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Abstract

The thesis comprises three experimental studies, which were carried out to unravel the short- as
well as the long-term mechanical properties of shale rocks. Short-term mechanical properties such
as compressive strength and Young’s modulus were taken from recorded stress-strain curves of
constant strain rate tests. Long-term mechanical properties are represented by the time-dependent
creep behavior of shales. This was obtained from constant stress experiments, where the test
duration ranged from a couple minutes up to two weeks. A profound knowledge of the mechanical
behavior of shales is crucial to reliably estimate the potential of a shale reservoir for an economical
and sustainable extraction of hydrocarbons (HC). In addition, healing of clay-rich forming cap
rocks involving creep and compaction is important for underground storage of carbon dioxide and

nuclear waste.

Chapter 1 introduces general aspects of the research topic at hand and highlights the
motivation for conducting this study. At present, a shift from energy recovered from conventional
resources e.g., coal towards energy provided by renewable resources such as wind or water is a big
challenge. Gas recovered from unconventional reservoirs (shale plays) is considered a potential

bridge technology.

In Chapter 2, short-term mechanical properties of two European mature shale rocks are
presented, which were determined from constant strain rate experiments performed at ambient
and in situ deformation conditions (confining pressure, p. < 100 MPa, temperature, T < 125 °C,
representing p., T - conditions at < 4 km depth) using a Paterson-type gas deformation apparatus.
The investigated shales were mainly from drill core material of Posidonia (Germany) shale and
weathered material of Bowland (United Kingdom) shale. The results are compared with mechanical
properties of North American shales. Triaxial compression tests performed perpendicular to
bedding revealed semibrittle deformation behavior of Posidonia shale with pronounced inelastic
deformation. This is in contrast to Bowland shale samples that deformed brittle and displayed
predominantly elastic deformation. The static Young’s modulus, E, and triaxial compressive
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strength, orcs, determined from recorded stress-strain curves strongly depended on the applied
confining pressure and sample composition, whereas the influence of temperature and strain rate
on E and orcs was minor. Shales with larger amounts of weak minerals (clay, mica, total organic
carbon) yielded decreasing E and orcs. This may be related to a shift from deformation supported
by a load-bearing framework of hard phases (e.g., quartz) towards deformation of interconnected
weak minerals, particularly for higher fractions of about 25 — 30 vol% weak phases. Comparing
mechanical properties determined at reservoir conditions with mechanical data applying effective
medium theories revealed that E and orcs of Posidonia and Bowland shale are close to the lower
(Reuss) bound. Brittleness B is often quoted as a measure indicating the response of a shale
formation to stimulation and economic production. The brittleness, B, of Posidonia and Bowland
shale, estimated from E, is in good agreement with the experimental results. This correlation may

be useful to predict B from sonic logs, from which the (dynamic) Young’s modulus can be retrieved.

Chapter 3 presents a study of the long-term creep properties of an immature Posidonia
shale. Constant stress experiments (o = const.) were performed at elevated confining pressures (p.
= 50 — 200 MPa) and temperatures (T = 50 — 200 °C) to simulate reservoir p., T - conditions.
The Posidonia shale samples were acquired from a quarry in South Germany. At stresses below =
84 % compressive strength of Posidonia shale, at high temperature and low confining pressure,
samples showed pronounced transient (primary) creep with high deformation rates in the
semibrittle regime. Sample deformation was mainly accommodated by creep of weak sample
constituents and pore space reduction. An empirical power law relation between strain and time,
which also accounts for the influence of p., T and ¢ on creep strain was formulated to describe the
primary creep phase. Extrapolation of the results to a creep period of several years, which is the
typical time interval for a large production decline, suggest that fracture closure is unlikely at low
stresses. At high stresses as expected for example at the contact between the fracture surfaces and
proppants added during stimulation measures, subcritical crack growth may lead to secondary and
tertiary creep. An empirical power law is suggested to describe secondary creep of shale rocks as
a function of stress, pressure and temperature. The predicted closure rates agree with typical

production decline curves recorded during the extraction of hydrocarbons. At the investigated
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conditions, the creep behavior of Posidonia shale was found to correlate with brittleness, calculated

from sample composition.

In Chapter 4 the creep properties of mature Posidonia and Bowland shales are presented.
The observed long-term creep behavior is compared to the short-term behavior determined in
Chapter 2. Creep experiments were performed at simulated reservoir conditions of p. = 50 —
115 MPa and T = 75 — 150 °C. Similar to the mechanical response of immature Posidonia shale
samples investigated in Chapter 3, creep strain rates of mature Bowland and Posidonia shales were
enhanced with increasing stress and temperature and decreasing confining pressures. Depending
on applied deformation conditions, samples displayed either only a primary (decelerating) or in
addition also a secondary (quasi-steady state) and subsequently a tertiary (accelerating) creep
phase before failure. At the same deformation conditions, creep strain of Posidonia shale, which is
rich in weak constituents, is tremendously higher than of quartz-rich Bowland shale. Typically,
primary creep strain is again mostly accommodated by deformation of weak minerals and local
pore space reduction. At the onset of tertiary creep most of the deformation was accommodated
by micro crack growth. A power law was used to characterize the primary creep phase of Posidonia
and Bowland shale. Primary creep strain of shale rocks is inversely correlated to triaxial

compressive strength and brittleness, as described in Chapter 2.

Chapter 5 provides a synthesis of the experimental findings and summarizes the major
results of the studies presented in Chapters 2 — 4 and potential applications in the Exploration &

Production industry.

Chapter 6 gives a brief outlook on potential future experimental research that would help
to further improve our understanding of processes leading to fracture closure involving proppant
embedment in unconventional shale gas reservoirs. Such insights may allow to improve stimulation

techniques aimed at maintaining economical extraction of hydrocarbons over several years.
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Zusammenfassung

Die vorliegende Dissertation befasst sich mit drei separaten, experimentellen Studien, die
durchgefiihrt wurden, um die mechanischen Eigenschaften, wie Druckfestigkeit, Elastizitatsmodul
und Langzeit-Kriecheigenschaften von Schiefergesteinen zu untersuchen. Dabei wurden die
aufgezeichneten  Spannungs-Verformungskurven  von  kurzzeitigen  (wenige  Minuten)
Deformationsexperimenten bei konstanter Verformungsrate genutzt, um mechanische
Druckfestigkeit und elastische Parameter zu bestimmen. Um die =zeitabhéngigen
Kriecheigenschaften zu charakterisieren, wurden Deformationstests bei konstanter Spannung
durchgefiihrt. Hier variierte die Testdauer zwischen wenigen Minuten und zwei Wochen. Ein
verbesserter Kenntnisstand auf diesem Gebiet ist notwendig, um das Potential eines
unkonventionellen Schiefergesteinsreservoirs im Hinblick auf eine wirtschaftliche und nachhaltige

Forderung von Kohlenwasserstoffen zuverlassig abzuschétzen.

Im ersten Kapitel wird eine allgemeine Einleitung in das Thema der Dissertation gegeben,
wobei im Besonderen auf die Motivation fiir die vorliegende Studie eingegangen wird. Die
Einleitung fokussiert sich dabei auf die aktuell vorherrschende Herausforderung, die
Energieversorgung durch konventionelle Ressourcen, wie beispielsweise Kohle, durch regenerative
Ressourcen, wie z.B. Wind oder Wasser, zu ersetzen. Ublicherweise wird der Energiezeugung aus
unkonventionell gewonnenem Erdgas dabei die Rolle einer Briickentechnologie zugewiesen. Die
Motivation zur Durchfithrung dieser Arbeit ist es, das mechanische Verhalten von Gasschiefern zu

untersuchen, die auch in Europa einen substantiellen Beitrag zur Gasforderung liefern kénnen.

In Kapitel 2 werden die Ergebnisse von Experimenten dargestellt, die exemplarisch auf die
Bestimmung der Druckfestigkeit und des Elastizitdtsmoduls von zwei reifen, europaischen
Schiefergesteinen abzielen. Dazu wurden in einer Gasdruckapparatur Deformationsexperimente an
Proben durchgefiihrt die senkrecht zur Schichtung orientiert entnommen wurden. Die Versuche
wurden bei konstanter Verformungsrate und bei nachgestellten in situ Umgebungsbedingungen bis
etwa 4 km Tiefe durchgefithrt (Manteldruck, p. < 100 MPa, Temperatur, T < 125 °C). Die
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untersuchten Schieferproben stammen hauptsichlich aus Kernmaterial von erbohrtem
Posidonienschiefer aus Niedersachsen und aus englischen Bowlandschiefer, das aus natiirlichen
Aufschliissen gewonnen wurde. Zusétzlich wurden einige nordamerikanische Schieferproben zum
Vergleich  untersucht. Die triaxialen  Kompressionstests zeigen ein  semi-sprodes
Deformationsverhalten mit ausgepriagter inelastischer Verformung des untersuchten
Posidonienschiefers, wohingegen sich Bowlandschiefer sprode und bis zum Bruch vorzugsweise
elastisch verformt. Der Elastizitdtsmodul, E, und die Druckfestigkeit, orcg, weisen bei erhchten
Driicken und Temperaturen eine starke Abhéngigkeit vom Manteldruck und der
Gesteinsmineralogie auf. Der Einfluss von Temperatur und Verformungsrate auf E und orcg ist
dagegen vernachlédssigbar. Mit ansteigendem Anteil an mechanisch weichen Mineralphasen, z.B.
Ton, Glimmer und organisch gebundenem Kohlenstoff, nehmen E und orcs der untersuchten
Schiefergesteine ab. Dies ist durch eine veréndertes Verformungsverhalten begriindet, das von der
Deformation eines lasttragenden Geriistes aus mechanisch festen Mineralen, wie beispielsweise
Quarz, bis zu einer Verformung von miteinander verbundenen mechanisch weichen Mineralen
reicht. Der Ubergang wurde ab einem Volumenanteil von etwa 25 — 30 vol% weicher Mineralphasen
beobachtet. Beim Vergleich der experimentell ermittelten mechanischen Eigenschaften (E, oqcs)
mit Vorhersagen, in denen die Zusammensetzung der Schiefer beriicksichtigt wird (effective
medium theories, Voigt-Reuss Grenzen) ist erkennbar, dass E und o1cs nahe an der unteren (Reuss)
Grenze liegen. Die aus dem Elastizitdtsmodul berechnete Sprodfestigkeit (brittleness, B) von
Posidonien- und Bowlandschiefer stimmt gut mit dem gemessenen Spannungs-
Verformungsverhalten {iberein. Die Sprodfestigkeit eines Gesteins wird oft als Indiz zur
Abschéitzung des moglichen Erfolges von Stimulationsmafnahmen betrachtet. Daher ist der
Zusammenhang zwischen elastischen Eigenschaften, die sich mit Ultraschallmessungen (sonic-log)
in Bohrungen abschétzen lassen und dem mechanischen Verhalten von Gasschiefern fiir eine

schnelle und kostenglinstige Beurteilung wichtig.

Im dritten Kapitel werden die Langzeit-Kriecheigenschaften von Schiefergesteinen
untersucht. Dafiir wurden Deformationsexperimente bei konstanter Spannung (¢ = konst.) und

erhohten Umlagerungsdriicken (p. = 50 — 200 MPa) und Temperaturen (T = 50 — 200 °C) an
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einem unreifen Posidonienschiefer, welcher in einem aktiven Steinbruch in Siiddeutschland
gewonnen wurde, durchgefithrt. Bei Spannungen unterhalb =~ 84 % der Druckfestigkeit des
Schiefers und hohen Temperaturen und niedrigen Manteldriicken zeigen die deformierten
Schieferproben transientes (priméres) Kriechen im semi-sproden Regime mit relativ hohen
Verformungsraten. Der grofite Teil der Deformation wird dabei durch die Verformung von
mechanisch weichen Mineralphasen und Porenraumreduktion aufgenommen. Ein empirisches
Potenzgesetz wurde aufgestellt, um die zeitabhéngige primére Kriechphase in Abhéngigkeit von
Manteldruck, Temperatur und Spannung zu charakterisieren. Dabei wurde festgestellt, dass ein
mogliches Rissschliefsen iiber einen typischen Zeitraum von wenigen Jahren bei der Annahme von
ausschlieflich priméren Kriechen unwahrscheinlich ist. Typischerweise entstehen an den
Kotaktflachen zwischen hydraulisch stimulierten Rissen innerhalb der Schieferformation und dem
Stiitzmittel, welches dem Stimulationsfluid hinzugefiigt wird, um offene Risse aufrecht zu erhalten,
hohe Differentialspannungen. Dadurch kann zusétzliches (subkritisches) Risswachstum initiiert
werden, welches bei den untersuchten Proben unter hoher Differentialspannung zusétzlich zum
priméren auch zum sekundéren und tertiren Kriechen bis zum Versagen der Probe fiihrte. Bei
Verwendung eines empirischen Potenzgesetzes zur Beschreibung der sekundéren Kriechphase kann
eine, im Vergleich zur priméren Kriechregime, substanziell hhere Rissschlieffungsrate abgeschétzt
werden. Diese erscheint wesentlich zuverlédssiger, da sie mit den Zeitrdumen typische gemessener
Produktionsriickgéinge einer Bohrung iibereinstimmt. Zusétzlich wurde eine inverse Korrelation
zwischen gemessener Verformung und Sprodigkeit, basierend auf der Schiefermineralogie,

festgestellt.

In Kapitel 4 werden weiterfiihrende Untersuchungen vorgestellt, in dem die
Kriecheigenschaften von reifem Posidonien-und Bowlandschiefer gemessen und mit den
mechanischen Eigenschaften, bestimmt in Kurzzeit-Deformationsversuchen bei konstanter
Verformungsrate (Kapitel 2) verglichen werden. Dafiir wurden Kriechversuche an Posidonien- und
Bowlandschiefermaterial, wie in Kapitel 2 beschrieben, bei simulierten Reservoirdriicken und -
temperaturen durchgefiihrt (p. = 50 — 115 MPa, T = 75 — 150 °C). Auch fiir diese Schiefergesteine

wurde eine erhohte Verformung bei erhdhten Spannungen und Temperaturen und niedrigen
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Manteldriicken gemessen. In Abhéngigkeit von den vorherrschenden Deformationsbedingungen
wiesen die Proben beider Schiefergesteine entweder nur eine primére oder zusétzlichen zur
priméren auch eine sekundére und tertidre Kriechphase auf. Bei gleichem Umlagerungsdruck und
gleicher Temperatur erwies sich der tonreiche Posidonienschiefer als deutlich weniger fest als der
quarzreiche Bowlandschiefer. Wiahrend der Groftteil der Deformation in der priméren Kriechphase
durch die Verformung von weichen Mineralen und Porenraumreduktion aufgefangen wurde, ist
eine Mikrorissbildung bezeichnend fiir das tertidre Kriechen. Um das primére Kriechverhalten der
unterschiedlichen Schiefergesteine zu charakterisieren, wurde auch hier ein Potenzgesetz genutzt,
welches einen Vergleich mit den Kriecheigenschaften anderer Schiefergesteinen erlaubt. Die
gewonnenen Ergebnisse zeigen eine deutliche inverse Korrelation zwischen primérer Verformung
und der gemessenen Druckfestigkeit und der berechneten Sprédigkeit. Dies ermdglicht es die
Langzeit-Kriecheigenschaften von Schiefergesteinen mit den, aus einem Kurzzeittest gemessenen,
mechanischen Eigenschaften grob abzuschétzen, solange die angenommen Zeitintervalle zwischen

zwei Stimulationsoperationen in dem in der Praxis typischen Zeitintervall von einigen Jahren liegt.

