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Abstract

In the framework of a deep geological radioactive waste disposal in France, the hydromechanical properties of the designated
host rock, the Callovo-Oxfordian claystone (COXx), are investigated in laboratory tests. Experiments presented in this study
are carried out to determine several coefficients required within a transversely isotropic material model. They include iso-
tropic compression tests, pore pressure tests, and deviatoric loading tests parallel and perpendicular to the bedding plane. We
emphasize the adapted experimental devices and testing procedures, necessary to detect small strains under high pressures,
on a material, which is sensitive to water and has a very low permeability. In particular, we discovered a significant decrease
of elastic stiffness with decreasing effective stress, which was observed to be reversible. In both isotropic and deviatoric tests,
a notable anisotropic strain response was found. The Young modulus parallel to bedding was about 1.8 times higher than the
one perpendicular to the bedding plane. A notably low Poisson ratio perpendicular to the bedding plane with values between
0.1 and 0.2 was evidenced. While the anisotropy of the back-calculated Biot coefficient was found to be low, a significant
anisotropy of the Skempton’s coefficient was computed. The performed experiments provide an overdetermined set of mate-
rial parameters at different stress levels. Using all determined parameters in a least square error regression scheme, seven
independent elastic coefficients and their effective stress dependency are characterized. Parameters measured under isotropic
loading are well represented by this set of coefficients, while the poroelastic framework with isotropic stress dependency is
not sufficient to describe laboratory findings from triaxial loading.

Keywords Claystone - Transverse isotropy - Triaxial testing - Stress dependency - Poroelasticity
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Isotropic total stress
€ Volumetric strain

K, Isotropic drained bulk modulus

H Biot’s pore pressure loading modulus

b Isotropic Biot’s coefficient

Vv Specimen volume

my Pore fluid mass

K, Isotropic undrained bulk modulus

B Isotropic Skempton’s coefficient

D, Drained isotropic compression modulus in the
i-th direction

U; Undrained isotropic compression modulus in
the i-th direction

H, Biot’s pore pressure loading modulus in the
i-th direction

Ry Anisotropy ratio in drained isotropic
compression

Ry Anisotropy ratio in undrained isotropic
compression

Ry Anisotropy ratio in pore pressure loading

Ry Anisotropy ratio of drained Young’s moduli

q Deviatoric stress

E?, E0 f  Model parameters for regression analysis

p Wet density

Pa Dry density

w Water content

S, Saturation degree

s Suction

S Standard deviation of the estimate

1 Introduction

The French National Agency for Nuclear Waste Manage-
ment, Andra, is investigating the possibility of construct-
ing a deep geological nuclear waste disposal facility in the
Callovo-Oxfordian (COx) claystone, located in the east of
France.

To study the host material and demonstrate the feasibility
of the project, Andra constructed an underground research
laboratory (URL) at 490 m depth, where the claystone has
an average porosity of 17.5 % and an average water content
of 7.9 % (Conil et al. 2018). An average clay content around
42 % was mentioned by the same authors. Wileveau et al.
(2007) determined a vertical and a minor horizontal total
stress close to 12 MPa, a major horizontal stress close to 16
MPa and a pore pressure of 4.9 MPa.

During extensive laboratory studies on its hydro-mechan-
ical behaviour, the COx claystone was found transversely
isotropic with larger stiffness parallel to the bedding plane
(Chiarelli 2000; Escoffier 2002; Andra 2005; Mohajerani
et al. 2012; Zhang et al. 2012; Belmokhtar et al. 2017b).
This feature, revealed also in many other types of shales, can
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be attributed to the sedimentary history of the material. Due
to this fact, transversely isotropic poroelasticity was chosen
as a framework for hydromechanical modelling purposes.
A larger number of experiments is therefore necessary,
compared to an isotropic material, to capture the complete
material behaviour (e.g. two triaxial tests have to be car-
ried out to determine the Young moduli and Poisson ratios
both perpendicular and parallel to the bedding plane). While
there are extensive data on the Young moduli perpendicular
to bedding, provided by the aforementioned authors, fewer
data are given on the Young modulus parallel to bedding and
the Poisson ratios of saturated COx (Menaceur et al. 2015;
Belmokhtar et al. 2018). Several experiments for establish-
ing a set of poroelastic parameters were carried out in the
present work. This includes triaxial compression parallel and
perpendicular to the bedding plane in drained and undrained
conditions, isotropic compression tests in both drained and
undrained conditions, and pore pressure loading tests under
constant total stress. The anisotropic strain response was
measured in all experiments.

The COx claystone can be considered as a swelling clay-
stone (Schmitt et al. 1994). In its natural state, the claystone
is fully saturated. Therefore, swelling can only be induced
when the material is brought in contact with water after
desaturation, or when it is submitted to an effective stress
release. Several authors working on this rock reported an
increase of stiffness and mechanical resistance with decreas-
ing water content. Even though specimens are well protected
from drying during all handling phases from core extrac-
tion to laboratory testing, they desaturate slightly, with a
saturation degree between 90 and 95 % generally observed.
To evaluate parameters on specimens under well-defined
saturated conditions, the specimens have to be hydrated in
the testing apparatus. Special attention was paid here, as the
application of stress during this phase is indispensable for
avoiding free swelling and limiting specimen damage. Due
to the low permeability of the claystone, the saturation time
might become very long, which is why we used adapted
testing devices, allowing us to reduce the drainage length
of the specimens to 10 mm (Tang et al. 2008; Belmokhtar
et al. 2017b, 2018). Improved testing procedures, presented
in detail by Braun et al. (2019) were followed, comprised
of step loading, which enable a better distinction between
drained and undrained specimen state in the experiments.
These time efficient procedures permit us to evaluate sev-
eral poroleastic coefficients in each loading step, and hence
to analyse inter-compatible parameters as a function of the
isotropic effective stress.

We refer here also to our companion paper (Braun et al.
2020), in which we investigated the thermal properties of the
COx claystone under constant stress conditions. The present
work was carried out under isothermal conditions, without
any influence of thermal effects. However, in the companion
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paper we discuss thermal characteristics in undrained condi-
tions, which are strongly coupled with the hydromechanical
properties described in the following.

2 Poro-Elastic Framework

In this work, we analyse the mechanical response of a porous
rock due to external stress and pore pressure loading, based
on the poroelastic constitutive equations, first described by
Biot and Willis (1957). For a transversely isotropic material
one finds identical parameters for both directions x =y = h
parallel to the bedding plane and different properties in the
direction z (perpendicular to the bedding plane). The trans-
versely isotropic poroelastic stress-strain relationship can be
written as (Cheng 1997):

do; = Mijdej + bidpf ()

where o, and €; denote the stress and strain tensors, respec-
tively, Ml-j the stiffness matrix, b, the Biot coefficients in the
i direction and p; the pore fluid pressure. The strain tensor
o, is composed of:

T
o, = [o-x, Oys 045 Oyys Oyrs Oy 2)

The planes and directions in which the different stress tensor
components and the material properties intervene is sche-
matically represented in Fig. 1. The strains in different direc-
tions are contained within the strain vector ¢;:

.
£ = [gx, Eyr € En Eys .szx] 3)

The vector b, represents the Biot effective stress coefficients
in both directions of anisotropy:

b; = [by by b,,0,0,0] " @)

We can also write the stiffness matrix M, ;jas follows:

My Mu,Mys 0 0 0
My M, Mz 0 0 0
_M13M13M33 O 0 O
Mi=1"0"0 0 26 0 0 ®)
0 0 0 0 2G 0
0 0 0 0 026G

