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Abstract

Shales play important roles in various civil, energy and environmental engineering applications. Shales are categorized as
poroelastic materials due to their tight and very stiff structure, and reliable poroelastic properties are required when dealing
with shales. This paper presents simple procedures to determine the poroelastic properties of rocks using oedometer and
triaxial consolidation tests. The procedures, which avoid the difficulty to perform determination of the unjacketed bulk
modulus of the rock minerals, are demonstrated on a North Sea shale. The experimentally obtained Biot coefficient « and
the drained bulk modulus K of the shale range from 0.95 to 0.99, and from 0.17 to 2.00 GPa, respectively. The Biot
coefficient o and the drained bulk modulus K values determined from the oedometer and triaxial tests are compared and
show good agreement and consistency between the two test procedures. The Skempton’s coefficient B-value of the triaxial
samples was also experimentally measured prior to the triaxial consolidation tests. The theoretically predicted B-value
varies from 0.81 to 0.96 which is, on the average, only about 10% higher than the experimentally obtained B-value which

range from 0.80 to 0.85.

Keywords Biot coefficient - Biot’s theory - Bulk modulus - Oedometer test - Poroelasticity - Shale - Skempton’s
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1 Introduction

Shales are important rock materials which have been
encountered in various civil, energy and environmental
engineering applications. They constitute the most com-
mon cap rock for hydrocarbon reservoirs and potential CO,
geological storage reservoirs [14, 22]. They are used as
geological barriers for the storage of nuclear waste because
of their low hydraulic permeability [28, 54]. Shale gas and
oil are also typical low-permeability unconventional
energy resources [25, 59]. Despite very low permeability,
shales in situ often contain high fluid content and can be
fully saturated. The presence of fluid in the pores of shales
affect their elastic properties. Due to their tight structure
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and often very low porosity, the stiffness of a shale matrix
can become comparable to the stiffness of its constituent
solid mineral grains [7, 28]. Thus, the deformation of fluid
saturated shales must also account for deformability of the
solid grains due to pore pressure changes [7, 28].

The earliest theory to approach the influence of pore
fluid on the deformation of geomaterials was originally
developed by Terzaghi [52, 53] for the one-dimensional
consolidation of soils. In Terzaghi’s consolidation theory,
both the pore fluid and the solid particles are considered
incompressible, i.e., the compressibility of both the soil and
fluid constituents are assumed to be zero. In other words,
the bulk modulus of the soil and the fluid are assumed to be
infinite. This means that the volume change of soils can
only occur due to the change in the volume of the pores. In
case the pores are fully saturated with fluids, the change in
the volume of fluid becomes equal to the change in the pore
and total volume.

The assumption of incompressible solid grains is only an
approximation. In the case of soils, this approximation is
true because the soil matrix is comparatively much more
compressible than the solid grains. The assumption of
incompressible solid grain in a compressible matrix is also
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the basis for Terzaghi’s effective stress law [53] which
states that: (1) the mechanical response of soils is con-
trolled by effective stresses, and (2) effective stresses are
the differences between the total stresses and the pore
pressure.

Biot [8] extended Terzaghi’s consolidation theory and

effective stress law to remove the assumptions of incom-
pressible solid grains and fluids as well as the assumption
of one-dimensional consolidation. Biot’s modification of
the effective stress law requires the Biot coefficient « in the
calculation of effective stress a;j acting on the grains of
shale using the following equation [9].
;= 0y — adju (1)
where g; is total stress tensor, u is the pore pressure and J;;
is the Kronecker delta which gives 6; =1 for i =j and
0; =0fori # j.

Parameters such as the Biot coefficient o and the
Skempton’s pore pressure coefficient B [49] in the Biot’s
linear poroelasticity theory can allow the transformations
between the drained constants K and v and their undrained
counterparts [57]. The Biot coefficient o and the Skemp-
ton’s coefficient B are essential when exploring and eval-
uating geo-reservoirs [26, 29], assessing seismic velocities
of fluid-filled porous material from dry values [27], and
computing the storage coefficient of reservoirs [6]. For
elastic fluid saturated porous materials, Biot’s work has
come to be referred to as poroelasticity theory. At the same
time, Biot extended Terzaghi’s one-dimensional theory to
three-dimensions.

Since its development, Biot’s linear theory was refor-
mulated by Verruijt [55] in a specialized version which is
suitable for problems in soil mechanics. Rice and Cleary
[45] reformulated Biot’s linear theory by linking the
poroelastic parameters to well-understood concepts in soil
and rock mechanics. They presented the equations of
consolidation under drained and undrained conditions.
Zienkiewicz et al. [60] and Prevost [42, 43] extended
Biot’s theory to nonlinear constitutive equations. Coussy
[21] generalized Biot’s theory to include nonlinear material
behavior and large deformations using the thermodynamics
approach. Gutierrez and Lewis [26] showed the importance
of Biot’s theory in the coupled fluid flow and geome-
chanical modeling of subsidence in deformable hydrocar-
bon reservoirs.

