during two different dehydration steps. This
strain heterogeneity can be related to the mineralogical composi-
tion which can be qualitatively guessed from the grey levels of the
corresponding images from the optical microscope (Fig. 15b). The
comparison of the results at the macroscopic scale (cm) and at the
microscopic scale (100 pm) shows that the size of representative
volume element (RVE) is probably of the order of a few hundred
micrometres, which is consistent with the estimate of the RVE
size relative the mechanical deformation presented in Ref. [5].

6. Summary and Conclusions
In order to investigate the behaviour of argillaceous rocks under

coupled hydro-mechanical conditions, a specific optical setup has
been developed to observe argillaceous rocks submitted to

combined moisture-mechanical loading conditions and measure
the induced low strains at macro and microscale. Thanks to various
optimisation procedures, the accuracy of this system has been
improved and is better than 10> at macroscale (3 mm gauge
length) and 10~* at microscale (about 100 pm gauge length).
Using this optical setup, a complex test consisting of three
cycles of rehydration and dehydration from 39% to 85% at
different stress levels (2, 8.5 and 0.3 MPa) was performed on a
single COx argillaceous rock sample. The results confirm that this
argillaceous rock contracts during dehydration and swells during
rehydration. A linear relation is found between the deformation
and the relative humidity when the later is less than 75%. It is
reversible during hydration and dehydration at low stresses
(0.3 MPa, 2 MPa) and is irreversible at 8.5 MPa. The high applied
axial stress limits the swelling of the material during rehydration
but has much less effect on shrinkage. This observed behaviour
does not have a simple interpretation and is probably the
signature of complex nonlinear hydromechanical couplings.
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The strain induced by the rehydration or dehydration is
relatively homogeneous at the mesoscopic scale (mm) and het-
erogeneous at the sub-mesoscopic scale (a few hundred micro-
metres), because of the mineralogical composition which is
heterogeneous at this scale. The preexistent cracks perpendicular
to the applied stress are closed during the mechanical loading and
do not move during the hydration/dehydration cycles at constant
stress. These cracks do however open or close when the stress is
modified and contribute to a small heterogeneity in the sample
response to mechanical load. Cracks nearly parallel to the applied
stress are not constrained by the axial load, and move during both
hydric and mechanical changes of the loading conditions.

A clearly linear relation between strain and stress is observed
for the low stress amplitudes considered in this study (below
8.5 MPa) and a linear dependence of the elastic moduli on the
relative humidity is evident over the considered range of relative
humidity (39%-85%), with lower moduli at higher water content.
The axial modulus and the Poisson’s ratio measured at a given
moisture level almost do not evolve during the complex hydric/
mechanical loading history considered in this study. Some
delayed response of the sample after mechanical loading or
unloading has been observed, with strain amplitudes of the order
of 10~>. The corresponding strain rates tend to very low values
after a few minutes.

All the presented results have been obtained with a single
sample tested during almost one year. Such a procedure allows us
to investigate accurately the dependence of mechanical proper-
ties with moisture content. Indeed, unlike in more classical
investigations, for which results obtained with different samples
need to be compared, the fluctuations linked to the variability of
the sample composition are avoided.
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