Mo = Eh<Ez - Ethhz) ©)
T (14 v,) (E, - E,vy — 2Ev,2)

E, (E.v,, +E,v,>
My, = w(Evin + Epva’) . 7
(1 + th) (EZ - Ezvhh - 2Ehvzh )

Vzh

0z

REV Ozx

Oyz UX%
Oyx

Vhh
isotropic plane

Fig. 1 Representative elementary volume in a transversely isotropic
frame, adopted from Popov et al. (2019). The x — y plane corresponds
to the isotropic plane. The z axis is oriented perpendicularly to the
isotropic plane. Different material properties E;, v;, G and G’ describe
the material response within the material planes, where the param-
eters in the y — z plane (not displayed here) are equal to the ones in
the z — x plane

EE. v,
My= s (8)
z ZVhh nVzh
M33:E—;:v 2E,v > ©)
z zVhh hYzh
M, —-M
G = 21 5 12 (10)

where E, and v, are the Young modulus and the Poisson
ratio perpendicular to the bedding plane, and E;, and v,, par-
allel to the bedding plane, respectively. G denotes the shear
modulus perpendicular to bedding and G’ the shear modulus
parallel to bedding.

By using the inverse of the stiffness matrix Ml.;l =Cy,
denoted as the drained compliance matrix, one can write:
de; = Cydo; — C;b;dp, (11)

ijvi

The compliance matrix C;; is written as:
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_|C3C3G5 0 0 0

Gi=lo o o 1/26) o 0 12)
0O 0 O 0 1/2G) 0
00 0 0 0 1/Q6G)

with

Ch =1/Eh

Ci, =-—Viu/E,

Ci3 =-vu/E, (13)

Cy3 :1/Ez

G =E,/(+vy)

In laboratory experiments, the Young moduli and Poisson
ratios are generally measured in a triaxial cell under devia-
toric loads. The properties E, and v, are determined on a
specimen which is submitted to a deviatoric load perpen-
dicular to the bedding plane o,, generating strains &, and

1 L=vp )b, b, 1-b,
A_/Izz(l_bh)l( )i Vi ]+( )

E, E E

Z Z

1 1
(bz - 2Vzhbh) + ¢O<Ef - K_¢>

bedding plane is applied. Such loading would result in shear
stresses perpendicular to the bedding plane, mobilizing G,
but also inducing inhomogeneous stress and strain distribu-
tions within a specimen, which have to be considered in the
analysis. While the shear modulus G’ is related to the other
elastic coefficients (Eq. (10)), G is an independent param-
eter. The evaluation of G was not carried out in this work
and is not further discussed here.
The porosity variation d¢ is given by:

1 1 1 ¢
d¢ = —b,de; + ]T/dpf’ Nouo E; (14)
where M is Biot’s undrained modulus, N Biot’s skeleton
modulus and K; the pore fluid bulk modulus. Note that the
expression of porosity variation needs an additional poroe-
lastic parameter with respect to the ones presented previ-
ously for the stress-strain relation. The Biot modulus M can

be expressed according to Aichi and Tokunaga (2012) by:

5)

e, = €, (Fig. 2). We can then measure E, = do,/de, and
v,, = —de,/de,. A specimen, which is loaded in the direc-
tion parallel to the bedding plane (e.g. in direction of y) is
required for the remaining properties. Here one is able to
observe an axial strain €, and two different radial strains €,
and €,. This provides E;, = do,/de,, v, = —de,/de,. The
measured parameter vg , = —de /de, allows us to evaluate of
V., = V,,E./E). To be able to determine the shear modulus
G perpendicular to the isotropic plane, a third triaxial test is
required, where a deviatoric load inclined with respect to the

Fig.2 Strain gages, oriented
and attached with respect to
the bedding plane of the COx
specimens

&

Specimen for isotropic cell

x:‘c:y
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with K, representing the unjacketed pore modulus (Brown
and Korringa 1975). In undrained conditions, the fluid mass
remains constant and we can write dm; = d(p,¢,) = 0.
Together with dp;/p; = dp;/K; and Eq. (14), we obtain
an expression for the pore pressure change in undrained
conditions:

dp; = Mbde; (16)

v ~N_ 222~

Specimen for triaxial cell
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Using Eq. (1), one can express the pore pressure change dp,
(Eq. (16)) as a function of total stress change:

1
dpy = 3Bdo, (17)
where:
3b.C..
B=— 7Y
i 1 (18)
i + biCijbj

B; comprises the anisotropic components of the Skempton’s
coefficient:

B, = [B,,B,,B.,0,0,0]" (19)

B, is the Skempton’s coefficient parallel to bedding and B,
the Skempton’s coefficient perpendicular to bedding, aris-
ing from the mathematical framework of transverse isot-
ropy. The classical parameter B used for isotropic materials
can here only describe the change of pore pressure under
isotropic loading, for which B = )’ B;/3. Under deviatoric
loading however, the loading direction influences the amount
of generated pore pressure, due to the anisotropic character-
istics. Imagine a material with B_ higher than B,. According
to Eq. (17), if this material is loaded in the z direction, it
generates a higher pore pressure increase than when loaded
by the same amount in the % direction.

Analogously to the drained stiffness matrix, one can
determine the undrained stiffness matrix Ml?‘j with (Cheng

1997):
M = M+ Mbb, (20)

i=

The inverse of the undrained stiffness matrix is the und-
rained compliance matrix Cl?‘j, which provides the undrained

Young’s moduli E, ; and the undrained Poisson’s ratios v, ;:

bel = l/Eu’h
CY =—v,u/E

12 u,hh uh

u 21
C13 = _Vu,zh/Eu,z @D
Cy=1/E,,

For this transversely isotropic relationship under micro-
heterogeneity and micro-isotropy assumptions, seven mate-
rial coefficients (i.e. E;, E_, vy, vy, by, b, G) describe the
stress strain relationship, while three additional parameters
(K4, ¢y, Ky) are required for the porosity change (Aichi and
Tokunaga 2012).

2.1 Isotropic Stress Conditions
When analysing experiments under isotropic stress con-

ditions, it can be helpful to utilize some poromechanical
relationships between volume changes and transversely

isotropic deformations. Note that due to the anisotropic
framework, the bulk parameters discussed in this section
are unable to describe a volume change under mean stress
changes in general. Contrary to an isotropic material frame-
work, the parameters can here only be related to isotropic
stress changes. Nevertheless, data from isotropic tests can
provide complementary information to data from deviatoric
stress tests, useful for inferring the complete set of elastic
properties.

