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Abstract
The production of hydrocarbons from unconventional reservoirs, like tight shale plays, increased tremendously over the past 
decade. Hydraulic fracturing is a commonly applied method to increase the productivity of a well drilled in these reservoirs. 
Unfortunately, the production rate decreases over time presumably due to fracture closure. The fracture closure rate induced 
by proppant crushing and embedment depends on mechanical properties of shales and proppants that are influenced by confin-
ing pressure (pc), temperature (T), and shale composition. We performed constant strain rate deformation tests at ambient and 
in situ conditions of a typical shale reservoir (pc ≤ 100 MPa, T ≤ 125 °C) using European shale samples exhibiting variable 
mineralogy, porosity and maturity. We focused on a comparison of Posidonia shale with Bowland shale, which is believed 
to be the most prospective shale formation in the United Kingdom. Compression tests were performed perpendicular to 
bedding orientation. Stress–strain curves show that Bowland shales are relatively strong and brittle compared to Posidonia 
shale which display semibrittle deformation behavior. Brittleness estimated from elastic properties is in good agreement 
with the recorded stress–strain behavior but shows no clear relation to composition. Compressive strengths (σUCS = uniaxial 
compressive strength, σTCS = triaxial compressive strength) and static Young’s moduli, E, reveal a strong confining pressure 
and mineralogy dependence, whereas temperature and strain rate only have a minor influence on σTCS and E. The coefficient 
of internal friction for both shales is  ≈ 0.42 ± 0.03. With increasing amount of weak minerals (e.g., clay, mica) σUCS, σTCS 
and E strongly decrease. This may be related to a shift from deformation supported by a load-bearing framework of hard 
minerals to deformation of interconnected weak minerals at about 25–30 vol% of weak phases. At the applied conditions, the 
triaxial compressive strength and Young’s moduli of most shales deformed normal to bedding are close to the Reuss bound. 
To our knowledge, this is the first study, which presents results of experimental investigations carried out to characterize the 
mechanical behavior of Bowland shale. The observed results are helpful to estimate the potential of the Bowland reservoir 
with respect to the economical extraction of hydrocarbons.
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List of Symbols
ϕ  Porosity
ρ  Density
pc  Confining pressure
T  Temperature
Ta  Absolute temperature
σUCS  Uniaxial compressive strength
σTCS  Triaxial compressive strength

E  Static Young’s modulus
�̇�  Strain rate
εmax  Maximum axial strain before failure of specimen
µi  Coefficient of internal friction
M  Specific mechanical property (e.g., triaxial com-

pressive strength, Young’s modulus)
f  Volumetric fraction
J  Scaling parameter
K  Bulk modulus
µ  Shear modulus
Bmin  Brittleness determined from mineralogy
BE  Brittleness determined from Young’s modulus
τ  Shear strength
S0  Cohesion
σn  Normal stress
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Q  Activation energy
R  Gas constant
n, α, A  Constants

1 Introduction

Providing energy from oil and gas recovered from uncon-
ventional hydrocarbon reservoirs, such as shale gas plays, 
is widely believed to act as bridge technology between con-
ventional and renewable energy resources (Hausfather 2015; 
Zhang et al. 2016). Typically, these reservoirs exhibit low 
permeability, which makes an economical exploitation dif-
ficult (McGlade et al. 2013). To increase the productivity of 
a well drilled in these tight reservoir rocks, hydraulic fractur-
ing (HF) is a suggested method to create artificial fractures 
which are expected to connect to natural fractures present in 
the reservoir (Li et al. 2015). In particular in North America 
with its shale formations exhibiting a large geographical 
extent such as the Haynesville, Marcellus or Bakken shale, 
HF was used in recent years as the key technique for an eco-
nomic exploitation of hydrocarbons (McGlade et al. 2013). 
Europe also shows potential for economical extraction of 
hydrocarbons from shale reservoirs, e.g., from Posidonia 
(Germany) and Alum (Denmark) formations. In the United 
Kingdom, the Bowland–Hodder (England) formation is 
believed to contain relatively large amounts of hydrocarbons 
(Andrews 2013).

Several criteria were developed to characterize regions 
within a formation representing the best potential for an 
economic hydrocarbon production, often defined as sweet 
spots, mainly based on geochemistry, petrology, mineral-
ogy and geomechanical properties (Rickman et al. 2008; 
Sondergeld et al. 2010; Berard et al. 2012). To maintain frac-
tures induced by hydraulic fracturing, proppants (ceramic, 
bauxite, quartz) are often added to the frac fluid. However, 
the production rate of a fractured well typically declines over 
time (Al-Rbeawi 2018; Wang 2016), due to depletion of the 
reservoir and possibly due to fracture closure processes 
(Cerasi et al. 2017; Wang 2016). Fracture closure is affected 
by confining pressure (Niandou et al. 1997; Petley 1999; 
Naumann et al. 2007; Kuila et al. 2011; Islam and Skalle 
2013), temperature (Johnston 1987; Masri et  al. 2014), 
non-isostatic stress conditions (Swan et al. 1989; Chong 
and Boresi 1990; Ibanez and Kronenberg 1993; Kwon and 
Kronenberg 1994; Sone and Zoback 2013a; Rybacki et al. 
2015, 2017) and petrophysical and mechanical properties 
such as mineralogy, porosity, permeability and brittleness 
of the reservoir rocks (Rybacki et al. 2016; Morley et al. 
2017; Li et al. 2017; Teixeira et al. 2017; Cerasi et al. 2017). 
Therefore, knowledge of the geomechanical behavior of 
shale rocks with respect to the above-mentioned parame-
ters is important to better understand their fracture closure 

behavior (Morley et al. 2017; Ilgen et al. 2017; Kikumoto 
et al. 2017; Li et al. 2017; Cerasi et al. 2017).

We performed deformation experiments at constant 
strain rates and ambient and elevated confining pressures 
and temperatures up to 100 MPa and 125 °C to investigate 
the mechanical properties of various, particularly European, 
shale rocks with different mineralogies, focusing on the 
comparison between Posidonia shale and Bowland shale. 
The latter is poorly investigated so far but expected to be a 
very prospective shale play, (Smith et al. 2010; Imber et al. 
2014; Hough et al. 2014). Here we establish empirical rela-
tions between mechanical properties (strength, Young’s 
modulus) and confining pressure, temperature and strain 
rate, which are important in the petroleum industry (Draege 
et al. 2006; Farrokhrouz et al. 2014) for assessment of bore-
hole stability and evaluation of stable mud weight windows 
for drilling or hydraulic fracturing (Warpinski et al. 2009; 
Britt and Schoeffler 2009; Soliman et al. 2012; Meier et al. 
2013, 2015; Gholami et al. 2014). The results are also help-
ful to correlate with data measured during in situ operations 
such as wire line well logging (Horsrud 2001; Chang et al. 
2006). Constant stress (creep) experiments performed on 
similar shales at ambient and elevated confining pressures 
and temperatures will be presented in a companion paper to 
improve our understanding of the fracture closure behavior 
of shale rocks.

2  Sample Material

Various black shales mainly from different formations 
throughout Europe were investigated. Samples include 
Cambrian Alum (DK) shale (core sample depth z ≈ 17 m), 
Carboniferous Bowland (UK) shale and Lower Jurassic 
Posidonia (GER) shale. The latter formation is repre-
sented by three different localities (1) Haddessen (HAD, 
overmature gas shale), (2) Harderode (HAR, peak oil 
maturity), and Dotternhausen (DOT, immature oil shale). 
HAD and HAR shales were recovered at shallow depth 
(z ≈ 58–61 m) from old drill cores of research wells in 
N-Germany (Gasparik et al. 2014), whereas DOT shale 
was collected from freshly blasted blocks of a quarry in 
S-Germany (Rybacki et al. 2015). Alum shale (ALS) is 
highly overmature and was recovered from fresh cores of 
the Skelbro-2 well (Ghanizadeh et al. 2014). Mature to 
overmature Bowland (BOS) shales are divided into Upper 
(BOS1–7, BOS11–14, BOS_OC) and Lower Bowland 
shales (BOS8–10) (Yang et al. 2015). Samples BOS1–10 
(z ≈ 2076–2719 m) were recovered from drill cores from 
the Preese Hall 1 well (PH1) drilled in 2010 (Green et al. 
2012) and samples BOS11–14 (z ≈ 32–80 m) were derived 
from the MHD13 well drilled in Marl Hill Moor (MHM). 
Because of limited availability of Upper Bowland core 
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samples, we collected also Upper Bowland shale samples 
(BOS_OC) from an outcrop located within the county of 
Lancashire (NW England). For comparison, we examined 
an immature and an overmature North American shale 
(Haynesville, overmature and Marcellus, immature) recov-
ered from unknown depth.

