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A B S T R A C T   

Opalinus Clay is the shale currently under investigation as the host formation for geological radioactive waste 
disposal in Switzerland. Its hydromechanical response has been widely studied, and the experimental results 
show a range of values whose dispersion needs to be clarified. 

This work aims to explain the dispersion in the literature results by correlating the hydro-mechanical response 
to the mineralogical variability of the tested specimens. 

Based on published microstructural studies, the Opalinus Clay shale is herein schematised as a sequence of two 
kinds of layers: the shaly (high in clay-mineral content) and the sandy (low in clay-mineral content) layers. The 
mineralogical composition, porosity and hydromechanical parameters are assigned to each layer type. The one- 
dimensional compressibility and the elastic response of combinations of layers are derived adopting an analytical 
solution for the stratified, transversely isotropic medium. The drained elastic properties are used to calibrate the 
approach, and the undrained elastic properties are derived and compared to literature data. Empirical correla-
tions between the layer composition and the geomaterial strength are also drawn. 

It is shown that by adopting a layered structure with an alternation of two kinds of layers, most of the vari-
ability in the studied geomechanical properties of Opalinus Clay can be captured.   

1. Introduction 

Opalinus Clay is a Jurassic age shale encountered in northern 
Switzerland and southern Germany, that for over two decades has been 
extensively studied as a possible host formation and natural barrier for 
engineering applications, such as radioactive waste disposal and CO2 
sequestration. 

The shale has a very low porosity and permeability, good self-sealing 
potential and a relatively high mechanical strength. The combination of 
these characteristics makes Opalinus Clay an ideal geological barrier.18 

As common for sedimentary geomaterial (e.g., Ref. 3), it has a trans-
versely isotropic behaviour; in the sedimentation direction, at the cen-
timetre to decimetre scale, the formation presents a layered structure 
with alternating clay-rich and quartz-calcite rich layers, whose differ-
ences in composition have been attributed to the environmental con-
ditions at the coastal basin during the deposition process.7 At the scale of 
the Mont Terri Underground Rock Laboratory (URL) in the Jura 
Mountains (Switzerland), several lithostratigraphic subunits have been 

identified.37 Because of their predominance in the sites of interest for 
practical applications, two of those facies are of primary importance: the 
shaly facies (a rather homogenous argillaceous shale with quartz-rich 
lenses) and the sandy facies (a more heterogeneous marly shale with 
lenses of sandstone).38 In the past, much research focused on the 
behaviour of the more homogeneous shaly facies of the formation. In the 
last years, the evaluation of the feasibility of the engineering applica-
tions, led to a growing interest in the variability of the Opalinus Clay 
parameters, that need to be account to model the large-scale response of 
the underground; therefore an attempt to extend the current knowledge 
of Opalinus Clay towards the heterogenous sandy facies was conducted. 

Prior studies highlighted that specimens of Opalinus Clay with 
higher quartz and carbonate contents showed a higher rigidity,22 minor 
volumetric sensitivity to changes in total suction,33 and lower 
compressibility and swelling indices in one-dimensional consolida-
tion.12 Attempts to relate the composition of the shale to the shear 
strength have been proposed in Ref. 25 using triaxial test results ob-
tained on specimens with an unknown initial degree of saturation,21,22 

and showed dispersion in the results. The scatter in the results in Ref. 25 
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is to attribute both to the composition variability and the inconsistency 
in the degree of saturation of the specimens, which has been demon-
strated to play a significant role in the mechanical response of shales and 
gas shales: the lower the degree of saturation is, the higher the strength 
and the stiffness will be.9,16,17,32–34,39,46 

Recently, new sets of triaxial and oedometric tests were made 
available on saturated specimens of Opalinus Clay in the drained and 
undrained conditions.11,12,14,15,20,35,36 In the triaxial tests, attention was 
paid to the saturation of the specimen (applying fluid backpressure 
higher than 2 MPa) and its verification performing Skempton’s B tests. 
The strain rates to apply during shearing were calculated, considering 
the consolidation coefficient, to ensure homogenous pore pressure dis-
tribution within the specimen.36 

The newly gathered experimental information in saturated condi-
tions represents an opportunity to revise the response of Opalinus Clay, 
isolating the effect of the material composition on the mechanical 
behaviour from that of the degree of saturation. 

Several studies considered the composition or layering structure to 
reproduce the behaviour of soil and rock. Early works proposed 
analytical solution to obtain elastic properties of transversely isotropic 
layered materials from the properties of the layers.1,2,10,19,43 Later works 
showed experimentally (e.g. Refs. 2,24 or through numerical modelling 
(e.g., Refs. 49, 27) the effect of the alternation of soft and hard layers on 
the geomaterial strength and stiffness, with considerable computational 
costs. All the studies showed that the stiffness and strength of geo-
materials decrease as the amount of clay content increases. 

In this work, the variability in the mechanical properties of Opalinus 
Clay shale in the laboratory tests (centimetre scale) is shown to depend 
on the specimen composition and is interpreted adopting a layered 

structure model. Empirical correlations are derived and an analytical 
model, based on Ref. 43 is adopted to determine the elastic properties of 
the transversely isotropic geomaterial. 

Based on published microstructural studies, the shale is herein 
schematised as an alternation of two kinds of layers (a clay-rich, softer 
layer, and a quartz-calcite rich, harder layer) with fixed mineralogical 
compositions and structures. The mechanical properties of the two kinds 
of layers are first calibrated with a subset of the available data. Then, the 
mechanical response for several proportions of the two-layer types is 
evaluated. 

