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Abstract: In swelling claystones, significant clay-water interactions take place along the faces
of the smectites minerals contained in the clay fraction, giving rise to the distinction between
free water and adsorbed water. Further insight was recently gained by means of microstructure
investigations, showing that the hydration mechanisms of pure or compacted smectites also
hold to explain the hydration and swelling behaviour of the Callovo-Oxfordian (COx)
claystone, a possible host rock for deep radioactive waste disposal in France. In this rock, the
proportion of water molecules adsorbed in intra-platelets pores was recently estimated to
around 25% of the total porosity, with 75% of the porosity containing free water. Based on
these findings, the data of high precision poroelastic measurements conducted in an isotropic
compression cell showed that the porosity to account for a proper calculation of the Skempton
parameter is not the total porosity, but the 75% proportion corresponding to free water. This
conclusion is believed to be of some interest with respect to the prediction of the rock response
around the disposals at great depth, given that hydromechanical numerical simulations are often

carried out within the framework of poroelasticity.

Keywords: Radioactive waste disposal, claystone, microstructure, poroelasticity, adsorbed

water, swelling, smectite



1. Introduction

The status of water in clayey soils and clay rocks (also called mudstones, claystones or
shales) is known to be governed by the interactions between the water molecules and the active
clay minerals contained in the clay fraction. A distinction is often made between free and
adsorbed water, without however any detailed definition about the difference between these
two physical states of water. Free water is supposed to have the properties of bulk water
(density, viscosity, thermal expansion coefficient,...), whereas this should not necessarily be
true for adsorbed water, the state of which is often described in the literature as being governed
by clay water interactions governed by the double-layer theory (e.g. Bolt 1956, Sridharan and

Jayadeva 1984, Baldi et al. 1988, Schanz and Tripathy 2009).

In the theory of poroelasticity, the state of water is by definition that of bulk water, and
poroelastic calculations are made by adopting the physical properties of bulk water, like the
unit mass p,, (1 Mg/m®) and the compression modulus K, (2,24 GPa, Spang, 2002). Similarly,
the thermal expansion coefficient ¢, and its changes with temperature adopted in
thermoporoelastic calculations are that of bulk water (e.g. Baldi et al. 1988). The question as to
whether the value of porosity to adopt in poroelastic calculations is the total porosity or that

corresponding only to the fraction of free water then arises in clay soils and rocks.

This work is based on the data of two recent works carried out in the same research group
about, on the one hand, the status of water in swelling claystones or shales (Menaceur ef al.,
2016) and, on the other hand, the poroelastic behaviour of the Callovo-Oxfordian (COx)
claystone (Belmokhtar et al. 2016). The COx claystone is considered in France as a possible
host rock for the long-term disposal of high activity exothermic radioactive wastes at great
depth. Further insights into the poroelastic response of the COx claystone is necessary so as to
better predict the thermo-hydro-mechanical response around the galleries during the thermal

phase of the repository (see Gens et al. 2007).