Mineral composition of all samples was determined by 
X-ray diffraction analysis (XRD) and reveals a mixture of 
quartz (Qtz), feldspar (Fsp), pyrite (Py), carbonates (Cb), 
clay (Cly), mica (Mca) and organic matter (TOC). Poros-
ity (incl. micro pores) varies between 1 and 15% (Table 1) 
and was measured on cylindrical samples (length = 20 mm, 
diameter = 10 mm) by He-pycnometry, after storing the sam-
ples for at least 48 h in an oven at 50 °C. Vitrinite reflec-
tance, calculated from Tmax (Jarvie et al. 2005), accounting 
for thermal maturity of investigated samples ranges from 
0.6 to 3.8% VRr. Bulk density of samples was calculated 
from the ratio of weight and volume of prepared cylindrical 
specimens, yielding values between 2.14 and 2.73 g/cm3. 
Petrophysical data of all investigated samples are listed in 
Table 1. Note that composition data are presented here in 
vol% instead of wt%, since only the volumetric fraction and 
spatial distribution is of interest for mechanical behavior. To 
convert wt% to vol% the following density, ρ values were 
assumed: 2.65 g/cm3 for Qtz, 2.6 g/cm3 for Fsp, 5.01 g/cm3 
for Py, 2.71 g/cm3 for Cb, 2.5 g/cm3 for Cly, 2.82 g/cm3 for 
Mca and 1.3 g/cm3 for TOC, respectively (Rybacki et al. 
2015). Note that in Table 1, columns 6–12 refer to vol% of 
individual phases calculated from measured wt%, whereas 
volume fractions given in columns 13–15 are renormalized 
taking into account the pore volume. CTMP displays the 
cumulative amounts of clay, TOC, mica and porosity and 
QFP represents the sum of quartz, feldspar and pyrite con-
stituents. With respect to the mechanical properties, CTMP 
and QFP are considered as weak and strong constituents, 
respectively. Cb constituents are regarded as intermediate 
strong. Figure 1a reveals that both Posidonia and Alum shale 
are clay-rich, whereas Bowland shales are either quartz- or 
carbonate-rich, except for one Upper Bowland sample from 
the Marl Hill Moor well. The Upper Bowland outcrop sam-
ple contains higher fractions of clay than core-derived sam-
ples. Unfortunately, no XRD-mineral data of investigated 
Haynesville and Marcellus shale exists (Fig. 1a). Cylindrical 
samples (10 mm diameter × 20 mm length) with parallel end 
surfaces were prepared perpendicular to bedding for triax-
ial deformation experiments. In addition, for uniaxial tests 
cuboids with 2 × 2 × 4 mm in size were cut perpendicular to 
bedding. The sample size was adapted to the uniaxial defor-
mation apparatus. Scanning electron microscopy reveals a 
very fine-grained matrix (d ≤ 20 µm) of Posidonia (HAR, 
Fig. 2a) and Upper Boland (BOS_OC, Fig. 2d) shale with 
preferred alignment of organic matter and phyllosilicates 
defining the bedding orientation. All specimens were dried 

at 50 °C for at least 48 h before the deformation experiments 
were performed.

3  Experimental Technique

Triaxial deformation experiments were performed at ele-
vated confining pressures (pc = 50, 75 and 100 MPa), tem-
peratures (T = 75, 100 and 125 °C) and constant strain rates 
( �̇� = 5 × 10−6, 5 × 10−5 and 5 × 10−4 s−1) using a Paterson-
type deformation apparatus (Paterson 1970). Argon gas was 
used as confining pressure medium. Samples were covered 
by thin (wall thickness  ≈ 0.35 mm) copper jackets to prevent 
gas intrusion into the specimen. Axial load was recorded 
by an internal load cell, installed within the pressure ves-
sel. Assuming constant volume deformation, axial stresses 
calculated from measured forces were corrected for copper 
jacket strength, determined from previous calibration runs. 
Axial strain was calculated from recorded displacement and 
corrected for system compliance. Accuracies of resulting 
axial peak stresses and strains are ± 4 and ± 6%, respectively.

Uniaxial compression tests were performed at ambi-
ent confining pressure (pc = 0.1  MPa) and temperature 
(T = 20 °C) using a uniaxial creep rig with a modified elec-
tro-mechanical actuator (Freund et al. 2004; Götze et al. 
2010). Shale samples were uniaxially deformed at strain 
rates of �̇� = 2.5–5 × 10−4 s−1. Axial strain was determined 
from measured displacement and corrected for the stiff-
ness of the apparatus, resulting in errors of calculated axial 
strains < 5%.

The Young’s modulus, E, is given here as the tangent 
modulus measured at ≈ 50% of the peak stress in recorded 
stress–strain curves. The tangent modulus was used since 
the secant modulus would ignore effects of pore closure at 
the beginning of performed experiments, mainly accounting 
for tests performed at ambient conditions (Fig. 3a). Using 
instead the secant modulus determined from the slope of the 
stress–strain curves from the origin to the strain at ~ 50% 
of the peak stress would result on average in ≈ 20% higher 
Young’s moduli of triaxially deformed samples.

Due to the relatively high system compliance of both 
apparatuses, accuracy of E determined at uniaxial and tri-
axial conditions is ± 13% and ± 20%, respectively.

The post-peak stress–strain deformation behavior of many 
of the samples could not be measured due to violent speci-
men failure. The low stiffness of both apparatuses resulted 
in a large amount of elastic energy stored in the loading 
frame that is abruptly released at sample failure. Typically, 
failure occurred at maximum axial strains of ≈ 1–2% for 
uniaxial and ≈ 1.5–20% for triaxial deformation, depending 
on applied pc–T, stress conditions and mineral composition. 
Most experiments were terminated after failure. Only few 
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specimens displayed deformation to a barrel-shaped sample 
(Figs. 3a, 4a, b).

Detailed microstructural observations were performed on 
mechanically polished, carbon-coated thin sections using a 
scanning electron microscope (SEM, Zeiss Ultra 55 Plus), 
operating at 20 kV in backscatter electron (BSE) mode. 
Energy dispersive X-ray (EDX) measurements and semi-
quantitative geochemical analysis were performed on the 
samples.

4  Results

In total, we conducted 8 uniaxial compression and 34 triaxial 
compressions tests (Tables 2, 3, 4). First, we present results 
of uniaxial experiments obtained at ambient confining 

pressure and temperature and subsequently data of triaxial 
tests performed at elevated pc–T conditions. For HAR and 
BOS_OC samples, additional tests were performed varying 
either �̇� , pc or T.