Im finften Kapitel werden die erzielten Ergebnisse nochmals im Zusammenhang
dargestellt. Hier wird im Besonderen auf eine potentielle Anwendung der Ergebnisse in der E & P

- Industrie eingegangen.

Abschliefend wird im sechsten Kapitel auf mogliche Experimente eingegangen, die
zukiinftig durchgefithrt werden koénnten, um wunser Verstindnis in Bezug auf die
spannungsinduzierte Rissschlieffung in Schieferlagerstidtten durch die Einbettung der Stiitzmittel
in die Formation zu verbessern. Diese Erkenntnisse waren wiederum hilfreich, um eine 6konomische
und nachhaltige Férderung von Kohlenwasserstoffen von stimulierten Bohrungen zu gewéhrleisten,

die in unkonventionelle Lagerstitten abgeteuft wurden.
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1.1 Energy production from conventional and unconventional resources

Energy production from natural resources has more than doubled between 1971 and 2016 (Fig. 1).
Although energy production still relies mostly on burning oil and coal in 2016, energy extracted
from natural gas has grown significantly from =~ 883 million tonnes oil equivalent (Mtoe) in 1971

up to = 3027 Mtoe in 2016.

Figure 1 Total primary energy supply by fuel (International Energy Agency 2018)

A major technological and economic challenge is the replacement of conventional resources such
as coal or oil by renewable energies, e.g., wind, solar or water. In Germany, the contribution of
renewables to annual production of electric power has increased from about 8 % in 2003 to 40 %
in 2018 (Burger 2018). However, we still rely on conventional resources to produce electricity or
heat at least for the next decades considering a global increase in energy demand of =~ 0.7 % per
year (International Energy Agency 2018). Since many conventional reservoirs are increasingly
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depleted, unconventional resources become progressively important. Several types of
unconventional reservoirs exist: shale oil, oil sands, coal bed methane or shale gas. A common
feature of these unconventional reservoirs is that the rocks have very low permeability and
economic production requires more sophisticated technology compared to conventional reservoirs.
Shale gas reservoirs are currently considered the most prospective unconventional reservoir type
since energy provided from gas shales is believed to act as bridge technology between conventional
and renewable resources and therefore is key to successfully implement the envisioned shift towards
renewables (Hausfather 2015; Zhang et al. 2016). Therefore, the potential energy supply recovered
from unconventional shale rocks has gained interest significantly during the past years. Several
interdisciplinary initiatives such as GASH (Gas Shales in Europe) and SXT (ShaleXenvironmenT)
have been performed, which aimed at investigating the prospects in Europe to economically and
securely produce gas from shale reservoirs. Thus, we focus on shale plays as unconventional

reservoir type in the following.

1.2 Shale gas exploitation

Energy recovered from unconventional rather than from conventional reservoirs may be regarded
as ‘clean’ since burning gas releases = 50 % less CO, than burning coal (Dong et al. 2018) and
therefore has become of major interest over the past years (Kuchler 2017). In particular, the United
States of America, which host an estimated technically recoverable shale gas volume of =
2462 trillion cubic feet (tcf) (Energy Information Administration 2016) strongly invested in the
extraction of gas from tight shale reservoirs (Fig. 2). The result is a nationwide gas production
with > 62 % of unconventional shale gas in 2017 (Energy Information Administration 2018). The

number is believed to be still increasing over the next decades.
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Figure 2 Gross withdrawals of natural gas in the United States, by type of well, 2013 — 2017 (Energy Information Administration 2018)

China with its huge shale plays such as the Tarim or South China Basin also shows a large
potential to produce gas from shale gas reservoirs with an estimated technically recoverable shale
gas volume of =~ 1115 tcf (Energy Information Administration 2015a). Since China currently
displays the largest Total Primary Energy Supply (TPES) (Tab. 1), the country strongly invests
in the extraction of hydrocarbons (HC) from unconventional shale reservoirs. Currently the goal
is that after a peak in carbon emissions by 2030 that emissions decrease rapidly afterwards as
stated at the Asia-Pacific Economic Cooperation (APEC) forum 2014 (Guo et al. 2016). Along
with the US and China, Europe shows as well a potential for an economical and sustainable
production of gas from unconventional shale plays (Green et al. 2012; Gasparik et al.
2014).Potential shale gas reservoirs are expected in the Posidonia (Germany), the Alum (Denmark)
or the Bowland-Hodder (England) formations, which are believed to contain relatively large
amounts of hydrocarbons (Andrews 2013). The US Energy Information Administration reported
an estimated technically recoverable shale gas volume of =~ 16.9 tcf for the Posidonia and =
31.7 tcf for the Alum shale (Energy Information Administration 2015b). For the Bowland shale, a

technically recoverable shale gas volume of 822 — 2281 tcf was estimated (Andrews 2013).
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Germany’s government suggested to enhance the energy supply based on burning gas to overcome
the energy production gap that is expected to arise as nuclear energy production will be fully

terminated by 2022 in Germany (Horsfield et al. 2011).

Table 1 Total Primary Energy Supply (TPES) — top ten countries in 2016 and 1971

Country TPES [Mtoe] Share in world TPES [%)]
2016 1971
People’s Rep. of China 2958 22 7
United States 2167 16 29
India 862 6 3
Russian Federation 732 5 N/A
Japan 426 3 5
Germany 310 2 6
Brazil 285 2 1
Korea, 282 2 0.3
Canada 280 2 3
Islamic Rep. of Iran 248 2 3
Rest of the world 5211 38 44
World 13761 100 100

Mtoe = million tonnes of oil equivalent, after (International Energy Agency 2018)

For a successful exploration and exploitation of unconventional reservoir rocks, also with respect
to sustainability and the protection of the environment, a profound knowledge of the processes
during the extraction of hydrocarbons is necessary. Commonly used extraction techniques, which
have been applied in conventional reservoirs, are not applicable (Meier 2017). This is due to the
almost impermeable matrix of shale rocks as well as their relatively low thickness. To overcome
these restrictions, long deviated wells drilled horizontally within the target zones, also defined as
‘sweet spots’ are necessary to increase the inflow area for the hydrocarbons (Rickman et al. 2008).
Typically, these ‘sweet spots’ are characterized by in situ stress state, rock brittleness, natural

fracture network, high thermal maturity, porosity, permeability and content of organic material


Johannes Herrmann
Chapter 1: General Introduction


Chapter 1: General Introduction

(TOC), which is assumed to be directly correlated to the prospectivity of the shale formation.
Based on several criteria such as mineralogy, geochemistry, petrology and geomechanical
properties, these regions within a shale formation can be identified. In addition, repeated hydraulic
fracturing (HF) stimulations need to be performed to create new fractures and to reactivate pre-
existing cracks within the reservoir rocks to significantly increase the permeability of the shale

formation (Li et al. 2015).

1.3 Fracture closure and proppant embedment

Although proppants made of quartz, ceramic or bauxite are added to the stimulation fluid to
maintain open fractures created by HF, the productivity of a fractured well drilled in an
unconventional reservoir typically declines over time following a hyperbolic or exponential trend
(Fig. 3)(Hughes 2013; Wang 2016; Al-Rbeawi 2018). This may be either due to reservoir depletion,
fracture sealing caused by fines migration or most likely due to proppant embedment-induced
fracture closure with time (Sone and Zoback 2014; Wang 2016; Cerasi et al. 2017; Mittal et al.

2018).

Figure 3 Gas production rate in different shale gas basins (Wang 2016)

ot
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The fracture closure rate due to proppant embedment in shale reservoirs is strongly influenced by
confining pressure (p.), temperature (T), stress conditions (o), petrophysical properties as well as
the short-term (strength, Young’s modulus) and long—term (creep) properties of these rocks (Fig.
4) (Herrmann et al. 2018). We performed two deformations test at a constant load of ¢ = 70 MPa,
p. = 75 MPa, T = 90 °C, simulating reservoir p,, T - conditions of about 3 km depth, on two
fractured, different shale samples containing strong quartz proppants. One experiment was
performed on relatively ductile Posidonia (POS) shale, which is rich in mechanically weak mineral
phases (clay, mica, TOC). Using Scanning Electron Microscopy (SEM) on a polished thin section
of the Posidonia sample shows that the strong proppants indent into the weak matrix of the shale
(Fig. 4a). In contrast, indentation of quartz proppants into more brittle, quartz-rich Bowland

(BOS) shale matrix is minor, but fines are generated by proppant crushing (Fig. 4b).

Figure 4 High resolution photographs (SEM) of deformed Posidonia (POS) (a) and Bowland (BOS) shale (b) including a mono layer
of quartz proppants. Strong proppant agents indent into weak Posidonia shale matrix, but crush in strong Bowland shale, leading to
fines generation. Samples were deformed at p. = 75 MPa, T = 90 °C and o = 70 MPa. Loading direction was perpendicular to bedding

orientation.

This contrasting behavior clearly identifies the strong influence of shale composition as well as its
mechanical properties on the indentation behavior of proppant agents into the shale matrix. Hence,
knowledge of these parameters is required to make reliable estimations on the long-term
productivity of a fractured well, which is helpful to increase their efficiency. Several studies on
shale rocks were conducted to investigate the influence of confining pressure (Niandou et al. 1997;

Petley 1999; Naumann et al. 2007; Kuila et al. 2011; Islam and Skalle 2013; Brantut et al. 2013),
6
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temperature (Johnston 1987; Brantut et al. 2013; Masri et al. 2014) and stress conditions (Swan
et al. 1989; Chong and Boresi 1990; Ibanez and Kronenberg 1993; Kwon and Kronenberg 1994;
Brantut et al. 2013; Sone and Zoback 2013a; Rybacki et al. 2015, 2017) as well as petrophysical
properties (Brantut et al. 2013; Rybacki et al. 2016; Cerasi et al. 2017; Morley et al. 2017; Teixeira
et al. 2017) on the short-term and long-term properties of these rocks. However, these studies were
mainly performed in such a way that the influence of only one of the mentioned parameters was
investigated. In addition, the applied p., T and o - conditions were relatively low, which is not
representative of typical in situ conditions. Specifically, the performance of deformation tests at
higher stresses can induce completely different mechanisms in the reservoir as can be seen from
the performed experiments in Fig. 4. At lower stresses the strong quartz proppants in the Bowland
shale would not be crushed leaving an open fracture without the generation of fines, which may

not occur in the field.

Our motivation was to perform deformation experiments to be able to formulate a
quantitative description of the constitutive behavior of typical gas shales. To this end we performed
tests at constant strain rate and constant stress on different shale rocks. Since they are believed
to be prospective unconventional European gas shales (Littke et al. 2011; Andrews 2013), samples
from Posidonia shale (Germany) and Bowland shale (United Kingdom) were chosen. The tests
were conducted at elevated confining pressures, temperatures and stresses to unravel the short-
term (strength, Young’s modulus) and long-term (creep) properties of the shales under in situ
conditions. Knowing these parameters is key for a successful and economical production of
hydrocarbons from these reservoir rocks. To account for the influence of these parameters we set
up constitutive equations, which can be used to assess the shale properties at specific p., T and @
- conditions. Additionally, the obtained results may also be implemented into numerical models to
improve the reliability of estimations made on the potential for an unconventional shale reservoir

to economically produce gas.

Knowing these properties is the first step to estimate the time dependent fracture closure

due to proppant embedment. Future experiments, which focus on the conductivity of fractured

~J
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shale samples including a proppant layer under in situ conditions will be performed to improve

our knowledge on this topic.
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Chapter 2: Strength and Young’s modulus of Posidonia and

Bowland shale at ambient and in situ p., T — conditions

1 Summary

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 confining pressure (p.), temperature (T), and shale composition.

We performed constant strain rate deformation tests at ambient and in situ conditions of
a typical shale reservoir (p. < 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 a 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 (oycs = uniaxial compressive strength, orcs = 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 orcg
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) gycs, orcs 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.

9
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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.

List of symbols

gucs

oTcs

gmax

Hi

B min

B

Porosity T

Density So
Confining pressure o,
Temperature Q

Absolute temperature
Uniaxial compressive strength
Triaxial compressive strength
Static Young’s modulus
Strain rate

Maximum axial strain before
failure of specimen

Coefficient of internal friction

Specific mechanical property
(e.g., triaxial compressive
strength, Young’s modulus)

Volumetric fraction
Scaling parameter
Bulk modulus
Shear modulus

Brittleness determined from
mineralogy

Brittleness determined from
Young’s modulus

Shear strength
Cohesion

Normal stress
Activation energy
Gas constant

Constants
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2 Introduction

Providing energy from oil and gas recovered from unconventional hydrocarbon reservoirs, e.g.,
shale gas plays, is widely believed to act as bridge technology between conventional and renewable
energy resources (Hausfather 2015; Zhang et al. 2016). Typically, these reservoirs exhibit low
permeability, which makes an economical exploitation difficult (McGlade et al. 2013). To increase
the productivity of a well drilled in these tight reservoir rocks, hydraulic fracturing (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 key technique for an economic 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, mineralogy and geomechanical properties (Rickman et al. 2008;
Sondergeld et al. 2010; Berard et al. 2012). To maintain fractures 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 1994a; 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; Z. Li et al. 2017; Teixeira et al.

2017; Cerasi et al. 2017). Therefore, knowledge of the geomechanical behavior of shale rocks with
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respect to the above mentioned parameters is important to better understand their fracture closure
behavior (Morley et al. 2017; Ilgen et al. 2017; Kikumoto et al. 2017; Z. 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 mineralogy, 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 (e.g., Smith et al. 2010; Imber et al. 2014; Hough
et al. 2014). Here we establish empirical relations 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), e.g., for assessment of borehole
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 helpful 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.