Analysis of the coupled hydro-mechanical response of
shales is normally based on Biot’s theory. Shales are
poroelastic materials in the strictest sense of poroelasticity
theory, and a deeper understanding of their poroelastic
properties is required when dealing with shales. Determi-
nation of the poroelastic properties of rocks often use the
so-called unjacketed consolidation test to obtain the bulk
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modulus of the rock minerals. However, such test is very
difficult to perform on shale due to their very low perme-
ability and may require specialized equipment such as
those developed by Belmokhtar et al. [5]. The aim of this
paper is to demonstrate relatively simple experimental
procedures based on triaxial and oedometer tests in deter-
mining the poroelastic properties of a shale. Oedometer and
triaxial consolidation tests were carried out on a North Sea
reservoir overburden shale. The Biot coefficient o and the
drained bulk modulus K are determined by interpreting the
experimentally obtained test data using simple methods
presented in this paper. The Biot coefficient o values from
the oedometer and triaxial tests are compared. The
Skempton’s coefficient B-value of triaxial samples was
also experimentally measured prior to the triaxial consol-
idation tests and compared with theoretical equations.

2 Overview of poroelasticity theory

The formulation of Biot’s poroelasticity theory is provided
here for ease of later analysis and discussions. The
poroelastic constitutive equations for a fluid-filled porous
medium are formulated based upon: (1) assumed linear
relationship between the stresses and pore pressure (o5, 1),
and the solid and fluid strains (g, (), where o and ¢; are
the stress and strain tensors, respectively ,u denotes the
pore pressure, and ( is the change in fluid volume per unit
volume of the porous medium; and (2) the assumption of
zero energy dissipation during a closed loading cycle, i.e.,
the reversibility of the deformation process.

The linear constitutive equations for a fluid-filled porous
material can be obtained by considering the scalar quan-
tities u and ( in the classic poroelastic stress and strain
equations [23]:

o (1 1 1
UL T B S 2
%= 5G <6G 9K> §OR T 3y Ot (22)
O kk u
S 2
=3 TR (2b)

where G and K are the drained shear and bulk moduli of the
material, H and R’ characterize the coupling of the stress
and strain between the porous material and the fluid. Note
that in this study, compressive stresses and strains are
positive, and positive { indicates a loss of fluid from the
porous medium.

The poroelastic constitutive equations Eqgs. (2a) and (2b)
can be separated into a deviatoric response:

Sij

€ =55 (3)

and a volumetric response:
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b0l = 2 — (4a)

g u
(= 2 (4b)
where 5; = (0 — J;0m) is the deviatoric stress; e is the
deviatoric strain; o, = o /3 is the mean stress; and &y, =
& 18 the volumetric strain. Note that the deviatoric
response is fully uncoupled from the volumetric response
because of the elasticity function (Eq. 2) used herein, and
from the fluid response because fluids have no shear
stiffness.

Biot [8] proposed the relations between H’, R' and o, B
and K:

K
o= E (Sa)
Rl
- (5b)

The poroelastic constitutive equations for the volumetric
response can therefore be alternatively expressed as:

Bl = (om — uo) (6a)

(=2 (om—%) (6b)

where o is Biot poroelastic coefficient and B is the
Skempton’s coefficient. Note that Eqgs. (6a) and (6b) con-
stitute a fully coupled sets of equations and must be strictly
solved simultaneously for the unknown variables. Uncou-
pling of the two equations is only possible under certain
prescribed boundary conditions.

3 Test sample material

The samples used in this study were taken from shale core
materials which were drilled from the Sele and Lista for-
mations at depth of 2422.5-2445.5 m of the Rogaland
group in Well 2/8A-1A in the Valhall Field, Norwegian
North Sea. X-Ray Diffraction (XRD) analyses were carried
out by the Institute of Geology and Rock Mechanics at the
Norwegian University of Science and Technology. Table 1
shows the complete results of the XRD analysis. Also
shown in Table 1 are the bulk modulus of corresponding
pure mineral components obtained from the literature.

A total of four oedometer tests and six triaxial consol-
idation tests (four of them were selected and used in the
following analysis) were carried out on the test sample at
the Norwegian Geotechnical Institute [7]. Specimens for
Oedometer tests 1-4 were taken from 3.81 cm (1.5") plugs
at depths of 2445.17-2445.22 m. Specimens for triaxial
consolidation tests were taken from seal peel C#2 at depth
of 243773 m. The materials were stored under high

humidity conditions prior to testing. The samples for tri-
axial tests were drilled from the seal peels using a specially
designed drilling equipment to achieve the most consistent
samples. The triaxial test samples were held fixed within a
special frame during the drilling procedure. An industrial
grinder with parallelism of better than 0.01 mm over a
length of 300 mm was used to grind both end surfaces of
samples. The samples for oedometer tests were obtained by
trimming thin slices of shale with the use of a diamond
saw. Both end surfaces of the oedometer samples were
grinded as for the triaxial samples.

The triaxial samples had approximately 25 mm in
diameter. The first two oedometer tests used about 50 mm
diameter samples and the other two used about 35.6 mm
diameter samples. The porosity, void ratio and saturation
were measured for all the samples. Porosity was measured
after the test based on the weight of the dried sample grains
and the volume of the sample. The obtained porosity and
void ratio by considering the effects of micro-fractures
vary from 23.87 to 35.93% and 0.31 to 0.56, respectively.
The initial degree of saturation ranged from 63.86 to
77.46%. The detailed information of samples for triaxial
tests and oedometer tests are given in Tables 2 and 3,
respectively.