4.1  Mechanical Properties: Uniaxial

Uniaxial compression tests were mainly focused on Upper 
Bowland shales since their mechanical properties were 
hardly investigated so far. All tests were performed with 
loading direction perpendicular to bedding. The stress–strain 
curves reveal predominantly elastic and minor inelastic 
deformation prior to reaching peak stresses of up to about 
320 MPa. Beyond peak stress, most samples failed abruptly 
(Fig. 3a). Uniaxial compressive strength, σUCS, of the shale 
samples range from 75 to 318 MPa, with lower and upper 

Fig. 1  a Ternary plots displaying mineral composition of inves-
tigated samples. Composition is separated into mechanically 
strong (QFP = Qtz + Fsp + Py), intermediate strong (Cb) and weak 
(Cly + TOC + Mca + Poro) fractions. Qtz quartz, Fsp feldspar, Py 
pyrite, Cb carbonate, Cly clay, TOC total organic carbon, Mca 
mica, Poro porosity. Mineral data are given in vol%, normalized to 
100  vol% taking also the sample porosity into account. Alum and 

Posidonia shales are clay-rich, whereas Bowland shales are either 
carbonate- or quartz-rich. Outcrop samples of Bowland shale reveal 
higher amounts of weak material than core-derived samples. Super-
imposed values are indicating triaxial compressive strength, σTCS, in 
[MPa] (b) and static Young’s modulus, E, in [GPa] (c). PH1 Preese 
Hall 1, OC outcrop, MHM Marl Hill Moor
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Fig. 2  SEM-backscattered (BSE) images (a–c) of low-porosity 
(≈ 3%) Posidonia shale (HAR) and (d–f) porous (≈  8%) Bowland 
shales (OC). a, d Show undeformed samples. The remaining images 
were taken from samples deformed at pc = 50  MPa, T = 100  °C and 
�̇� = 5 × 10−4  s−1. Bold white arrows indicate the loading direction, 
which was always perpendicular to bedding. Main mineral con-
stituents of both shales are phyllosicates (Phy), calcite (Cal), dolo-
mite (Dol), quartz (Qtz) and pyrite (Py) in addition to organic mat-
ter (Om). Accessory minerals are apatite (Ap) and titanite (Ttn), 
respectively. Pores and organic matter appear nearly black, quartz is 
medium gray, phyllosicates and carbonates (Cal + Dol) are light gray 
and pyrite is almost white. Long black lines are unloading cracks per-
pendicular to the loading direction. b, c Deformation microstructures 

in Posidonia shale sample close to the main shear fracture (upper left 
corner) are crushed and smeared pyrite aggregates, intercrystalline 
fractures subparallel to the main fracture (b, bold black arrows) and 
broken calcite grains (c, bold black arrow). With increasing distance 
from the main fracture no deformation microstructures were observed 
in Posidonia shale samples. e Deformed Bowland shales show forma-
tion of inter—as well as intracrystalline fractures (bold black arrows) 
close to the main fracture (upper right corner). In addition, framboi-
dal pyrite is squeezed and smeared along and perpendicular to frac-
tures, respectively (open white arrow). f At larger distance from the 
main fracture in Bowland shale less deformation microstructures are 
visible, such as intracrystalline fractures within quartz grains (f, bold 
black arrow)
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Fig. 3  Stress–strain curves of samples deformed at ambient confining 
pressure and temperature (a) and empirical cross-correlation between 
uniaxial compressive strength, σUCS, and static Young’s modulus, E, 

(b). Loading direction is perpendicular to bedding. U-BOS Upper 
Bowland shale, POS Posidonia shale, HAR Harderode, OC outcrop, 
PH1 Preese Hall 1

Fig. 4  Representative stress–strain curves of deformed shales (a, b) 
under triaxial conditions and empirical relation between triaxial com-
pressive strength, σTCS, and static Young’s modulus, E, (c). Deforma-
tion conditions are indicated. U-BOS Upper Bowland shale, L-BOS 

Lower Bowland shale, HSV Haynesville shale, MAS Marcellus shale, 
ALS Alum shale, POS Posidonia shale, HAR Harderode, DOT Dot-
ternhausen, HAD Haddessen, OC outcrop, PH1 Preese Hall 1, MHM 
Marl Hill Moor
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limits represented by Posidonia and Bowland (core) shales, 
respectively. Commonly, deformed samples failed by form-
ing a single shear fracture or by axial splitting. Bowland 
shale samples prepared from drill cores are noticeably 
stronger than samples collected from surface outcrop and 
both are distinctively stronger than Posidonia shale. This 
is attributed to the difference in mineralogical composi-
tion and porosity between Posidonia and Bowland shales 
(Fig. 1). Axial strain at peak stress is lower for Bowland 

samples from cores compared to outcrop samples. The static 
Young’s modulus, E, derived from the tangent modulus var-
ies between 6 and 34 GPa (Table 2). As shown in Fig. 3b, the 
uniaxial compressive strength increases almost linearly with 
increasing static Young’s modulus. The effect of mineral-
ogy on the mechanical properties obtained from stress–strain 
behavior will be explained in more detail in Sect. 5.1 below.

4.2  Mechanical Properties: Triaxial

Triaxial compression tests were performed at constant strain 
rates of �̇� = 5 × 10−6, 5 × 10−5 and 5 × 10−4 s−1, confining 
pressures of pc = 50, 75 and 100 MPa and temperatures of 
T = 75, 100 and 125 °C. One set of experiments performed 
on European and American shale samples aimed at unrave-
ling the effect of mineral composition and porosity on the 
mechanical behavior at fixed �̇� , pc–T conditions. A second 
series of tests was performed on Bowland outcrop samples 
and Posidonia shale to study the influence of varying defor-
mation conditions on the mechanical behavior. All tests were 
performed with loading direction perpendicular to bedding.

4.2.1  Effect of Mineral Composition and Porosity 
on Mechanical Properties

To investigate the influence of petrophysical properties on 
the mechanical behavior of the samples, we performed con-
stant strain rate experiments at 50 MPa confining pressure, 
100 °C temperature and strain rate of 5 × 10−4 s−1. The tests 

Table 2  Mechanical data of samples obtained at ambient conditions 
(pc = 0.1 MPa, T = 20 °C, �̇� = 2.5–5 × 10−4 s−1)

σUCS uniaxial compressive strength, E static Young’s modulus, �
max

 
maximum axial strain before failure. For sample abbreviations see 
caption of Table 1

Sample σUCS (MPa) E (GPa) �
max

 (%)

HAR 75 6 2
BOS1 256 33 1
BOS2 227 26 1
BOS3 255 30 1
BOS5 318 33 1
BOS6 280 24 1
BOS7 309 34 1
BOS_OC 156 11 2

Table 3  Mechanical data of samples obtained at elevated pc–T condi-
tions (pc = 50 MPa, T = 100 °C, �̇� = 5 × 10−4 s−1)

σTCS triaxial compressive strength, E = static Young’s modulus, B 
Brittleness determined from mineralogy (min) and static Young’s 
modulus (E). For sample abbreviations see caption of Table 1

Sample σTCS (MPa) E (GPa) Bmin (–) BE (–) �
max

 (%)

HAD 174 8 0.18 0.21 19
HAR 165 9 0.28 0.22 3
DOT 173 7 0.26 0.20 10
ALS 159 15 0.39 0.29 18
MAS 345 54 / 0.58 4
HSV 188 8 / 0.21 4
BOS1 429 52 0.38 0.57 3
BOS2 482 40 0.74 0.49 1
BOS3 408 42 0.47 0.51 2
BOS4 352 48 0.47 0.54 2
BOS5 492 43 0.51 0.51 2
BOS6 355 28 0.82 0.41 1
BOS7 556 50 0.80 0.56 2
BOS8 547 50 0.47 0.56 2
BOS9 430 40 0.31 0.49 1
BOS10 375 37 0.68 0.47 1
BOS11 144 6 0.45 0.18 9
BOS13 411 57 0.32 0.60 1
BOS14 356 28 0.87 0.41 2
BOS_OC 284 14 0.74 0.28 3

Table 4  Mechanical data of samples

pc confining pressure, T temperature, �̇� strain rate, σTCS triaxial com-
pressive strength, E static Young’s modulus. For sample abbrevia-
tions see caption of Table 1

Sample pc (MPa) T (°C) �̇�  (s−1) σTCS (MPa) E (GPa)

HAR 0.1 20 5 × 10−4 75 6
50 100 5 × 10−4 165 9
75 100 5 × 10−4 214 10
100 100 5 × 10−4 222 10

HAR 50 75 5 × 10−4 202 11
50 125 5 × 10−4 178 10

HAR 50 100 5 × 10−5 189 10
50 100 5 × 10−6 175 9

BOS_OC 0.1 20 5 × 10−4 156 11
50 100 5 × 10−4 284 14
75 100 5 × 10−4 335 15
100 100 5 × 10−4 352 15

BOS_OC 50 75 5 × 10−4 282 14
50 125 5 × 10−4 271 13

BOS_OC 50 100 5 × 10−5 289 13
50 100 5 × 10−6 285 14
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conditions were chosen to represent in situ conditions at 
2–3 km depth.