2. Background

Swelling clays and shales have a given proportion of smectite materials in their clay
fraction. Clay water interactions in smectites have been investigated in details for a long time
by clay mineralogists by using X-Ray diffraction techniques (including Mooney et al. (1952);
Meéring and Glaeser 1954; Norrish 1954; Bérend et al. 1995; Cases et al. 1997, Tessier et al.
(1998); Saiyouri et al. (2004); Ferrage et al. 2005, 2007). Although it is seldom considered in
geomechanics, it is now well accepted that the adsorption of water molecules along the surface
of smectite minerals during hydration from a dry state is governed by the successive adsorption
of 1, 2 and then 3 molecules of water (also called 1W, 2W and 3W hydration states,
respectively). The hydration of smectites starts from an initial inter-basal spacing of 9.6 A at
dry state, followed by inter-basal spacings of 12.6, 15.6 and 18.6 A for IW, 2W and 3W
hydrations, respectively. The number of water layers is controlled by the value of the water
potential (or suction) imposed to the smectite specimen, with approximately 1 layer at suction
of various hundreds of MPa (12.6 A basal spacing), 2 layers at suction of various tens of MPa
(15.6 A basal spacing) and 3 layers below 10 MPa (18.6 A basal spacing). It has also recently
been demonstrated that these conclusions, drawn from investigating pure montmorillonites with
various cations (e.g. Ferrage et al. 2007) and compacted montmorillonites (Saiyouri e al. 2000,
2004), also hold along the faces of the smectite minerals contained in the mixed layer illite-
smectite minerals of the clay matrix of the COx claystone (Menaceur et al., 2016). This
observation allowed to further define the status of water in the COx claystone based on mercury
intrusion porosimetry (MIP) measurements. As commented in more details in Menaceur ef al.
(2016), the porosity intruded by mercury at maximum pressure of 227.5 MPa (equivalent
entrance diameter of 5.5 nm) approximately corresponds to the volume of free water contained
within the inter-platelets pores, whereas smaller pores (called the infra-porosity) corresponds

to the intra-platelets planar voids inside the clay platelets within a clay matrix that constitutes



around 50% of the COx claystone. Menaceur ef al. (2016) showed that the thickness of these
intra-platelets planar voids was governed by the smectite hydration mechanisms described
above. Another important conclusion drawn by Menaceur ef al. (2016) is that the number of

molecules adsorbed in the COx claystone at natural state is equal to 2 (2W hydration).

Following previous works that proposed for the COx claystone values of the Biot b
parameter along a rather large range (between 0.4 and 0.9, Vincké et al. 1998, Escoffier 2002,
Bemer et al. 2004, Escoffier et al. 2005, Homand et al. 2004), a better knowledge of the
poroelastic properties of the COx claystone has recently been gained by Belmokhtar et al.
(2016), through a detailed determination of the various poroelastic parameters within a
transverse isotropic framework (Biot parameters b; and b,, Biot modulus H, compression
modulus of the solid phase K;). Recent contributions on this topic also include Noiret et al.
(2010) on the Tournemire claystone, Yuan at al. (2017) on the COx claystone and Keller (2017)
on the Opalinus clay. In a purpose of simplicity and to help in numerical calculations that are
most often conducted within an isotropic equivalent framework (Gens et al. 2007), equivalent
isotropic values have also been proposed. It was shown in Belmokhtar et al. (2016) that the

equivalent isotropic value of the Biot parameter b of the COx claystone was larger than 0.77.

It was found interesting to bring together the considerations of these two works to gain
further understanding about the exact value of the porosity involved in poroelastic calculations
in the case of swelling clay rocks, in which a given proportion of pore water is adsorbed and

does not have the physical properties of bulk water.

3. Materials and methods
3.1. The Callovo-Oxfordian claystone

The Callovo-Oxfordian claystone is a sedimentary rock deposited 155 million years ago

over a layer of Dogger limestone in a 150 m thick layer covered by a layer of Oxfordian



limestone. The COx claystone has a very low permeability in the order of 10 m* (see Escoffier
2005, Homand et al. 2004, Escoffier et al. 2005, Mohajerani et al. 2011, Menaceur et al. 2015a),
a high adsorption capacity for radionuclides and a low diffusion coefficient delaying solute
transfer. For all these reasons, it has been considered as a potential host rock to store high

activity radioactive waste at great depth in France.