For triaxial tests, side filter strips were installed at four
circumferentially equidistant locations in the triaxial sam-
ples to help equilibrate pore pressure distribution in the
sample. The filters are high strength polymer strips which
can retain their shape and permeability even under high
confining pressures. The samples were placed on pedestals
and sprayed with a liquid rubber which serves as the
confining membrane. Prior to spraying the membrane, four
metal pins were glued to the vertical sides of sample (see
Fig. 1). These pins protrude through the membrane and
serve as contacts for measuring vertical strain. Two of the
pins are located diametrically with respect to each other at
the lower third point of the specimen height; the other two
are located in the same way but at the upper third point and
rotated 90° from the first two pins. The use of the target
pins allows for accurate measurement of the vertical strain
over a sufficient segment of the sample height. In the tri-
axial drained tests, the fluid volume change AV,, was also
measured by collecting the fluid flowing out of the sample.

The oedometer was made of high-grade stainless steel
with a Young’s modulus of 200 GPa. At a maximum
effective vertical stress of 25 MPa, the lateral pressure is
12.5 MPa assuming a K, value of 0.5. The maximum cir-
cumferential strain in the oedometer is only 6.25 x 10°%
which is sufficiently small to produce oedometric condi-
tions during the tests. Moreover, the poroelasticity deter-
minations were made at low stresses resulting in even
smaller oedometer cell compliance.
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Table 1 XRD data of shale and bulk modulus of pure mineral components

XRD Content Bulk modulus (GPa) References

analysis

Quartz 0.4 35.9-39, with the average value  Bass [4], Zinszner and Pellerin [61] and Petrowiki [41]
of 37.5

Smectite 0.4 25-34.8, with the average value Bass [4], Zinszner and Pellerin [61], Gutierrez et al. [28], Mondol and Nazmul [38]
of 28 and Wang et al. [58]

NacCl 0.08 24-24 .4, with the average value =~ Hofmeister [34], Alkammash [1] and Roylance [46]
of 24.4

Pyritte 0.09 136-147.6, with the average value Bass [4] and Petrowiki [41]
of 143.6

Mica 0.02 49-58, with the average value of Smyth et al. [50], Hazen and Finger [31], Catti et al. [15], Comodi and Zanazzi [20]
54.2 and Pavese et al. [40]

Calcite 0.01 64.5-81.9, with the average value Bass [4], Zinszner and Pellerin [61] and Petrowiki [41]
of 71.6

Table 2 Data on triaxial specimens

Test no. Depth (m) Porosity,$ (%) Void ratio, e Saturation (%) Size (mm)

N3 2437.73 33.18 0.50 72.1 24.810 x 55.77
N4 2437.73 33.72 0.51 68.6 24980 x 55.81
N5 2437.73 33.88 0.51 68.6 24,900 x 56.30
N6 2437.73 33.60 0.56 67.4 24.86() x 56.64

Table 3 Data on oedometer specimens

Test no. Depth (m) Porosity, ¢ (%) Void ratio, e Saturation (%) Size (mm)

1 2445.17 23.87 0.31 63.86 50.450 x 19.92
2 2445.20 25.62 0.34 64.74 50.420 x 19.09
3 2445.22 28.48 0.40 77.46 35.640 x 14.66
4 2445.22 28.68 0.40 76.71 35.66(0 x 14.48

The type of pore fluid plays an important role in
maintaining the original characteristics of shale in situ.
Many shales particularly those having high smectite min-
eral composition will swell upon introduction of a fluid
with salt content different to original content into the shale
sample [19]. It needs to keep the same pore fluid within the
sample, or at least know the composition of the original
pore fluid of the sample in situ and later re-saturate the
samples using the same fluid to avoid shale swelling. Pore
fluid was collected by placing core samples in a core holder
and forcing pressurized air through it. There is a wide
range of tests to analyze the chemical composition and
physical indicators of pore fluids, however, the most
important is salt content as this can directly affect the
swelling potential of shale. The salinity of the shale sample
was using salinity meter that passes electric current
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between two electrodes through the pore fluid and mea-
suring the fluid conductivity which can then be correlated
to salt content. The test result provided a value of 98.5 g/l
NaCl. The samples after being placed in the triaxial and
oedometer chambers were re-saturated using the fluid
having the same composition as in situ (salt water with
98.5 g/l NaCl) to avoid swelling of the sample. Back-
pressures of 15-20 MPa and 1 MPa were applied for the
triaxial and oedometer consolidation tests, respectively,
after introducing salt water into the specimens. The satu-
ration of the samples will be evaluated and discussed in
Sect. 6.
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Fig. 1 Sample used in triaxial tests
4 Biot coefficient « and bulk modulus K

The oedometer and triaxial consolidation tests were con-
ducted under drained conditions and hence, the pore
pressure which might be generated during the tests were
dissipated, i.e., u =0. Equations (6a) and (6b) now
become:

Om
Evol = ? (7a)

o

é = fO’m (7b)

The Biot coefficient o can be determined by the fol-

lowing equation [57]:

K
where K is the drained bulk modulus of the porous medium
and K denotes the bulk modulus of the solid grains of the
porous medium.