Under isothermal conditions and isotropic stresses, the
volumetric strain €, is described with respect to the changes
in isotropic Terzaghi effective stress 6’ = ¢ — p, (Where o is
the total confining stress and p; the pore fluid pressure) as a
sum of partial derivatives:

1 1
de, = Z de; = Fddal + def (22)
in which K is the isotropic drained bulk modulus and K|
the unjacketed bulk modulus (Gassmann 1951; Brown and
Korringa 1975). We are able to measure the Biot modulus H
through a change of pore pressure under constant confining
stress, defined as:

1_1(ovy 1 1
H- Vo\op,) "k, K (23)
The isotropic Biot coefficient b is defined as:

Kd Kd
b=1—-—=—
X =0 (24)

s

In undrained conditions, the mass of pore fluid remains con-
stant, which results in a change in volumetric strain and pore
pressure through isotropic stress, as follows:

dp; = Bdo (25)

Hereby K, is the isotropic undrained bulk modulus and B
the isotropic Skempton’s coefficient B = )’ B, /3 (Skempton
1954). Following the approach of Belmokhtar et al. (2017b),
the moduli D;, U; and H;, which describe the anisotropic
strain response to isotropic loads, are defined for a drained
isotropic compression:

do
D; = <_> 26
de; dpy=0 (26)
for an undrained isotropic compression:
do
U; = <—> 27
dé; / am=0 @7

and for a pore pressure loading:
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dp
Hy =~ <—f> 28)
de; / 4,0

We can also define the anisotropy ratios between deforma-
tions in / and in z direction with R, = D,,/D., R; = U, /U,
and Ry = H,,/H,, which provides:

2
D, =K;(2+Rp). Dz=Kd<1+R—> (29)
D
2
H,=H(2+Ry), HZ=H<1+R—> (30)
H

The undrained moduli U, are linked to the drained ones with
the relationship:

7-D Pw 3D

One is able to deduce a relationship between the parameters
from isotropic and deviatoric experiments:

1=,
E.=D(1-2vy). Ey=——y (32)
ot L

Also the parallel and perpendicular Biot’s coefficients b, and
b, can be calculated concurrently (Belmokhtar et al. 2017b):

Var/H, + 1/H,

" Var/D, + 1/D,, 33)

D,
by =2vyby + (1= 2v) 2 (34)

Z
The bulk Skempton’s coefficient B can be determined as:

_ Ku_Kd
T DK,

u

B (35)

and the expression (18) for the two Skempton’s coefficients
B_ and B, is simplified to:

320,,—,%
B=— B (36)

l

1 _ 1

Kd Kv

Note that K, has to be determined separately in an unjack-
eted test by measuring the change in pore fluid mass during
equal increments of pore pressure and total stress change
(e.g. Gassmann 1951; Brown and Korringa 1975; Coussy
2004; Ghabezloo et al. 2008; Makhnenko et al. 2017). This
fluid mass change is generally very small for common geo-
materials, making the precise measurement a challenging
task. For homogeneous materials at the micro-scale, one can
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assume K, = K| (Berryman 1992). If this is not known a
priori, it is practical to use some poromechanical relation-
ships for calculating K, as given by Ghabezloo et al. (2008),
which provide:

L:L_ (I/Ktt_l/Kd+1/H) (37)
K¢ Kf ¢0H(1/Kd_1/Ku)

The bulk modulus of the pore space K, can hence be calcu-
lated by an experimental evaluation of the undrained bulk
modulus K, which is less tedious to be determined in an
undrained isotropic compression test. The porosity ¢, can be
obtained by volume and mass measurements of oven-dried
specimens, whereas the bulk modulus of the pore fluid K;
is generally known for a specific fluid, such as for example
water. If one is able to measure more than the minimum
number of eight independent coefficients (i.e. £}, E_, vy, V.,
b, b., G, K¢, given that ¢, and Kf are known) experimen-
tally, an overdetermined set of parameters is obtained, which
can help to check for a compatibility of these values. In this
study we did not investigate G, therefore the parameter set
which we aimed to characterize contains seven independent
coefficients.

3 Materials and Methods
3.1 Specimen Preparation

In this laboratory study we investigated specimens trimmed
from COx cores that were extracted at the URL from hori-
zontal boreholes. To preserve the material in its in-situ state
as best as possible, that means to avoid desaturation (Ewy
2015) and mechanical damage, cores were shipped and
stored in T1 cells, developed by Andra (Conil et al. 2018).
Each cell protects an 80 mm diameter COx core, which is
wrapped in aluminium foil and a latex membrane to prevent
drying. A plastic tube is placed around the core and cement
is cast between the membrane and the tube, forming a layer
of mechanical protection. This minimises, together with a
spring system in axial direction, volume changes of the core.

After receiving the cores, the T1 cells were removed and
the cores were immediately covered by a layer of paraffin
wax. This protection from drying remained during the fol-
lowing trimming process. Using an air-cooled diamond cor-
ing bit, cylinders of 38 mm diameter were trimmed perpen-
dicular and parallel to the bedding plane. The cylinders of
80 mm height were also covered by a paraffin layer, before
being cut into cylinders of 76 mm height for triaxial tests or
disks of 10 mm height for isotropic tests (Fig. 2), using a dia-
mond wire saw. For protection during storage, the specimens
were enveloped by an aluminium foil, covered by a mixture
of 70 % paraffin wax and 30 % Vaseline oil.
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We carried out a petrophysical characterization, directly
after trimming the specimens, and after several months in
storage. Table 1 shows the measured characteristics, deter-
mined on cuttings of the cores. We obtained the specimen
volume through hydrostatic weighting in in low-odour
hydrocarbon to determine their volume. The dry density was
obtained after oven drying at 105 °C. For the porosity cal-
culation, a solid density p, =2.69 g/cm? (Conil et al. 2018)
was assumed. A chilled mirror tensiometer (WP4, Decagon
brand) provided measurements of the suction s. The rela-
tively high degree of saturation measured after opening the
T1 cells indicates a good drying protection within the cells.
In addition, suction and saturation degree were measured on
cuttings which were protected and stored in the same way as
the specimens. No significant change of these properties was
observed during storage, which confirms the effectiveness
of the adopted protection methods and a good preservation
of the natural water content.

3.2 Isotropic Compression Cell

For the laboratory investigations, we used a high-pressure iso-
tropic thermal compression cell, which is presented in Fig. 3
(Tang et al. 2008; Mohajerani et al. 2012; Belmokhtar et al.
2017a, b; Braun et al. 2019). This cell allows us to test speci-
mens with 38 mm diameter and variable height, placed inside a
neoprene membrane in the center of the cell. A silicone heating
belt is wrapped around the isotropic cell, which is able to heat
up the device. The belt is coupled with a temperature sensor
in the vicinity of the specimen, which allows us to maintain
a constant cell temperature or impose heating/cooling under
constant rates. The cell is filled with silicone oil, which can be
set under a pressure of up to 40 MPa by a pressure volume con-
troller (PVC 1, GDS brand). The neoprene membrane isolates
the specimen from the silicone oil, so that the pressure of the
pore fluid can be controlled independently. The pore pressure
is applied from the bottom of the specimen through a porous
disk connected to the pressure volume controller PVC 2. Dur-
ing the experiments, we measure the specimen strains locally,
using an axial and a radial strain gage (Kyowa brand), glued
on the surface of the specimen (Fig. 2).

3.3 Triaxial Compression Cell

A conventional rock mechanics high pressure triaxial cell
was used for experiments with deviatoric loading (Fig. 4). A
triaxial cell is indispensable for determining the Young mod-
uli and Poisson ratios, necessary for a complete transverse
isotropic parameter set. The device used is similar to the
isotropic cell, including a pressurized chamber connected to
PVC 2, which applies confining pressure to the cylindrical
specimen (38 mm diameter, variable height). The specimen,
isolated by a neoprene membrane, is submitted to pore pres-
sures through porous stones on its top and bottom surfaces,
controlled by PVC 3. Specimen deformations are detected
by strain gages attached at specimen mid-height (Fig. 2).
The same heating system as in the isotropic cell was used
for this device, with a silicone heating belt, connected to an
internal thermocouple to regulate the cell temperature. The
main difference to the isotropic cell is the auto-compensated
piston, which allows us to apply axial deviatoric loads. An
auto-compensation chamber pressurized by the confining
fluid 0,4 (situated in the piston housing, not shown in Fig. 4)
keeps the piston in equilibrium, when the pressure applied
by PVC 1 is zero. In this case, the specimen is in an iso-
tropic stress state where both axial and radial total stresses
are equal (o,, = 0,,4)- The pressure applied by PVC 1 con-
trols then only the additional deviatoric part of the stress
q = 0, — 0,4 (€.g. Fortin et al. 2005).