3 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 represented by 3
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 (e.g., Gasparik

et al. 2014), whereas DOT shale was collected from freshly blasted blocks of a quarry in S—-Germany
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(e.g., Rybacki et al. 2015). Alum shale (ALS) is highly overmature and was recovered from fresh
cores of the Skelbro-2 well (e.g., 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 (e.g., 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 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) recovered 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). Porosity (incl. micro pores) varies between 1 — 15 % (Tab.
1) and was measured on cylindrical samples (length = 20 mm, diameter = 10 mm) by He —

pycnometry, after storing the samples for at least 48 h in an oven at 50 °C.
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Vitrinite reflectance, calculated from T, (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 Ci—3. Petrophysical data of all investigates samples are listed in Tab. 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,

p, values were assumed: 2.65 Ci—3 for Qtz, 2.6 Ci—3 for Fsp, 5.01 Ci—3 for Py, 2.71 Ci—3 for Cb, 2.5 Ci—3
for Cly, 2.82 C;jl;g for Mca and 1.3 C;jl;g for TOC, respectively (Rybacki et al. 2015). Note that in

Tab. 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 constituents. With respect to the mechanical properties, CTMP
and QFP are considered as weak and strong constituents, respectively. Cb constituents are
regarded as intermediate strong. Fig. la 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 sample contains higher fractions of
clay than core derived samples. Unfortunately, no XRD-mineral data of investigated Haynesville
and Marcellus shale exists. (Fig. 1a). Cylindrical samples (10 mm diameter x 20 mm length) with
parallel end surfaces were prepared perpendicular to bedding for triaxial deformation experiments.
In addition, for uniaxial tests cuboids with 2 x 2 x 4 mm in size were cut perpendicular to bedding.
The sample size was adapted to the uniaxial deformation apparatus. Scanning electron microscopy
reveals a very fine-grained matrix (d < 20 pm) of Posidonia (HAR, Fig. 2a) and Upper Bowland
(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.
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Figure 1 (a) Ternary plots displaying mineral composition of investigated 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. Superimposed values are indicating triaxial compressive strength, arcs, in [MPa] (b) and static Young’s modulus, E, in [GPa)

(¢). PH1 = Preese Hall 1, OC = outcrop, MHM = Marl Hill Moor
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Figure 2 SEM-backscattered (BSE) images (a — ¢) of low porosity (= 3 %) Posidonia shale (HAR) and (d — f) porous (=~ 8 %)
Bowland shales (OC). (a) and (d) show undeformed samples. The remaining images were taken from samples deformed at p. = 50 MPa,
T =100 °C and € = 5 * 10 ** s™. Bold white arrows indicate the loading direction, which was always perpendicular to bedding. Main
mineral constituents of both shales are phyllosicates (Phy), calcite (Cal), dolomite (Dol), quartz (Qtz) and pyrite (Py) in addition to
organic matter (Om). Accessory minerals are apatite (Ap) and titanite (Ttn), respectively. Pores and organic matter appear nearly
black, quartz is medium grey, phyllosicates and carbonates (Cal + Dol) are light grey and pyrite is almost white. Long black lines are
unloading cracks perpendicular to the loading direction. (b, ¢) Deformation microstructures in Posidonia shale sample close to 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 (e, bold black arrow). With increasing distance from the main fracture no deformation
microstructures were observed in Posidonia shale samples. (e) Deformed Bowland shales show formation of inter-as well as
intracrystalline fractures (bold black arrows) close to the main fracture (upper right corner). In addition, framboidal pyrite is squeezed
and smeared along and perpendicular to fractures, 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).

4 Experimental Technique

Mechanical Data: Triaxial deformation experiments were performed at elevated confining
pressures (p. = 50, 75 and 100 MPa), temperatures (T = 75, 100 and 125 °C) and constant strain
rates (¢ =5 * 10° 5 * 10° and 5 * 10" s™") 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 vessel. 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 ambient confining pressure (p. = 0.1 MPa)
and temperature (T = 20 °C) using a uniaxial creep rig with a modified electro-mechanical actuator
(Freund et al. 2004; Gotze et al. 2010). Shale samples were uniaxially deformed at strain rates of
§ =25 -5%*10"s'. Axial strain was determined from measured displacement and corrected for

the stiffness of the apparatus, resulting in errors of calculated axial strains < 5 %.
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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 triaxial 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 specimen 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 p., T, stress - conditions and mineral composition.
Most experiments were terminated after failure. Only few specimens displayed deformation to a

barrel shaped sample (Figs. 3a, 4a, 4b).

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.

5 Results

In total, we conducted 8 uniaxial compression and 34 triaxial compressions tests (Tab. 2 - 4).
First, we present results of uniaxial experiments obtained at ambient confining pressure and
temperature and subsequently data of triaxial tests performed at elevated p., T - conditions. For

HAR and BOS _OC samples, additional tests were performed varying either &, p. or T.
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5.1 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, gycs, of the shale samples range
from 75 to 318 MPa, with lower and upper limits represented by Posidonia and Bowland (core)
shales, respectively. Commonly, deformed samples failed by forming 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 composition 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
varies between 6 and 34 GPa (Tab.2). As shown in Fig. 3b, the uniaxial compressive strength
increased almost linearly with increasing static Young’s modulus. The effect of mineralogy on the
mechanical properties obtained from stress-strain behavior will be explained in more detail in

section 5.1 below.

Table 2 Mechanical data of samples obtained at ambient conditions (p. = 0.1 MPa, T = 20 °C, § = 2.5 — 5*10"'s")

sample oucs [MPa] E [GPa] Emax %]

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_0C 156 1 2

oucs = uniaxial compressive strength, E = static Young’s modulus, &4, .= maximum axial strain before failure. For sample

abbreviations see caption of Table 1.
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Figure 3 Stress-strain curves of samples deformed at ambient confining pressure and temperature (a) and empirical cross-correlation
between uniaxial compressive strength, gycs, 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

5.2 Mechanical properties — triaxial

Triaxial compression tests were performed at constant strain rates of ¢ =5 * 10°, 5 * 10° and 5 *
10" s, confining pressures of p, = 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
unravelling the effect of mineral composition and porosity on the mechanical behavior at fixed &,
Pes T - conditions. A second series of tests was performed on Bowland outcrop samples and
Posidonia shale to study the influence of varying deformation conditions on the mechanical

behavior. All tests were performed with loading direction perpendicular to bedding.

5.2.1 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 constant strain rate experiments at 50 MPa confining pressure, 100 °C temperature
and strain rate of 5 * 10 s™. The tests conditions were chosen to represent in situ conditions at 2

— 3 km depth.
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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, orcs. and static Young’s modulus, E,
of triaxially deformed samples are about 75 % and 40 % higher on average compared to
measurements at ambient conditions (Tab. 3). Maximum axial strains reached before failure

occurred were also larger by about = 1 % at triaxial conditions (Fig. 4a, Tab. 2,3).

a b
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Figure 4 Representative stress-strain curves of deformed shales (a, b) under triaxial conditions and empirical relation between triaxial
compressive strength, orcs, and static Young’s modulus, E, (¢). Deformation conditions are indicated. U — BOS = Upper Bowland
shale, . - BOS = Lower Bowland shale, HSV = Haynesville shale, MAS = Marcellus shale, ALS = Alum shale, POS = Posidonia

shale, HAR = Harderode, DOT = Dotternhausen, HAD = Haddessen, OC = outcrop, PH1 = Preese Hall 1, MHM = Marl Hill Moor
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Table 3 Mechanical data of samples obtained at elevated p., T - conditions (p. = 50 MPa, T = 100 °C, & = 5*10™s)

sample orcs[MPa)] E [GPa] Buin Be Emax %]
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

orcs = 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.

In general, deformed shales display brittle to semibrittle mechanical behavior. Small inelastic axial
strain and hardening 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 triaxial compressive
strength (orcs = 160 — 175 MPa) (Fig. 4b). In contrast, also clay-rich but low-porosity Posidonia
(HAR) (o7cs = 165 MPa) and Haynesville (orcs = 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
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strong (QFP) and intermediate strong (Cb) minerals. Marcellus and Bowland shales were much
stronger (grcs = 280 — 550 MPa) than the other investigated shale rocks (Fig. 4b, Tab. 3). In
general, static Young’s moduli were larger at elevated pressures 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 (Tab. 1).

5.2.2 Effect of confining pressure on strength

To characterize the influence of confining pressure on the mechanical properties of Posidonia
(HAR) and Upper Bowland outcrop shales (BOS OC), we performed deformation tests at
constant strain rate (¢ = 5 * 104 s™), temperature (T = 100 °C) and confining pressures of p, =
50, 75 and 100 MPa (Tab. 4). Upper Bowland shale samples for these tests were exclusively
prepared from outcrop material as no more core material was available. At elevated confining
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.
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Table 4 Mechanical data of samples

sample D [MPa] T [°C] £ [s] orcs [MPa] E [GPa]
HAR 0.1 20 5% 10" 75 6
50 100 5% 10" 165 9
75 100 5% 10" 214 10
100 100 5% 10" 222 10
HAR 50 75 5% 10" 202 11
50 125 5% 10" 178 10
HAR 50 100 5%10° 189 10
50 100 5*%10° 175 9
BOS_0C 0.1 20 5% 10" 156 11
50 100 5% 10" 284 14
75 100 5% 10" 335 15
100 100 5% 10" 352 15
BOS_0C 50 75 5% 10" 282 14
50 125 5% 10" 271 13
BOS_0C 50 100 5 *%10° 289 13
50 100 5%10° 285 14

p. = confining pressure, T = temperature, € = strain rate, grcs = triaxial compressive strength, E = static Young’s modulus. For

sample abbreviations see caption of Table 1.
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Figure 5 Influence of confining pressure p. on stress-strain behavior (a) and triaxial compressive strength, or¢g, (b) of Posidonia (HAR)

and Upper Bowland (OC) shale. grcs increases with confining pressure for both shales. Deformation conditions are indicated. HAR =

Harderode, OC = outcrop

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 Bowland shales increased with increasing confining pressure
(Fig. 5b, Tab. 4), also observed by Rybacki et al. (2015) and Ibanez and Kronenberg (1993) for
Posidonia (DOT) and Wilcox shales, respectively (for description of microstructures see section
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 compressive strength of
Posidonia and Bowland shales of = 23 and ~ 40 MPa/km, respectively. The triaxial compressive
strength of BOS OC (¢ = 8 %) shale was more sensitive to confining pressure changes compared
to Posidonia — HAR (¢ = 3 %) shale (Tab.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 Bowland shales
remained nearly constant showing no significant change with increasing confining pressure (Tab.

4). This was also observed by Rybacki et al. (2015) for other Posidonia shales and for US shale
rocks (Sone and Zoback 2013a).
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5.2.3 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 confining pressure (p.
= 50 MPa) and strain rate (¢ = 5 * 10™s") constant (Tab. 4, Fig. 6). In general, the influence of
temperature on strength was small between 75 and 125 °C. (Fig. 6a). The stress-strain curves
reveal a small decrease of o1cs and a slightly increasing axial strain at peak stress with increasing
temperature, which is more pronounced for Posidonia than for Bowland shale (Fig. 6b, Tab. 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 compressive strength decrease
due to stress corrosion (subcritical crack growth) (Brantut et al. 2014). Samples subjected to
elevated temperatures showed formation of an incipient single shear fracture. No significant
influence of temperature on static Young’s modulus could be observed (cf., Tab. 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 considerably 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, orcs, — will not be compensated by the observed temperature
induced orcs — reduction, assuming a linear correlation between orcs and confining pressure and

temperature.
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Figure 6 Influence of temperature, T, on stress-strain behavior (a) and triaxial compressive strength, orcs, (b) of Posidonia (HAR)

and Upper Bowland (outcrop) shale. orcs is reduced slightly with increasing temperature. HAR = Harderode, OC = outcrop

5.2.4 Effect of strain rate on strength

At constant confining pressure (p. = 50 MPa) and constant temperature (T = 100 °C) Posidonia
and Bowland shales were deformed at varying strain rates of € of 5 * 10°, 5 * 10° and 5* 10™ s™,
respectively (Tab. 4). We observed no significant effect of strain rate on the mechanical behavior
of the investigated shale samples (Fig. 7Ta, Fig. Tb, Tab. 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., Tab. 4).
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Figure 7 Effect of strain rate, €, on stress-strain behavior of Posidonia and Upper Bowland (outcrop) shale (a). Triaxial compressive

strength, or¢g, remains nearly constant within errors at increasing strain rate (b). HAR = Harderode, OC = outcrop

5.3 Microstructures

All samples, except for one, failed spontaneously along a single 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 p; = 0.7 £ 0.05. 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 p. = 50 MPa,
temperature T = 100 °C and strain rates of € = 5 * 10 ™ s were investigated using scanning

electron 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
intracrystalline microcracks, indentation of strong into weaker mineral phases and stretching of
framboidal pyrite. In deformed Posidonia samples the main fracture is surrounded by a damage

zone with subparallel intercrystalline microcracks (bold black arrows in Fig. 2b), sheared pyrite
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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).

6 Discussion

The shale samples investigated in this study showed mainly brittle to semibrittle deformation
behavior at confining pressures 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 fracture. 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 deformation only close to the macro fracture. Undulose extinction, 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
on the applied experimental conditions (confining pressure, temperature and strain rate) as
previously described for other shales (Ibanez and Kronenberg 1993). In the following we will first
discuss the role of material parameters starting with sample composition and then address the

effect of loading conditions.
6.1 Sample composition

Here we attempt to identify possible correlations between sample composition and mechanical
properties such as gycs/ grcs, static Young’s modulus, E; and maximum axial strain before failure,

Emax, Measured perpendicular to bedding. Sample composition varied significantly between shale
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types but 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, oycs, of Posidonia and Upper Bowland shales is minor when
measured at ambient conditions (p. = 0.1 MPa, T = 20 °C). 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 relationship for Lower Silurian shale. Sample porosity had no
significant influence on the uniaxial compressive strength within error bars (Tab. 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, oycs, 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 (Tab. 3) but clearly decreased with increasing amounts of weak phases (Fig. 8d).
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Figure 8 Influence of mineralogy in terms of volumetric fraction of QFP = quartz + feldspar + pyrite (a), carbonate (b), clay + TOC
+ mica (c¢) on uniaxial compressive strength, gycs, and static Young’s moduli, E, (d) of investigated shales. Data were obtained at
ambient experimental conditions. The relation between fraction of weak phases and uniaxial compressive strength and Young’s modulus
is indicated by a dashed line in (¢) and (d), respectively. The corresponding equations are: ogycs[MPa] = 669[MPa] *
(Clay 4+ TOC + Mca + ¢)™*>3 (R? = 0,92) and E[GPa] = 101[GPa] * (Clay + TOC + Mca + ¢)™%72 (R* = 0,92). HAR = Harderode,
PH1 = Preese Hall 1, OC = outcrop

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). Porosity and amounts of weak components had no effect on maximum

axial strain before failure (Tab. 2).
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Figure 9 Effect of volumetric fraction of QFP = quartz + feldspar + pyrite (a, ¢) and carbonate (b, d) on max. axial strain &pax
reached before failure of shale shales. Experiments were performed at ambient conditions (a, b) and elevated (¢, d) confining pressures

and temperatures. HAR = Harderode, PH1 = Preese Hall 1, OC = outcrop, MHM = Marl Hill Moor

Similar to oycs, the triaxial compressive strength, at 50 MPa confining pressure and 100 °C
temperature, was independent of the content of strong (Fig. 10a) and intermediate 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 p., T - conditions of
the tests, influencing the strength of individual sample constituents and affecting the correlations
between mechanical properties and sample mineralogy. In addition, any differences in
microstructure or water content (drying of the samples) are expected to influence the deformation
behavior. Water-rich shale rocks are believed to exhibit lower triaxial compressive strength and

static Young’s modulus than dried samples, for example due to swelling of smectite clay minerals
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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.
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Figure 10 Influence of volumetric fraction of QFP = quartz + feldspar + pyrite (a), carbonate (b), clay + TOC + mica (c), porosity
(d) and density (e) on triaxial compressive strength, orcs, and static Young’s modulus, E, (f) of investigates shales. Data were obtained
at elevated confining pressure and temperature given in (e). The correlation indicated in (¢) by the dashed line can be approximated
by the following equation: apcs[MPa] = 899[MPa]  (Clay + TOC + Mica + ¢)~%*> (x* = 0,88). OC = outcrop, PH1 = Preese Hall 1,

MHM = Marl Hill Moor
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In this study, the triaxial compressive strength was reduced with fraction of weak phases increasing
up to about 30 %, above which orcs is almost constant (Fig. 10c). A threshold of about 30 vol%
fraction of (corresponding to = 25 wt%) weak phases possibly separates triaxial compressive
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 materials 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 confining 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
orcs with increasing porosity (Fig. 10d), in agreement with Rybacki et al. (2015). The Young’s
modulus E shows no clear correlation with the fraction of QFP and carbonate Cb (Tab. 3), but
decreases with increasing weak mineral fraction and porosity (Fig. 10e) (Tab. 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 the amount of QFP, again related to different test conditions 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 p =

2.5 Ci—3 , 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 grcg 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
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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 (Tab
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 €,,, decreased at increasing QFP fractions (Fig. 9c). This contrasting
behavior provides a good example for a possible change of dominant deformation behavior at
elevated confining pressure and temperature compared to ambient conditions. In general, €,
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
correlation. This also holds for the effect of porosity on maximum axial strain before failure

measured at ambient and elevated deformation conditions (Tabs. 2, 3).