The clay and carbonate contents of the COx claystone vary with depth (Gaucher et al.,
2004). The total porosity of the COx claystone is estimated between 14% in carbonated levels
and 19.5% in more argillaceous levels, like at 490 m depth (Yven et al, 2007). The
microstructure of the COx claystone has been investigated in more details by Robinet et al.
(2015) and Davy et al. (2015) by using advanced investigation techniques, like for instance the
Focussed Ion Beam techniques (see also Keller et al. 2011 on the Opalinus Clay). At the middle
of the COx layer (depth 490 m) where the Bure Underground Research Laboratory (URL)
managed by Andra (the French agency for the management of radioactive waste) is located, the
COx claystone is characterised by a clay matrix (45-50%) in which are embedded 20-30%
carbonates, 20-30% quartz and a small fraction of feldspar. The clay fraction is composed of
10-24% interstratified illite/smectite layers, 17-21% illite, 3-5% kaolinite, 2-3% chlorite
(Gaucher et al., 2004). The smectite fraction is responsible for the swelling capacity (e.g.
Mohajerani et al. 2011) and excellent self-sealing capacity of the COx claystone (e.g. Davy et

al. 2007; Zhang and Rothfuchs 2008; Menaceur et al. 2015a).

The in-situ stress condition at the level of the URL (490 m) has been investigated in
details by Wileveau et al. (2007), evidencing an anisotropic stress state with a lithostatic vertical
stress (o, = 12.7 MPa), a minor horizontal total stress o, = 12.4 MPa close to o,, and a major
horizontal total stress oy = 12.7—14.8 MPa. The measurement of pore water pressure provided

a hydrostatic value of p,, = 4.9 MPa.



The specimen tested (EST31912c¢) was extracted at a depth of 490 m in the Bure URL. It
was carefully diamond cored with a diameter of 38 mm from a 80 mm diameter core in the
direction perpendicular to the bedding plane, and cut at the required length of 10 mm with a
diamond saw. The water content (w = 7.45%) was obtained by weighing before and after oven-
drying during 48 h at 105°C. The porosity (17.6%) was determined from volume measurements
by hydrostatic weighing, providing a saturation degree of 94.2%. A suction of 19.7 MPa was
measured by using a dew point potentiometer (WP4C, Decagon Devices). This high degree of
saturation indicates that little evaporation occurred after coring and corresponds to a good

quality sample.

The status of water in the COx claystone

Figure 1 shows the pore size distribution (PSD) curve of a sample of the COx claystone
extracted at a depth of 490 m (Delage ef al., 2014). As explained in more details in Menaceur
et al. (2016), dehydration was made by freeze-drying after plunging small COx specimens in
slush nitrogen at — 210°C, following Delage et al. (2006). The PSD curve shows that the
porosity of the COx claystone detected by MIP is quite well defined around an average entrance
diameter of 32 nm, with a mercury intruded porosity of 0.130 compared to a total porosity of
0.174, defining an infra-porosity (not intruded by mercury at maximum pressure) of 0.034. As
detailed in Menaceur ef al., (2016), this average diameter is characterising the inter-platelets
porosity. Based on a simplified brick model of the microstructure proposed by Yven et al.
(2007), the average 32 nm diameter can be related to an average thickness of 32 nm of the
platelets, providing an average number of layers of 21 with a 2W hydration in a sample in which

a suction of 21 MPa was measured prior to dehydration.

Note that Menaceur ef al., (2016) also discusse in more detail the effect of oven-drying
the specimens during 48h at 105°C. It is known that the expulsion of all the adsorbed water

molecules occurs in pure smectites at around 450 °C (e.g. Caillére et al. 1982; Cases et al. 1992;



Berend et al. 1995). Ferrage et al. (2005) observed that some homoionic pure montmorillonites
had no water adsorbed (0 W) at 0 % RH (in the case of Na), whereas others (with Ca and Mg)
could have some proportion of 1 W adsorbed water and, to a lesser extent, 2 W. It is not so
simple to extend these findings to a natural claystone containing only a proportion of mixed-
layer smectite illite with a natural pore water containing various dissolved salts. However, as
shown in Menaceur et al. (2016), the average platelet thickness (deduced from the mean pore
diameter) presents step variations in good agreement with the average number of water layers
observed in smectites (2 W hydration with 32 nm average thickness at suctions of various tens
of MPa and 1 W hydration and 28 nm thickness at suctions of various hundreds of MPa). The
further decrease in diameter down to 21 nm after oven drying suggests that this state could
correspond to a 0 W condition, in agreement with some data of Ferrage et al. (2007). In such
conditions, Ferrage (personal communication) considered that the 0 W hypothesis was

reasonable in the COx claystone after 48 h at 105 °C.
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Figure 1. MIP pore size distribution of the COx claystone, after Delage et al. (2014)