In this work, first, the adopted composition of the layers is discussed, 
and the derivation of a single material parameter (the shaly volumetric 
fraction) from the mineralogical composition is presented. Then, the 
non-linear elastic properties of the transversely isotropic material are 
presented, calibrated on a sub-set of the available data and then used to 
predict the elastic properties for a wide range of compositions. The 
layered structure is then adopted to interpret the one-dimensional 
compressibility and is used to construct empirical correlations with 
the shear strength of the Opalinus Clay. 

2. Composition of the sandy and shaly layers 

In several studies, the macro- and microstructure of samples 
collected in the Mont Terri Underground Rock Laboratory were analysed 
and the alternation of the sedimentary structures reported.23,29,38,40,44 

Observation of the core samples, including X-ray images, confirms the 
systematics structure of the Opalinus Clay,26 in which an alternation of 
layers with higher clay content and layers with a higher quartz-calcite 
content is found, with a thickness of the layers of a few millimetres up 

List of symbols 

ϑi Volumetric fraction of the i component 
ϑshaly Shaly volumetric fraction 
ϑsandy Sandy volumetric fraction 
ρs Solid density, g/m3 

ρs,c Clay-minerals solid density, g/m3 

ρs,nc Average solid density of material excluding the clay- 
minerals (nc = non-clay), g/m3 

σ′ ij Effective stress tensor, Pa 
σij Total stress tensor, Pa 
ϕ′ Mohr-Coulomb parameter – friction angle, ◦

ϕ̃c Solid volume fraction of the clay component 
ϕ̃nc Solid volume fraction of the non-clay component 
ϕ̃shaly Volumetric solid fraction of the shaly layer, % 

ϕ̃sandy Volumetric solid fraction of the sandy layer, % 
νu

1, νu
2 Undrained Poisson’s ratios 

ν1,i (or j) Poisson’s ratio parallel to the bedding planes for the i (or j) 
layer 

ν2,i (or j) Poisson’s ratio perpendicular to the bedding planes for the 
i (or j) layer 

a Clay volumetric fraction in the shaly layers 
b Clay volumetric fraction in the sandy layers 
B Skempton B pore water pressure coefficient 
c′ Mohr-Coulomb parameter - cohesion, Pa 
C Volumetric compressibility of the transversely isotropic 

geomaterial, Pa− 1 

Cc Compressibility index 
Cc,i Compressibility index for the i component 
e Void ratio 
e0 Initial void ratio 
e1,i Void ratio of the i component at a vertical load of 1 MPa 

eshaly Void ratio of the shaly layer 
esandy Void ratio of the sandy layer 
E1, E2 Young’s modulus parallel and perpendicular to the 

bedding planes, Pa 
Eu

1,Eu
2 Undrained Young’s moduli, Pa 

E1,ref , E2,ref Drained Young’s moduli reference value at 1 MPa, Pa 
G1 Shear modulus parallel to bedding, Pa 
G2 Shear modulus perpendicular to bedding, Pa 
Mw Mass of water, g 
Ms Solid mass, g 
Ms,c Solid clay mass, g 
Ms,nc Solid non-clay mass, g 
Ms,c,shaly Solid clay mass in the shaly layer, g 
Ms,nc,shaly Solid non-clay mass in the shaly layer, g 
Ms,c,sandy Solid clay mass in the sandy layer, g 
Ms,nc,sandy Solid non-clay mass in the sandy layer, g 
p Isotropic total stress, Pa 
p′ Isotropic effective stress, Pa 
q Deviatoric stress, Pa 
Vs Volume of the solid material, m3 

Vv Volume of voids, m3 

Vs,c Volume of the solid clay fraction, m3 

Vs,nc Volume of the solid non-clay fraction, m3 

Vs,c,shaly Volume of the solid clay fraction in the shaly layer, m3 

Vs,nc,shaly Volume of the solid non-clay fraction in the shaly layer, m3 

Vs,c,sandy Volume of the solid clay fraction in the sandy layer, m3 

Vs,nc,sandy Volume of the solid non-clay fraction in the sandy layer, 
m3 

Vv,shaly Volume of voids in the shaly layer, m3 

Vv,sandy Volume of voids in the sandy layer, m3 

xc Clay mass fraction 
xnc Non-clay mass fraction  
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to several centimetres. 
Correlations between the mineralogical composition and the spec-

imen porosity have also been reported in several works.12,23,31,40 

In this work, the characterization of the layer types presented in 
Ref. 23 is adopted. It is assumed that the Opalinus Clay can be sche-
matised as a stratified material (Fig. 1) composed of parallel strata of 
variable thicknesses, in which two types of layers are distinguishable.23 

The clay-rich layers, hereafter called “shaly layers” (Fig. 1b) are 
composed of a clay matrix, with particles preferentially oriented along 
the bedding direction, in which the grains of other minerals–typically 
quartz and calcite–are immersed. In contrast, quartz/calcite-rich layers, 
hereafter called “sandy layers” (Fig. 1c), are mainly made of quartz 
grains, and the inter-grain space is occupied by clay particles, shifting 
the fabric to a grain-supported type as the quartz content increases. The 
sandy layers are found to have a lower porosity compared to the shaly 
layers. The shaly layers in specimens coming from the sandy and the 
shaly lithofacies of the formation were found to have a similar structure 
and clay-mineral composition, namely, in order of decreasing abun-
dance, illite, kaolinite, illite-smectite mixed layers, and chlorite.7 The 
specimens from the shaly facies are here assumed to be only composed 
of the shaly-type of layers, while in the specimens from the sandy facies 
of the formation an alternation of shaly and sandy layers of variable 
thicknesses is considered (Fig. 1d). 