The influence of shale composition on grcs and E is summarized in Fig. 1b and 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) do
not dependent as much on carbonate and QFP content, but clearly decrease for high amounts of
weak phases (Fig. 1lb, c¢). Upper Bowland outcrop samples are distinctively weaker than core
samples (Fig. 1b, Fig. 4a), due to a higher fraction of weak phases (cf. Tab. 1, Fig. 1). This
confirms that samples retrieved from surface outcrops will not fully represent in situ mechanical
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. Posidonia shales, containing mainly soft mineral components,
are distinctively weaker than outcrop- and core-derived Bowland 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
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strikingly, the uni— and triaxial compressive strengths and Young’s moduli anticorrelate with the

fraction of weak components (e.g. clays) (Figs. 10c, f).

6.1.1 Comparing sample triaxial compressive strength and Young’s modulus to predictions
from effective medium theories

Effective medium theories allow characterizing mechanical properties of rocks with respect to
mineral composition, as for example Young’s modulus (Mavko et al. 2009). Typically, the approach
relies on volumetric fractions of sample constituents 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 constituents (Sone and Zoback 2013a).

Ji (2004) suggested a phenomenological approach to predict 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:

M) =[S (fi« M] )]% (1)

where M = is a specific mechanical property (in our case g1cs, E), fis the volumetric fraction of
the component, subscripts 7 and ¢ 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-endmember, we used literature data of

Novaculite giving grcsnoy = 699 MPa at the same p., T - conditions as applied here (Rybacki et
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al. 2015). The lower triaxial compressive strength-limit is represented here by g1cs of Boom clay

extrapolated to 50 MPa confining pressure (Bouazza et al., 1996), where orcscy, = 35.5 MPa.

For the endmember elastic properties, we calculated the weighted average of weak and
strong sample constituents, assuming the following elastic moduli and weighting factors, w,
(determined from mean composition): Eroc = 6.3 GPa, Eq,y = 3.2 GPa, Ey = 0 GPa, wroc = 0.29,
Wy = 0.42, wg = 0.29 for the weak components and Eyie. = 99.6 GPa, Eq, = 82.9 GPa, Eq, =
93.2 GPa, Ep, = 309.5 GPa, Ep,, = 40.5 GPa, Wyica = 0.06, we, = 0.43, wq, = 0.49, wp, = 0.01
and wgg, = 0.01 for the strong components (Mavko et al., 2009), resulting in E., = 3 GPa and
Esvong = 91 GPa, where the subscripts 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:
Kuse = Ky + L 3)
(Kp=K) ™'+ fr+( Ky +51 )
Hps+ = Hp + {ffl*(l(1+2*p1) (4)

(h2—p1) 71+
5*l~l1*(K1+%*l~l1)

where subscript HS is Hashin-Shtrikman, + is either upper (+) or lower (-) bound, K is bulk
modulus and p is shear modulus of simplified sample constituents. Upper bound is given when
strong material is K;, j1; and lower bound when weak material is K;, ;. Here, we assume K. =
1.5 GPa, Koy = 37 GPa, pyear = 1.4 GPa, 00, = 44 GPa, where strong endmember phase is
represented by quartz and weak endmember by clay (Mavko et al. 2009). Finally, we used an

approach predicting the elastic constants of multiphase materials as introduced by Paul (1960):
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In general, the triaxial compressive strengths of all investigated shales are within the bounds,
mostly plotting closer to the Reuss bound (Fig. 11). o7¢s of almost all Bowland shales follow the
lower (Reuss) bound, whereas Alum shales plot close to the upper (Voigt) bound. (Fig. 11a). o7c¢s

of Posidonia shales plot between the Voigt-Reuss-Hill and lower (Reuss) bound.
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Figure 11 Triaxial compressive strength, orcs, (a) and static Young’s modulus, E, (b) obtained at elevated confining pressures and
temperatures plotted against volumetric fractions of weak components. Experimental data is compared to different effective medium
theories. Grey symbols display mechanical data of black shales measured by Rybacki et al. (2015) at similar deformation conditions.
Voigt (V) and Reuss (R) indicate upper and lower bounds, respectively. Voigt-Reuss-Hill (V-R-H) is average value of Voigt and Reuss
bounds. Ji (J) represents best fit bound proposed by Ji (2004) for Posidonia (J (POS)) and Bowland shales (J (BOS)). Paul (P) displays
approach introduced by Paul (1960) and Hashin-Shtrikman (HS) upper (+) and lower (-) bounds as described by e.g. Mavko et al.
(2009). Deformation conditions are indicated. ALM = Alum, POS = Posidonia, PH1 = Preese Hall 1, OC = Outcrop, MHM = Marl
Hill Moor

The best fit value of the GMR scaling parameter J for grcs of all Posidonia shales including
literature data yields Jpsiaona = -0.13 (Fig. 11a). (Ji 2004) suggested a value of J = - 0.25 for rock

samples with a weak-phase supported structure (fy,one < 0.5), which is close to our value. A value
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of J = + 0.25, as supposed by Ji (2004) for aggregates with a strong-phase supported structure
(firong > 0.7), would not fit our data (Jpowana = -0.38). An average value of J = 0.23 was determined
by Rybacki et al. (2015) for black shales (fyon: < 0.3) measured at ambient and elevated p., T -
conditions. J = 0.23 is far above the value that we calculated and that also is suggested by Ji
(2004), presumably due to differences in fabric and humidity between shales investigated 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 average and Bowland
shales plot in general close to the lower (Reuss) bound. The static Young’s modulus of Posidonia
shales ranges 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 mechanical 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 parameter Jposdonia Of -0.62 and Jpowiana = -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.

6.1.2 Brittleness of shale rocks

Common practice (used in the Exploration & 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 (e.g. Rybacki et al. 2016). Here, we first calculated the brittleness of the shales based

on their mineral composition (Rybacki et al. 2016):
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worp*fQFP ( 6)

Boin =
min
worp*fQFP+Web*fchtWeiyrocMca* S clyToctWe*P

where B,,;, = brittleness determined from mineralogy, wgrpr, Way, Weyroc and wg are weighting
factors ranging from 0 to 1 and f,, is the fraction of mineral xx given in vol%. We set wqrp =

Waytoc = Wg = 1 and wg, = 0.5 as suggested by Rybacki et al. (2016) for shale rocks.

Secondly, we calculated the brittleness index based on the Young’s modulus. Rybacki et

al. 82016) suggested the following empirical relation between brittleness and E:

(7)

0.5340.07
By = (0.07 £0.01) + (£)

0

where B = brittleness determined from E based on a comparison of E with stress-strain behavior
at low p., T - conditions and E, is a normalization factor with [Ej] = 1GPa. The resulting B,,, and
Bg values are shown in Figs. 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 (Figs. 12a, b). B,;, 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, By is decreasing with increasing amounts of
weak components 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). By values are lower on average

than B, values.
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Figure 12 Ternary plots displaying mineral composition of investigated samples. Composition is separated into mechanically strong

(Qtz + Fsp + Py), intermediate strong (Cb) and weak (Cly + TOC + Mca) 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 Brittleness determined from composition B, (&) and static

Young’s modulus Bg (b) (Rybacki, Meier, and Dresen 2016). Maximum axial strain €ma. (in %) before failure vs. brittleness determined

from composition By (¢) and static Young’s modulus Bg (d). OC = outcrop, PH1 Preese Hall 1, MHM = Marl Hill Moor. PH1 =

Preese Hall 1, OC = outcrop, MHM = Marl Hill Moor

Samples displaying increasing brittleness values also show decreasing maximum axial strain &4,

before failure, when deformed at elevated confining pressures and temperatures (Figs. 12c, d). A

brittleness-threshold at about Bg = 0.4 4 0.1 separates sample deformation in dominantly ductile

(Bg < 0.4 + 0.1) or dominantly brittle regimes (Bg > 0.4 4+ 0.1) as shown by the stress-strain

plots (Fig. 4a).
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6.2 Effect of confining pressure

Several empirical failure criteria exist to describe the confining pressure-dependent triaxial
compressive strength of a rock. These are, for example, Mohr-Coulomb, Drucker-Prager, Hoek-
Brown, Griffith, Murrell or Fairhurst 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

T =S5y + oplty or 01 = Oycs + np. (8)

with 7 = shear stress, S, = cohesion, g, normal stress, y; = coefficient of internal friction, p, =
confining pressure, 0, = grcs+ p. and n = constant. The coefficient of internal friction may be
determined from the best fit slope n in a o,-p. diagram (Fig. 13) with y; = (n-1)/(2vn), (Zoback
2007). Fig. 13 shows the data measured at elevated p., T - conditions on Posidonia (HAR) and
Bowland (outcrop) shales (c.f., Tab. 4, Fig. 5b) yielding y; values of 0.42 + 0.03. This friction
coefficient is significantly lower than predicted from the measured angle between the fracture
surface and the gy 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 gycs
than were determined in uniaxial compression tests. Note that measured oycs define an upper limit
since they were determined at ambient temperature whereas triaxial experiments were performed
at T = 100 °C. It is conceivable that enhanced sample compaction at increasing 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 p,; of shale rocks from this study are similar
to published data on Wilcox shale (j; = 0.3 — 0.5) (Ibanez and Kronenberg 1993), Opalinus clay
(= 0.25) (Jordan and Niiesch 1989), Posidonia shales (p; = 0.16 — 0.32), Alum shales (j; = 0.36
- 0.55) (Rybacki et al. 2015) and Eagle Ford and Haynesville shales (p; = 0.3 — 0.5) (Sone and
Zoback 2013b) (Fig. 13). Interestingly, published data on Barnett shale reveal relatively high

values of 1i; = 0.7 — 1.1 (Sone and Zoback 2013b; Rybacki et al. 2015). (Sone and Zoback 2013b)
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also found a slight decrease of y; for increased amounts of weak components (clay + TOC).
Including data from Rybacki et al. (2015) on shales obtained at similar experimental conditions,

we found no clear correlation between p; and porosity or the amount of weak material (Tab. 5).
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Figure 13 Influence of confining pressure p. on d; = drcs + p.. Estimated values of internal coefficient of friction y; are indicated. oycs

= measured uniaxial compressive strength. HAR = Harderode, OC = outcrop

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

sample QFP [vol%)] Cb [vol%] Cly + TOC [vol%)] Porosity [%] I Reference

Bowland (BOS_OC) 5 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 (ALMI) 31 1 68 1 0.36 (Rybacki et al. 2015)

QFP = Qtz + Fsp + Py, Cb = carbonates, Cly + TOC = Clay + TOC, u; = coefficient of internal friction. For sample abbreviations

see caption of table 1.

6.3 Strain rate and temperature effects

A change in strain rate by two orders of magnitude has no significant effect on triaxial compressive
strength of Posidonia and Bowland shales at p. 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:
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& « e®*9rCs (9)

which was applied by e.g., Chong et al. (1980) and Kwon and Kronenberg (1994a) for shales from
different formations or localities. a is an empirical constant, which is negative for the whole data
set of investigated Posidonia and Bowland shales (apos = -0.46, apos = -4.61), determined from
regression lines in semi-logarithmic space (Fig. 14a). Restricting the fit to the two measurements
obtained at low strain rate (¢ =5 * 10° and 5 * 10” s™') yields a-values for Posidonia and Bowland
shales of = 0.16 and = 0.57, respectively. This is similar to values reported by Ibanez and
Kronenberg (1993) (a0 = 0.36), Kwon and Kronenberg (1994a) (o = 0.27) and Rybacki et al. (2015)

(a0 = 0.33) for other shales.

a b
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-12 -10 -8 0,0026 0,0028
Ing[s] UT,[K™

Figure 14 Effect of strain rate, €, on triaxial compressive strength, gr¢s, (a) and variation of orcg with inverse absolute temperature,

T., (b). HAR = Harderode, OC = outcrop

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, respectively. Assuming that dislocation glide in clay minerals is
mainly responsible for strain rate and temperature sensitivity, we use the following constitutive

relation (Ibanez and Kronenberg 1993):
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- %)
€ =Ax%e®TCS x ¢ \RTa (10)

where A is a material constant, () is the activation energy, R is the gas constant and T, is absolute
temperature. Note that Eq. (10) may be used only as first order approximation, since the flow law
is valid only at steady state creep conditions (Rybacki et al. 2015). Using opos = 0.16 and opos =
0.57 and fitting Eq. (10) to the corresponding Arrhenius plot (Fig. 14b) yields apparent activations

energies of Qpos = 98 % and Qpos =~ 140 % Ibanez and Kronenberg (1993) and Rybacki et al.
(2015) measured comparable activation energies of Wilcox shale (Q = 87 4 40 %) and Posidonia

shale (Q = 167 %), respectively, deformed perpendicular to bedding.

7 Conclusions

Deformation experiments performed on black shales originating from different formations and with
varying mineralogy and maturity reveal dominantly brittle to semibrittle deformation behavior at
the imposed p., T - conditions. For Upper Bowland shale, samples retrieved from surface outcrops
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.

orcs 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 By = 0.4.
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The obtained results lead us to suggest a substantially lower fracture closure rate of brittle
Bowland shales compared 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 overmature 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 Bowland
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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Chapter 3: Creep of Posidonia shale at elevated pressure and

temperature

1 Summary

The economic production of gas and oil from shales requires repeated hydraulic fracturing
operations to stimulate these tight reservoir rocks. Besides simple depletion, the often observed
decay of production rate with time may arise from creep-induced fracture closure. We examined
experimentally the creep behavior of an immature carbonate-rich Posidonia shale, subjected to
constant stress conditions at temperatures between 50 and 200 °C and confining pressures of 50 to
200 MPa, simulating elevated in situ depth conditions. Samples showed transient creep in the
semibrittle regime with high deformation rates at high differential stress, high temperature, and
low confinement. Strain was mainly accommodated by deformation of the weak organic matter
and phyllosilicates and by pore space reduction. The primary decelerating creep phase observed at
relatively low stress can be described by an empirical power law relation between strain and time,
where the fitted parameters vary with temperature, pressure and stress. Our results suggest that
healing of hydraulic fractures at low stresses by creep-induced proppant embedment is unlikely
within a creep period of several years. At higher differential stress, as may be expected in situ at
contact areas due to stress concentrations, the shale showed secondary creep, followed by tertiary
creep until failure. In this regime, microcrack propagation and coalescence may be assisted by
stress corrosion. Secondary creep rates were also described by a power law, predicting faster
fracture closure rates than for primary creep, likely contributing to production rate decline.
Comparison of our data with published primary creep data on other shales suggest that the long-
term creep behavior of shales can be correlated to their brittleness estimated from composition.
Low creep strain is supported by a high fraction of strong minerals that can build up a load-

bearing framework.
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List of symbols

A, B, ¢ om, ty, s, k Creep constants

B, Brittleness

d Indenter diameter

F Volume fraction

h, h, Indentation depth, rate
n Stress exponent

P Confining pressure

Q Activation energy

T Temperature

t Time

\Y Activation volume

g, € Axial strain, strain rate
¢ Porosity

o Differential stress

Onet Indenter stress

2 Introduction

Over the past 20 years, exploitation of (unconventional) gas from tight shale reservoirs increased
strongly and is expected to contribute considerably to future energy supply in the next decades,
although estimates of the recoverable amounts of gas are quite variable (Howarth et al. 2011;
McGlade et al. 2013). The uncertainty of future production assessment is linked to the difference
between the estimated amount of gas in place and the fraction of technically recoverable shale gas
resources. Beside socio-environmental issues, fast production decline rates of unconventional gas
reservoirs render reliable forecasting very difficult (Hughes 2013; Wang 2016). Empirically fitted
production curves show a hyperbolic or exponential decline in the first few (four to five) years

after stimulation by hydraulic fracturing (Baihly et al. 2010; Wang 2016). The causes of such a
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fast decline are a matter of debate and may be related to transient flow of free and adsorbed gas
to natural and artificially-induced fractures until (pressure dependent) depletion in conjunction

with time-dependent fracture closure (Patzek et al. 2014; Wang 2016).