Note that fully drained conditions are not required in the
proposed method. As shown analytically below, achieving
drained conditions in shales can take a very long time,
making the determination of the poroelastic parameters
very expensive. The proposed method should work as well
in undrained conditions if the pore pressure in the sample is
measured. For undrained conditions, the poroelastic
parameters can be determined from Egs. (6a) and (6b) at
any desired stage of loading if the pore pressure is mea-
sured during the test. It is well known that achieving

uniform pore pressure is easier than obtaining full drainage
even in very low-permeability rocks. Moreover, if the pore
in the sample is deemed non-uniform, it is possible to
derive an analytical solution for the pore distribution in the
sample and arrive at an average pore pressure. This was
done in Gutierrez et al. [28] where it is also shown that the
use of average pore pressure in the sample is enough to
provide reliable values for the poroelasticity parameters.

It only happened that the test results used below to
validate the proposed procedures were for drained loading.
Again, fully drained condition is not a requirement. The
oedometer samples used in the validation were only about
1 cm thick, which makes it very easy to achieve drained
conditions. For the triaxial tests, the samples are wrapped
in vertical strips of filter paper to promote radial drainage
which is a lot faster than vertical drainage due to the much
higher permeability of shales along the bedding plane
compared to the vertical permeability. Full drainage in both
types of tests was checked using Taylor’s square root of
time method.

4.1 Length of time required for unjacketed
compression testing

Usually, unjacketed compression test is required to deter-
mine the bulk modulus of the solid grains K;. However, it
is difficult to conduct this test on shale as a long time will
be required for the pore pressure in the sample to reach
equilibrium with that applied at the boundary due to the
low permeability of shales. Furthermore, special test
equipment and setup are needed to carry out the unjacketed
compression test. To date, there appears to be no reported
studies with regards to the unjacketed tests on shales,
except for Belmokhtar et al. [5] in which the tested COx
claystone has a relatively high permeability (in the order of
1072° m?) and a specially designed compression cell was
used.

The lowest permeability of shales can be down to
1072* m? [11, 17]. The shortest flow path in the cylindrical
sample is along the radial direction of the cylinder. The
time required for the pore water to reach fluid pressures
equal to the pore fluid pressure py applied at the boundary
of the cylinder can be formulated as a radially symmetric
problem of the pressure development in a circular porous
medium, which can be simply illustrated by the diffusion
equation [48]:

?%p 10p op

2(OP 10p\ _ P

b <6r2 t ar) ot ©)
where
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D2 _ KP

= 150G + Co) (10)

and K, is the permeability of shales, #; is the dynamic
viscosity of the fluid, n is the porosity, and C¢ and Cp are
the compressibilities of the fluid and the skeleton, respec-
tively. At the time of r = 0, a pressure pulse is applied at
the boundary of the circular sample and the pore pressure
within the circular domain is zero. The boundary and initial
conditions which control the pore pressure diffusion into
the circular domain of radius a are expressed by:

pla,1) = poH(1);¥, >0 (11)
p(r,0) =0;0<r<a (12)

where H(t) is the Heaviside step function of time. The
analytical solution to the pressure evolvement in the cir-
cular porous region can be expressed as [47]:

o(r.0) :p0< ., Z exp(—k2D?1)Jo(ky r)) (13)

n=1.2 kna]l( )}
where Jy and J; are zeroth-order and first-order Bessel
functions of the first kind. &, are the roots of the charac-
teristic equation:

JO(kna) =0 (14)

The pore fluid pressure development at the center of the
circular sample can be computed by the simplified form of
Eq. (13):

exp(—k2D%)

p(0,t) =po|1-2 ZOO:W

n=1.2

(15)

Equation (15) is used to compute the time-dependent
pressure development at the center of the circular sample
by considering the physical properties of the low-perme-
ability shale and the experimental configuration which are
listed in Table 4.

In Eq. (15), D? can be computed using Eq. (10) and the
parameters shown in Table 4. The parameter k,, the roots
of the characteristic equation Eq. (14), is solved using the
Bessel Zero Solver which can be downloaded from the
Mathworks website [13]. J;(k,a) can be computed using
the Bessel function of first kind, Besselj, which is imple-
mented in MATLAB R2019b. Time ¢ (in s) is the param-
eter to be determined by trial and error.

For the experimental configuration used in this study as
given in Table 4, the time required for the pore pressure at
the center of the circular sample to reach 99% of the
boundary pressure is approximately 243 days. The required
time is closely associated with the permeability of the
porous medium. The increase of the permeability of K|, to
10722 m? will decrease the time requirement to 25 days,
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Table 4 Experimental configuration and physical properties of shale

Parameters Value
Permeability K, 1072 m?
Skeleton compressibility Cp° 3.1 x 10711 (Pa)™"
Fluid compressibility C¢¢ 43 % 10*10(pa)*1
Porosity n® 0.34

Sample radius a® 0.025 m
Dynamic viscosity of the fluid nff 0.002 Pa s

Time ¢ To be determined, s

*The permeability can be as low as 1072*m? which was also con-
firmed by [11, 39]