In uniaxial and triaxial tests, the relative strengths of 
Bowland and Posidonia shales are similar (Fig. 4a, b, cf., 
Fig. 3a). The triaxial compressive strength, σTCS, and static 
Young’s modulus, E, of triaxially deformed samples are 
about 75 and 40% higher on average compared to meas-
urements at ambient conditions (Table 3). Maximum axial 
strains reached before failure occurred were also larger by 
about  ≈ 1% at triaxial conditions (Fig. 4a; Tables 2,3).

In general, deformed shales display brittle to semibrittle 
mechanical behavior. Small inelastic axial strain and harden-
ing followed by abrupt failure indicate brittle deformation. 
In contrast, semibrittle deformation exhibits pronounced 
non-linear hardening before peak stress and post-peak stable 
weakening (Evans et al. 1990; Evans and Kohlstedt 1995). 
Clay-rich Posidonia (HAD, DOT) and Alum shales with 
high porosity displayed semibrittle deformation at low triax-
ial compressive strength (σTCS ~ 160 to 175 MPa) (Fig. 4b). 
In contrast, also clay-rich but low-porosity Posidonia (HAR) 
(σTCS = 165 MPa) and Haynesville (σTCS = 188 MPa) shale 
specimens displayed brittle deformation with predominantly 
elastic deformation and minor hardening before failure 
occurred. Marcellus and Bowland shale samples deformed 
brittle, irrespective of porosity and contents of strong (QFP) 
and intermediate strong (Cb) minerals. Marcellus and Bow-
land shales were much stronger (σTCS ≈ 280 to 550 MPa) 
than the other investigated shale rocks (Fig. 4b; Table 3). In 
general, static Young’s moduli were larger at elevated pres-
sures and for samples displaying high triaxial compressive 
strength (Fig. 4c). At failure, a single shear fracture formed 
in the triaxially deformed shale samples except for sample 
BOS11. Ductile deformation of specimen BOS11 resulted 
in a barrel-shaped specimen after deformation. This is likely 

due to a relatively high porosity and TOC content of sample 
BOS11. Specimen HAD (Posidonia) was still intact when 
we stopped the experiment at 19% axial strain (Table 1).

4.2.2  Effect of Confining Pressure on Strength

To characterize the influence of confining pressure on the 
mechanical properties of Posidonia (HAR) and Upper Bow-
land outcrop shales (BOS_OC), we performed deformation 
tests at constant strain rate ( �̇� = 5 × 10−4 s−1), temperature 
(T = 100 °C) and confining pressures of pc = 50, 75 and 
100 MPa (Table 4). Upper Bowland shale samples for these 
tests were exclusively prepared from outcrop material as not 
sufficient core material was available. At elevated confin-
ing pressures and increasing maximum axial strain, low-
porosity, clay-rich Posidonia shales revealed a change from 
post-peak strain weakening towards steady-state deformation 
(Fig. 5a). This transition indicates a switch from brittle to 
semibrittle deformation with increasing confining pressure 
as also described by Rybacki et al. (2015) for Posidonia 
(DOT) shales.

The deformed quartz-rich Bowland shale samples 
(BOS_OC) failed abruptly along a localized single shear 
fracture, independent of the applied confining pressure 
(Fig. 5a). Axial strain at peak stress increased only slightly 
with confining pressure but deformation remained brittle. 
The triaxial compressive strength of Posidonia and Bow-
land shales increased with increasing confining pressure 
(Fig. 5b; Table 4), also observed by Rybacki et al. (2015) 
and Ibanez and Kronenberg (1993) for Posidonia (DOT) and 
Wilcox shales, respectively (for description of microstruc-
tures see Sect. 4.3 below). Assuming a lithostatic effective 
pressure gradient of 25 MPa/km, the observed confining 
pressure dependence would result in an increase of triaxial 

Fig. 5  Influence of confining pressure pc on stress–strain behavior (a) and triaxial compressive strength, σTCS, (b) of Posidonia (HAR) and Upper 
Bowland (OC) shale. σTCS increases with confining pressure for both shales. Deformation conditions are indicated. HAR Harderode, OC outcrop
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compressive strength of Posidonia and Bowland shales of 
~ 23 and ~ 40 MPa/km, respectively. The triaxial compres-
sive strength of BOS_OC (ϕ ~ 8%) shale was more sensitive 
to confining pressure changes compared to Posidonia–HAR 
(ϕ ~ 3%) shale (Table 1). Maximum axial strains before 
failure of Posidonia shale samples were more affected by 
confining pressure compared to Bowland shale. Presumably 
this is due to a much higher clay content of (HAR) Posidonia 
shale (32 vol%) than present in Bowland outcrop samples 
(4 vol%). The static Young’s moduli of Posidonia and Bow-
land shales remained nearly constant showing no significant 
change with increasing confining pressure (Table 4). This 
was also observed by Rybacki et al. (2015) for other Posido-
nia shales and for US shale rocks (Sone and Zoback 2013a).

4.2.3  Effect of Temperature on Strength

For the same shale types (Posidonia (HAR) and BOS_OC), 
deformation experiments were also performed at different 
temperatures (T = 75, 100, 125 °C) while keeping the confin-
ing pressure (pc = 50 MPa) and strain rate ( �̇� = 5 × 10−4 s−1) 
constant (Table 4; Fig. 6). In general, the influence of tem-
perature on strength was small between 75 and 125 °C 
(Fig. 6a). The stress–strain curves reveal a small decrease 
of σTCS and a slightly increasing axial strain at peak stress 
with increasing temperature, which is more pronounced 
for Posidonia than for Bowland shale (Fig. 6b; Table 4). 
This may be related to a relatively high amount of clays 
in Posidonia shale, which dehydrate at higher temperatures 
(Mikhail and Guindy 1971) leading to a triaxial compres-
sive strength decrease due to stress corrosion (subcritical 
crack growth) (Brantut et al. 2014). Samples subjected to 
elevated temperatures showed formation of an incipient sin-
gle shear fracture. No significant influence of temperature 

on static Young’s modulus could be observed (cf., Table 4). 
Assuming a geothermal gradient of 25 °C/km, the observed 
temperature sensitivity would result in a decrease of triaxial 
compressive strength of Posidonia and Bowland shales of 
~ 12 and ~ 6 MPa/km depth, respectively. This is consid-
erably lower than the confining pressure-induced triaxial 
compressive strength increase per km depth, in particular 
for Bowland shale. Consequently, the confining pressure-
induced increase of strength, σTCS, will not be compensated 
by the observed temperature-induced σTCS reduction, assum-
ing a linear correlation between σTCS and confining pressure 
and temperature.

4.2.4  Effect of Strain Rate on Strength

At constant confining pressure (pc = 50 MPa) and constant 
temperature (T = 100 °C), Posidonia and Bowland shales 
were deformed at varying strain rates of �̇� of 5 × 10−6, 
5 × 10−5 and 5 × 10−4  s−1, respectively (Table  4). We 
observed no significant effect of strain rate on the mechani-
cal behavior of the investigated shale samples (Fig. 7a, b; 
Table 4). For Posidonia shale samples, axial strains at peak 
stresses slightly increased with decreasing strain rates, likely 
related to the high fraction of weak phases (Chong et al. 
1976, 1980; Rybacki et al. 2015). Also, the static Young’s 
modulus remained almost constant at varying deformation 
rates (cf., Table 4).

4.3  Microstructures

All samples, except for one, failed spontaneously along a sin-
gle shear fracture. The shear fractures are inclined at an angle 
of � ≈ 35 ± 2° with respect to the sample axis. This indicates 
an apparent coefficient of internal friction of µi ≈ 0.7 ± 0.05. 

Fig. 6  Influence of temperature, T, on stress–strain behavior (a) and triaxial compressive strength, σTCS, (b) of Posidonia (HAR) and Upper 
Bowland (outcrop) shale. σTCS is reduced slightly with increasing temperature. HAR Harderode, OC outcrop
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Note that sample shape, end effects, length–diameter ratio of 
the sample and sample jacketing may affect the measurements 
of the coefficient of internal friction. Only sample BOS11 did 
not fracture but remained intact and displayed barreling. This 
sample contained significantly higher porosity, a large fraction 
of sheet silicates and organic matter.