A reduction of fracture conductivity with time depends on several factors, including the in
situ closure stress (normally in the range of several tens of MPa acting perpendicular to the fracture
surface), fluid chemistry (e.g., brine concentration), fines migration and proppant properties (type,
diagenesis, crushing, size and distribution). Experimental and modelling results usually show
enhanced fracture closure rates at high closure stress and temperature, low Young’s modulus and
high amount of soft minerals, low fraction of proppants with small size, low fracture roughness
and minor shear displacement (minor self-propping). The presence of water also accelerates the
rate of fracture permeability reduction, in particular for clay-rich shales (Akrad et al. 2011;
Alramahi and Sundberg 2012; Guo and Liu 2012; Kassis and Sondergeld 2010; LaFollette and
Carman 2010; Liu and Sharma 2005; Morales et al. 2011; Pedlow and Sharma 2014; Reinicke et
al. 2010; Stegent et al. 2010; Volk et al. 1981; Zhang et al. 2013; Zhang et al. 2015; Zhang et al.
2016b). The brittleness of shales, which correlates to some extent with their composition and
elastic properties (Rybacki et al. 2016; Zhang et al. 2016a), may be also relevant for the long-term
fracture healing rate. Fast healing is expected for more ductile shales by rapid proppant
embedment or enhanced creep of contact areas in unpropped fractures. In addition, brittleness
may control the amount of natural open or sealed fractures, which are generated mainly during

subsidence by the pressure increase due to creation of gas or oil from kerogen (Norris et al. 2016).

Quantitative estimates of fracture healing rates require knowledge of the geomechanical
behavior of shales. Under reservoir conditions (P < 100 MPa, T < 200 °C), shales often show
brittle to semibrittle deformation, where the combination of mechanisms (brittle microfracturing,
pore collapse, granular flow and crystal-plastic defect activity) yields a mechanical behavior and
strength depending on rock composition and in situ effective pressure, temperature and strain rate
conditions (Ibanez and Kronenberg 1993; Rybacki et al. 2015). However, only a few studies of the
long-term creep deformation of shales exist so far. Few data exist dealing with the creep behavior
of Opalinus clay (Naumann et al. 2007), Boom clay (Yu et al. 2015), Callovia-Oxfordian Bure
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Clay (Gasc-Barbier et al. 2004), and other argillaceous rocks (Zhang and Rothfuchs 2004; Fabre
and Pellet 2006). Creep experiments on shales focus on compaction and consolidation (Cogan 1976;
de Waal and Smits 1988; Dudley et al. 1998), the effect of adsorption and swelling on creep (Heller
and Zoback 2011; Hol and Zoback 2013) and on viscoelastic or viscoplastic creep of shales in
response to nanoindentation (Mighani et al. 2015) and applied differential stresses at elevated
confining pressures (Almasoodi et al. 2014; Chang and Zoback 2009, 2010; Chong et al. 1978; Li
and Ghassemi 2012; Rassouli and Zoback 2015; Sone and Zoback 2010, 2011, 2013, 2014; Yang
and Zoback 2016). The latter experiments indicate that creep is enhanced at high differential
stress, high clay content, in the presence of water and if loaded normal to bedding orientation. For
the examined North American shales, the influence of confining pressure appears to be either

absent or reducing creep rates only slightly up to a few tens MPa confinement.

Here, we report on deformation experiments on immature Posidonia (oil) shale at high
confining pressures (P) and temperatures (T) in order to evaluate the creep properties of this
relatively weak shale as a function of stress and applied P, T - conditions. The results are used to
estimate the proppant embedment potential and fracture closure from measured long-term creep

behavior.

3 Sample Material and Experimental Methods

Cylindrical samples of 20 mm length x 10 mm diameter were prepared from black shale blocks
collected in a quarry with active mining near the village Dotternhausen (Southern Germany). This
immature Posidonia shale (vitrinite reflectance = 0.6 %) of Mesozoic (lower Jurassic) age is very
fine-grained (< 10 pm) with a porosity of about 11 %, measured by mercury injection porosimetry
(Fig. 5 a). The pore throat diameter distribution shows a maximum between 20 and 40 nm. The
laminated matrix of this carbonate mudstone consists of = 42 vol% carbonates, 18 vol% clays
(illite, illite-smectite mixed layers and minor kaolinite and chlorite), 14 vol% quartz, feldspar and
pyrite and 15 vol% organic matter with high bitumen content (Rybacki et al. 2015). All samples

were drilled perpendicular to bedding, defined by enrichment in organic matter with subparallel
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oriented pyrite flakes and calcareous bands. The as-is water content of samples is 1 — 2 wt%. They

were stored in an oven at 50 °C until testing.

Triaxial creep experiments were performed in a Paterson-type deformation apparatus
(Paterson 1970) at constant load, using argon gas as confining pressure medium. Samples were
jacketed by 0.5 mm thin copper sleeves to prevent intrusion of the gas, pressurized and heated to
the desired level, and deformed in a single run to maximum axial strains between 3 % and 26 %,
depending on applied P, T - conditions (Tab. 1). Recorded axial displacements were corrected for
the system compliance, resulting in calculated axial strains with an uncertainty < 4 %. Measured
axial forces were corrected for the strength of copper sleeves, previously determined in calibration
runs on copper samples at similar conditions, and converted to axial stress assuming constant
volume deformation. Because of the low stiffness of the Paterson apparatus the initial elastic stress
is less accurate with an estimated error < 20 %. The reported error of post yield stress is typically
<6 % at T < 200 °C and <10 % at T = 200 °C, resulting from uncertainty of the copper strength,
which depends on P, T - conditions and strain rate, and slightly decreasing sample stress with
increasing strain at fixed applied load. The copper strength was in the range of 204 to 380 MPa,

accounting for 21+4 % of the measured total force.
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Table 1 Experimental conditions

sample pe [MPa] T [°C] o [MPa] tmax [8] Emax m A [sM] Emin [87] Tem
DOTO1 50 100 166 4100 0.1 6.5-10° failure
DOTO02 50 100 150 168000 0.06 0.0659 0.02553
DOTO03 50 100 157 2400 0.1 1.1-10° failure
DOT04 50 100 148 595000 0.07 0.06474 0.02738
DOT05 50 50 157 97000 0.09 2.4-107 failure
DOTO06 50 150 127 430 0.12 8.8-10° failure
DOTO7 50 75 160 500 0.09 5.8-10° failure
DOTO08 75 100 164 60 0.18 2.6-10% failure
DOT09 100 100 169 1500 0.20 4.2.10° failure
DOT10 200 100 200 610 0.26 1.2.10* failure
DOT11 75 100 155 70 0.16 2.0-10* failure
DOT12 150 100 205 10700 0.13 0.07479 0.06242
DOT101 100 100 111 79000 0.04 0.07408 0.01461
DOT103 100 100 152 4700 0.06 0.08448 0.02383
DOT104 50 100 154 900 0.06 0.10740 0.02420
DOT105 150 100 154 22000 0.05 0.04628 0.02349
DOT107 100 200 113 5100 0.05 0.08024 0.02006
DOT108 100 200 61 26000 0.03 0.09907 0.00841
DOT109 50 50 156 25000 0.04 0.05044 0.02188
DOT110 100 50 110 154000 0.03 0.04583 0.01472

For examination of microstructures we used a scanning electron microscope (SEM, Zeiss Ultra 55
Plus) on broad ion beam (BIB, Jeol IB-19520CCP) polished sections. High resolution analysis was
done using a transmission electron microscope (TEM, Fei Tecnai G2 F20 x-Twin) on focused ion

beam (FIB, Fei FIB200TEM) prepared foils.

4 Results

In total, we performed 20 creep tests on samples at confining pressures of 50 — 200 MPa and
temperatures between 50 and 200 °C. The applied differential stresses (corrected for jacket

strength) were between ~ 60 and 205 MPa, resulting in transient creep curves. Tests were either
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manually stopped after some time or beyond sample failure after passing a secondary and finally
accelerating creep phase, depending on conditions. The corresponding total creep time varied
between 1 minute and 165 hours (= 1 week) and the associated axial strain between =3 and 26 %
(Tab. 1). In most tests the conditions were chosen such that 2 of the 3 parameters (confinement,
temperature, differential stress) were fixed and the third parameter was changed in order to

constrain the influence of the varying parameter on the resulting creep rate.

4.1 Creep Behavior

Some typical creep curves of deformed Dotternhausen shales are shown in Fig. 1. At constant
pressure and temperature, creep rates increased with increasing differential stress, independent of
the specific P, T - conditions (Fig. la — d). Samples subjected to low differential stress showed
primary creep behavior, where the strain increment per unit time step continuously decreases with
increasing time (primary or decelerating creep phase). In contrast, samples loaded at high
differential stress showed subsequently secondary creep with a linear increase in strain with
increasing time (i.e. constant creep rate) and finally tertiary (accelerating) creep until failure. The
transition from primary to secondary creep occurred in a narrow stress range, corresponding to
about 84 — 90 % of the compressive strength obtained in constant strain rate tests of 5x10™* s
under similar P, T - conditions (Rybacki et al. 2015). Reproducibility was high at low stress, but
decreased at high stress deformation (Fig. la). An increase of confining pressure at constant
temperature and stress yielded a decrease of creep rate, i.e., strengthening (Fig. le). In contrast,
increasing temperature at constant confinement and stress resulted in weakening, i.e., increasing
creep rate (Fig. 1f). We conclude that the creep behavior of Posidonia shale at elevated P, T -

conditions is sensitive to stress, pressure and temperature, as expected for semibrittle deformation.
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Figure 1 Creep curves of Dotternhausen Posidonia shale in relation to applied differential stress o (a — d), confining pressure P (e) and
temperature T (f). At high stress, creep curves show not only primary (decelerating), but also secondary (quasi steady state) and
tertiary (accelerating) creep leading to final failure. Increasing pressure reduces the creep rate (e), whereas increasing temperature
enhances the creep rate (f). For comparison, all curves are cut off at 4000 s except in (b), where complete curves are shown in log-log
scale. During the first few seconds the applied force F' was increased up to the desired level that stabilized within 10-20 sec and

subsequently held constant until manual test termination or sample failure (b).
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An example of calculated strain (creep) rates of samples deformed at 50 MPa confinement and
100 °C temperature (DOT01-DOT04, Tab. 1), are shown in Fig. 2. Here, we show smoothed curves
since the numerical derivation of strain rate from strain-time curves yielded noisy results. For
comparison, two exemplary unsmoothed curves are shown in light gray in Fig. 2a. The two low
stress samples deformed in the primary creep regime at 148-150 MPa stress show continuously
decreasing strain rates down to about 10® s' until test termination, even after about one week
deformation (sample DOT 04, deformed at o = 148 MPa). The other two samples deformed at

higher stress experienced minimum creep rates of about 10° s before failure (Fig. 2a, Tab. 1).
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Figure 2 Creep curves of Posidonia shale deformed at 50 MPa pressure and 100 °C temperature, scaled in (a) log (strain rate) versus
log(time), (b) log (strain rate) vs time and (¢) log (strain) vs log (strain rate). In (a) two unsmoothed curves are shown in light grey.
For primary creep at low stress, the strain rate decreased continuously with increasing time (a, b) or strain (¢). Minimum strain rates
for secondary creep of high stress samples are indicated in (a). Dashed lines in (a) and (c) indicate linear relationships between strain
rate and time or strain in log-log scale, respectively. Note the break of time-scale in (b). Fitted curves for primary creep of sample

DOTO04 (o = 148 MPa) using different creep laws are shown in (d) in log (strain) vs log (time) scale. See text for details.
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We fitted several suggested creep laws to our laboratory-derived creep curves (duration < 1 week).

Some commonly used empirical laws describing time-dependent strain from primary creep are:

parabolic: €= At™ (1)
logarithmic: & = A+ Blog(t) (2)
_t
exponential: & =A4 (1 — Be f0> 3)
hyperbolic: & = Asinh[(Bt)*] (4)
__B
crack-damage:e = Ae nko) (5)

with & = strain, ¢t = time, and A, B, m, ), s, k = constants. Equations (1) - (4) have frequently
been used to describe the decelerating transient behavior of rocks, soils and metals (Findley et al.
1976; Gupta 1975; Karato 2008; Paterson 2013; Stouffer and Dame 1996). Recently, Brantut et al.
(2013) suggested Eq. (5) to express crack-damage related brittle creep of rocks. In terms of strain
rate-time relation, the power-law creep Eq. (1) predicts a slope of m-1 in a double-logarithmic
plot. For logarithmic creep (Eq. 2) the slope of strain rate versus time should be -1, which does
not agree with our measurements (Fig. 2a). For the exponential creep law (Eq. 3), the logarithmic
strain rate should decrease linearly in time. However, a constant slope of -log(e) /t, does not match
our results that rather suggest a non-linear relationship (Fig. 2b). The exponential creep equation
3 is based on the Zener rheological model. This phenomenological model is composed of a
combination of linear elastic springs and a linear viscous dash-pot (i.e., the standard linear solid).
If the mechanical behavior does not depend on deformation history, a mechanical equation of state
may exist and the relation between strain and strain rate can be described in the form & = A€",
where € is strain rate and A and r are constants (Hart 1970; Karato 2008). In double-logarithmic

space this would result in a linear relation with slope r, in contrast to what is suggested by our
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measurements (Fig. 2c). This implies that the creep behavior of shales does indeed depend on

deformation history and stress path, as expected for porous rocks.