"The inverse of the compressibility is called the bulk modulus and
hence, the skeleton compressibility is equal to 1/K which refers to the
bulk modulus of the solid grains of the porous medium. According to
Sect. 4.1, the lower bound of K, is 32 GPa and hence 1/

32 GPa = 3.1 x 107! (Pa)™!

“Fluid compressibility is determined as inverse of the bulk modulus of
seawater which is 2.34 GPa [2, 18]. Hence the used compressibility is

1/2.34 GPa = 4.3 x 10719(Pa) ™"

9Porosity of the shale samples was measured based on the total vol-
ume of the sample and the volume of the solids. The latter was
obtained by crushing the sample after each test and placing the cru-
shed materials in a pycnometer. To check the volume of the solids, the
weight of the dried crushed sample was also determined and con-
verted to volume of solids using the specific gravity of the minerals
composing the solids

°The radius of the samples was measured with a pi-tape micrometer,
and the largest value of 0.025 m was used (Table 2)

'Fluid viscosity is taken from the dynamic viscosity of seawater as
0.002 Pa s [12, 16]

which is still significant. The effective fluid compressibility
of shales would increase when the pores in the samples
contain undissolved air, which will lead to the increase of
the time required to reach saturation. Furthermore, com-
plete saturation of all the accessible pore spaces cannot be
guaranteed when laboratory techniques are deployed to
fully saturate the low-permeability rocks. On the other
hand, shales in the field can be saturated when subjected to
geological time, stress sates and fluid supply conditions.

4.2 Alternative method to determine the grain
bulk stiffness

Due to reason discussed above, unjacketed tests were not
conducted in this study and instead alternative theoretical
procedures are used to estimate K. To do it precisely one
must consider [3]: (1) the individual bulk modulus of the
constituents; (2) the volume fractions of the constituents;
(3) geometric details of how the various constituents are
arranged. The first two information of the shale in this
study are already obtained and shown in Table 1 whereas
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the geometric details are difficult to measure. Without the
knowledge of the details of geometry, the best one can do
is estimate the upper and lower bounds of the bulk mod-
ulus. The bound estimation is a powerful and robust tool
which provides rigorous upper and lower limits on the bulk
modulus. Several researchers have developed theoretical
estimates to determine the elasticity properties of multi-
phasic materials [30, 32, 33, 44, 56]. The Voigt—Reuss
bounds are the simplest bounds which provide upper and
lower limits for the effective elasticity properties of rocks,
whereas Hashin and Shtrikman [30] proposed the narrow-
est possible bounds. To make the predictions more reliable,
Voigt and Reuss estimates are used to determine the upper
and lower bounds on the bulk modulus of the solid grains
of shale K.

The upper bound estimate is computed by the Voigt
average:

K= XiKy,; (16)
i=1

The lower bound estimate is computed by the Reuss
average:

where KV is the upper bound of the effective bulk modulus;
KT is the lower bound of the effective bulk modulus, X; and
K,,; are the content and the bulk modulus of each mineral
component. The mineral composition of the tested shale is
shown in Table 1. It can be seen that the bulk modulus of
the minerals is a range. The minimum values of the bulk
modulus of the minerals are implemented in Egs. (16) and
(17), leading to K in range from 32.0 to 40.0 GPa; the
implementation of maximum values of the bulk modulus
results in K ranging from 38.0 to 46.0 GPa. Hence, the
determined K; of the shale sample in this study ranges from
32.0 to 46.0 GPa.

4.3 Determination of the poroelastic parameters
from triaxial consolidation tests

The vertical strain &,, effective vertical and horizontal
stresses o/, and oy, and the fluid volume change AV, were
measured during the triaxial tests. The triaxial test No. 3
was isotropically consolidated to a mean effective stress of
3 MPa. To mimic the actual stress condition in the field,
the triaxial tests 4-6 were all anisotropically consoli-
dated to an effective major principal stress of o/, = 4 MPa
and to an effective minor principal stress of o], = 2 MPa.
The fluid content variation { can be computed by:

(=2 (18)

where V denotes the volume of the porous medium.
Combining Eqgs. (7b) and (8) leads to:

(b

The mean stress g, in Eq. (19) is equal to the effective
mean stress o), as the pore pressure u =0 due to the
drained condition. Hence, Eq. (19) becomes:

(= (%% )% (20)

The relationships between ( and o, of the four triaxial
consolidation tests are shown in Fig. 2. The slope of the
o —( curves shown in Fig. 2 is equal to (1/K — 1/K) and
the bulk modulus K can be computed with the K range of
3246 GPa. The Biot coefficient o can be computed using
Eq. (8). The computed bulk modulus K and the Biot
coefficient o are listed in Table 5. It is observed that the
obtained Biot coefficient o are similar for all the four
samples, varying in the range of 0.95-0.99 while the
computed bulk modulus K has a relatively large range
varying from 0.32 to 1.61 GPa.

It is worth noting that the isotropically consolidated
sample No. 3 and the anisotropically consolidated samples
No. 4-6 produce consistent values for the bulk modulus K
and the Biot coefficient o.

4.4 Determination of the poroelastic parameters
from oedometer consolidation tests

The vertical strain &, and the effective vertical stress o,
were measured for the oedometer tests. The effective
horizontal stress and the water content change were not
monitored during the oedometer tests. The fluid content
variation { and the effective mean stress ¢/ are not
available and the method used in the determination of the
K and o for triaxial tests is not applicable in the oedometer
test.