The volume of the shaly layers and sandy layers, divided by the total 
volume is defined as the sandy and shaly volumetric fractions ϑsandy,

ϑshaly, respectively. The sum of the two fractions is equal to one. 
The volumetric fractions are derived from the mineral fraction of the 

tested specimens adopting a fixed composition for the shaly and sandy 
layers. In particular:  

- shaly layer: clay content a = 65% in volume, void ratio eshaly = 0.23;  
- sandy layer: clay content b = 15% in volume, void ratio esandy = 0.11. 

The system of equations to derive the shaly and sandy volumetric 
fractions from the mineralogical composition is presented in the 
Appendix. 

In Fig. 2, the correspondence between clay-mineral content xc and 
shaly volumetric fraction ϑshaly for the whole range of clay-mineral 
contents is reported. The extremes of the curve correspond to the case 
in which only shaly layers or sandy layers compose the specimen. 

The shaly volumetric fraction is used as the only input information 
for the geomaterial structure in the analysis of the mechanical properties 
of the layered geomaterial, presented in the following sections. 

3. Elastic response 

3.1. Nonlinear transversely isotropic elastic parameters in the drained and 
undrained conditions 

Five independent parameters are needed to describe the elastic 
response of a transversely isotropic geomaterial. In addition, the elastic 
moduli of Opalinus Clay are known to be stress-dependent (e.g., Refs. 

14,42). 
The adopted definition of the elastic parameters for a transversely 

isotropic material is explained in Fig. 3. The coordinate system in Fig. 3 
is defined considering the bedding direction: directions 1 and 2 are in 
the plane of isotropy and direction 3 is perpendicular to it. In Fig. 3 and 
Equations (1)–(4), the relationships are written in incremental form, 
while the stress dependency is addressed later in this section. 

In transversely isotropic conditions, the elastic laws are written as 
Equation (1). 
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The five parameters (E1, E2, ν1, ν2, G2) are independent, while G1 and 
ν3 depend on the other parameters: 

G1 =
E1

2(1 + ν1)
and ν3 = ν2

E1

E2
2 

Although it is an independent parameter, G2 is often not measured 
because of the practical difficulties of obtaining it in the laboratory. 
Several authors have proposed correlations to estimate G2 based on 
empirical observations, combining the other elastic parameters (e.g. 

Fig. 1. Opalinus Clay as a layered material: (a) a sandy specimen picture; (b) shaly and (c) sandy layer structures (q: quartz, cl: clay matrix); and (d) schematic 
layered structure of a sandy specimen. 

Fig. 2. Correlation between the clay-mineral content and the shaly fraction of 
the layered structure. The dotted arrows suggest the reading direction of 
the graph. 
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Refs. 4,45,47) proposed the relationship G2=E2/[2(1+ν2)], which is 
analogous to Equation (2) for G1. 

In experimental testing in triaxial conditions, cylindrical specimens 
are often cored with the cylinder axis either perpendicular (named S- 
specimen) or parallel (P-specimen) to the bedding orientation. In both 
cases, the directions 1, 2 and 3 in Fig. 3 are assumed to be aligned with 
the principal directions. 

The transversely isotropic matrix further simplifies as follows: 
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For specimens loaded perpendicular to the bedding, the two stress 
components in the radial direction, δσ′

11 and δσ′
22, are equal. For 

specimens loaded parallel to the bedding, the two equal stress compo-
nents in the radial direction are δσ′

33 and δσ′
22 (directions in Fig. 3). 

For the total stress, hereafter used for the undrained conditions, the 
matrix will be written as follows: 
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in which the elastic parameters with superscript u are obtained in the 
undrained conditions. 

The equations relating the drained and undrained parameters have 
been independently derived by several authors (e.g., Refs. 6,30,41) 

assuming no drainage or cavitation and neglecting the volume 
compressibility of the solid grains.The authors in Ref. 6 also considered a 
value of Skempton’s B coefficient (the increment of pore water pressure 
induced by an increment of mean total stress when isotropic stress is 
changed in undrained conditions) lower than 1, which is appropriate for 
shales: 

Eu
2 =

E2E2
1C

E2
1C − B

(
E1

E2
− 2ν2

)2

E2

Eu
1 =

E2
1C

E1C − B(1 − ν2 − ν1)
2

νu2 =
E2

E1

ν2E1C + B
(
E1

E2
− 2ν2

)

(1 − ν2 − ν1)

E1C − B(1 − ν2 − ν1)
2

νu1 =
ν1E1C + B(1 − ν2 − ν1)

2

E1C − B(1 − ν2 − ν1)
2

C =
1
E1

(
E1

E2
− 4ν2 − 2ν1 − 2

)

5  

with C the volumetric compressibility of the transversely isotropic 
geomaterial. 

Opalinus Clay elastic parameters have been experimentally proved 
to depend on the stress state. Young’s moduli E1 and E2 increase with the 
mean effective stress. On the other hand, for confining effective stress 
below 16 MPa, the Poisson’s ratios seem to be only marginally affected 
by the stress state.14,20 The Poisson’s ratios are therefore assumed herein 
constant. 

For the range of mean effective stress between 3 and 16 MPa, the 
evolutions of Young’s moduli with the mean effective stress were 
interpolated with power laws: 

Fig. 3. Definition of the elastic parameters for a transversely isotropic material. Elements of the layered geomaterial are subjected to stresses in the principal di-
rections (1,2,3). The elastic properties formulations are presented with reference to the various stress applied, and the corresponding strains. 
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E1 =E1,ref

(
p′

p′ref

)n1

and E2 = E2,ref

(
p′

p′ref

)n2

6  

where p′ is the current mean effective stress, p′ref is a reference value for 
the mean effective stress, E1,ref and E2,ref are the corresponding E1 and E2 
values at the reference stress level, and n1 and n2 are two power-law 
parameters. 