Using a non-linear fitting procedure, we fitted Egs. (1 — 5) to the creep curve of sample
(DOTO04). The test performed on this sample had the longest duration of about 1 week (Fig. 2d).
The corresponding fit-parameters A, B, m, t, s, k and the fitting determination coefficients (rg)
for the whole (inelastic) test duration of = 1 week are given in Tab. 2. The best fit with highest
i’ is obtained by the hyperbolic creep law, in descending order followed by the parabolic, crack-
damage, logarithmic and finally exponential relationship (Tab. 2). Except for the Zener model, all
others show a relatively good match with the data at test durations = 5 hours, whereas for shorter
duration the misfit increases (Fig. 2d). To compare results from all low stress experiments
performed at different boundary conditions and terminated after different times, we refitted sample
DOT04 in the time interval 50-5000 s. This interval of = 1.4 h covers the duration of all low stress
experiments except one (Tab. 1). It corresponds roughly to a strain difference of 1 % for all low
stress tests. The determined fit parameters are listed in Tab. 2, revealing slightly different values

than those obtained after one week duration.
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Table 2 Primary creep fit parameter for sample DOT04

‘parameter 22 — 595395 s 50 — 5000 s
creep law
for time-interval (= 1 week) (= 14h)
A 0.02340 0.02738
m 0.08117 0.06474
parabolic
i’ 0.99858 0.99972
strain after 3 years 0.104 (92.9%) 0.090 (80.4%)
A 0.00514 0.0237
B 0.01096 0.00641
logarithmic
i’ 0.98809 0.99861
strain after 3 years 0.093 (83.0%) 0.075 (67.0%)
A 0.06847 0.0474
B 0.01843 0.00984
exponential to 1.58263x10° 1.4184x10°
i’ 0.97169 0.97841
strain after 3 years 0.069 (61.6%) 0.074 (66.1%)
A 0.0217 0.2374
B 2.82 2.24x10%
hyperbolic s 0.0438 0.0640
i’ 0.99909 0.99971
strain after 3 years 0.112 (100%) 0.091 (88.4%)
A 530.15 2.84
B 1018.30 270.96
crack-damage k 4.336x10* 1.141x10%
i’ 0.99737 0.99954
strain after 3 years 0.101 (90.2%) 0.085 (72.3%)

Extrapolation of the experimental data using the fit parameters to estimate the strain accumulated
after 3 years creep duration yields extrapolated strains between 0.112 and 0.069 (Tab. 2). A time
period of 3 years is the typical time interval between refrac operations in unconventional reservoirs.
Likely, the hyperbolic fit for one week test duration best represents the creep behavior with a
resulting creep strain of 0.112 (here set to 100 %). Extrapolation from this fit is taken as the
reference strain accumulated after 3 years. Extrapolating strain using a hyperbolic fit to a 1.4 h

test interval yields a strain of 0.091, i.e., 11.6 % less than the reference strain. In the following, for
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simplicity we use the power law fit (Eq. 1) to data from all tests. Compared to the hyperbolic fit
the strain extrapolated to a creep period of 3 years using the power law is 7.1 % (1 week fit) and

19.6 % (1.4 h fit) less than the reference strain.

The power law fit parameters A and m for all tests showing mainly primary creep are given
in Tab. 1. They vary for A between 0.015 - 0.062 s™ and for m between 0.046 - 0.107, depending
on deformation conditions. For samples that showed also secondary and tertiary creep until failure,
power law parameters for primary creep for the same time interval of 50-5000s could not be

estimated because most samples failed earlier (Tab. 1).

To our knowledge no microphysical models for semibrittle creep of multiphase materials
exist, which allow predicting stress, temperature and pressure dependence of A and m. Inspection
of the experimental data (Fig. 1, Tab. 1) suggests that parameters A and m in equation 1 increase
with increasing stress and temperature and with decreasing confining pressure. To fit the data, we
use a modified constitutive power law commonly used to describe the steady state creep rate (cf.,

Eq. 9) in the high temperature (ductile) regime. Here we account for the observed dependence of

_ Q1+P*Vq
parameters A and m on stress, temperature and pressure using the relations A = Agog™e ( R+T )

_(Q2+P*V2) . .
and m = myg™e \ RT J which yields:

e=At" = Aoo'"le_(letf;Vl)tmoﬂnze_(%)

(6)

where nis stress exponent, @) is activation energy (in kJ/mol), Vis activation volume (in cm®/mol),
o is stress (in MPa), T'is (absolute) temperature (in K), P is pressure (in GPa) R is the (molar)
gas constant and A,, m, are rock-specific constants. In this approach, we assume that the combined
operation of microphysical processes accommodating semibrittle flow of shales like dislocation slip,
microcracking, granular flow, bending of sheet silicates and compaction are captured
phenomenologically. The stress, temperature and pressure dependence of A and m may be also

described by other relationships, but Eq. (6) allows comparing the derived parameter-sensitivities
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to the results of high temperature creep of rocks. Taking the logarithm of Eq. (6) yields the

following relations between A and m and o, T and P:

log(A4) =log(4o) + ny *log(o) — Ql*}:‘:i(e) — P*Vﬁlt;g(e) )
log(m) = log(m,) + n; * log(o) — Qz’gzi(e) _P *Zzlff(e) -

where the subscripts 1 and 2 are used for the stress, temperature and pressure sensitivity of A and
m, respectively. Fig. 3 shows the corresponding plots of 10 measurements, for which at least two
of the three parameters T, P and o were fixed in the experiments (linked by dotted lines). The
11" measurement on sample DOT12 was neglected in the analysis, because it was performed at
relatively high stress yielding an exceptionally high A value (Tab. 1). Data sets for log (A) and
log (m) were fitted by multiple linear regression (broken lines in Fig. 3). Since m appears to be
insensitive to stress (Fig. 3b), we fixed n, = 0 (best fit estimate is n, = -0.03 £0.03). In addition,
the pressure-sensitivity of was fixed to V;, = 0.92 cm®/mol based on the almost linear slope shown
in Fig. 3e (the best fit for all data would slightly increase this value to 3.01 cm®/mol). The
remaining fit parameters n;, );, A, and @, V,, m, are given in Fig. 3 and Tab. 3. In general, the

calculated regression lines show a good fit to the data, particularly for A and somewhat less for m.
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Figure 3 Variation of transient power law creep parameters A and m (cf., Egs. 1, 6) with differential stress (a, b), temperature (c, d)
and pressure (e, f). Deformation conditions are indicated. Broken lines show multiple regression fits for stress sensitivity (n), activation

energy (@) and activation volume (V) of A (subscript 1) and m (subscript 2), respectively.
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Table 3 Parameters for stress, temperature and pressure dependence of primary and secondary creep

parameter primary creep secondary creep
n 1.37 £0.10
ny =0
n3 4.8 £18.3
Qi 2.54 £0.76 kJmol!
Q2 4.79 £1.86 kJmol!
Qs 73.8 £56.4 kJmol!
Vi 0.92 £0.92 cm*mol™
Vo 11.14 46.84 cm*mol”
Vs -11.3 +£167.2 cm®mol™*
Ay (5.62 £0.46) * 10° MPa¥7s™
my 0.43 +0.26
By (2.8 £224) * 10 MPa**s?

Comparing strains extrapolated to 3 years creep period yields similar estimates (deviation <0.1 %)
for multilinear fit and for values determined directly from A and m parameters given in Tab. 1.
The standard deviation is 37 %. This is comparable to the uncertainty related to the choice of
constitutive equation (Egs. 1 — 5) which is also possibly affected by sample to sample variations.
Since sample diameter increases with increasing strain at fixed load the applied stress decreased
by 2 -5 MPa between yield point and test termination. Accounting for this effect on extrapolation

reduces 3 year strain estimates by about 3-7 %.

For extrapolation of strains from samples tested at high stresses, we calculated the

minimum creep rates & . (Fig. 2a and Fig. 1a — c). The resulting set of strain rates are given in

min
Tab. 1. The o, T and P- dependence of é‘min was fitted to a power law creep equation used for

dislocation creep in rocks and metals (Karato 2008; Paterson and Wong 2005):

. n _(Q3+P*V3)
Emin = Bog™3e R«T

(9)
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where B, is a material constant and the subscript 3 denotes the stress, temperature and pressure
sensitivity for steady state creep. As for the primary creep regime, application of Eq. (9) to the
semibrittle deformation regime is empirical and this relationship does theoretically not capture
deformation processes other than dislocation creep. Taking as before the logarithm of Eq. (9)

yields:

s*log(e) . PxV3xlog(e) (10)
RxT RxT

10g(£min) = log(By) + ng * log(o) —

Using Eq. (10) we fitted the measured minimum strain rates by multilinear regression yielding the
parameters given in Tab. 3. It should be noted that uncertainties for the fitted parameters are
high, presumably because the data obtained at 50 MPa pressure and 100 °C temperature (samples
DOT 01, 03) appear to be very strong compared to the others. Accordingly, the error between
measured and fitted strain rate is large (more than one order of magnitude) for some samples (Fig.

4).
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Figure 4 Measured (open symbols) and fitted (solid symbols) minimum creep strain rates of high stress samples versus applied stress.

Pressure, temperature conditions are labelled.
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4.2 Microstructures

Microstructures of starting material and deformed samples were investigated using scanning
electron microscope (SEM) and transmission electron microscope (TEM) observations. In general,
the microstructures as observed in SEM show only few changes compared to the starting material.
For samples deformed in the primary creep regime, some samples show indentation of strong
minerals into weaker phases (e.g., quartz into apatite, Fig. 5b), and bending of clays and mica
(Fig. 5c). Samples that were deformed at higher stress until failure show formation of inter- and
intracrystalline microcracks (Figs. 5d and e, respectively). Note stretching of pyrite framboids by
deformation-induced sliding of microcrystallites (Fig. 5d). Pore collapse is also observed, in
particular close to the macrofracture formed during sample failure (Fig. 5f), which is usually
inclined by 35 £2° with respect to the sample axis. This friction angle corresponds to a friction
coefficient p of 0.70 +0.05 and is considerable higher than observed in constant strain rate tests

on similar shale (u = 0.2, (Rybacki et al. 2015)).
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Figure 5 SEM-BSE images of undeformed (a) and deformed (b-f) Posidonia shale samples. White arrows indicate (vertical) loading
direction. Main constituents are carbonates (Cb), clays (Cly), organic matter (Om), quartz (Qtz) and pyrite (Py), c.f., (¢). Ap is apatite
(b). Porosity is about 11 % (black arrow in a). Low stress sample DOT04 was deformed by primary creep, showing indentation of
strong particles (Qtz) into the weaker matrix (arrow in b) and bending of phyllosilicates (arrow in ¢). High stress sample DOT07,
formed until failure, reveals in addition formation of intercrystalline microcracks (arrows in d) oriented subparallel to the macrocrack
(bottom left black area in e and f), intracrystalline cracks (arrows in e) and pore collapse adjacent to the macrocrack (arrows in f).
Note that subhorizontal cracks are related to unloading. The white rectangles in (b) and (d) indicate the positions of FIB foils used for

TEM (cf., Fig. 6).
TEM microscopy also reveals pore collapse in between calcite flakes under stress (Fig. 6c, f). The

latter are partially crushed into small fragments (Fig. 6g). Larger calcite grains are enriched in Sr

(Fig. 6a, c). In highly strained regions, framboidal pyrite initially containing pores and S-enriched
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organic matter is fragmented and sheared (Fig. 6e). Clay minerals (mainly illite and kaolinite) are
bent and wrapped around stronger quartz and calcite grains (Fig. 6b, h). In cases voids exist
between clay flakes in face-to-face contact (Fig. 6f, top). Larger quartz aggregates are composed
of fine grains with inclusions decorating grain boundaries (Fig. 6g). Few stretched Fluor-apatite
grains consist of very small (= 50 nm long) grains (Fig. 6d) that are occasionally embedded by
calcite grains (Fig. 6b). High resolution TEM (not shown here) demonstrates that apatite is
partially amorphous. Interestingly, all inspected grains are nearly free of dislocations (Fig. 6h) and

just some larger calcite grains show few twins and low angle grain boundaries (not shown here).
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Figure 6 TEM micrographs of deformed low stress sample DOT04 (a — d) and high stress sample DOT07 (e — f). White arrows in
overview images (a) and (f) indicate (subhorizontal) loading direction. For mineral abbreviations see Fig. 5. Cal is pure calcite and Sr-
Cal is Sr-bearing calcite. In some places, the pore space between calcite flakes is reduced normal to the loading direction (black arrows

in ¢ and f). Calcite flakes are crushed if squeezed between strong neighboring grains (arrow in g) and embeds apatite (right arrow in
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b), which is composed of abundant small grains (bottom left in d). Clays around strong particles are bent (left arrow in b, arrow in h)

and embed the organic matter (arrow in d). Bright field images (d, h) show almost no dislocations within all minerals.

5 Discussion

The time-dependent (inelastic) creep strain response to an applied constant load is subdivided into
primary, secondary and tertiary creep. Here, we discuss observations from shale samples deforming
in primary and secondary creep regime, as indicated by mechanical data and microstructure

observation.

5.1 Deformation Mechanisms and Constitutive Equations

The laboratory deformation experiments on Posidonia shale at elevated pressure and temperature
reveal different creep behavior and deformation mechanisms, depending on applied stress and P,
T - conditions. For axial stresses less than 84 — 90 % of the short-term compressive strength,
samples deformed by primary creep with continuous hardening leading to a progressive strain rate
reduction with increasing time and strain. The microstructural observations suggest that creep
strain is primarily accommodated by deformation of the weak mineral and organic constituents
(clays, organic matter), and pore space reduction. This may have involved frictional sliding of very
fine mineral grains. Where present, organic material likely acts as a lubricant between grains and

clays are expected to allow easy glide along aligned platy aggregates.

At higher stress, samples show apparent steady state and finally accelerating deformation,
leading to shear failure. Deformation is locally accommodated by pronounced pore collapse and
formation of inter- and intracrystalline microcracks. Progressive crack coalescence likely leads to
macroscopic failure of samples. The Posidonia shale tested in this study contains a cumulative
fraction of organic matter, clays and pores of about 44 vol% accommodating most of the strain.
Crystal plastic deformation is limited to bending and intracrystalline gliding of clay layers and

twinning in calcite grains.
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Since the samples were not dried, chemical reactions may also lead to subcritical crack
growth by stress corrosion. Time dependent creep strain and static fatigue of brittle rocks were
explained by this thermally activated mechanism, where the crack velocity depends on humidity,
stress intensity factor at the crack tip and temperature (e.g., Atkinson and Meredith 1987; Ciccotti
2009; Kranz 1980; Kranz et al. 1982; Heap et al. 2009a, 2009b). We expect that stress corrosion
at least partially contributed to creep of our samples, although this cannot be verified by
microstructural observations. High stress samples were deformed at about 84 — 90 % of the short-
compressive strength indicating that dilatant behavior may have been initiated if compared to
brittle creep of porous sandstone at room temperature, where the onset of dilatancy requires
stresses less than 80-90 % of the compressive strength (Heap et al. 2009a). Unfortunately, we were
not able to measure volumetric strain during the experiments allowing to record a potential onset

of dilatant behavior of samples deformed under high stress.

Primary creep is usually described by empirical mechanical models that consist of a
combination of elastic (spring) and viscous (dashpot) elements for viscoelastic creep (Hagin and
Zoback 2004; Karato 2008; Masuti et al. 2016; Paterson 2013), which may be complemented by
plastic (sliding friction) bodies, (e.g., Bonini et al. 2007; Jiang et al. 2013). These rheological models
are often applied to high-temperature dislocation and diffusion creep of rocks and metals. The
models do not account for brittle processes like microcrack formation and propagation, which may
lead to cataclastic or granular flow. Mainly for deformation in the brittle field, microcrack damage
evolution and stress corrosion was related to transient creep (Bikong et al. 2015; Brantut et al.
2012; Brantut et al. 2014; Brantut et al. 2013; Fjeer et al. 2014; Heap et al. 2009a; Li and Shao
2016). Most of these models suggest a parabolic, logarithmic or exponential constitutive equation

for brittle creep (e.g. Eq. (5) as above).