The laboratory measurements provide the relationships
between the effective vertical stress ¢/, and the vertical
strain ¢, for the four oedometer tests, which are shown in
Fig. 3. The constrained modulus M can be determined
according to the curves in the figure. Table 6 lists the
obtained constrained modulus M for the four oedometer
tests.

The bulk modulus K can be expressed as a function of
the constrained modulus M and the Poisson’s ratio v for
linear elastic materials:
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Table 5 The bulk modulus K and Biot coefficient « computed from triaxial tests

Test no. L-1 Lower bound K, 32 GPa Upper bound KU, 46 GPa
1/GPa Bulk modulus K, GPa Biot coefficient, o Bulk modulus K, GPa Biot coefficient, o
N3 1.26 0.77 0.98 0.78 0.98
N4 0.60 1.58 0.95 1.61 0.97
N5 2.59 0.38 0.99 0.38 0.99
N6 3.08 0.32 0.99 0.32 0.99
M(1+v) It can be seen that the obtained K value for the
K= 3(1—v) (21) oedometer tests ranges from 0.17 to 2.00 GPa and the Biot

According to the studies of Sone and Zoback [51], Islam
and Skalle [35], and Eshkalak et al. [24], the Poisson’s ratio
of shale ranges from 0.1 to 0.5. K can be estimated using
Eq. (21) for v between 0.1 and 0.5. Figure 4a shows how
the estimates of K varies for the four oedometer tests and
Table 7 lists the detailed information. The Biot coefficient
o can then be computed using Eq. (8) based on the esti-
mates of K. Figure 4b shows the range of the Biot coeffi-
cient o of the four oedometer tests and Table 8 gives the
detailed information.
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coefficient o ranges from 0.95 to 0.99 for v of 0.1 to 0.5.
The oedometer K value of 0.17-2.00 GPa has a wider
range than the K value of 0.32-1.61 GPa computed from
the triaxial tests. The oedometer o value of 0.95-0.99 is to
the same to the o value of 0.95-0.99 from the triaxial tests.

Berre et al. [7] conducted triaxial shear tests on the
samples after the triaxial consolidation stage. The Young’s
modulus and the Poisson’s ratio were determined at the
50% of the peak stress in the stress—strain curves and they
are denoted as E5q and vsg. The obtained Poisson’s ratio vsg
ranges from 0.34 to 0.49. The K value computed using vsg
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Table 6 The constrained modulus M determined from oedometer
tests

Test no. Constrained modulus M, GPa
OED1 2.00
OED2 0.91
OED3 0.42
OED4 0.59

of 0.34-0.49 ranges from 0.41 to 2.2 GPa, which agrees
well with the triaxial K value of 0.32-1.61 GPa. The
obtained Biot coefficient o using vso of 0.34-0.49 ranges
from 0.95 to 0.98, which shows a good agreement with the
triaxial o value of 0.95-0.99. The good agreement between
the triaxial and oedometer consolidation tests in terms of
the computed Biot coefficient o and bulk modulus K indi-
cates the reliability of the obtained data and the capability
of the presented methods in determining reliable o and
K values, which is higher than the Biot’s coefficient o of
0.3-0.6 which was obtained under the effective mean stress
of 20-50 MPa by Gutierrez et al. [28] for the Mancos

shale. The high Biot coefficient o can be attributed to the
low effective mean stress (2—3 MPa) used in this study and
the significantly much higher stiffness of Mancos shale.

5 Skempton’s B-value

Skempton [49] introduced the coefficient B which is
defined as the ratio of the pore pressure change to the
change of the confining pressure in undrained condition.
The B-value for porous medium with the porosity ¢ can be
computed by:

1

B=——+
1+£

(22)
where K is the drained bulk modulus of the material; and
K; is the bulk modulus of the pore fluid.

For soils, the bulk modulus K is on the order of MPa and
is negligible when compared to the fluid bulk modulus K¢
which is on the order of GPa [37]. Hence, B is approxi-
mately equal to 1.0 for soils. However, the bulk modulus K
of rock, which is on the order of GPa is comparable to the
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Fig. 4 a Bulk modulus K versus Poisson’s ratio; b Biot coefficient o versus Poisson’s ratio

Table 7 The range of bulk modulus K for the four oedometer tests

Poisson’s ratio, v OEDI1 OED2 OED3 OED4
K, GPa K, GPa K, GPa K, GPa
0.1 0.81 0.37 0.17 0.24
0.15 0.90 0.41 0.19 0.27
0.2 1.00 0.46 0.21 0.30
0.25 1.11 0.51 0.23 0.33
0.3 1.24 0.56 0.26 0.37
0.35 1.38 0.63 0.29 0.41
04 1.56 0.71 0.33 0.46
0.45 1.76 0.80 0.37 0.52
0.5 2.00 0.91 0.42 0.59

Table 8 The range of Biot coefficient o for the four oedometer tests

Poisson’s ratio, v OED1 OED2 OED3 OED4
o o o o
0.1 0.98 0.99 0.99 0.99
0.15 0.98 0.99 0.99 0.99
0.2 0.97 0.99 0.99 0.99
0.25 0.97 0.99 0.99 0.99
0.3 0.97 0.98 0.99 0.99
0.35 0.96 0.98 0.99 0.99
0.4 0.96 0.98 0.99 0.99
0.45 0.95 0.98 0.99 0.99
0.5 0.95 0.98 0.99 0.98

fluid bulk modulus K}, and as a result B can be less than 1.0
for rock.