As explained in Menaceur et al. (2016), the free water contained in the COx claystone is
that contained in the inter-platelet porosity defined by the MIP curve of Figure 1, and estimated
to approximately 75% of the total porosity. The intra-platelet corresponds to the two layers of
water molecules adsorbed along the faces of the smectite layers, within the mixed-layer illite-

smectite minerals, corresponding to the remaining 25%.
3.2. Experimental methods

The experimental device used for the investigation of the poroelastic properties of the
COx claystone, already described in details in Belmokhtar et al. (2016), is presented in Figure
2. It consists in a thermal isotropic compression cell connected to two pressure-volume
controllers (PVC, GDS Brand) imposing pressures up to 60 MPa. The sample diameter is equal
to 38 mm and a system of axial and radial local strains measurement by mean of LVDTs (Figure
2a) are included in the cell. The short height of the sample (10 mm) ensure a short drainage
length, allows satisfactory saturation within a reasonable period of time and ensure good
drainage in drained compression tests (Monfared et al. 2011; Belmokhtar et al. 2016). Drainage
is ensured at sample bottom by a thin geotextile. The sample is wrapped in a specially designed
cylindrical neoprene membrane able to continuously envelop the top and lateral face of the
sample, with no piston or porous disk on the top of the sample. The membrane is tightly fixed

to the bottom base by means of two O-rings.

As shown in Figure 2b, the cell is immersed in a temperature controlled bath to ensure
good temperature control (25°C +/- 0.1°C, measured by means of a thermocouple). Pore
pressure changes in the sample are measured by a pressure transducer (0 to 75 MPa range)
placed outside the bath to avoid any perturbation due to the temperature changes in the bath.

One of the two ducts connected to the sample bottom is connected to the pressure transducer



whereas the other one is connected to the back-pressure PVC, carefully filled by demineralized

and de-aired water.
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3.3. Determination of the Skempton coefficient B
The Skempton B coefficient (B = Au/Ac, Skempton 1954) is determined during an
undrained compression test as the ratio of the increment of pore pressure Au generated by an

increase in confining pressure Ac. In a poroelastic medium, the expression of B is as follows

11
B= L K (1)
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where ¢ is the porosity, K; is the drained compression modulus of the sample, K; that of the
solid phase (determined by running an unjacketed compression test) and K,, the compression
modulus of water. As commented above, the values of K,, and ¢ considered in the poroelastic
framework are those of the free water contained in the porosity of the sample. This holds in
porous rocks in which there is no significant interaction between the solid phase and the pore
water, like for instance sandstones. It is no longer true in swelling clay rocks in which the

physical properties of a given proportion of water are affected by clay water interactions.

As shown by Wissa (1969), Bishop (1976) and Ghabezloo and Sulem (2010), it is
actually not feasible to run a perfectly undrained test by closing the valve of the drainage
system, because of the parasite effects induced by unavoidable water transfers between the
sample pore water and that of the pore drainage system (porous disk and ducts). Bishop (1976)
calculated the correction to make, that was also considered by Monfared et al. (2011a) in a
hollow cylinder triaxial apparatus developed to test low permeability clay rocks. The corrected

value of the B coefficient is provided in terms of compressibilities (with ¢; = 1/K;) as follows:

Ber _ B (2)

1 mes
1+ W(Vpcd,, + Vs —B" (Vy(Cap + Ppc) +VeCag +Vi(cw + cL)))

where V'is the volume of the sample, V), V;and V; are the volumes of the porous disk, geotextile
and connecting lines, respectively, and cgy, cg4e and c; their drained compressibilities. ¢, is the
porosity of the porous disk. ¢4 ¢, and ¢, are the drained, the undrained and the unjacketed

compressibilities of the sample, respectively.