Microstructures of HAR and BOS_OC samples deformed 
at pressures of pc = 50 MPa, temperature T = 100 °C and strain 
rates of �̇� = 5 × 10−4 s−1 were investigated using scanning elec-
tron microscopy (SEM).

In general, microstructural inspection of deformed samples 
only showed deformation structures close to the macroscopic 
single shear fracture. We observed mainly inter- and intracrys-
talline microcracks, indentation of strong into weaker mineral 
phases and stretching of framboidal pyrite. In deformed Posi-
donia samples, the main fracture is surrounded by a damage 
zone with subparallel intercrystalline microcracks (bold black 
arrows in Fig. 2b), sheared pyrite minerals and in few cases 
intracrystalline fracturing of calcite grains (Fig. 2c, bold black 
arrow). At slightly larger distance from the macro crack, no 
deformation structures could be identified in the micrographs. 
Bowland shales reveal formation of inter- and intragranular 
microcracks close to the main fracture (bold black arrows in 
Fig. 2e). Pyrite is crushed and smeared along these fractures 
(open white arrows). With increasing distance from the main 
fracture, only intracrystalline fractures are found in few quartz 
grains (bold black arrows in Fig. 2f).

5  Discussion

The shale samples investigated in this study showed mainly 
brittle to semibrittle deformation behavior at confining pres-
sures and temperatures ranging from 0.1 to 100 MPa and 

20 to 125 °C, respectively (Figs. 3a, 4b, 5a, 6a, 7a). Brittle 
deformation is defined by minor inelastic axial strain and 
hardening and abrupt failure along a localized shear frac-
ture. Semibrittle deformation shows pronounced non-linear 
hardening before peak stress is reached, which is followed by 
weakening. Microstructures of deformed Posidonia (HAR) 
and Bowland (BOS_OC) shales indicate mostly brittle defor-
mation only close to the macro fracture. Undulose extinc-
tion, grain boundary sliding or rotation of grains could not 
be identified.

Uniaxial and triaxial compressive strength, maximum 
axial strain at peak stress and static Young’s modulus are 
affected by mineralogical composition, organic matter 
content, porosity and the applied experimental conditions 
(confining pressure, temperature and strain rate) as previ-
ously described for other shales (Ibanez and Kronenberg 
1993). Following this, we will first discuss the role of mate-
rial parameters starting with sample composition and then 
address the effect of loading conditions.

5.1  Sample Composition

Here we attempt to identify possible correlations between 
sample composition and mechanical properties such as 
σUCS/σTCS, static Young’s modulus, E, and maximum axial 
strain before failure, εmax, measured perpendicular to bed-
ding. Sample composition varied significantly between shale 
types but the main constituents are porosity, � , fractions 
of strong (QFP), intermediate strong (carbonate) and weak 
(Clay + TOC + Mica) mineral phases.

The influence of strong components (QFP) (Fig. 8a) and 
carbonates (Fig. 8b) on the uniaxial compressive strength, 
σUCS, of Posidonia and Upper Bowland shales is minor when 
measured at ambient conditions (pc = 0.1 MPa, T = 20 °C). 

Fig. 7  Effect of strain rate, �̇� , on stress–strain behavior of Posidonia and Upper Bowland (outcrop) shale. Triaxial compressive strength, σTCS, 
remains nearly constant within errors at increasing strain rate. HAR Harderode, OC outcrop
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This is in good agreement with results of Tan et al. (2014) 
for shales recovered from the Upper Yangtze Platform 
(China). For Posidonia shales, Rybacki et al. (2015) found 
a similar correlation between uniaxial compressive strength 
measured normal to bedding and the volumetric content of 
carbonates and QFP. However, Upper Bowland samples 
were found to be weaker with increasing amounts of weak 
materials (Fig. 8c). Tan et al. (2014) found a similar rela-
tionship for Lower Silurian shale. Sample porosity had no 
significant influence on the uniaxial compressive strength 
within error bars (Table 2), in contrast to results published 
by Rybacki et al. (2015) and Tan et al. (2014). We found a 
strong correlation between uniaxial compressive strength, 
σUCS, and Young’s moduli, E, (Fig. 3b). The static Young’s 
modulus does not correlate with porosity or the fraction of 
strong and intermediate strong components (Table 3) but 

clearly decreased with increasing amounts of weak phases 
(Fig. 8d).

Interestingly, the maximum axial strain before failure 
at ambient conditions appeared to increase slightly with 
increasing amounts of strong components (Fig. 9a) and to 
decrease with increasing carbonate fraction (Fig. 9b). Poros-
ity and the amount of weak components had no effect on 
maximum axial strain before failure (Table 2).

Similar to σUCS, the triaxial compressive strength, at 
50 MPa confining pressure and 100 °C temperature, was 
independent of the content of strong (Fig. 10a) and inter-
mediate strong (Fig. 10b) minerals. In contrast, Rybacki 
et al. (2015) found increasing triaxial compressive strength 
with increasing fractions of these components. This is likely 
due to different pc–T conditions of the tests, influencing the 
strength of individual sample constituents and affecting the 

Fig. 8  Influence of mineralogy in terms of volumetric frac-
tion of QFP = quartz + feldspar + pyrite (a), carbonate (b), 
clay + TOC + mica (c) on uniaxial compressive strength, σUCS, 
and static Young’s moduli, E, (d) of investigated shales. Data 
were obtained at ambient experimental conditions. The rela-
tion between fraction of weak phases and uniaxial compres-

sive strength and Young’s modulus is indicated by a dashed line 
in (c) and (d), respectively. The corresponding equations are: 
�UCS[MPa] = 669[MPa] × (Clay + TOC +Mca + �)−0.53 (R2 = 0.92) 
and E[GPa] = 101[GPa] × (Clay + TOC +Mca + �)−0.72 (R2 = 0.92). 
HAR Harderode, PH1 Preese Hall 1, OC outcrop
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correlations between mechanical properties and sample 
mineralogy. In addition, any differences in microstructure or 
water content (drying of the samples) are expected to influ-
ence the deformation behavior. Water-rich shale rocks are 
believed to exhibit lower triaxial compressive strength and 
static Young’s modulus than dried samples, due to swelling 
of smectite clay minerals occurring within shales (cf., Vales 
et al. 2004) and due to a reduction of the effective pressure. 
Examples are given by Rybacki et al. (2015) for Alum shale 
and by Ibanez and Kronenberg (1993) for Wilcox shale. 
Therefore, the drying procedure applied to our samples may 
not represent in situ conditions and our obtained strength 
and Young’s modulus values overestimate the mechanical 
properties under natural conditions. However, drying of 
samples allows a better comparison of shale rocks recovered 
from different formations or localities.

In this study, the triaxial compressive strength was 
reduced with fraction of weak phases increasing up to 
about 30%, above which σTCS is almost constant (Fig. 10c). 