3.4 Testing Procedure

The COx specimens were mounted in the isotropic and tri-
axial cells in their initial state at 25 °C. An initial sequence
of consolidation, saturation and in-situ stress application was
followed, shown schematically in Fig. 5.

First, the specimens were consolidated at constant water
content under isotropic stress with a loading rate of 0.1 MPa/
min, while the drainage system was kept dry. Most of the
specimens were brought to a confining pressure close to the
in-situ effective stress between 8 MPa and 10 MPa. Three
specimens were brought to a higher confining stress to inves-
tigate the effect of confining pressure on swelling strains
during the following hydration. An overview of all tested

Table 1 Mean and standard

L Core P Pa %o w S, s

deviation (in parentheses) of 5 ;

petrophysical measurements [g/em?] [g/cm”] (%] [%] %] [MPa]

done on cuttings of three COx

cores; with wet and dry density EST 2.37 222 17.9 7.5 92.5 24.2

p and p,, respectively, porosity 53650 (0.00) 0.01) 0.2) 0.1 0.8) 2.1

o, Water content w, saturation EST 2.38 2.21 18.2 7.9 95.3 17.4

degree S, and suction s 57185 (0.00) (0.00) (0.2) 0.1) 0.7) 0.1)
EST 2.39 222 17.9 7.8 96.3 22.8
58132 (0.02) (0.02) (0.6) 0.2) (3.6) (1.3)
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Fig.3 Temperature controlled
high pressure isotropic cell,

Air purge

Safety valve

accommodating a rock speci-
men equipped with strain gages

Heating belt
|

O-ring —

Thermo-
couple

Strain gages

Neoprene
membrane

Rock specimen

Geotextile or
porous disk
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Fig.4 Temperature controlled
high pressure triaxial cell with
an auto-compensated load

piston and strain gage measur-

Auto-compensated
piston

Valve V1

Pressure transducer

ing system

O-ring —|

Thermo-
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membrane
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)
\
\
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N7

ANNANNNAY - INNRNNNNY

porous disk
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specimens with their respective initial confining stress is
given in Table 2.

When specimen deformations remained stable after appli-
cation of the confining stress, we assume hydraulic equi-
librium and a complete dissipation of any generated over-
pressure in the pores during the loading, similar to the end
of secondary consolidation in soils. The air in the dry drain-
age ducts was evacuated by vacuum for several minutes and
the ducts were then filled with synthetic pore water under a
pressure of 100 kPa. To prepare synthetic water, salts were
added to de-mineralized water according to a recipe pro-
vided by Andra, to obtain a fluid composition close to the
in-situ one. When injecting pore fluid into a initially partially

@ Springer

%
Water duct ————  Oil duct —

unsaturated specimen, we expect a total volume increase
composed of (i) the volume changes of an unsaturated
medium due to the reduction of suction and the adsorption of
water and (ii) the poroelastic response of a saturated medium
due to pore pressure increase. The former occurs, when the
pore pressure increases from a negative value (correspond-
ing to suction) to zero, while the latter happens under posi-
tive pore pressure changes, once the medium is saturated. In
order to better distinguish these effects in the experiments,
and generate first a predominantly unsaturated response, the
initially applied water pressure was chosen relatively small.
In this way, we try to limit poroelastic deformations due to
pore pressure changes and observe hydration strains only.
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-
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Fig.5 Mounting and saturation procedure for COx specimens. Speci-
mens are first mounted with dry water-ducts. Vacuum is applied to
the ducts in order to evacuate air. The isotropic confining stress is
then increased and kept constant. When monitored strains are sta-
ble, the water saturation is started with a low back pressure to limit
poroelastic strains. After the hydration swelling stabilized, both pore
pressure and confining stress are increased simultaneously until the
desired stress level close to the in-situ one is reached. Again, strains
are monitored and when the deformations are in equilibrium, further
testing can be started

A certain positive pressure is however required to fill and
saturate the drainage lines of the device. Hydration resulted
in swelling strains that stabilized after about five days on
all specimens, showing similar transient characteristics.
Table 2 lists the measured volumetric swelling strains, which
decrease with increasing confining stress (Fig. 6). Here we
neglect however possible size effects due to different speci-
men dimensions and a potentially incomplete saturation at
100 kPa pore pressure.

After hydration, pore pressure and confining pres-
sure were increased simultaneously by 4 MPa under a
constant Terzaghi effective stress. The applied pressures
were increased until the pore pressure reached 4 MPa.

Consequently, the specimens reached Terzaghi effective
stresses, which were equal to the initial confining stress in
the saturation phase described in Table 2. We can assume
complete saturation when the recorded strains stabilized,
indicating hydraulic equilibrium. Rad and Clough (1984)
conducted calculations based on Boyle’s and Henry’s laws
to estimate the necessary back-pressure for a complete dis-
solution of the air trapped in pores. They showed that for
saturating a specimen which is initially saturated at 90 %
and submitted to a vacuum of 80 kPa, one requires around
150 kPa back pressure. Here, while having the same satura-
tion degree and imposed vacuum, we applied a much higher
pore pressure of 4 MPa. Favero et al. (2018) carried out tests
of the Skempton’s coefficient of initially unsaturated Opali-
nus clay at different pore pressure levels. For pore pressures
higher than 2 MPa, they found that the Skempton’s coeffi-
cient remained stable, which indicated complete saturation.
Note that during this last saturation phase, no distinction of
the measured strains between poroelastic deformations and
possible additional swelling (due to further saturation by the
increasing back-pressure) could be made.

A step testing procedure, presented by Braun et al. (2019),
was then utilized to determine the poroelastic parameters
of the material in isotropic tests. This procedure (Fig. 7)
consists of increasing or decreasing the confining pressure
rapidly at a rate of 0.1 MPa/min and keeping it then con-
stant at a certain level (Ac). This generates first an und-
rained response, which permits evaluation of the undrained
bulk modulus K, (Eq. (25)) as a tangent modulus, together
with the anisotropic moduli U, and U, (Eq. (27)). During
a constant load phase, the pore pressures generated in the
first phase are allowed to drain by releasing the undrained
pore pressure changes through the drainage valve. A drained

Table 2 Overview of tested

- . A Specimen Core Saturation phase Loading path
specimens with their initial
saturation phase under stress Confining stress Volumetric  Isotropic tests: Deviatoric tests:
and their respective subsequent swelling
loading paths; the inclined
arrows (\,, /) indicate that # EST [MPa] [%] 0q = Oy [MPa] g [MPa]
e el oo s 0 EETNV TR
stresses ISO2 53650 0.86 - -
ISO3 53650 0.80 - -
ISO4 53650 8 0.72 8,/15\2 -
ISO5 53650 10 0.61 10,736\0.5 -
ISO6 53650 14 0.57 1416 -
ISO7 53650 10 0.66 - -
ISO8 53650 8 0.95 - -
ISO9 53650 30 0.15 - -
ISO10 58132 20 0.33 2018 -
DEV1 57185 10 0.55 30-20-10 05 (@0, =30/20/10)
DEV2 57185 10 0.62 - 05 (@o! , =11)
DEV3 57185 20 0.42 - 010 (@c’ , =10)
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1.2 H, (Eq. (28)) can be evaluated. This pore pressure loading
step can also be carried out independently of a precedent

10 confining pressure loading.
_ X In the deviatoric tests we proceeded similarly to the iso-
£ 08 | § tropic loading tests, by applying the deviatoric load g in a
é" X relatively rapid loading of 0.1 MPa/min, where we assume
E 06 | § undrained conditions. In this phase, we determine the und-
o x X rained coefficients E, ; and v, ; (see also Sec. 2 for the param-
& eter definitions and their evaluation) from the initial slopes
E 0.4 X of the measurements of stress and strain changes (Fig. 8).
§ X Once the target deviatoric stress is reached, we keep it con-
02 r stant, causing a fluid dissipation and equilibration of the pore
. pressure field inside the specimen. We assume completed
0.0 - - - drainage when measured strains stabilize. Doing so, we can
0 10 20 30 40 assure drained conditions before and after each step loading.