During unloading and reloading, shales present a hysteretic and 
nonlinear behaviour. For rocks, the hysteretic response is usually 
attributed to the presence of microcracks3,13,48 that tend to slide after 
reaching the crack strength resistance. As a consequence, from an 
unloading-reloading cycle, several values of Young’s moduli may be 
derived, depending on the selected strain and stress ranges. In Fig. 4, an 
example of the hysteretic and nonlinear response upon unloading is 
reported in the plane of the deviatoric stress (q) versus the deformation 
in the shearing direction (εa). The result refers to the drained shearing 
phase of a triaxial test on an Opalinus Clay specimen from the sandy 
facies (S-specimen)11 used for the hydromechanical parameter evalua-
tion. The confining effective stress for the reported example is σ′

11 =

σ′
22 = 4 MPa. 

Depending on the amplitude of the unloading-reloading loop, the 
secant moduli may vary significantly. In addition, at the inversion of the 
loading direction (load to unload and the opposite), friction between the 
piston and the frame of the loading system may be produced, reducing 
the actual load applied on the specimen, and altering the moduli 
computation in the first part of the curve. As a consequence, the first part 
of the unloading may result in a higher estimate of the stiffness. 

In Fig. 4, several possible secant and tangent moduli at different 
unloading stages are shown, and it is highlighted that the possible 
Young’s moduli vary over one order of magnitude, from 3.5 MPa to 35 
MPa. 

To cope with the abovementioned sources of uncertainty, in this 
work, the Young moduli for all analysed tests is computed as the tangent 
modulus during unloading for a fixed strain range, 0.02%–0.04% 
(Fig. 4), measuring the strain from the beginning of the unloading phase. 
The strain calculation refers to the initial specimen height. In the 
example of Fig. 4, for the mentioned strain interval, Young modulus E2 
= 6 MPa was calculated. The strain range was selected because it is 
common to all the analysed tests, and the potential artefacts originating 
from the first part of the curve are excluded. 

3.2. Elastic parameters dependency on the composition 

As described in Section 2, the structure of the Opalinus Clay can be 
schematised as a layer alternation of shaly and sandy strata. In this 
section, the elastic properties of the stratified material at the specimen 
scale are inferred from the behaviour of the single stratum. 

Given the stratification of the specimens, the elastic properties of a 
transversely isotropic continuum medium can be derived from the 
properties of the layers (Fig. 5), as analytically derived in several 
works.2,10,19,43 

The equations for converting from the properties of the layers 
(Fig. 5a) to those of a continuum homogeneous medium (Fig. 5b) were 
derived based on the strain energy equivalence of the two media,43 

considering the following simplifying hypotheses: (i) each layer is ho-
mogeneous and transversely isotropic, (ii) the material remains 
continuous after deformation; (iii) the size of the specimen is at least the 
representative elementary volume and (iv) the variations in stresses and 
strains across the equivalent medium are negligible. 

The micro and macrostructural studies presented in Section 2 sup-
port the applicability of the hypothesis (i): the composition of each layer 
type is consistent among specimens. No discontinuity between layers 
could be detected in elastic regime, in agreement with the hypothesis 
(ii). The size of the laboratory specimen (several centimetres) is more 
than 10 times larger than the coarser particles in the shale (in the silt- 
size order of magnitude) therefore considered sufficient to guarantee 
the representativeness of the specimen (iii). The assumption of negli-
gible variation of stress and strain within the equivalent medium (iv) is 
assumed acceptable within a limited strain range, as the one adopted for 
the estimation of the elastic properties. 

The resulting parameters (Equation (7)) are combinations of the 
parameters of each layer type and the corresponding volumetric frac-
tion, ϑi, with i referring in this case either to the shaly or sandy fraction. 
Parameters without the i subscript refer to the equivalent continuum 
medium. 
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∑
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ϑiE1i
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1i
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∑

i
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1 − ν1i
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(
1 − ν2

1

)∑

i

ϑiE1i

1 − ν2
1i

E2 =
1

∑

i

ϑi

E1i

(
E1i

E2i
−

2ν2
2i

1 − ν1i

)

+
2ν2

2

(1 − ν1)E1

G2 =
1

∑

i
ϑi/G2i

7 

In the considered approach, the elastic properties can be derived by 

Fig. 4. Determination of the Young modulus during drained shearing of a 
sandy Opalinus Clay specimen. An unloading-reloading cycle during shearing is 
presented, showing the hysteretic response. Secant and tangent elastic moduli 
are shown to depend on the considered stress-strain interval. The deformation 
range 0.02%–0.04% from the begin of unloading is selected to compute Young 
modulus. The same interval is selected for each analysed test. 

Fig. 5. (a) Stratified medium as an alternation of shaly and sandy layers and (b) 
a continuum homogeneous medium and the related elastic parameters. 
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neglecting the actual layer arrangement while considering the volu-
metric fraction of each layer kind. 

3.3. Calibration of the drained elastic parameters of shaly and sandy 
layers 

The elastic parameters for the shaly and sandy layers were obtained 
using the experimental results of saturated drained triaxial tests.11,14 

The layered structure proposed in Section 2 was adopted. The parame-
ters for the shaly layers were calibrated on the elastic paths of tests on 
shaly specimens14 that showed a transversely isotropic nonlinear 
behaviour. 

Three tests on sandy specimens (shearing direction perpendicular to 
the layers, S-specimens)11 were used to calibrate the sandy layer elastic 
parameter. The three tested specimens had shaly volumetric fractions of 
20%, 20% and 30%. 