A threshold of about 30 vol% fraction of (corresponding 
to ≈ 25 wt%) weak phases possibly separates triaxial com-
pressive strength of samples with load-bearing framework 
of hard minerals from triaxial compressive strength of 
aggregates with interconnected layers of weak minerals. A 
similar threshold value between stronger and softer materi-
als of ≈ 30 wt% clays was suggested by Bourg (2015) for 
deformation of various shales. Similarly, Crawford et al. 
(2008) observed a threshold of 20–30 wt% clay for synthetic 
quartz–clay mixtures experimentally sheared at various con-
fining pressures. They also noted a transition from a strong 
quartz grain framework to weak clay matrix support if the 
clay fraction exceeds porosity and the quartz framework 
is replaced by a high clay particle fraction. Neglecting the 
clay- and TOC-rich Posidonia and Alum shale, there is also 
a clear reduction of σTCS with increasing porosity (Fig. 10d), 
in agreement with (Rybacki et al. 2015). The Young’s modu-
lus E shows no clear correlation with the fraction of QFP 
and carbonate Cb (Table 3), but decreases with increasing 

Fig. 9  Effect of volumetric fraction of QFP = quartz + feld-
spar + pyrite (a, c) and carbonate (b, d) on max. axial strain εmax 
reached before failure of shale shales. Experiments were performed 

at ambient conditions (a, b) and elevated (c, d) confining pressures 
and temperatures. HAR Harderode, PH1 Preese Hall 1, OC outcrop, 
MHM Marl Hill Moor
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weak mineral fraction and porosity (Fig. 10e; Table 3). Sone 
and Zoback (2013a) found a similar empirical relation of 
decreasing Young’s moduli with increasing amounts of weak 
minerals for Barnett, Haynesville and Eagle Ford shales. In 

agreement with this study, Rybacki et al. (2015) found that 
static Young’s modulus is anti-correlated with porosity for 
several Posidonia shales. In contrast, these authors found 
no correlation between E and weak mineral phases but with 

Fig. 10  Influence of volumetric fraction of QFP = quartz + feld-
spar + pyrite (a), carbonate (b), clay + TOC + mica (c), poros-
ity (d) and density (e) on triaxial compressive strength, σTCS, 
and static Young’s modulus, E, (f) of investigated shales. 
Data were obtained at elevated confining pressure and tem-

perature given in (e). The correlation indicated in (c) by the 
dashed line can be approximated by the following equation: 
�TCS[MPa] = 899[MPa] × (Clay + TOC +Mica + �)−0.45 (R2 = 0.88). 
OC outcrop, PH1 Preese Hall 1, MHM Marl Hill Moor
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the amount of QFP, again related to different test condi-
tions and sample material. Triaxial compressive strength and 
static Young’s modulus correlate with sample bulk density, 
which is mainly affected by TOC and porosity due to their 
relatively low density compared to the remaining sample 
constituents (Eseme et al. 2007) (Fig. 10f). Below a source 
rock density of ρ ≈ 2.5 g/cm3, triaxial compressive strength 
is almost independent of bulk density (Fig. 10f). Since the 
density of source rocks can easily be determined in situ by 
wire line gamma logs, a trend as shown in Fig. 10f may be 
used to estimate σTCS directly.

The effect of composition on the maximum axial strain 
before failure is more complex and often visible only for 
sample subsets of different shale formations. As would be 
intuitively expected, samples with a high fraction of strong 
minerals are more brittle and the maximum axial strain 
before failure is reduced (Fig. 9c). This was found for Upper 
Bowland (PH1) and Posidonia shales. However, for strongly 
varying composition within a single formation, the trend is 
obscured (Table 3). If variation in mineralogy is small, bulk 
composition is important for the mechanical behavior of the 
shales (Rybacki et al. 2015). At elevated confining pressures 
and temperatures, the maximum axial strain before failure 
of Upper Bowland shales increased slightly with increasing 
Cb content (Fig. 9d), whereas εmax decreased at increasing 
QFP fractions (Fig. 9c). This contrasting behavior provides 
a good example for a possible change of dominant deforma-
tion behavior at elevated confining pressure and temperature 
compared to ambient conditions. In general, εmax increased 
with higher amount of clay + kerogen, but if restricted to 
individual formations with relatively small variation of weak 
phases (e.g., Bowland PH1 or Posidonia), we found no cor-
relation. This also holds for the effect of porosity on maxi-
mum axial strain before failure measured at ambient and 
elevated deformation conditions (Tables 2, 3).

The influence of shale composition on σTCS and 
E is summarized in Fig.  1b, c. The ternary diagrams 
show the volumetric fraction of mechanically weak 
(Cly + TOC + Mca + Poro), intermediate strong (Cb) and 
strong (QFP) phases of the shales. The triaxial compressive 
strength (superimposed values in Fig. 1b) and static Young’s 
modulus (superimposed values in Fig. 1c) are not dependent 
as much on carbonate and QFP content, but clearly decrease 
for high amounts of weak phases (Fig. 1b, c). Upper Bowland 
outcrop samples are distinctively weaker than core samples 
(Figs. 1b, 4a), due to a higher fraction of weak phases (cf. 
Table 1; Fig. 1). This confirms that samples retrieved from 
surface outcrops will not fully represent in situ mechani-
cal properties of shales, as weathering processes may affect 
mechanical properties. For example, comparing Bowland 
shale outcrop material with core-derived samples (PH1) 
shows increased porosity for the outcrop samples. Posido-
nia shales, containing mainly soft mineral components, are 

distinctively weaker than outcrop- and core-derived Bow-
land shales. The static Young’s modulus shows the same 
behavior with respect to sample mineralogy (Fig. 1c). In 
summary, any change in fractions of strong (e.g., quartz) or 
intermediate strong (carbonates) mineral phases did hardly 
affect the uni- and triaxial compressive strengths and static 
Young’s moduli of the investigated shales but affected the 
maximum axial strain before failure of deformed samples. 
Most strikingly, the uni- and triaxial compressive strengths 
and Young’s moduli anticorrelate with the fraction of weak 
components (e.g., clays) (Fig. 10c, f).

5.1.1  Comparing Sample Triaxial Compressive Strength 
and Young’s Modulus to Predictions from Effective 
Medium Theories

Effective medium theories allow characterizing mechani-
cal properties of rocks with respect to mineral composition, 
such as Young’s modulus (Mavko et al. 2009). Typically, the 
approach relies on volumetric fractions of sample constitu-
ents and cannot capture chemical, cementation or structural 
effects (Rybacki et al. 2015). In applying this approach, we 
simplified the mineral composition of investigated shales 
defining two endmembers: relatively weak (TOC, Cly, � ) 
and relatively strong (Qtz, Cb, Mca, Fsp, Py) mineral con-
stituents (Sone and Zoback 2013a).

Ji (2004) suggested a phenomenological approach to pre-
dict the mechanical properties (Young’s modulus, triaxial 
compressive strength) of multiphase materials in terms of 
volume fractions and component properties. We applied his 
generalized mixture rule (GMR) to interpret our data. The 
GMR is defined as:

where M is a specific mechanical property (in our case σTCS, 
E), f is the volumetric fraction of the component, subscripts i 
and c represent the ith phase of a composite (c) consisting of 
N phases, and J is a scaling parameter ranging between − 1 
and + 1. Here, the arithmetic (J = + 1) and harmonic (J = − 1) 
average represent an upper (Voigt) or lower bound (Reuss), 
respectively. The Voigt–Reuss–Hill average is described as 
the mean value of Voigt and Reuss bound.

For the upper triaxial compressive strength end-
member, we used literature data of Novaculite giving 
σTCS-Nov = 699 MPa at the same pc–T conditions as applied 
here (Rybacki et al. 2015). The lower triaxial compressive 
strength limit is represented here by σTCS of Boom clay 
extrapolated to 50 MPa confining pressure (Bouazza et al. 
1996), where σTCS-Cly = 35.5 MPa.

(1)Mc(J) =

[

N
∑

i=1

(

fi ×MJ
i

)

]

1

J
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For the endmember elastic properties, we calculated the 
weighted average of weak and strong sample constituents, 
assuming the following elastic moduli and weighting fac-
tors, w, (determined from mean composition): ETOC = 6.3 
GPa, EClay = 3.2 GPa, Eϕ = 0 GPa, wTOC = 0.29, wClay = 0.42, 
wϕ = 0.29 for the weak components and EMica = 99.6 GPa, 
ECb = 82.9 GPa, EQtz = 93.2 GPa, EPy = 309.5 GPa, EFsp = 40.5 
GPa, wMica = 0.06, wCb = 0.43, wQtz = 0.49, wPy = 0.01 and 
wFsp = 0.01 for the strong components (Mavko et al. 2009), 
resulting in Eweak = 3 GPa and Estrong = 91 GPa, where the sub-
scripts weak and strong represent the endmember values for 
the lower and upper bound, respectively. To characterize the 
elastic properties (E) of investigated shales, we also calculated 
the Hashin–Shtrikman bounds (Mavko et al. 2009):

with:

where subscript HS is Hashin–Shtrikman, ± is either upper 
(+) or lower (−) bound, K is bulk modulus and µ is shear 