Confining stress [MPa]

Fig.6 Measured swelling strains of specimens during hydration
under 100 kPa pore pressure and various confining stresses

response can be observed, when all pore pressures have dis-
sipated and the deformations stabilize, providing the drained
bulk modulus K, (Eq. (22)) with D;, and D, (Eq. (26)). When
the confining pressure is held constant and the imposed pore
pressure is changed instantly (Apy) by the PVC, a transient
deformation can be observed. After stabilization of these
deformations, the Biot modulus H (Eq. (23)) with H, and

One can evaluate the drained Young’s moduli and Poisson’s
ratios as secant parameters, comparing strains and stresses
in the drained states before and after the step. Deviatoric
tests on specimens DEV1 and DEV3 were conducted per-
pendicular to the bedding plane, providing E,, v, E, , and
V,..n (compare Fig. 2), whereas the test parallel to the bed-
ding plane on DEV2 provided Ej,, vy, V., E, sV, and v, .

Undrained conditions during the step increase of g were
verified in a single, quick unloading/reloading cycle on spec-
imen DEV2 (Fig. 9). We observe a constant stress-strain
slope with no hysteresis after the change of loading direction
(Fig. 8a). In parallel, constant slopes indicating constant v, ,
are observed in Fig. 8b. In a perfectly poroelastic material,

a Isotropic confining stress b c
Volumetric strain 5
Ao with anisotropic H, H), H, -§
N » =
components / i 2 g
@ g
on 3 2
- p k=) 2
: = 8
| ~E o
i Ap 5] = 3
! 0 =
: / +—>K,, D,, D, ; 2 < H
v ] _ o L
i 2 2
i Pore pressure at 2 3
: the bottom transducer =
: i s
: ! > L~ >
Stages: 1 2 13 1me Volumetric strain Volumetric strain
Undrained i Drained
~..open valve V1

Fig.7 Schematic representation of the step testing procedure,
adopted from Braun et al. (2019) and Hart and Wang (2001). a
Applied and measured changes of stress, pore pressure and strain
with time. A rapid increase of the confining stress Ao allows us to
measure the undrained properties K, (Eq. (25)), U, and U, (Eq. (27))
from the initial slope of the stress-strain response, shown in b). The
drainage system is closed in this phase. After pore pressure and strain
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remain constant, the drainage system is opened and a change of pore
pressure Ap, is imposed. This pore pressure change creates a strain
response, providing us the (secant) Biot modulus A in c) (see also
Eq. (23)), with H, and H_ (Eq. (28)). The drained parameters K, (Eq.
(22)), D), and D, (Eq. (26)) are measured from the secant of the strain
response in drained state, before and after the test, as shown in b)
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a hysteresis can only appear due to time dependent fluid dif-
fusion processes. If the loading is fast enough, no diffusion
occurs, as the specimen remains in constant undrained con-
ditions. In the same test, after the rapid loading (Figs. 8§, 9),
one can see the additional fluid-dissipation-induced strains
with respect to time, as a transient between undrained and
drained state.

For isotropic tests (¢’ =0, = r’ad), the measured
parameters are hereafter presented with respect to the mean
between initial and final effective stress applied during each
step test, i.e. a parameter measured under a step increase
from 4.0 to 6.0 MPa is shown as a data-point at 5.0 MPa.
All discussed coefficients were measured under unloading
or reloading and are therefore supposed to be elastic. Several
subsequent step tests were carried out, starting from the ini-
tial stress level and then gradually increasing or decreasing
the effective stress in each step with an increment of between
1.0 and 5.0 MPa stress (Fig. 10). These ramps are indicated
in Table 2 with inclined arrow symbols (\,,/"). Horizontal
arrows (—) characterise only one step between the indicated
effective stresses, which was repeated in the case of a dou-
ble arrow («>). The same applies for the deviatoric tests on
specimens DEV1 — DEV3. Specimen DEV1 was loaded
and unloaded by applying a devatoric load g between 0 and
5 MPa, which was repeated at effective radial stresses o-ﬁa g of
30, 20 and 10 MPa. Specimens DEV2 and DEV3 were only
tested at 11 MPa and 10 MPa effective radial stress, respec-
tively. The resulting parameters are plotted with respect to
the average of the initial and final isotropic effective stress
o' at each step loading. Specimens without any loading path
given in Table 2 were not tested under hydro-mechanical

a s

Fluid dissipation ——
4.5 '

4.0
3.5
3.0
2.5
2.0

Deviatoric stress [MPa]

1.5
1.0
0.5

Drained state

0.0 2 L L L
0.00 0.02 0.04 0.06
Axial strain [%)]

0.08

Fig.8 Measured deformations during a deviatoric test on specimen
DEV?2 loaded parallel to the bedding plane in (a) function of devia-
toric stress ¢, highlighting the determination of the Young moduli.
The fast loading shows a linear undrained response, while pore pres-
sure diffusion induces further compression with time, once the devia-
toric stress is held constant. Note that a fast unloading reloading cycle

experiments. They were either only tested in thermal tests
(not discussed here) or had to be abandoned due to technical
problems, and are listed only for their data on the swelling
upon resaturation.

4 Experimental Results

4.1 Stress Dependent Behaviour Under Isotropic
Loading

The conducted isotropic hydromechanical tests provided
measurements of the moduli K; and H with a strong depend-
ency on the effective stress, consistent for all tested speci-
mens (Figs. 11 and 12). Zimmerman et al. (1986) showed,
that under the condition of a constant modulus K, a stress
dependency of the tangent bulk moduli of an isotropic mate-
rial can be expressed as a function of the Terzaghi mean
effective stress. In Sect. 5 we demonstrate, that assuming a
constant K, we are indeed able to reproduce the measured
COx properties. As the COx claystone is not isotropic, we
decided here to present the following measurements with
respect to the Terzaghi isotropic effective stress. The evalu-
ated parameters are later analysed in Sec. 5 as representative
functions of the isotropic effective stress.