Fig. 6 reports the elastic parameters obtained experimentally for 
shaly (E1, E2, ν1 and ν2) and sandy (E2, ν2) specimens as a function of the 
mean effective stress (the average value of p′ in the selected strain range 
used for the computation of the elastic parameters). The data for E1 and 
ν1 are available only for the shaly specimens.14 The nonlinear stress 
dependency of Young’s moduli on the mean effective stress is high-
lighted. On the other hand, the variations in Poisson’s ratio with the 
stress were found to be limited in the analysed confining stress range 
(<16 MPa) and neglected. A substantial difference was found between 
the Young’s moduli of the shaly and sandy specimens: the E2 of the 
sandy specimens are approximately twice those of the shaly specimens. 

For each mean effective stress, the elastic parameters for the shaly 
and sandy layers can be derived from the specimen compositions. 

As mentioned before, the shaly specimens are composed only of 
shaly layers. Therefore, the results for the shaly specimens directly 
provide the elastic properties of the shaly layer (E1,shaly, E2,shaly, ν1,shaly 
and ν2,shaly). 

The parameters of the sandy layer were back-calculated using 
Equation (7) and the information on the shaly layer and shaly volu-
metric fraction. Since only S-specimens are available for the sandy facies 
in the analysed stress range, E1 and ν1 are not derived. Therefore, the 
sandy layer is herein assumed to have an isotropic nonlinear response 
(E1,sandy = E2,sandy; ν1,sandy = ν2,sandy). 

Equation (6) is applied for each layer to describe the evolution of 
Young’s modulus with the mean effective stress. Poisson’s ratios are 
assumed to be constant values. The obtained parameters are reported in 
Table 1. 

The evolution of the elastic parameters of the specimens given by 

Equation (7) is depicted in Fig. 6 with the experimentally derived pa-
rameters. These calibrated trends match the dataset very well, showing 
that the selected forms for Equations (6) and (7) can describe the 
dependence of the elastic parameters on the stress level and the spec-
imen composition. 

3.4. Estimation of the undrained elastic properties 

The drained elastic properties obtained from the calibration in Sec-
tion 3.3 are here used to estimate the undrained elastic properties for the 
entire range of shaly volumetric fraction (Equations (5)–(7)). The eval-
uation was performed adopting equations in Ref. 6 for a B value equal to 
0.8, compatibly with the values for Opalinus Clay in the considered 
confining effective stress range of 0–15 MPa.14,20,35 The dependence of 
the B value on specimen composition is herein neglected, as no specific 
trend was identified within the mentioned stress range. The results are 
then compared with the experimental data from undrained triaxial tests. 

Several undrained E2
u values were obtained in Ref. 35 for S-specimens 

with a known mineralogical composition tested in saturated undrained 
conditions. The reported compositions were converted to shaly volu-
metric fractions. The drained elastic parameters were estimated using 
Equation (7) and then converted to undrained parameters using the 
correlations described in Section 3.1. If higher Skempton’s coefficient 
are assumed, e.g., B = 1, the computed undrained elastic moduli are 
slightly higher than the results for B = 0.8, and the undrained elastic 
moduli are overestimated. 

Fig. 7 shows Young’s moduli in undrained conditions derived from 
the experimental testing and the computed estimate (lines) for various 
compositions with respect to the mean effective stress. The computed 
values provide a good match with the experimental results. The match is 
particularly accurate in the high shaly volumetric fraction range, while 
the procedure tends to slightly overestimate Young’s modulus in the low 

Fig. 6. Elastic moduli (a) and Poisson’s ratio (b) versus the mean effective stress calibrated on the drained test results from 11 (shaly 20%, shaly 30%) and 14 
(shaly 100%). 

Table 1 
Parameters for the nonlinear evolution of Young’s modulus and Poissson’s ratios 
for each layer.   

Eref (GPa) n1 or n2 (− ) p′
ref (MPa) 

E1,shaly 1.8 0.48 1 
E2,shaly 1.8 0.35 1 
E1,sandy, E2,sandy 2.4 0.57 1 

ν1,shaly 0.10 
ν2,shaly 0.29 
ν2,sandy 0.20  
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shaly volumetric fraction range. Considering that the predictions are 
based exclusively on the clay content of each tested specimen, the cor-
respondence is considered acceptable. 

4. Elastoplastic compressibility 

The Opalinus Clay response in oedometric conditions is determined 
based on the shaly volumetric fraction and two structural parameters, i. 
e. the reference void ratio for each layer type. Similar approaches were 
found to be widely used for clays in the literature.5,8 

4.1. Compressibility of a layered geomaterial in oedometric conditions 

Oedometric tests on Opalinus Clay have been presented in previous 
works12,15 and allow for extrapolating information on the effect of the 
layering on the mechanical response. In Ref. 12, a positive correlation 
between the compressibility index and the clay-mineral content was 
drawn. The values of the compressibility index of S-specimens (i.e., 
loaded perpendicular to bedding direction) (Fig. 8) are herein reinter-
preted adopting the definition of the shaly and sandy layers proposed in 
Section 2. 

Considering the oedometric boundary conditions, the increment in 
the axial deformation of the layered specimen, δε33, can be computed as 
the sum of the change in the height of each layer divided by the total 
height of the specimen: 

δε33 =
1
ht

∑ δσ′

33

Eoed,i
hi 8  

where δσ′33 is the increment of vertical stress, Eoed,i is the oedometric 

modulus of the ith component for the loading step, hi is the initial 
thickness of the layer i, and ht is the initial total height. In the case of the 
two layer-type specimens, the thicknesses of the shaly and layers are 
summed, and the ratio hi/ht = hshaly/ht corresponds to the volumetric 
fraction of the shaly layers (ϑshaly). 