Equation (22) was extended to include the influence of
the bulk modulus of the solid grains K [7, 10, 23]:
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1
B:—
K 1 1
1+;<E—z)

Skempton’s coefficient B was determined for all the
triaxial test samples at 20 min after the start of B-value
determination. The saltwater bulk modulus K of 2.34 GPa
was used in the calculation of B. The experimentally
obtained B ranges from 0.80 to 0.85 and are listed in
Table 9. B-values were also predicted for the triaxial test
samples using Eqgs. (22) and (23) and the lower and upper
bonds of K, which are shown in Table 9 for comparison.
B-values calculated by Eq. (22) using the lower and upper
bounds of K are the same for each sample whereas B-
values calculated by Eq. (23) using the lower bound is
slightly larger than those from the upper bound. The data
given in Table 9 are also plotted in Fig. 5 where the B-
values determined from Eqgs. (22) and (23) are, on the
average, only about 10% higher than the experimentally
determined B-values based on linear regression of the data.

Equations (22) and (23) predict almost the same B
which range from 0.81 to 0.96. The computed B-values are
higher than the experimentally obtained values, with the
difference most prominent at small bulk modulus K. The
computed B-values for sample No. 4 using K value of
1.58 GPa and the lower bound of Kj, and using K value of
1.61 GPa and the upper bound of K, respectively, agree
well with the experimentally obtained B-values. For the
rest samples, the computed B-values are larger than the
experimentally measured ones due to the small K value.
Furthermore, the dominant value for the bulk modulus K of
overburden shale can be large value (for instance, between
1.58 and 1.61 GPa for N4 sample).

(23)
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Table 9 Comparison of experimentally and theoretically obtained B-values using the lower and upper bounds of Kj

Test  Porosity, ~Experimental ~Lower bound K, 32 GPa Upper bound KU, 46 GPa
no. b, % B-value
Biot Bulk B-value by B-value by Biot Bulk B-value by B-value by
coefficient ~Modulus K, Eq. (22) Eq. (23) coefficient Modulus K, Eq. (22) Eq. (23)
o GPa o GPa
N3 33.18 0.80 0.98 0.77 0.90 0.91 0.98 0.78 0.90 0.90
N4 33.72 0.81 0.95 1.58 0.81 0.82 0.96 1.61 0.81 0.81
N5 33.88 0.81 0.99 0.38 0.95 0.95 0.99 0.38 0.95 0.95
N6 33.60 0.85 0.99 0.32 0.96 0.96 0.99 0.32 0.96 0.96
1 , larger B-values and larger backpressure results in larger B-
values. Hence, Kyos = 20 MPa and s; = 0.99 result in the
B 0.95 1 largest B-values of the four cases in Table 10. Figure 6
> . .
T 09 shows the comparisons between experimental B-values and
> U .o .
o the computed ones, as well as their linear regression. The
g 0.85 B-values for Kq,; = 20 MPa and s; = 0.99 are less than the
B experimental B-values. In this sense, saturation s; of the
g 0.8 1 samples in this study can be considered larger than 0.99.
<
F o755t ]
07 7 Discussion on the validity of the proposed

0.7 0.75 0.8 0.85 0.9 0.95 1
Experimental B values

Fig. 5 Comparisons of B-values determined from Egs. (22) and (23)
with experimentally determined B-values

6 Evaluation of the saturation
of the samples

The saturation of samples was evaluated by the B-values.
When samples are not fully saturated, the pores of samples
are occupied by the fluid and air bubbles. The entrapped air
reduces the bulk modulus of the fluid. K in Egs. (22) and
(23) needs to be replaced by the bulk modulus K, of the
fluid—gas mixture. Kp;x can be calculated by the following
equation [36]:

1 o St 1-— St
Kmix Kf Kgas

(24)

where s is the saturation; Kg, is the bulk modulus of air
bubble. If the temperature remains unchanged during the
triaxial consolidation tests, i.e., the isothermal process, the
bulk modulus of the gas is equal to its pressure which is
considered to be equal to the back pressure applied on the
samples. The backpressures of 15-20 MPa are used in the
triaxial tests and hence Ky, = 15 — 20 MPa. Only Eq. (22)
is used in this evaluation as Egs. (22) and (23) produce
similar B-values. The computed B-values based on satu-
ration s; = 0.98 and 0.99 and Kg,s = 15 and 20 MPa are
shown in Table 10. Higher degree of saturation leads to

procedures on determining
the poroelastic properties

The proposed procedure on determining the poroelastic
properties includes poroelastic equations Eqs. (6a) and (6b)
and regular oedometer and triaxial consolidation tests. The
procedure proposed in this paper should be valid in terms
of theoretical background and laboratory tests. The fol-
lowing will demonstrate the validity of the poroelastic
theories used in this study. Equation (6b) is selected
because the experiments conducted in this study monitored
the volume change of fluid flowing in or out the samples.
Equation (6a) and Eq. (6b) are comparable and any one of
the two equations can be used to predict the poroelastic
properties. The theory is valid once any one of Eqs. (6a)
and (6b) is proved valid.