The moduli K,; and H are smaller than 1.0 GPa for low
Terzaghi effective stresses and increase with increasing
effective stress (Figs. 11 and 12). With an effective stress
larger than around 20 MPa, the moduli appear to remain con-
stant, with values of around 3.0 and 3.5 GPa, respectively.
For K, at effective stresses around 10 MPa, we can observe a

b 0.00

parallel to the bedding

-0.01 f

-0.01 f

-0.02

-0.02

Radial strain [%]

-0.03

-0.03

-0.04 L .
0.00 0.04
Axial strain [%]

0.08

was only carried out for this specific specimen. No drainage effects
in form of a hysteresis were found during the cycle, evidencing a
constant undrained condition. b Radial strains with respect to axial
strains indicating the Poisson ratios, also describing a clear difference
between undrained response under fast loading and time dependent
fluid dissipation, until reaching drained condition
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7]
0.00 F
e __
-0.02 — T
O
-0.04 , . | |
0 10 20 o " ’

Time [h]

b 0.08
axial
- - - - radial parallel to the bedding
006 | radial perpendicular to the bedding
—
0.04 Pore pressurc

\ dissipation

Undrained cycles

Strain [%]
=
f=]
135

-0.02

-0.04 L L 1 L
0.0 0.2 0.4 0.6 0.8 1.0
Time [h]

Fig.9 Measured deformations during a deviatoric test on specimen DEV?2 loaded parallel to the bedding plane in (a) function of time, with (b)

zoom on the first hour of (a)
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——1S01
' 35 —A—1S04

— = 30

5]
W
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f=1

—_
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Radial effective stress [MPa
Axial effective stress [MPa] --

L/
"TAll paths carried out as steps,
only detailed here
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Time [days]

Fig. 10 Schematic representation of the loading paths carried out in
this work. The ISO specimens were loaded in steps by changing iso-
tropic confining stress or pore pressure. Note that the inclined lines
represent several step loadings, which were not detailed here. Also
the DEV specimens were submitted isotropic step loading (solid
line), and to additional deviatoric loadings (dashed line) in the form
of step-cycles of axial stress. The constant load phase after each iso-
tropic or deviatoric step lasted for at least one day, in order to attain
a pore pressure equilibrium. For a better overview, the loading paths
were assembled with offsets in the time axis

good agreement with the findings of Mohajerani (2011) and
Belmokhtar et al. (2017b). The modulus H was previously
measured by Belmokhtar et al. (2017b) at around 10 MPa
effective stress with 3.47 and 2.24 GPa, somewhat higher
than the present findings.

Interestingly, the reduction of stiffness with effective
isotropic stress appears to be reversible, as can be seen
in Fig. 13. Here we compare the drained bulk modulus,

@ Springer

5.0

4.0 -
35 F
3.0 °

Drained bulk modulus K, [GPa]
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Regression
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A Mohajerani (2011)
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Terzaghi isotropic effective stress [MPa]

Fig. 11 Measured stress dependent drained bulk modulus K, com-
pared with a fitted parameter set (Sect. 5). S and dotted lines indicate
the standard deviation of the regression

measured on specimen ISO1 after subsequent unloading
steps, starting from the initial under-stress-saturated state.
The bulk modulus decreases through unloading. After
reloading, the drained bulk modulus comes back to the same
level as before unloading, comparable also to the values on
ISO6 and ISO10, for which the effective stress level was not
significantly reduced after saturation.

For the undrained bulk modulus K, it is difficult to iden-
tify a stress dependency (Fig. 14), due to the rather large dis-
persion of observed values, which was also evidenced in pre-
vious studies (Escoffier 2002; Mohajerani 2011; Belmokhtar
et al. 2017b).
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Fig. 12 Measured stress dependent Biot’s modulus H compared with
a fitted parameter set (Sect. 5). S and dotted lines indicate the stand-
ard deviation of the regression

The transversely isotropic strain response was recorded
simultaneously with K;, H and K|, in all tests, resulting in the
parameters D;, H; and U,. (Figs. 15, 16 and 17). For drained
tests (D;, H;) above 20 MPa effective stress, one observes
axial strains perpendicular to the bedding plane about three
times larger than radial ones. In undrained tests, the ratio of
anisotropy varied more significantly with effective stress,
with values around 1.5 for low effective stress and values
around 2.0 for 30 MPa effective stress. Again, the rather
large scatter with some outliers of the measured undrained
properties becomes visible on the parameters U, (Fig. 17).

4.2 Stress Dependent Behaviour Under Deviatoric
Loading

In the triaxial tests, we measured E, and v,, on specimens
DEV1 and DEV3 for effective confining stresses from 10 to
30 MPa (Figs. 18, 19). Whereas the Poisson ratio remained
more or less constant with values between 0.10 and 0.17,
the Young modulus E_ increased with increasing confining
stress from around 3.4 to 6.7 GPa. Compared with the values
of E, from Zhang et al. (2012), Menaceur et al. (2015) and
Belmokhtar et al. (2018), a similar stress dependency can
be observed. The parameters E;, and v, on specimen DEV2
were measured only for 10 MPa isotropic effective stress,
with values for E, between 6.4 and 8.0 GPa and v, between
0.30 and 0.34. Note that only two measurements with a rela-
tively large difference were taken for this loading direction.

As expected, the undrained response during triaxial tests
produced higher moduli than the drained ones. The parame-
ter £, was found between 6.4 and 8.6 GPa and E,, ;, between

u

9.8 and 10.8 GPa (Fig. 20). The anisotropy of the undrained

3.0
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_25 \ \\:,, ,‘f@ :
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=
E Reloading
g 10 r
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0.5 x 1506
< ISO10
0.0 L L :
0 5 10 15 20

Terzaghi isotropic effective stress [MPa]

Fig. 13 Measured stress dependent drained bulk modulus K; on spec-
imens ISO1, ISO6 and ISO10, illustrating the reversible reduction of
stiffness with decreasing effective stress

moduli shows a ratio E,,/E, . around 1.4, whereas the
drained moduli show a ratio E, /E, of around 1.8. Interest-
ingly, we can observe relatively large undrained Poisson’s
ratios, with values higher than 0.35 and a significant scatter
(Fig. 21). In contrast to isotropic elastic materials, the Pois-
son ratios of anisotropic elastic materials have in theory no
bounds (Ting and Chen 2005). High Poisson ratios v > 0.5
have been observed on rocks in the laboratory (e.g. Vutukuri
et al. 1974; Hatheway and Kiersch 1982; Islam and Skalle
2013), which can be related to significant anisotropy (Gercek
2007). As for E, and v,;,, note that only two measurements

25

[\
S
T

O
T
X

§=3.4 GPa

Undrained bulk modulus K|, [GPa]

10
................................... X Measured
0 .
R A Regression
s % +  Escoffier (2002)
A Mohajerani (2011)
®  Belmokhtar et al. (2017b)
0 1 1 1
0 10 20 30 40

Terzaghi isotropic effective stress [MPa]

Fig. 14 Measured undrained bulk modulus K,,, compared with a fitted
parameter set (Sect. 5). S and dotted lines indicate the standard devia-
tion of the regression
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Fig. 15 Measured anisotropic responses D; during drained compres-
sion, compared with a fitted parameter set (Sect. 5). S and dotted lines
indicate the standard deviation of the regression
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Fig. 16 Measured anisotropic responses H; during pore pressure tests,
compared with a fitted parameter set (Sect. 5). S and dotted lines indi-
cate the standard deviation of the regression

have been made for £, ;, and v, ;,, which show a relatively
large difference.