In the post-yield condition, Equation (8) can be written in terms of 
the compressibility index of each layer i (Cc,i as represented in Fig. 9a) by 
considering the dependency of Eoed,i on σ′33

28: 

δε33 =
∑

i

δ log σ′

33(
1 + e0,i

)⋅Cc,i⋅ϑi 9  

where e0,i is the initial void ratio of the i layer. 
In addition, the total axial strain, δε33, can be computed from the 

specimen compressibility index. Therefore equation (9) can be rewritten 
as: 

δε33 =
δ log σ′

33

(1 + e0)
⋅Cc 10  

where e0 is the void ratio of the entire specimen (equations in the Ap-
pendix), and Cc is the specimen compressibility index. 

Combining Equation (10) and Equation (9), one can derive the 
relationship between the compressibility indices of the specimen and 
those of the layers: 

Cc =(1+ e0)
∑

i

Cc,i⋅ϑi(
1 + e0,i

) 11  

4.2. Post-yield behaviour evolution with the composition 

To identify the post-yield behaviour of each layer (linear in the semi- 
logarithmic plane logσ′33-e), two parameters are needed: the layer 
compressibility (Cc,i) and a reference void ratio (e1,i) defined at the 
vertical effective stress of 1 MPa, prolonging the post-yield compression 
line, with slope Cc,i (Fig. 9a). 

These layer parameters were calibrated with the results of shaly and 
sandy specimens from the Mont Terri URL.12,15 In Fig. 9b, two experi-
mental oedometric curves are reported: a specimen from the shaly facies 
of the Mont Terri URL15 and a specimen from Lausen borehole12 with a 
similar clay content (≈61% wt.). 

As for the drained elastic parameters, the shaly layer parameters 
correspond to those of a shaly specimen. The parameters of the sandy 
layer were back-calculated adopting Equation (11) and the information 
on the shaly and sandy volumetric fractions, and the results are reported 
in Table 2. 

For each shaly volumetric fraction, the reference void ratio is 
computed (equation in the appendix), while Cc is calculated with 
Equation (11). 

Fig. 10 compares the modelled and experimental compressibility 
indices. The compressibility indices of several specimens coming from 
three investigation sites are reported: the Lausen borehole, 6–70 m 
depth,12 the Schlattingen borehole, 830–970 m depth, (SLA) and the 
Mont Terri Rock Laboratory, 300 m depth (MT).12,15 In the three sites, 
the Opalinus Clay is found at different depths, and the formation has 
been subjected to different loading histories. The interpretation of the 
material behaviour as a layered structure is consistent with the increase 
in experimental compressibility with the shaly volumetric fraction. The 
different loading histories are likely to be among the causes of the 
disagreement between the model and experiments. The data for speci-
mens from the greater depth (SLA) lies in the lower part of the group of 
points, and the layered structure model overestimates the compress-
ibility. However, a limited number of points for each site is available, 
which may hinder a dependence on the diagenetic processes. 

It has to be noted that the approach considers a maximum clay 
mineral content of 67 wt% (material composed of 100% shaly layers). In 
one case, a specimen with an even higher clay content (approximately 

Fig. 7. Experimental data and computed value of Eu
2 for B = 0.8. Experimental 

data from Ref. 35. 

Fig. 8. Scheme of the stratified medium in oedometric conditions (lateral strain 
prevented). The thickness of the shaly layers (hshaly) and total thickness (ht) 
are presented. 
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80 wt%) was tested. For these specimens, the proposed model would 
simulate the material as a 120% shaly volumetric fraction, which is 
above the maximum possible value, while the actual geomaterial may 
have a different structure compared to the one proposed in Section 2. 

5. Shear strength 

The strength of Opalinus Clay specimens from Mont Terri, tested in 
saturated triaxial conditions are herein analysed, and the effect of the 
mineralogy is investigated, assuming the layered composition presented 
in Section 2. During shearing at constant strain rate, the deviatoric stress 
increased until reaching a maximum (peak strength). After the peak, the 
deviatoric stress decreases until reaching a constant value, hereafter 
referred to as ultimate (or post-peak) strength. 

Empirical correlations are drawn between the shaly volumetric 

fraction and the peak and ultimate strengths. 

5.1. Strength evolution with the composition 

The results obtained from drained11,14 and undrained saturated 
triaxial tests35 are summarised in Fig. 11. All results refer to specimens 
coming from the Mont Terri URL (approximately 300 m in depth), which 
were loaded in the direction perpendicular to the bedding planes. For 
some tests, either the peak or the ultimate shear strength was not 
available (e.g. in multistage tests). Therefore, not all points in the peak 
strength plot have a corresponding value in the ultimate strength plot 
and vice versa. 

The clouds of points show an apparent dispersion of the results, 
which can be primarily explained when grouping the points by specimen 
composition. The results in the plot are categorised based on the shaly 
volumetric fraction. The specimens with a similar composition (shaly 
volumetric fraction within ±3%) have been grouped, and the results 
have been linearly interpolated adopting Mohr Coulomb failure crite-
rion. The effective cohesion, c′, and the mobilized shear strength, ϕ′, 
evolution with the shaly volumetric fraction is shown in Fig. 12. 

For a lower shaly volumetric fraction, as the coarser mineral com-
ponents increase, the ϕ′ increases (Fig. 12a). A power law interpolation 
for ϕ′ (◦) was obtained from the available data. For the parameter c′, data 
were not sufficient to determine a dependency on the composition and is 
therefore assumed constant. Parameters for the interpolation at peak 
and ultimate strength are reported in Table 3. 

For the peak strength, ϕ′ ranges from 44◦ for the low shaly volu-
metric fraction to 24◦ for the 100% shaly specimens, and c′ is 2.2 MPa. 
For the ultimate shear strength, ϕ′ ranges from 35◦ to 17◦ and c′ = 1 
MPa. 