The following will demonstrate the validity of the the-
ories using the test results of Belmokhtar et al. [5]. Equa-
tion (6a) will be evaluated as Belmokhtar et al. [5]
measured the volumetric strain using LVDTs. The incre-
mental form of Eq. (6a) is expressed as:

dever = - (o — o) (25)
K

Belmokhtar et al. [5] investigated the poroelastic prop-
erties of the COx claystone by carrying out an unjacketed
compression test in which pore pressure and confining
stress are simultaneously changed, an undrained test in
which pore pressure is changed under constant total stress,
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Table 10 Comparison of experimentally and theoretically obtained B-values based on the saturation

Test no. Experimental B-value Backpressure 15 MPa Backpressure 20 MPa
s = 0.98 s¢ = 0.99 s¢ = 0.98 s¢ = 0.99
N3 0.8 0.69 0.78 0.73 0.81
N4 0.81 0.52 0.63 0.57 0.67
N5 0.81 0.82 0.88 0.84 0.89
N6 0.85 0.84 0.89 0.87 0.91
147 i ' ' ‘ Figure 7 shows the relationship between the confining
121 15 MPa Sf=0.99 stress and the volumetric strain of the undrained test. From
g " 15 MPa Sf=0.99 . .
B > 20 MPa Sf=0.08 the figure, one has the following equation:
© 14 20MPa Sf=0.98
‘; O 20 MPa $f=0.99 j o 1 I 1 (27)
20 MPa 5=0.99 O y=1x ___y=097x = T T T AT NS
‘_g 0.8¢ —— ——y=0.92x K K; 3470MPa
f‘_f 06 0 y=0.87x The drained bulk modulus K is calculated as 2992 MPa.
S T For the drained compression test of Belmokhtar et al. [5],
F o4l the drained bulk modulus K can be directly obtained from
the curve of the confining stress and the volumetric strain.
0.2 The slope of the curve is 2985 MPa, which is the value of

0.78 0.8 0.82 0.84 0.86 0.88
Experimental B values

Fig. 6 Comparisons of experimental and computed B-values by
Eq. (22)

and a drained compression test in which the confining
stress under constant pore pressure. The unjacketed test
directly gave the bulk modulus of the solid grains of
K, = 21.73 GPa. For the undrained test, the total stress is
constant and hence dag,, = 0. With « = 1 — K/K;, Eq. (25)
becomes:

1 1
dSVOI = — (E — Z) du (26)

5
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Fig. 7 The curve between confining stress versus volumetric strain of
the undrained test from Belmokhtar et al. [5]
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K according to deyg = %dam. The computed K of
2992 MPa matches well with the K of 2985 MPa experi-
mentally obtained by Belmokhtar et al. [5]. This provides
independent confirmation that the theoretical Eqs. (6a) and
(6b) are reliable in predicting the poroelastic properties.

8 Conclusions

The determination of the poroelastic parameters usually
require specially designated test setups, which many labs
do not have access to. Regular oedometer and triaxial
consolidation tests were conducted and simple methods
were presented in this study to interpret the experimental
results. The poroelastic parameters Biot coefficient o and
Skempton’s coefficient B of a North Sea shale were
determined. The Biot coefficient o for the tested shale
computed from the oedometer and triaxial tests varied from
0.95 to 0.99. The high Biot coefficient o can be due to the
low effective mean stresses used in the tests. The drained
bulk modulus K is also computed from the oedometer and
triaxial tests. The obtained K value has a range of
0.17-2.00 GPa.

The Skempton’s coefficient B was experimentally
measured in the triaxial tests. The obtained B-value ranged
from 0.8 to 0.85. The theoretically predicted B-value varied
from 0.81 to 0.96 which was, on the average, only about
10% higher than the experimental values with the most
apparent difference observed at low bulk modulus. Theo-
retical equations for the Skempton’s coefficient B can lead
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to more accurate estimates of B when K is between 1.58
and 1.61 GPa. Further validation of the proposed proce-
dures was made using the experimental results of Bel-
mokhtar et al. [5].

The proposed method avoids the need for very time
consuming and expensive unjacketed compression testing
to determine the bulk modulus of the rock grains, which, in
the case of shales, may require specialized equipment that
is not necessarily available in routine testing. Also, the
proposed procedure does not strictly require fully drained
conditions and can be also be used in conjunction with
undrained testing with pore pressure measurement. Thus,
the proposed method is ideally suited to the routine
determination of poroelastic parameters that is practical yet
sufficiently accurate.

The good agreement between the triaxial and oedometer
consolidation tests in terms of the computed Biot coeffi-
cient o and bulk modulus K indicates the reliability of the
obtained data and the presented methods in determining
reliable o and K values. Additionally, the procedures have
been validated by comparison with the results of Bel-
mokhtar et al. [5] using unjacketed compression tests. As
with any geomechanical testing, there will be inherent
uncertainties and users must exercise judgment in the
selection and use of results.
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