(2)EHS± =
9 × KHS± × �HS±

3 × KHS± + �HS±

(3)
KHS± = K1 +

f2
(

K2 − K1

)−1
+ f1 ×

(

K1 +
4

3
× �1

)−1

(4)
�HS± = �1 +

f2
(

�2 − �1

)−1
+

2×f1×(K1+2×�1)

5×�1×

(

K1+
4

3
×�1

)

modulus of simplified sample constituents. Upper bound is 
given when strong material is K1, µ1 and lower bound when 
weak material is K1, µ1. Here, we assume Kweak = 1.5 GPa, 
Kstrong = 37 GPa, µweak = 1.4 GPa, µstrong = 44 GPa, where the 
strong endmember phase is represented by quartz and the 
weak endmember by clay (Mavko et al. 2009). Finally, we 
used an approach predicting the elastic constants of mul-
tiphase materials as introduced by Paul (1960):

In general, the triaxial compressive strengths of all inves-
tigated shales are within the bounds, mostly plotting closer to 
the Reuss bound (Fig. 11). σTCS of almost all Bowland shales 
follow the lower (Reuss) bound, whereas Alum shales plot close 
to the upper (Voigt) bound (Fig. 11a). σTCS of Posidonia shales 
plot between the Voigt–Reuss–Hill and lower (Reuss) bound.

The best fit value of the GMR scaling parameter J for 
σTCS of all Posidonia shales including literature data yields 
JPosidonia = − 0.13 (Fig. 11a). Ji (2004) suggested a value of 
J ≈ − 0.25 for rock samples with a weak-phase supported 
structure (fstrong < 0.5), which is close to our value. A value 
of J ≈ + 0.25, as supposed by Ji (2004) for aggregates with 
a strong-phase supported structure (fstrong > 0.7), would not 
fit our data (JBowland = − 0.38). An average value of J = 0.23 
was determined by Rybacki et al. (2015) for black shales 

(5)

EPaul =

Eweak ×

(

Eweak +
(

Estrong − Eweak

)

× f
2

3

strong

)

Eweak +
(

Estrong − Eweak

)

× f
2

3

strong ×

(

1 − f
2

3

strong

) .

Fig. 11  Triaxial compressive strength, σTCS, (a) and static Young’s 
modulus, E, (b) obtained at elevated confining pressures and tem-
peratures plotted against volumetric fractions of weak components. 
Experimental data is compared to different effective medium theories. 
Gray symbols display mechanical data of black shales measured by 
Rybacki et al. (2015) at similar deformation conditions. V and R indi-
cate upper and lower bounds, respectively. Voigt–Reuss–Hill (V–R–

H) is the average value of Voigt and Reuss bounds. J represents best 
fit bound proposed by Ji (2004) for Posidonia [J (POS)] and Bowland 
shales [J (BOS)]. P displays approach introduced by Paul (1960) and 
Hashin–Shtrikman (HS) upper (+) and lower (−) bounds as described 
by Mavko et  al. (2009). Deformation conditions are indicated. ALM 
Alum, POS Posidonia, PH1 Preese Hall 1, OC Outcrop, MHM Marl 
Hill Moor
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(fstrong < 0.3) measured at ambient and elevated pc–T condi-
tions. J = 0.23 is far above the value that we calculated and 
J ≈ − 0.25 that is suggested by Ji (2004), presumably due 
to differences in fabric and humidity between shales inves-
tigated in previous studies and our samples.

The static Young’s moduli plot between the Reuss bound 
and the upper Hashin–Shtrikman scheme (HS+) (Fig. 11b). 
Alum shales fit very well to the Voigt–Reuss–Hill aver-
age and Bowland shales plot in general close to the lower 
(Reuss) bound. The static Young’s modulus of Posidonia 
shales range between the average for elastic properties of 
multiphase materials (Paul 1960) and the lower (Reuss) 
bound. The elastic properties of Posidonia shales also fit to 
the lower Hashin–Shtrikman bound (HS−) (Fig. 11b). This 
suggests that Bowland shales may have a stronger degree of 
anisotropy compared to Posidonia shales although mechani-
cal testing using bedding-parallel samples is necessary to 
confirm. Fitting the Posidonia and Bowland dataset to the 
GMR approach yielded best fit values for the scaling param-
eter JPosidonia of − 0.62 and JBowland = − 0.82, respectively, 
which are close to the lower (Reuss) bound (J = − 1).

Shales are often known to be very anisotropic and thus 
a separate trend closer to the Voigt average is expected if 
measured parallel to bedding.

5.1.2  Brittleness of Shale Rocks

Common practice (used in the Exploration and Production 
industry) in estimating the potential of a successful hydraulic 
borehole stimulation is to determine the brittleness, B, of the 
reservoir rock (Holt et al. 2011). The brittleness of a rock 
is an empirical rock parameter often normalized to range 
between 0 (ductile) and 1 (brittle). Typically, ductile rocks 
are expected to show fast fracture closure, whereas brittle 
rocks are believed to be easily fractured. Various empirical 
brittleness indices exist (Rybacki et al. 2016). Here, we first 
calculated the brittleness of the shales based on their mineral 
composition (Rybacki et al. 2016):

where Bmin is the brittleness determined from mineralogy, 
wQFP, wCb, wClyTOC and wϕ are weighting factors ranging 
from 0 to 1 and fxx is the fraction of mineral xx given in vol%. 
We set wQFP = wClyTOC = wϕ = 1 and wCb = 0.5 as suggested 
by Rybacki et al. (2016) for shale rocks.

Second, we calculated the brittleness index based on the 
Young’s modulus. Rybacki et al. (2016) suggested the fol-
lowing empirical relation between brittleness and E:

(6)

Bmin =
wQFP × fQFP

wQFP × fQFP + wCb × fCb + wClyTOCMca × fClyToc + w� × �

(7)BE = (0.07 ± 0.01) ×

(

E

E0

)0.53±0.07

where BE is the brittleness determined from E based on a 
comparison of E with stress–strain behavior at low pc–T con-
ditions and E0 is a normalization factor with [E0] = 1GPa. 
The resulting Bmin and BE values are shown in Fig. 12 a, 
b, including Posidonia shales observed by Rybacki et al. 
(2016). Bowland shales generally give substantial higher 
brittleness values compared to Posidonia and Alum shales 
(Fig. 12a, b). Bmin is decreasing with increasing amounts of 
weak sample constituents, and with increasing fractions of 
carbonates (Fig. 12a). By definition, increasing amounts of 
strong components result in higher brittleness indices. Also, 
 BE is decreasing with increasing amounts of weak compo-
nents but does not significantly dependent on carbonates or 
strong components (QFP), in line with the trend found for E 
shown in Fig. 1b (Fig. 12b). BE values are lower on average 
than Bmin values.

Samples displaying increasing brittleness values also 
show decreasing maximum axial strain εmax before fail-
ure, when deformed at elevated confining pressures and 
temperatures (Fig. 12c, d). A brittleness threshold at about 
BE ~ 0.4 ± 0.1 separates sample deformation in dominantly 
ductile (BE < 0.4 ± 0.1) or dominantly brittle regimes 
(BE > 0.4 ± 0.1) as shown by the stress–strain plots (Fig. 4a).