5 Regression Analysis

The experimental results evidence an increase of the moduli
K,, D;, H, H; and E; with increasing Terzaghi effective stress,
starting from a certain value at zero effective stress and
reaching a plateau at a given effective stress (e.g. Fig. 11).
To describe this trend, we chose an empirical, sigmoid
function, used regularly in rock mechanics literature (e.g.
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Fig. 17 Measured anisotropic responses U; during undrained com-
pression, compared with our best-fit parameter set (Sect. 5). S and
dotted lines indicate the standard deviation of the regression
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Fig. 18 Measured stress dependent drained Young’s modulus E_ per-
pendicular and E), parallel to the bedding plane, compared with a fit-
ted parameter set (Sect. 5). S and dotted lines indicate the standard
deviation of the regression

Zimmerman 1991; Hassanzadegan et al. 2014; Ghabezloo
2015). Here we attribute the sigmoid function to E_:

1_1 _ (1_1 — 86’
E B\ B E® exp (~fo’) (38)

where E, increases with the Terzaghi isotropic effective
stress ¢’ from a lower limit EZ0 to an upper limit £, with
the shape of transition governed by a parameter g. In addi-

tion, we introduce an anisotropy ratio Ry, which allows us
to calculate E;:
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Fig. 19 Measured drained Poisson’s ratio v,, perpendicular and v,
parallel to the bedding planes with respect to effective stress, com-
pared with a fitted parameter set (Sect. 5). S and dotted lines indicate
the standard deviation of the regression
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Fig.20 Measured stress dependent undrained Young’s modulus E,
perpendicular and E, ;, parallel to the bedding plane, compared with a
fitted parameter set (Sect. 5). S and dotted lines indicate the standard
deviation of the regression

Ry =E,/E, (39)

Knowing v, and v,,,, the parameters K; and D; can then
be evaluated using Eqs. (32) and (29). With Eq. (23), one
obtains H by inserting the unjacketed compression modulus
K,. We use then the ratio Ry, as another fitting parameter,
which provides us H; (Eq. (23)). The Biot coefficients b, can
now be calculated with Egs. (33) and (34) and the elastic
stiffness matrix M;; by Egs. (5) - (9).

0.60
050 " XOTT 5=0.14
= 040 X
2
g
4 0.30
2
E 020 T X Vy hz (measured)
O Vypp (measured)
0.10 Vy,hz (regression)
Vu,hh (regression)
0.00 1 . )
0 10 20 30 40

Terzaghi isotropic effective stress [MPa]

Fig.21 Measured undrained Poisson’s ratio v, , perpendicular and
v, Parallel to the bedding planes with respect to effective stress,
compared with a fitted parameter set (Sect. 5). S and dotted lines indi-
cate the standard deviation of the regression

To evaluate M, one can insert Eq. (37) in Eq. (15), which
eliminates K, and K, and requires only one additional fitting
parameter K,:

1 _ 2(1 —bh)<bh(1 - th) _ bzvhz) + (1 _bz)(bz _thvhz)
M E, E E,

4

(40)
In addition, the properties U, (Eq. (31)), the undrained elastic
stiffness matrix le'; (Eq. (20)), its inverse C; and the param-
eters E,; and v, ; (Eq. (21)) can be determined. We obtain
hence a complete set of parameters depending on the nine
unknowns E?, E®, B, Rp, V., Vi, Ry, K, and K. Here we
assume a priori that the coefficients Ry, Ry, v, v, K, and
K, are constant with ¢’. Based on these nine coefficients, we
can evaluate the theoretical values of the 14 parameters
which were investigated in the experiments (D;, H;, U;, E;,
v;, E,;and v, ;) and compare them to the measured data.
For a given set of nine unknown coefficients, we can com-
pute the sum of the squared relative errors between all our
measured data and the calculated dataset. Due to the fact
that different parameters with different units were fitted here,
we used the method of squared relative errors. To minimize
the sum of residuals we used a Python SciPy differential
evolution algorithm (Storn and Price 1997; Virtanen et al.
2020), which found a global minimum with the values for
the nine unknowns presented in Table 3. The result of the
fitting is displayed together with the experimental data in the
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respective Figs 11, 12 and 14 — 21. For each curve obtained
by the regression, we show its standard deviation § in the
Figures.

The data on K, and H (Figs. 11, 12) show a good fit, with
low values of standard deviation (0.3 and 0.4 GPa, respec-
tively). Here the fit gives a high confidence due to the largest
number of experimental data. Moreover, the a priori assump-
tion of constant K, appeared sufficient for reproducing the
relationship between the two parameters K, and H (Eq.
(23)). The obtained value of K, = 19.69 GPa is very close
to the data provided by Belmokhtar et al. (2017b) of K, =
21 GPa. In the case of K,, we adopted a constant parameter,
shown in Fig. 14. Note that due to some significant outliers
in the experimental data, the fitted value K, = 10.43 GPa
shows a high standard deviation of S = 3.4 GPa. Moreover,
the fact that the experimental data are not symmetrically dis-
tributed around the fitted function indicates a fairly poor fit.

The standard deviation S of the regression for D, D_, H,,
and H, (Figs. 15, 16) was found equal to 2.0, 0.5, 2.5 and 0.6
GPa, respectively. These values indicate acceptable fitting.
For the parameters in / direction, S is generally higher due
to the higher absolute values. For U, and U_, the values of
S were notably higher (S = 15.5 GPa and 6.7 GPa, respec-
tively), due to the high dispersion of the undrained measure-
ments (Fig. 17).

One can see that the fitted relationships for the deviatoric
parameters E; and v; (Figs. 18, 19) simulate qualitatively the
measured anisotropic and stress dependent characteristics

of the COx claystone. However, quantitatively we observe a
significant underestimation of the measured data, resulting
in very large standard deviations S of E_ and v, with val-
ues of 3.0 GPa and 0.04, respectively. These large standard
deviations are also due to the relatively small number of
measurements under triaxial stress conditions. For E, and
v, the number of measurements is not sufficient to calculate
the standard deviation of the estimate.

Also the obtained relationship for E,  shows a large
standard deviation § = 1.5 GPa (Fig. 20). In parallel bedding
direction, we measured a much larger E, , which is cannot be
reproduced by the regression. In this direction, the number
of measurements is not sufficient for calculating the standard
deviation, but we can observe a poor fit in the Figure. In the
experiments we measured relatively high undrained Poisson
ratios, larger than 0.35 (Fig. 21). Remarkably, the results of
the fitted parameter set show similar values, indicating that
these high values are compatible with the poroelastic frame-
work. However, the standard deviation of these regressions
is rather high (§ = 0.14 for v, ;,., no quantitative measure for
V,.n, due to lack of data-points).

6 Discussion

The proposed multivariate regression scheme is a useful tool
to fit multiple dependent variables (experimental material
parameters) through multiple independent variables (model

Table 3 Summary of the best-fit parameter set. The independent variables were varied in the fitting procedure. We also present values of other
resulting parameters with their stress dependency, which are useful for common numerical applications

Fit Resulting parameters in function of ¢’ [MPa]

E° [GPa] 0.30

E® [GPa] 3.68

Jij [MPa™ 0.34

E, [GPa] [3.06 exp(—0.346") +0.27] ' [Eq.
(38)]

Ry [-] 1.84

E, [GPa] 1.84 [3.06 exp(=0.34 ") +0.27] ' (Eq.
(391

V., -] 0.11

Vi -] 0.29

Ry [-] 2.95

K, [GPa] 19.69

by [-] [exp(0.34 ") + 13.02] - [1.18 exp(0.34 ") + 13.22] [E(gé)]

b -] [exp(0.34 6") + 13.07] - [1.14 exp(0.34 ¢”) + 12.93] ' [15(2-4 .