Following Monfared ef al. (2011a), the drained compressibility of the connecting lines
and the drained compressibility of the geotextile in equation (2) were estimated by performing

a calibration test on a dummy metal sample and values ¢;=0.32 GPa™' and Cdg=9.33 GPa™' were

10



obtained for the connecting lines and geotextile, respectively, with /;,=2412 mm" and Ve=113

mm’, respectively. The sample volume is ¥ = 11795 mm’.

The drained bulk compressibility and the unjacketed compressibility of the sample were
determined by Belmokhtar et al. (2016) and were equal to ¢;= 0.335 GPa™ and ¢,= 0.046 GPa"

!, respectively. The water compressibility at 25°C is ¢y, = 0.447 GPa™ (Spang, 2002).

4. Experimental results
4.1. Saturation phase

The first step consisted in loading the sample at constant water initial content under an
isotropic confining stress of 8MPa, close to the in-situ mean effective Terzaghi stress. To do
s0, the sample was set up on a dry cell, with no water inside the ducts and the drainage system,

so as to avoid any contact of the sample with water.

The saturation phase was made under a confining pressure equal to the in-situ effective
stress so as to minimize swelling during hydration as done by Monfared ef al. (2011b) on
Opalinus clay and by Mohajerani et al. (2012), Menaceur et al. (2015b) and Belmokhtar ef al.
(2016) on the COx claystone. Vacuum was applied to the valve close to the pressure transducer
(V2 in Figure 2) in order to evacuate the air trapped between the membrane and the sample and
in the drainage system. The drainage system under vacuum was then saturated with de-aired
water injected from valve V2 while valve V1 was closed. Finally, the confining and pore

pressures were simultaneously increased up to 12 MPa and 4 MPa respectively.

Figure 3 shows that the volumetric strains measured by the LVDTs during the saturation
phase. They evidence a slight maximum swelling of 0.05% obtained after 6 h, followed by a
subsequent slight decrease and a stabilisation at 0.045%. This limited swelling under hydration
is another information on the good quality of the sample that supported little desaturation after

coring and trimming, as indicated by a degree of saturation of 94.2%.
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Figure 3. Volume changes during the saturation phase (EST31912-c)

4.2. Hydromechanical path followed

The detailed hydromechanical path followed during the test was aimed at determining the
poroelastic parameters of the COx claystone. It has been described in details in Belmokhtar et
al. (2016) and will not be presented again. Only the relevant experimental data providing the
two parameters K; and K; involved in the poroelastic expression of B (Eq. 1) are presented

here. The test consisted in:

- A drained isotropic compression test carried between 12 and 14 MPa with the back
pressure maintained equal to 4 MPa to bring the specimen at the required initial stress
condition (o= 14 MPa, u =4 MPa). The stress rate adopted was equal to 0.5 kPa/min,
small enough to ensure satisfactory drainage with the 10 mm drainage length of the
device (see Monfared ef al. 2011a and Belmokhtar ef al. 2016);

- A drained cyclic loading test (rate 0.5 kPa/min) in which the confining stress was
decreased to 13.5 MPa and brought back to 14 MPa, to determine the elastic drained
compression modulus K, around 14 MPa, providing a K, value of 2985 MPa (see

Figure 4;

12



- A test in which the pore pressure was changed between 4 and 4.8 MPa under a
constant total stress of 14 MPa to determine the Biot modulus H, found equal to
3470 MPa;

- An unjacketed compression tests run by changing simultaneously the pore pressure
and the confining pressure between 14 and 16 MPa, providing a value of K, equal to
21.73 GPa (see Figure 5);

- An undrained isotropic compression test in which the confining pressure was
decreased from 13.9 MPa to 12.8 MPa while keeping the valve closed and monitoring
the changes in pore pressure to determine the Skempton parameter B = Au/Ac. This

test provided a measured value of B"* equal to 0.63 (Figure 6).
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4.3. The Skempton coefficient