The shape of the ϕ′ and c′ functions for the ultimate shear strength 
are similar to the ones found for the peak shear strength, although 
shifted towards lower values. A relevant change in the strength occurs in 
the intercept parameter (here, c′), which is reduced by more than 50% 
compared to the peak condition. This reduction can be attributed to the 
loss of cementation in the specimens after the peak, which reduces the 
shear strength significantly. The validity of the parameters derived for 
the failure criteria refers to the analysed stress range and is based on the 
available data. A larger amount of data for the low shaly volumetric 
fraction would allow the empirical correlation parameters to be refined, 
particularly in the mean effective stress range lower than 10 MPa. 

Using the power law interpolation of the ϕ′ parameter, the peak and 
ultimate shear strengths can be determined as surfaces in a 3D space: the 
deviatoric stress, mean effective stress and shaly volumetric fraction. As 

Fig. 9. (a) Compressibility index and reference initial void ratio for the ith layer; (b) example on a shaly specimen (corresponding to the response of a shaly layer). 
Experimental data from Ref 16 (MT shaly) and 12 (Lausen 3). 

Table 2 
Reference void ratio and compressibility index for sandy and shaly layers in 
post-yield conditions.   

Sandy layer Shaly layer 

e1,i (-) 0.13 0.27 
Cc,i (-) 0.008 0.047  

Fig. 10. Comparison between the estimated compressibility index Cc for a 
layered material and the experimental results. Experimental data from Refs. 12, 
15. The shaded region is a visual aid for reading the graph. 
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an example, the surface for the peak shear strength is shown in Fig. 13a. 
The corresponding contour lines are shown in the q-p′ plane in Fig. 13b. 
The coloured curves are labelled with the corresponding shaly volu-
metric fraction. The lower the shaly volumetric fraction is, the higher 
the peak (and ultimate) shear strength is, because of the increasing 
friction angle. 

The accuracy of the developed correlations is hereafter evaluated. 
The calculated peak and ultimate shear strengths are plotted versus the 
measured values in Fig. 14 (a, b). The results from undrained and 
drained tests are reported. The interpolating surfaces led to a good 

approximation of the shear strength in the peak and ultimate conditions. 
The interpolation is particularly suitable for the peak shear strength, 
where the error is limited to ±10%. 

Based on the available data, it, therefore, appears possible to esti-
mate the shear strength of the formation (peak and ultimate) with the 
only input of the clay-mineral content (i.e., shaly volumetric fraction) of 
the specimen. 

6. Conclusion 

In this work, the literature information on the structure and 
composition of Opalinus Clay specimens are interpreted, and a layered 
structure of the shale is proposed. The shale is defined as characterised 
by shaly-type and sandy-type layers with a given composition, porosity 
and hydromechanical parameters. Based on this structure, the infor-
mation on the mineralogical composition is used to determine the shaly 
volumetric fraction, i.e., the amount of shaly-type layer in the overall 
specimen. 

Experimental results in triaxial and oedometric conditions are ana-
lysed to determine the dependence of the mechanical parameters on the 
shaly volumetric fraction. The higher the shaly fraction is, the lower the 

Fig. 11. Peak (a) and ultimate (b) shear strengths for all the analysed tests, grouped by the shaly volumetric fraction.  

Fig. 12. Evolution of the parameters (a) ϕ′ and (b) c′ with the shaly volumetric fraction for the regression lines at the peak and ultimate conditions.  

Table 3 
Strength parameters at the peak and ultimate conditions; a power law is used to 
express the empirical correlation between the shaly volumetric fraction and the 
parameter ϕ′ (◦).   

ϕ
′

= x⋅ϑ− y
shaly  

c′ (MPa)  

x (-) y (-) 

Peak 120 0.35 2.2 
Ultimate 119 0.41 1.0  
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stiffness, the lower the peak and ultimate shear strengths and the higher 
the shale compressibility. 

The elastic properties of the transversely isotropic material are 
determined by adopting an analytical solution for materials with a 
layered structure. The stress dependency of the elastic parameters is 
considered, and the values are calibrated on results obtained in triaxial 
drained conditions. The undrained elastic parameters are computed and 
compared to experimental results. Good correspondence is found when 
adopting Skempton’s B coefficient of 0.8, which is compatible with the 
experimental finding in the analysed stress range. This approach allows 
evaluating, with a low computational cost, the nonlinear elastic prop-
erties of a transversely isotropic layered material, considering a wide 

range of compositions and confining stresses of interest for the practical 
application. 

The elastoplastic compressibility of Opalinus Clay specimens in the 
oedometric condition is interpreted as a layered structure by attributing 
compressibility and porosity values to each layer type. The combination 
of layers is analytically solved and compared to the experimental results. 
The correlation well adapts to the more superficial specimens, while for 
the ones sourced from a greater depth, the correlation tends to over-
estimate the compressibility. 

The peak and ultimate strengths of many tests performed in drained 
or undrained shearing conditions, on specimens coming from the same 

Fig. 13. (a) Peak strength in the three-dimensional space: deviatoric stress, 
mean effective stress, and shaly volumetric fraction. Colour highlights the shaly 
volumetric fraction to help in reading the graph. (b) Peak strength in mean 
effective versus deviatoric stress plane, contour plots of the 3D surface in panel 
(a). Labels on the lines refer to the shaly volumetric fraction (%). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 14. Comparison between the measured and computed shear strengths at 
(a) peak and (b) ultimate conditions. The blue circles refer to the undrained 
results; the black crosses refer to the drained results (i.e., Refs. 11,14). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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site, are subdivided into homogenous groups based on the shaly volu-
metric fraction. For each group, the parameters for the Mohr-Coulomb 
failure criterion are determined and related to the shaly volumetric 
fraction via empirical correlations. The correlation allows estimating the 
shear strength of the formation with the only input of the clay-mineral 
content (i.e., shaly volumetric fraction) of the specimen. 