5.2  Effect of Confining Pressure

Several empirical failure criteria exist to describe the con-
fining pressure-dependent triaxial compressive strength 
of a rock. These are, for example, Mohr–Coulomb, 
Drucker–Prager, Hoek–Brown, Griffith, Murrell or Fair-
hurst criteria (Sheorey 1997). To characterize the influence 
of confining pressure on the triaxial compressive strength 
of Posidonia and Bowland shales, we used the linear 
Mohr–Coulomb failure criterion given by

where � is the shear stress, S0 is the cohesion, �n is the nor-
mal stress, �i is the coefficient of internal friction, pc is the 
confining pressure, �1 = �TCS + pc and n is a constant. The 
coefficient of internal friction may be determined from the 
best fit slope n in a σ1–pc diagram (Fig. 13) with �i = (n − 1)/
(2
√

n ), (Zoback 2007). Figure 13 shows the data measured at 
elevated pc–T conditions on Posidonia (HAR) and Bowland 
(outcrop) shales (c.f., Table 4; Fig. 5b) yielding �i values of 
0.42 ± 0.03. This friction coefficient is significantly lower 
than predicted from the measured angle between the frac-
ture surface and the �1 loading direction. This may to some 
extent be related to boundary effects such as end cap friction. 
Extrapolation to ambient confining pressure results in higher 
values of σUCS than were determined in uniaxial compres-
sion tests. Note that measured σUCS define an upper limit 
since they were determined at ambient temperature whereas 
triaxial experiments were performed at T = 100 °C. It is 

(8)� = S0 + �n�i or �1 = �UCS + npc
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conceivable that enhanced sample compaction at increas-
ing confining pressure may result in a substantial strength 
increase that is not captured by a linear fit (Rybacki et al. 
2017). The estimated coefficients of internal friction µi of 
shale rocks from this study are similar to published data on 
Wilcox shale (µi ≈ 0.3–0.5) (Ibanez and Kronenberg 1993), 
Opalinus clay (µi ≈ 0.25) (Jordan and Nüesch 1989), Posi-
donia shales (µi ≈ 0.16–0.32), Alum shales (µi = 0.36–0.55) 
(Rybacki et al. 2015) and Eagle Ford and Haynesville shales 
(µi = 0.3–0.5) (Sone and Zoback 2013b) (Fig. 13). Interest-
ingly, published data on Barnett shale reveal relatively high 
values of µi ≈ 0.7–1.1 (Sone and Zoback 2013b; Rybacki 
et al. 2015). Sone and Zoback (2013b) also found a slight 
decrease of �i for increased amounts of weak components 
(clay + TOC). Including data from Rybacki et al. (2015) on 
shales obtained at similar experimental conditions, we found 

Fig. 12  Ternary plots displaying mineral composition of inves-
tigated samples. Composition is separated into mechanically 
strong (Qtz + Fsp + Py), intermediate strong (Cb) and weak 
(Cly + TOC + Mca  +  Poro) fractions. Qtz quartz, Fsp feldspar, Py 
pyrite, Cb carbonate, Cly clay, TOC total organic carbon, Mca mica. 
Mineral data are given in vol%, normalized to 100 vol% taking also 
the sample porosity into account. Superimposed values indicate brit-

tleness determined from composition Bmin (a) and static Young’s 
modulus BE (b) (Rybacki et al. 2016). Maximum axial strain εmax (in 
%) before failure vs. brittleness determined from composition Bmin (c) 
and static Young’s modulus BE (d). OC outcrop, PH1 Preese Hall 1, 
MHM Marl Hill Moor, PH1 Preese Hall 1, OC outcrop, MHM Marl 
Hill Moor

Fig. 13  Influence of confining pressure pc on σ1 = σTCS + pc. Esti-
mated values of internal coefficient of friction �i are indicated. σUCS 
measured uniaxial compressive strength. HAR Harderode, OC out-
crop
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no clear correlation between �i and porosity or the amount 
of weak material (Table 5).

5.3  Strain Rate and Temperature Effects

A change in strain rate by two orders of magnitude has no 
significant effect on triaxial compressive strength of Posido-
nia and Bowland shales at pc of 50 MPa and T of 75–125 °C 
(Fig. 14). Lajtai et al. (1991) report similar observations for 
other rocks, such as limestone (brittle) and salt (ductile). A 
common approach to express the strain rate sensitivity of 
rocks deforming by dislocation glide is an exponential law 
of the form:

which was applied by (Chong et al. 1980; Kwon and Kro-
nenberg 1994) for shales from different formations or locali-
ties. α is an empirical constant, which is negative for the 
whole data set of investigated Posidonia and Bowland shales 
(αPOS = − 0.46, αBOS = − 4.61), determined from regres-
sion lines in semi-logarithmic space (Fig. 14a). Restricting 
the fit to the two measurements obtained at low strain rate 
( �̇� = 5 × 10−6 and 5 × 10−5 s−1) yields α values for Posidonia 

(9)�̇� ∝ e𝛼×𝜎TCS

and Bowland shales of ≈ 0.16 and ≈ 0.57, respectively. This 
is similar to values reported by Ibanez and Kronenberg 
(1993) (α ≈ 0.36), Kwon and Kronenberg (1994) (α ≈ 0.27) 
and Rybacki et al. (2015) (α ≈ 0.33) for other shales.

With increasing temperature, the triaxial compressive 
strength of investigated shales decreased slightly (Fig. 6b), 
as also described by Ibanez and Kronenberg (1993) and 
Masri et al. (2014) for Wilcox and Tounemire shale, respec-
tively. Assuming that dislocation glide in clay minerals is 
mainly responsible for strain rate and temperature sensitiv-
ity, we use the following constitutive relation (Ibanez and 
Kronenberg 1993)

where A is a material constant, Q is the activation energy, 
R is the gas constant and Ta is absolute temperature. Note 
that Eq. (10) may be used only as first-order approxima-
tion, since the flow law is valid only at steady-state creep 
conditions (Rybacki et al. 2015). Using αPOS = 0.16 and 
αBOS = 0.57 and fitting Eq. (10) to the corresponding Arrhe-
nius plot (Fig. 14b) yields apparent activations energies 
of QPOS ≈ 98 kJ/mol and QBOS ≈ 140 kJ/mol. Ibanez and 

(10)�̇� = A × e𝛼×𝜎TCS × e
−

(

Q

R×Ta

)

Table 5  Coefficient of internal friction from this study and Rybacki et al. (2015)

QFP Qtz + Fsp + Py, Cb carbonates, Cly + TOC Clay + TOC, µi coefficient of internal friction. For sample abbreviations see caption of Table 1

Sample QFP (vol%) Cb (vol%) Cly + TOC 
(vol%)

Porosity (%) µi References

Bowland (BOS_
OC)

75 9 16 8 0.44 This study

Posidonia (HAR) 18 31 51 3 0.39 This study
Posidonia (DOT) 16 47 37 11 0.18 Rybacki et al. (2015)
Alum (ALM1) 31 1 68 1 0.36 Rybacki et al. (2015)

Fig. 14  Effect of strain rate �̇� on triaxial compressive strength, σTCS, (a) and variation of σTCS with inverse absolute temperature, Ta, (b). HAR 
Harderode, OC outcrop
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Kronenberg (1993) and Rybacki et al. (2015) measured com-
parable activation energies of Wilcox shale (Q = 87 ± 40 kJ/
mol) and Posidonia shale (Q = 167 kJ/mol), respectively, 
deformed perpendicular to bedding.

6  Conclusions

Deformation experiments performed on black shales origi-
nating from different formations and with varying mineral-
ogy and maturity reveal dominantly brittle to semibrittle 
deformation behavior at the imposed pc–T conditions. For 
Upper Bowland shale, samples retrieved from surface out-
crops are somewhat weaker and less brittle than samples 
prepared from core material. The triaxial compressive 
strength and static Young’s moduli are strongly influenced 
by sample mineralogy and confining pressure conditions, 
whereas the effects of sample porosity, temperature and 
strain rate are minor.

σTCS and E of investigated shales clearly decrease 
with increasing amounts of weak components 
(Clay + TOC + Mica). However, the effect is small above 
a threshold of ≈ 25–30 vol% weak mineral constituents 
in the samples. In general, this trend follows predictions 
of effective medium approaches, with experimental data 
mostly plotting close to the lower bound. Brittleness, in 
particular if calculated from Young’s modulus, shows the 
same general trend of an existing threshold at BE ~ 0.4.

The obtained results lead us to suggest a substantially 
lower fracture closure rate of brittle Bowland shales com-
pared to semibrittle Posidonia shales. However, the relatively 
low hydrocarbon content and low porosity of inspected 
Upper Bowland core samples, in conjunction with their low 
maturity, may also limit the prospectivity of these shales 
compared to Posidonia shale. Considering instead the over-
mature Lower Bowland shale as target formation for gas 
extraction may be more successful, since it ranges within the 
gas window contrasting to the peak oil—mature Upper Bow-
land shale. In a companion paper we will compare short-
term mechanical properties of Posidonia and Bowland shales 
as described here with long-term creep behavior of shales.
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