COT"

The corrected value obtained by using to Equation 2 is B°”=0.84, comparable to that obtained
on the COx claystone by Mohajerani et al. (2012) during an isotropic compression test
performed in a comparable isotropic cell (B"“= 0.7, B“"’=0.85) and by Mohajerani et al. (2013)
in a hollow cylinder cell (B"* = 0.78, B“"=0.87). The difference between the measured and
corrected values is due to the compressibility and to the dead volume ¥ of the drainage system,
more specifically to the ratio Vz/V (where V is the volume of the sample). Compared to
Mohajerani ef al. (2013), the smaller corrected value obtained in this study is due to the higher
Vi/V ratio of 20%, resulting in a difference of 25% between the measured and the corrected

value. In Mohajerani et al. (2013), the V;/V ratios were equal to 5% and 7%, respectively,

resulting in differences of 18% and 10%, respectively .

4.4. Active porosity in the COx claystone

The poroelastic B Skempton parameter depends (Equation 1) on the drained compression
modulus of the sample (K;), and on the compression moduli of both water (K,,) and solid phase
(Ky), together with the porosity ¢. This relation is valid in porous media in which there is no
interaction between water and the solid phase, like for instance in limestones in which a clear

distinction can be made between the calcite grains and the water (Lion et al. 2004, Sulem and
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Ouffroukh 2006, Ghabezloo et al. 2009, Hu et al. 2010). The situation is different in claystones,
due to the clay-water interactions that affect a proportion of pore water that can no longer be
considered as free water. This adsorbed water has been identified in the COx claystone within

the framework of the 2W hydration of the smectites inside the intra-platelet porosity (Menaceur

et al. 2016).

In Table 1, the experimental B values obtained in this study and also in Mohajerani et al.
(2013) are compared to that calculated by Equation (1) by using the total sample porosity. The
uncertainties on the calculated B values obtained in this work, commented in more details in
the Appendix, are also given. The values obtained show that the B values calculated by using
the total porosity provide underestimated values, whereas that calculated by using the estimated
free porosity of the COx claystone (75% of the total porosity) provides calculated values in

good agreement with the measured ones.

Table 1. Effect of total and active porosity on the value of the Skempton coefficient B.

Total porosity ( | Active porosity
B é) (@,.)
¢T Bcalc ¢ac Bcalc Measured B

This study 0.84 17.6 | 0.801 136 0.843 0.84
Mohajerani et al. (2013) 0.87 177 1 0.838 | 13.28 | 0.873 0.87

This conclusion is actually comparable to that of various authors who worked on cement
materials. Scherer et al. (2007) argued that a part of the pore fluid in the microstructure of the
cement paste was inactive. Like in this work, they evidenced the existence, on the surface of
the solid particles, of a layer of immobile water of about 0.5 nm thickness, also corresponding
to two water molecules. Accordingly, they reduced the total porosity of the cement paste for
the effect of the thickness of the immobile water. In a similar approach, Sun and Scherer (2010a
and b) excluded the volume of interlayer water in their evaluation of the active porosity of

mortar samples. Ghabezloo et al. (2008) and Ghabezloo (2010 and 2011) also demonstrated

15



that only a proportion of the total porosity of cement, corresponding to the mercury intruded
porosity, was to consider when dealing with its poroelastic response. This extension to
claystones of findings on other porous material in which mineral/water interactions are also

significant confirms the similarity between both materials.

5. Conclusion

The mechanical response of swelling claystones and shales is known to be influenced by
the clay-water interactions along the faces of the smectite minerals present in their clay fraction.
This effect is often accounted for in clay soils and rocks by making a distinction between free
water and adsorbed water. In geomechanics, clay water interactions are most often accounted
for by using the double diffuse layer theory whereas other important results obtained on the
hydration mechanisms in smectites minerals from X-Ray diffractometry techniques are less
often considered (e.g. Mooney et al. 1952, Ferrage et al. 2007). As demonstrated by these
authors and others, it is now well accepted that the hydration of dry smectites under increased
suction occurs by the discrete and successive adsorption of 1, 2 and 3 layers of water molecules

adsorbed along the faces of the smectite minerals (1W, 2W and 3W hydration).