For steady state creep of rocks and metals, a flow law as in Eq. (9) is commonly applied
to describe deformation accommodated dominantly by dislocation activity and diffusion of point
defects (Frost and Ashby 1982; Karato 2008; Ranalli 1987). For brittle creep of rocks controlled
by stress corrosion, the relation between minimum creep rate in the secondary regime and applied
stress can be similarly described in a power law form (Heap et al. 2009; Brantut et al. 2012).
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However, as observed here, semibrittle deformation of shales involves a complex interplay of several
micromechanisms. The respective contributions of each mechanism may change with progressive
strain. In particular if crack damage accrues leading to final failure, the time dependence of the
secondary (steady state) creep interval may be regarded as a minimum rather than a steady state
creep rate that would allow continuous deformation without failure (Brantut et al. 2012; Main

2000; Wilshire and Burt 2008).

We are not aware of any constitutive equation that describes primary or secondary creep
in the semibrittle field. Due to the complexity of deformation mechanisms acting together during
creep of multiphase shales, their mechanical behavior may be described by empirical laws such as
Egs. (6) and (9). This approach is regarded to be acceptable to study fracture healing properties
since experimental pressures and temperatures are similar to in situ values and the dominant
micromechanisms accommodating deformation are not expected to change between experimental
duration and time intervals of several years relevant in the field. Also, differential stresses applied
in experiments are expected to reflect the enhanced stresses induced by proppant embedment or

in the load-bearing parts of self-propped fractures.

5.2 Effect of Stress, Pressure and Temperature on Primary Creep

5.2.1 Effect of Stress

For primary creep, we used the power law description of creep strain as a function of time (Eq.
(6)). Fitting Eq. 6 to our data from tests performed at different pressures and temperatures
indicates that the stress dependence n, in the power law (expression for the time exponent m)
vanished. The parameter A depends on stress raised to a power of n, = 1.4 (Eq. (6), Tab. 3). This
result suggests that creep shows a non-linear dependence on stress, i.e., creep is not Newton-
viscous, for which n; would be equal 1. In contrast, creep experiments on a number of American
shales (Barnett, Haynesville, Marcellus, Eagle Ford, Fort St. John, Bakken, Three Forks,
Lodgepole) showed linear-viscous behavior instead (Almasoodi et al. 2014; Li and Ghassemi 2012;
Rassouli and Zoback 2015; Sone and Zoback 2013, 2014; Yang and Zoback 2016). However, in
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these earlier studies the applied differential stresses (0 < 90 MPa, mostly < 40 MPa) and the
confining pressures (P < 60 MPa, mostly 15 — 40 MPa) were substantially lower compared to our
tests performed at pressures P > 50 MPa and stresses 0 < 200 MPa (Tab. 1). Only for Marcellus
shale deformed at P = 19 MPa viscosity was reported to become nonlinear for o > 80 MPa (Li
and Ghassemi 2012). In addition, maximum strains achieved in these tests were relatively low

(usually < 10™) compared to our study with inelastic strains > 107

Unfortunately, no deformation mechanisms were reported in the studies cited above. We
speculate that pore space compaction and closing of preexisting microcracks may have
accommodated much of the measured strain, whereas in our experiments other additional processes
(plastic deformation of weak phases, grain boundary sliding and limited microcracking) were
active, likely resulting in stress exponent n; higher than 1. In addition, almost all experiments on
North American shales were performed by stepwise increasing the stress, which may have
influenced subsequent creep steps at higher loads due to the irreversible modifications of the
microstructure in preceding steps at low loads. This approach may have resulted in lower strain
rates than would be obtained in single runs at constant stresses as presented here. Accordingly,
the expected stress sensitivity n; in our tests is likely higher than that reported on shales in the

literature.

5.2.2 Effect of Pressure

We observed that increasing confining pressure reduced the total strain accumulated per time
during primary creep of Posidonia shale (Fig. le). This indicates that strength increased with
increasing confining pressure as expected for the semibrittle behavior of this shale (Rybacki et al.
2015). The strengthening effect is presumably caused by enhanced compaction of voids and
microcracks with increasing pressure. Also, frictional sliding of grains at high P is expected to
contribute less to deformation. The effect of pressure on crystal plastic deformation (of the weak
phases) is usually small, yielding activation volumes for high temperature steady state creep rate
of common silicates in the range of 10 — 40 ¢cm®/mol (Biirgmann and Dresen 2008). Interestingly,
we obtained V, & 11 cm®/mol as pressure sensitivity of m in low temperature transient creep of
shales, which is of the same order as for high-temperature creep of silicates. In contrast, V; is close

73


Johannes Herrmann
Chapter 3: Creep of Posidonia shale at elevated pressure and temperature


Chapter 3: Creep of Posidonia shale at elevated pressure and temperature

to zero as is the measurement error indicating that the influence of pressure on A is minor or even
negligible (Tab. 3). It should be recalled, however, that the tested shales deformed in a semibrittle
regime. Therefore, we point out that the exponential pressure dependence of primary creep strain
expressed by an activation volume is purely empirical. The estimated pressure dependence may
not capture the pressure sensitivity of brittle deformation mechanisms resulting in pore space
compaction or dilatant microcracking. Using activation volumes V; and V,, the pressure-related
creep strain after 3 years at a temperature of 75 °C and stress of 30 MPa would be reduced by
about 11 % if pressure increased from 50 to 75 MPa (corresponding to a stress change from 2 to
3 km depth, respectively), which is mainly related to the reduction of m. For comparison, for an
increase in differential stress at depth from 30 to 40 MPa, creep strain accumulated after 3 years
is about 48 % larger. It is interesting to note that low stress - low strain creep tests performed on
Barnett, Haynesville, Eagle Ford and Fort St. John seem independent of confining pressure
between P = 10 and 60 MPa (Sone and Zoback 2013, 2014). Creep strain even increased with
increasing confinement at P = 0.1 — 19 MPa for Barnett, Haynesville and Marcellus shale (Li and
Ghassemi 2012). This is in stark contrast to our observations. In those studies tests were performed
at lower pressures and stresses compared to the ones presented here. It is conceivable that in those
studies shear enhanced compaction significantly increased with increasing confinement (Almasoodi
et al. 2014). Instead in our tests performed at relatively higher pressures, samples may have already

compacted during the isostatic pressurization stage prior to axial loading.

5.2.3 Effect of Temperature

To our knowledge, the influence of temperature on creep of shales was not investigated so far.
Constant strain rate tests on shales at elevated pressure and temperature show that the strength
decreases with increasing temperature as expected for deformation that involves plastic processes
(Ibanez and Kronenberg 1993; Rybacki et al. 2015). We also observed increasing primary creep
strain with increasing temperature (Fig. 1f), presumably related to the temperature sensitivity of
deformation of weak phases. However, the obtained activation energies of @; = 2.5 kJ/mol and @,
~ 4.8 kJ/mol are very low compared to values for high-temperature plasticity of silicate rocks,

which typically amount to hundreds of kJ/mol for dislocation or diffusion creep, depending on
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composition, water content and dominating deformation mechanism (Biirgmann and Dresen 2008).
For creep of fine grained carbonates @ is about 200 — 300 kJ/mol (e.g., Rybacki et al. 2003), for
mica ~50 — 90 kJ /mol (Ibanez and Kronenberg 1993) and for bitumen =145 kJ /mol (Mouazen et
al. 2011). Stress corrosion, which is also temperature sensitive, yields @-values between 30 and
50 kJ /mol in the secondary regime (Brantut et al. 2012), which is also higher than @, and @,. The
difference to the low () values obtained in this study may partially arise from the comparison of
transient with steady state deformation conditions and from the nature of predominant
deformation processes, which in case of shale deformation is a combination of plastic and brittle
mechanisms. Semibrittle deformation likely has relatively low temperature sensitivity since the
brittle mechanisms involved are much less affected by 7T than thermally activated plastic
deformation (Lockner 1995). In line with that, we observed only a minor dislocation activity in
our samples, indicative of high temperature creep deformation. In addition, partial dehydration of
clay minerals may have occurred at high temperature, depending on local pore fluid pressure. If

so, it may have contributed to the observed temperature sensitivity of creep curves.

It should be noted that we used total strain for derivation of parameters n, ¢) and V. Since
the total strain includes elastic deformation, these parameters, in particular n, will change if
restricted to inelastic strain and may then reflect better microphysical creep processes. Here, we
prefer using total strain allowing easy comparison with known literature data and extrapolation

to natural conditions.
5.3 Effect of Composition, Orientation and Brittleness on Primary Creep

To estimate the influence of shale composition on primary creep, we used a slightly modified form

of the power law creep equation (1):

e=Bxagmxt™ (11)

ot
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where A in Eq. (1) is replaced by B-0" to be able to compare our data with data available in the
literature. For Barnett, Haynesville, Eagle Ford and Marcellus shale we calculated average B and
m values from published creep data provided by Li and Ghassemi (2012); Rassouli and Zoback
(2015) and Sone and Zoback (2014). Mean values determined for bedding-normal and, if available,
bedding-parallel deformation are summarized in Tab. 4, together with the approximate
composition. As mentioned above, these authors measured the creep behavior at room temperature
at low confining pressure and stress. For comparison to our data we set P = 20 MPa in line with
the approximate pressure used. Note that these authors did not find any dependence of creep

strain on pressure (see above) and that they measured linear-viscous creep with n = 1.

The resulting total creep strain after 3 years deformation at an applied stress of 30 MPa is
given in Tab. 4 and plotted in Fig. 7 in relation to shale porosity, volumetric fraction of clay plus
organic matter (ClyTOC), carbonates (Cb), and fraction of strong minerals (QFP = quartz -+
feldspar + pyrite). As expected from microstructural observations, the creep strain increases
strongly with increasing porosity, although the error due to averaging is relatively large (Fig. 7a).
For Posidonia shale our measured (opposing) effects of pressure and temperature on primary creep
reveal that the P-T influence is of the same order as compositional changes. This is shown in Fig.
Ta for simulated depths up to about 4 km (solid dots). For comparison, the orientation of the
maximum principal stress with respect to bedding also has a distinct impact on the creep rate,
where samples loaded parallel to bedding plane orientation are creeping at a lower rate compared
to those deformed perpendicular to bedding (Fig. 7a, Tab. 4). The impact of water content on
creep is also important as shown by Sone and Zoback (2014) for Haynesville shale dried at 100 °C
in comparison to as-is samples (Fig. 7a, Tab. 4). Enhanced creep rates for water saturated samples
compared to dry samples of Eagle Ford shale were also recognized by Almasoodi et al. (2014) and
for Callovo-Oxfordian argillite by Zhang and Rothfuchs (2004). Water may enhance creep rates in
various ways, for example by capillary suction and osmotic swelling, poroelastic effects in saturated
rocks or enhanced microcrack development in highly stressed clay-rich rocks (Nara et al. 2011;

Schmitt et al. 1994; van Oort 2003; Sone and Zoback 2014). It should be recalled, however, that
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our calculated absolute values are biased by the choice of empirical flow law and used time interval

for fitting as discussed above.
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Figure 7 Calculated creep strain for primary creep of various shales after 3 years at 30 MPa stress versus porosity (a), fraction of clays
and organic matter (b), carbonate content (¢) and amount of quartz + feldspar + pyrite (d). Open symbols denote estimated strain at
a pressure of 20 MPa and temperature of 20 °C for shales with as-is water content, deformed perpendicular to bedding. Solid dots are
calculated strains for Posidonia shale at elevated temperatures and pressures simulating depth of 2, 3 and 4 km assuming a geothermal
gradient of 25 °C/km and overburden of 25 MPa/km, respectively. Centered squares show the effect of drying and bedding-parallel (IT)
deformation on creep of Haynesville shale. Data of American shales are mean values estimated from data published (Sone and Zoback

(2014); Li and Ghassemi (2012) and Rassouli and Zoback (2015).

For a given shale formation, the amount of primary creep within 3 years increases with increasing
fraction of weak phases (clays and kerogen) and decreasing proportion of carbonates (connected
by broken lines in Fig. 7), as may be expected comparing the relative strength of the mineral and
organic constituents. However, at least for carbonates, this conclusion is not valid if all data of all
shown shales are considered. It should be noted that one calculated strain value for Haynesville
(Hay4) is much higher than the others, which is associated with the unusual high m-value and low

B-value determined by Li and Ghassemi (2012). In general, strain decreases with increasing
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fraction of strong (QFP) minerals, but not for single formations (broken lines in Fig. 7d). This
increase of strain after 3 years deformation with larger fraction of strong minerals for individual
formations seems counter-intuitive and may be explained only by the combined effect of all phases
together on deformation as already noted for the short-term strength of shales (Rybacki et al.
2015). The same dataset is plotted in a ternary diagram of composition with superposed creep
strain values given in % (Fig. 8a). Low strains, indicative for strong shales, are more common
towards the lower left corner of the diagram, i.e., for formations with high fraction of strong phases.
For individual formations with approximately similar QFP-amount (connected by broken lines in
Fig. 8a) the combined increase of weak phases and decrease of carbonates yields slightly increasing
strains, but this effect is minor compared to the volumetric effect of strong minerals. This result
suggests that the capacity of building a load bearing framework of strong minerals is important

for the creep behavior of shales, at least at room temperature conditions.
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Figure 8 Creep strain (in %) after 3 years deformation at 30 MPa stress and 20 °C temperature, 20 MPa pressure (a) and brittleness
(Bporocomp) determined from composition (b) plotted in ternary diagrams with fraction of mechanically weak phases (clay, organics,
pores), strong phases (QFP = quartz + feldspar + pyrite) and intermediate strong carbonates (Cd). Data of American shales are mean

values estimated from data published Sone and Zoback (2014); Li and Ghassemi (2012) and Rassouli and Zoback (2015).