K, [GPa] 10.43

M [GPa] [10.38 exp(1.026") +2.77 - 10> exp(0.68 o) + 1.79 - 10° exp(0.34 ¢")] [Eq.
(40)]

x| exp(1.026") +0.26 - 10> exp(0.686") + 1.71 - 10> exp(0.34 6" — 1.89] '
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parameters) and to analyse a complex set of transversely
isotropic poroelastic parameters. For properties measured
under isotropic loading conditions, the model shows a good
fit due to the large number of experimental data. Some com-
patibility issues were encountered in the response to devia-
toric loads, where the model significantly underestimates the
measured moduli E; and E,, ;. This could be due to the fact
that we express the moduli only as a function of effective
isotropic stress, which is not sufficient for reproducing the
observed behaviour in deviatoric tests. Some studies (e.g.
Cariou et al. 2012; Zhang et al. 2019) reported an increase of
the Young modulus as a function of ¢ during tests under par-
tially saturated conditions. Additional experimental results
and the consideration of a parameter dependency on g could
improve the set of material coefficients.

We are also able to evaluate several other poroelastic
characteristics, not measured experimentally, by using the
fitted dataset. For instance, we can calculate the Biot modu-
lus M through Eq. (40), presented in Fig. 22 and Table 3.
This coefficient, often used as a model parameter in engi-
neering applications, changes very little with effective stress
and is close to the undrained bulk modulus X,,.

The Biot coefficients b, and b, were calculated using Eqs.
(33) and (34). One can compute stress dependent Biot’s coef-
ficients, presented in Fig. 23 and Table 3. Both coefficients
show values close to 1.0 for low effective stress, decrease
slightly with effective stress and remain constant above
around 14 MPa effective stress. At the in-situ effective stress
of around 10 MPa, we obtain values b, close to 0.9, which
is agreement with previous studies (Fig. 23). Interestingly,
a less pronounced anisotropy can be seen here, compared to
other elastic coefficients. High values of b, originate from
small differences between K, and H, while a small anisot-
ropy is due to small differences between D, and H,, and
between D, and H..

The isotropic Skempton’s coefficient B (Fig. 24), calcu-
lated through Eq. (35), shows relatively high values between
0.9 and 1.0. Similar to b,, this coefficient decreases slightly
with effective stress up to 14 MPa. Also Belmokhtar et al.
(2017b) and Mohajerani et al. (2012, (2014) determined
rather high coefficients B with values of 0.87 and 0.84,
respectively. Using Eq. (36), one is able to calculate the
anisotropic Skempton’s coefficients, presented in Fig. 24.
Note that here, as well as for b;, a combination of differ-
ent involved regressions increases the uncertainty of the
calculated relationships. One observes a large difference
between B, and B,,, with values of 1.6 and 0.5, respectively,
at 10 MPa Terzaghi effective stress. Such significant aniso-
tropies of the Skempton’s coefficient have been addressed
by Holt et al. (2018), who tested soft shales with B close to
1.0. They found properties equivalent to B, around 1.5 and
B, around 0.6, similar to the findings of this study. These
authors were able to back-calculate their measurements by
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Fig.22 Biot’s modulus M compared with the undrained bulk modu-

lus K,,, both evaluated through the regression analysis
1.05
- b, (regression)
1.00 E - - == by, (regression)
. \ ¢ b Escoffier (2002)
A b Mohajerani (2011)
- 095 ® ) Belmokhtar et al. (2017b)
|
2090 | e
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© 085
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Fig.23 Biot’s effective stress coefficients b; obtained through the
regression, compared with literature data on the isotropic parameter
b. Two datapoints from Escoffier (2002) for b = 0.54 and 0.32, both
at 23 MPa effective stress, are not shown in the figure

adopting a transversely isotropic poroelastic model. Moreo-
ver, they emphasized the significance of anisotropic B; on
pore pressure increase due to subsurface drilling, injection
or depletion. In the numerical study of Guayacan-Carrillo
et al. (2017), transversely isotropic material parameters pro-
vided the best results to model the in-situ measurements of
induced pore pressures during excavation of galleries in the
COx claystone. Although not discussed explicitly, the mate-
rial properties used in their study most likely resulted in ani-
sotropic Skempton’s parameters, able to reproduce the non-
uniform pore pressure field observed around the galleries.
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Fig.24 Skempton’s coefficients B and B; evaluated through our
regression analysis

7 Conclusion

A laboratory study using experimental equipment and test-
ing procedures adopted for very low permeability materials
allowed us to conduct a series of time efficient isotropic and
deviatoric experiments on the COx claystone. Precise strain
gage measurements were employed to investigate its trans-
versely isotropic poromechanical properties and to establish
a set of independent poroelastic parameters.

— Tests on different specimens from three cores provided
consistent poromechanical coefficients, which confirms
the reproducibility of the experiments, the same speci-
men qualities and shows no noticeable natural variability
between the cores.

— The measurements show a clear stress dependency of
the drained bulk modulus K; and the Biot modulus H,
the drained and undrained Young moduli and a less pro-
nounced stress dependency of the undrained bulk modu-
lus and the undrained Young modulus. The drained and
undrained Poisson ratios perpendicular to the isotropy
plane were observed to change very little with effective
stress.

— The decrease of the drained bulk modulus with decreas-
ing effective stress was observed to be reversible in iso-
tropic tests. The reduction of moduli could probably be
attributed to an elastic opening of microcracks.

— A remarkable anisotropy was found for several elastic
coefficients. The drained Young moduli showed a anisot-
ropy ratio close to 1.8, while the isotropic stress param-
eters D; and H, had a ratio close to 3.0 (ratio between
modulus parallel and perpendicular to bedding). Drained
Poisson’s ratios were close to 0.3 parallel to bedding,

@ Springer

whereas perpendicular to bedding we found values
around 0.15. In undrained conditions, the anisotropy of
moduli was less developed. Relatively high undrained
Poisson’s ratios around 0.4 illustrate peculiar undrained
characteristics.

— We carried out a regression analysis, which aimed to
match a stress dependent set of transversely isotropic
poroelastic coefficients to the laboratory measurements.
The obtained seven independent coefficients (9 coeffi-
cients due to stress dependency, Table 3) could satis-
factorily represent the measured parameters under iso-
tropic loading conditions. Some compatibility issues
were encountered, where elastic properties evaluated
from deviatoric tests tend to be stiffer than those back-
calculated from the fitted parameter set.

— The observed poor fit for parameters measured under
deviatoric loading conditions could be improved by
additional experimental data, by taking into account a
parameter dependency on deviatoric stress or considering
other effects, which are not captured by our transversely
isotropic poroelasticity assumption with parameters
depending on isotropic stress only.

— The fitted unjacketed compression modulus, which is
assumed to be isotropic at the micro-scale and constant
with effective confining stress, gave a value of K, = 19.69
GPa. This is in accordance with the direct measurements
of Belmokhtar et al. (2017b).

— A negligible anisotropy of the calculated Biot’s coeffi-
cients b, and b, was indicated by the fitted parameters.
Relatively high values of the Biot coefficients highlight
the importance of hydromechanical couplings in this
material. The calculated Skempton’s coefficients showed
a significant anisotropy, with higher values perpendicular
to bedding.

The precise knowledge of the poromechanical properties
of the COx claystone is important not only for the hydro-
mechanical modelling of the rock behaviour around exca-
vated drifts (Guayacan-Carrillo et al. 2017), but also for
the analysis of the deformations due to thermally induced
pore pressures (Gens et al. 2007; Garitte et al. 2017). The
parameters evaluated in this study give confidence due to
their inter-compatibility, evidencing a clear anisotropy. The
observed stress dependency of elastic properties could be
considered in in-situ modelling. The material was seen to
become more compliant under decreasing effective stresses,
which increases the elastic deformations in unloading paths.
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