The results presented in this work come from the recent contribution of Menaceur et al.
(2015), who showed that the nW hydration mechanism was also governing the hydration and
swelling response of the Callovo-Oxfordian claystone. They also shown that two layers of water
are adsorbed along the smectite faces of the clay fraction at initial state. This allowed to make
a distinction between free water, located in the inter-platelets porosity and corresponding
approximately to 75% of the total porosity, and the adsorbed water located inside the platelets
along the smectite faces (25% of the total porosity). This work is also based on the work of
Belmokhtar et al. (2016) who determined the full set of poroelastic parameters of the COx

claystone.
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By comparing the theoretical poroelastic value of the Skempton parameter B to the
experimental one obtained from an undrained isotropic compression test, it was shown that the
use of the total porosity tended to under-estimate the Skempton parameter. Conversely,
considering the inter-platelets porosity determined by mercury intrusion provided compatible
values of B. This feature was also demonstrated on the data from the tests carried out on the
COx claystone by Mohajerani et al. (2013). Interestingly, this conclusion is compatible with
that drawn on cement pastes by Scherer et al. (2007) and Sun and Scherer (2010a and b).
Cement materials also are porous materials in which the water/minerals interactions are
significant. These findings are expected to bring further insight into the macroscopic
consequences of the mineralogical and microstructure features of swelling claystones and
shales, evidencing that around 25% of the pore water in the COx claystone does not physically
behave like a liquid within the porous medium. These microstructure considerations have clear

effect on the macroscopic poroelastic response of the claystone.
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Appendix: Uncertainty calculations

The determination of the uncertainties on the calculated B values of Table 1 was made

considering the following uncertainties adopted for each parameter of Eq. (1).

The uncertainties in K; and K; were calculated based on the uncertainties in stress given by the
PVC manufacturer (GDS, +0.02 MPa), on the uncertainty in the determination of the initial size
of the specimen (+0.01 mm with the precision calliper) and on that in the displacement
measurement with LVDTs (£0.1 um). Uncertainties calculations provided values of £0.5 GPa
for K; and +5.1 GPa for K. The value of water compression modulus was taken from Spang

(2002), with an uncertainty estimated at +£0.02 GPa.

The uncertainty in porosity was calculated by considering the determination of the volume of
the pieces of claystone by hydraulic weighing, carried out by using a scale with 0.001 g
precision, resulting in a 0.001g uncertainty in the measurement of the total mass, the dry mass
and the apparent mass of the material immersed in oil. The uncertainties in grain density was
estimated by Andra (2005) from running several measurements at +£0.02 kg/m’. The uncertainty
in oil density determined in the laboratory by pycnometer measurement was estimated at
+0.0001 kg/m’ and considered negligible. These uncertainties result in an uncertainty of
+0.003 cm’ in the volume measurement, giving an uncertainty of +0.7% for the total porosity

and +£0.5% for the active porosity (estimated at 75% of the total porosity).

The overall measured parameters and their corresponding uncertainties are resumed in Table 2
together with that estimated for the Skempton parameters calculated from the total porosity

(£0.040) and from the active porosity (£0.033).
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Table 2. Uncertainty calculations.

Parameter Measured/calculated value ~ Uncertainty

K, (GPa) 2.98 +0.5

K., (GPa) 2.24 +0.02

K, (GPa) 21.73 +5.1

Total porosity ¢r (%) 17.6 +0.7
Calculated B with ¢7(-) 0.804 +0.040
Active porosity ¢, (%) 13.2 +0.5
Calculated B with ¢,.(-) 0.843 +0.033
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