The approach shows that the properties of Opalinus Clay can be 
predicted with good approximation adopting a layered structured 
approach at the centimetre scale. In conclusion, most of the variability in 
the experimental results for the hydromechanical parameters of Opali-
nus Clay can be justified by the specimen composition. 

This approach can be used to estimate the properties of the speci-
mens before testing and therefore to guide the choice of the experi-
mental tests to perform. Moreover, it may be extended, as is, by 
combining the analytical and empirical correlations to information on 
the shale composition at a larger scale, maintaining the advantage of a 
low computational cost. Estimates of the specimen compositions are 
nowadays also available on the decimetre to metre scale via calibrated 
tomography scans26 and the database on log data is currently growing. 
By combining this approach with log data, the presented approach can 

potentially be extended to a larger scale to obtain a map of the hydro-
mechanical properties of the shale at the investigation site scale, 
allowing for the evaluation of the parameters to be assigned in large 
scale modelling approaches, as for the application to the tunnel exca-
vation for radioactive waste disposal. 
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Appendix. Shaly and sandy volumetric fraction derivation 

In the following, the relationships between the phases (Fig. A1) and the derivation of the shaly and sandy volumetric fractions, i.e., the volume 
percentages of the shaly and sandy layers in a specimen, are shown. 

The derivation moves from the definition of the mineralogical mass contents of clay and non-clay (the complement of the clay mineral amount to 
the total amount), which are the results usually obtained from a mineralogical analysis (e.g., from X-ray diffractometry). This input is converted to the 
shaly and sandy volumetric fractions, assuming a fixed mineralogical composition and porosity, for each layer kind. 

The clay mineral xc and non-clay mineral xnc contents by mass are defined as follows: 

xc =Ms,c
/
Ms 12  

xnc =Ms,nc
/
Ms 13 

where Ms,c and Ms,nc are the solid mass of the clay and non-clay minerals, respectively, and Ms is the total solid mass. 
The solid density ρs is computed as follows: 

1
ρs
=

xc
ρs,c

+
xnc
ρs,nc

14 

where ρs,c and ρs,nc are the average clay mineral and average non-clay mineral densities, respectively. 
The above-defined densities allow the content by weight to be converted to the solid volume fraction (i.e., porosity excluded) of the clay (ϕ̃c) and 

non-clay (ϕ̃nc) components: 

ϕ̃c =Vs,c

/
Vs = xc⋅ρs

/
ρs,c 15  

ϕ̃nc =Vs,nc

/
Vs = xnc⋅ρs

/
ρs,nc 16 

where Vs,c is the clay mineral volume, Vs,nc is the non-clay mineral volume, and Vs, is the total solid volume. 
For each layer type, the solid volume (Vs,shaly or Vs,sandy) is given by the sum of the solid volume of clay Vs,c and non-clay minerals Vs,nc: 

Vs,shaly =Vs,c,shaly + Vs,nc,shaly 17  

Vs,sandy =Vs,c,sandy + Vs,nc,sandy 18 

The parameters a and b are defined as the volumetric fractions of clay content attributed to the shaly and the sandy layers, respectively: 

a=Vs,c,shaly
/
Vs,shaly 19  

b=Vs,c,sandy
/
Vs,sandy 20 

The void ratios of the shaly and sandy layers are defined as follows: 

eshaly =Vv,shaly
/
Vs,shaly 21  

esandy =Vv,sandy
/
Vs,sandy 22 

Where the subscript v indicates the voids (i.e., the volume of voids in the shaly and sandy layers). The void ratio of the entire specimen is defined as 
follows: 
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e=VV/Vs 23 

Starting from the mineralogical and microstructural analysis reported in Ref. 23; the reference compositions and void ratios for the shaly and sandy 
layers were adopted:  

- shaly layer: a = 65%, void ratio eshaly = 0.23  
- sandy layer: b = 15%, void ratio esandy = 0.11. 

The solid volume fractions of clay ϕ̃c and non-clay minerals ϕ̃nc are obtained from the solid volume fractions of shaly ϕ̃shaly and sandy layersϕ̃sandy, 
assuming the average composition and porosity of each kind of layer. The fractions are obtained as follows: 

ϕ̃c = a⋅ϕ̃shaly + b⋅ϕ̃sandy

ϕ̃nc = (1 − a)⋅ϕ̃shaly + (1 − b)⋅ϕ̃sandy
24  

where ϕ̃shaly and ϕ̃sandy are 

ϕ̃shaly =
(
Vs,c,shaly + Vs,nc,shaly

)
/

Vs

ϕ̃sandy =
(
Vs,c,sandy + Vs,nc,sandy

)
/

Vs

25 

Equation (23) can be rewritten as e = eshaly⋅ϕ̃shaly + esandy⋅ϕ̃sandy, adopting the solid volume fraction definitions. 
The shaly and sandy volumetric fractions, i.e., the volume of the shaly layers and sandy layers, respectively, over the total volume (V), can now be 

defined considering the porosity attributed to each layer type: 

ϑshaly =
Vs,shaly + Vv,shaly

V
=

ϕ̃shaly

1 + e
(
1+ eshaly

)
26  

ϑsandy =
Vs,sandy + Vv,sandy

V
=

ϕ̃sandy

1 + e
(
1+ esandy

)
27 

The sum of the two fractions is equal to one.

Fig. A1. Relationships among the phases for Opalinus Clay, considering shaly and sandy layers. Saturated condition (volumes, V, and masses, M). The subscript s and 
v indicate respectively the solid phase and the porous phase. The second subscript c or nc indicates clay and non-clay mineral (total amount minus the clay minerals). 
The shaly and sandy subscripts refer to the corresponding layers. For example, Vs,nc,sandy is the volume of solid, other than clay minerals, within the sandy layer. 
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