The prospectivity of shales is often assumed to be linked to the so-called brittleness of rocks, where
a number of different empirical definitions exist (Rybacki et al. 2016; Zhang et al. 2016a). As a
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first approximation, brittleness can be simply determined from composition if P-T effects are
neglected. As shown by Rybacki et al. (2016), in the brittle to semibrittle deformation regime at

low depth (< 4 km), brittleness may be estimated from composition using the index:

Forp
B = < 12
POTOCOMD — Fopp+0.5Fcp+FciyToc+d ( )

where F indicate volumetric fraction of constituents and ¢ is porosity. Brittle behavior is indicated
by B — 1 and ductile behavior by B — 0. For B-values > 0.2 this brittleness index correlates
rather well with deformation energy-based definitions (Rybacki et al. 2016). We calculated B,oocomp
(Tab. 4) and superposed the values in a similar ternary diagram (Fig. 8b). High brittleness
correlates mainly with high amount of strong phases and less with the combined fraction of
carbonates and weak phases, similar to creep strain. A (negative) correlation between strain and
brittleness indicates that brittleness estimated from composition or short-term deformation
experiments may be used to estimate the long-term fracture healing of shales (Fig. 9). However,
for individual shale formations (e.g., Eagle Ford and Haynesville in Fig. 9) this correlation is not

clear.
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Figure 9 Creep strain (in %) after 3 years deformation at 30 MPa stress and 20 °C temperature, 20 MPa pressure versus brittleness
(Bporocomp) determined from composition. Data of American shales are mean values estimated from data published Sone and Zoback

(2014); Li and Ghassemi (2012) and Rassouli and Zoback (2015).
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5.4 Effect of Stress, Pressure and Temperature on Secondary Creep

The best fit of Eq. 9 to the secondary creep data yields large error bars. Irrespective of this, we
find that the stress exponent n; = 4.8 (Tab. 3) clearly points to non-linear secondary creep. n-
values between 3 and 5 are considered typical for high temperature dislocation creep of silicate
rocks (Karato 2008). Assuming stress corrosion to be rate-limiting, the stress exponent for brittle
creep of hard rocks (granite, basalt, sandstone) was found to be between = 7 and 19 (Brantut et
al. 2012). However, the stress exponent resulting from a best fit to our data likely represents the
stress sensitive of a transient interplay of several different micromechanisms. We are not aware of
any other published steady state creep data on shales. Few data exist on creep behavior of Opalinus
clay (Naumann et al. 2007), Boom clay (Yu et al. 2015) and Callovia-Oxfordian Bure Clay (Gasc-
Barbier et al. 2004) and other argillaceous rocks (Fabre and Pellet 2006; Zhang and Rothfuchs
2004). These studies show that even under low differential stress (< 16 MPa) the apparent steady
creep rate increases with stress nonlinearly. For Opalinus clay n is estimated close to 5 (Naumann
et al. 2007). The appearance of a ‘steady state’ creep regime in this kind of rocks seems to depend
on composition. For long time uniaxial creep tests lasting over hundreds of days, the creep rate
tends to stabilize at about 10"'-10"" s, sometimes also associated with dilatational behavior (Fabre

and Pellet 2006; Naumann et al. 2007; Yu et al. 2015; Zhang and Rothfuchs 2004).

The temperature sensitivity of secondary creep with an activation energy @, of about 74 kJ/mol
is considerably higher than observed in the primary regime (= 3 — 5 kJ/mol). This may reflect a
combination of the temperature sensitivity of creep of bitumen with @ between 114 and 175 kJ /mol
(Mouazen et al. 2011) and of micas with Q = 47 — 89 kJ/mol (Ibanez and Kronenberg 1993) which
we assume similar to clays. For comparison, the activation energy for stress corrosion in granite
and sandstone in the secondary regime is about 40+10 kJ/mol (Brantut et al. 2012), which is less
than our best fit value. The estimated activation volume V; ~ -11 ¢m?/mol suggests that increasing
pressure enhances shale creep rate which is counter-intuitive in the semibrittle deformation regime.
However, the error bar of 167 cm®/mol is rather large, so that V; should be considered just as a
best fit value. Note that the influence of V; on the creep rate is low compared to that of @, so

that estimations of creep strains are still feasible.
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Assuming that secondary creep can be activated at 30 MPa stress, the calculated strain after 3
years is between 0.25 % at T = 20°, P = 20 MPa and 217 % at T = 100°, P = 100 MPa,

respectively, which is considerably larger than in the primary regime (Tab. 4).

5.5 Effect of Creep on Fracture Healing

Healing of hydraulic fractures in shale formations may occur by several mechanisms. These include
swelling of clay particles adjacent to the fracture by frac water penetration, chemical reaction
between host rock and proppants in the presence of fluids leading to dissolution-precipitation
processes, shear-enhanced fracture closure of non-propped fractures, creep of the host rock and
embedment of proppants due to stress concentrations (e.g., Fisher et al. 2013). Here, we consider

the impact of creep on proppant embedment and fracture healing.

After hydraulic fracturing time-dependent deformation of asperities on the fracture plane
and the embedment of proppants may lead to closure of the fracture as implied by declining
production rates. The healing process will be affected by elastic deformation, due to Hertzian
contact forces or with progressive indentation by an empirical power law relationship (Chen et al.
2017). Inelastic creep will further lead to time-dependent proppant embedment possibly up to
complete closure. Modelling of the complex stress distributions in such a scenario is beyond the
scope of this study. For simplicity, we roughly estimate the creep-related healing by assuming that

the proppants or asperities are composed of stiff cylindrical pillars between fracture faces with a

diameter of d = 0.3 mm, typical for 40/70 mesh proppants. The indentation rate h of these pillars

into the shale matrix by creep may be estimated (Dorner et al. 2014):

h:é*i (13)
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where the constant ¢, is 0.755 and & is the strain rate determined in conventional uniaxial creep
experiments. The stress o, acting on the indenter is related to the corresponding uniaxial stress o

by 0, =0 / ¢, with ¢,= 0.296. Integration of Eq. 13 and inserting Egs. 6 and 9 yields a proppant

indentation depth h after time ¢ of:

Q1+P*Vq _ Q2+f*V2
hpri =%A00'n1e_( R+T )tmognze ( R+T ) (14)
for primary creep and
Q3+P+V3
hsec = %300'"36_( ReT )t )

for secondary creep, respectively.

Assuming one monolayer of proppants of fixed diameter covering the entire hydrofrac then
the fracture will be closed if an indentation depth of ~ = 0.15 mm into both fracture surfaces is
reached. We further assume that the net stress o, acting on the indenter is 30 MPa, corresponding
to a uniaxial stress o of about 10 MPa. For primary creep the time of complete closure is then
between 1.4-10% and 2.2-10° years in a depth range between 2 km (with P = 50 MPa, T = 50 °C)
and 4 km (with P = 100 MPa, T = 100 °C), respectively. Assuming instead a local stress
concentration of g,, = 150 MPa (i.e., 0 & 50 MPa), the time reduces to 7.2-10" - 2.4-10" years.
Therefore, primary creep appears to be insufficient for fracture healing in situ, where production
rates strongly declines within several years. Repeating the calculation for secondary creep, we
obtain for o,, = 30 MPa closure times of 13.9 — 0.3 years in 2 — 4 km depth, i.e., much more
realistic time intervals, and for o,, = 150 MPa a duration of only between 2.2 days and 1.2 hours.

This comparison suggests that fracture healing can be explained by creep-induced proppant
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embedment if local stress concentrations are sufficiently high so that long-term creep rates do not
decline significantly with time as would be deduced if only primary creep data are considered for
extrapolation. Note, however, that these estimates assume constant stress on a cylindrical indenter

and an initial fracture opening of only 0.3 mm. In addition, we ignored initial elastic indentation.

6 Conclusions

Creep experiments on Dotternhausen Posidonia shale at elevated pressure and temperature show
the creep strain (rate) depend on the applied stress, temperature and pressure, indicative for
semibrittle deformation. Most of the induced strain is accommodated by the weak phases (organic
matter and phyllosilicates) and pore collapse. Dislocation activity in carbonate and strong minerals

in minor and localized microcrack evolution only evident in samples deformed until failure.

At relatively low differential stress, samples showed primary creep with continuously
decreasing creep rate. At higher stress we observed secondary and tertiary creep until final failure.
To account for the stress, temperature and pressure dependence of strain (rate), we applied
empirical power law creep equations in the primary and secondary creep regime. Estimation of the
associated indentation rates of strong proppants into hydraulically fractured shale suggest that
creep-induced healing may occur by local stress concentration that exceed stresses leading to

primary creep alone, even for the investigated relatively weak Dotternhausen shale.

To our knowledge, this is the first investigation of creep of shales at high pressure and
temperature conditions. In the primary creep regime, a comparison of our results with published
creep data of North American shales measured at ambient temperature indicates that the reservoir
depth-related influence of pressure and temperature on long term-creep strain is on the same order
as the effect of changes in composition, bedding orientation, or variation in water content. The
magnitude of creep strain is strongly influenced by the amount of strong minerals, allowing to
form a load-bearing framework at high fraction. Therefore, the long-term creep properties of shale

may be correlated to composition-based brittleness at low depth.
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Chapter 4: Comparison between the creep properties of

Bowland and Posidonia shale at In Situ p., T - conditions

1 Summary

To unravel their long-term creep properties at simulated reservoir conditions, we conducted
constant stress deformation experiments at elevated confining pressures, p. = 50 — 115 MPa, and
temperatures, T = 75 — 150 °C, on Posidonia (GER) and Bowland (UK) shale, which exhibit
varying petrophysical and mechanical properties. Depending on applied p., T - conditions and
sample composition, recorded creep curves exhibit either only a primary (decelerating) or
additionally a secondary (quasi steady state) and subsequently a tertiary (accelerating) creep phase
during deformation. At high temperature and axial differential stress and low confining pressure,
creep strain is enhanced and a transition from primary towards secondary and tertiary creep
behavior is observable. Creep strain of Posidonia shale, which is rich in weak constituents (clay,
mica, organic content), is enhanced when compared to creep strain recorded during deformation
of either carbonate-or quartz-rich Bowland shale. Electron microscopy observations revealed that
the creep strain is mainly accommodated by deformation of weak minerals and local pore space
reduction. In addition, micro crack growth occurred during secondary creep. An empirical
correlation between creep strain and time based on a power law was used to describe the
decelerating creep phase, also accounting for the influence of confining pressure, temperature and
axial differential stress. The results suggest that the primary creep strain can be correlated with
mechanical properties determined from short-term constant strain rate experiments such as static

Young’s modulus and triaxial compressive strength.
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List of symbols

& Total axial strain Ecreep Creep strain
rate
Eal Elastic axial strain & Applied
constant strain rate
Einel Inelastic axial strain AQ Stress deficit
o Axial differential o* Characteristic
stress activation stress
Orcs Triaxial compressive K Strength parameter
strength
E Static Young’s 0 Strain hardening
modulus exponent
t Experimental time p Strain rate sensitivity
n Stress exponent ) Porosity
Q Activation energy Pe Confining pressure
A% Activation volume T Temperature
R Gas constant a, ag, b constants
bo, o, @
T Absolute temperature
Bg Brittleness
n Viscosity
Emin Minimum strain rate

2 Introduction

Currently, energy consumption depends largely on conventional and unconventional resources,
e.g., coal, oil or gas (Kuchler 2017). The use of hydrocarbons from unconventional reservoirs such
as shale plays may help to bridge the transition from conventional towards renewable energy

resources (Hausfather 2015; Zhang et al. 2016; Kuchler 2017). For example, shale gas production
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has increased tremendously over the past decades (Howarth and Ingraffea 2011; McGlade et al.
2013; Wu et al. 2017). Specifically in North America, gas production from shale reservoirs has had
a major impact on the energy supply (McGlade 2013; Kuchler 2017). In Europe unconventional
shale reservoirs exist (e.g., Posidonia, Bowland-Hodder formations) showing potential for

economical production of hydrocarbons (Andrews 2013; Kuchler 2017; Wiseall et al. 2018).

As the permeability of shales is very low (e.g., Naumann et al. 2007; Holt et al. 2012;
Villamor et al. 2016), reservoir stimulation using hydraulic fracturing is needed to increase well
productivity and allow economical exploitation (Li et al. 2015). Commonly, proppants (quartz,
bauxite ceramic) are added to the frac fluid to keep fractures open. However, recorded production
curves of fractured wells typically exhibit a rapid decline within the first few years (Hughes 2013;
Wang 2016; Al-Rbeawi 2018) as a result of reservoir depletion and fracture closure due to time
dependent proppant embedment (Sone and Zoback 2014; Wang 2016; Cerasi et al. 2017). Several
studies show that fracture closure is influenced by temperature (Johnston 1987; Brantut et al.
2013; Masri et al. 2014), confining pressure (Niandou et al. 1997; Petley 1999; Naumann et al.
2007; Kuila et al. 2011; Islam and Skalle 2013; Brantut et al. 2013), stress conditions (Swan et al.
1989; Chong and Boresi 1990; Ibanez and Kronenberg 1993; Kwon and Kronenberg 1994; Brantut
et al. 2013; Sone and Zoback 2013a; Rybacki et al. 2015, 2017) and mechanical and petrophysical
properties (Brantut et al. 2013; Rybacki et al. 2016; Cerasi et al. 2017; Morley et al. 2017; Teixeira

et al. 2017).

Since proppant embedment and fracture closure depend on the long-term creep behavior
of shales, we conducted a series of deformation experiments at simulated reservoir conditions. In
an effort to characterize the time-dependent deformation behavior of shale rocks we conducted
tests at a broad range of conditions, since only limited data on the creep properties of shale rocks
exist until now (Sone and Zoback 2010, 2013b, 2014; Li and Ghassemi 2012; Almasoodi et al. 2014;
Rassouli and Zoback 2015; Rybacki et al. 2017). We established empirical relations between the
stress-induced creep strain and time, which also account for the influence of confining pressure and

temperature on the creep rate.

89


Johannes Herrmann
Chapter 4: Comparison between the creep properties of Bowland and Posidonia shale at In Situ p , T - conditions

Johannes Herrmann
c


Chapter 4: Comparison between the creep properties of Bowland and Posidonia shale at In Situ p., T - conditions

3 Sample material

We examined shale rocks from two European formations, namely Lower Jurassic Posidonia (GER)
shale and Carboniferous Bowland (UK) shale (Tab. 1). The latter comprises samples of the Upper
Bowland (BOS) formation from two different localities: (1) drill core samples (BOS1 — 7, depth z
~ 2076 — 2345 m) from the well Preese Hall 1 (PH1) drilled in 2010 (Green et al. 2012) and (2)
outcrop samples (BOS _OC) collected within the county of Lancashire (NW England). Posidonia
(POS) shale sample were taken from core material (Harderode-HAR, Haddessen-HAD) recovered
at shallow depth (z = 58 — 61 m) from research wells drilled in N-Germany in the 1980s (Gasparik

et al. 2014).

Maturation measurements, VRr, indicate maximum temperatures T,.. at peak oil maturity
(VRr = 0.9 %) experienced by Posidonia (HAR) and Bowland shale. Posidonia (HAD) shale is an
overmature gas shale (VRr = 1,2 %). The vitrinite reflectance of sample BOS1 (VRr = 0.67 %)

indicates that shale specimens recovered from the Preese Hall well PH1 are immature.

In addition, we compare our results to published data on an immature Lower Jurassic
Posidonia shale. Sample material was recovered from a quarry in SW Germany, close to the village
Dotternhausen (DOT) (Rybacki et al. 2015). Details on the sample material and acronyms are

given in Table 1.

The composition of specimens was determined using X-ray diffraction analysis (XRD).
Samples contain a mixture of quartz (Qtz), clay (Cly), carbonates (Cb), mica (Mca), feldspar
(Fsp), pyrite (Py) and organic matter (TOC) (Tab. 1). Porosity (incl. micro pores) was determined
by Helium-pycnometry. For Posidonia and Bowland shale samples, porosity ranges between 1 and
12 % (Tab. 1). Note that mineral data in Tab. 1 is given in vol%, as mechanical behavior of the
samples largely depends on volumetric fraction and spatial distribution of the components.
Posidonia shale is rich in mechanically weak phases (Cly + TOC + Mca + pores) and Upper
Bowland shale samples are either quartz-or carbonate-rich (Fig. 1, Tab. 1). For simplification
purposes, we will use the attribute ‘weak’ in the following for Posidonia shale with respect to

sample composition, where ‘weak’ represents Cly + TOC + Mca and pores. Outcrop material of
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Upper Bowland shale contains higher fractions of clay, mica and pores compared to core derived
samples, likely due to weathering (Tab. 1). Microstructural observations reveal a very fine-grained
matrix with a grain size < 20 pm for Posidonia and Bowland shales (Fig. 5 a, b). The bedding

orientation is characterized by preferred alignment of organic matter and phyllosilicates (Fig. 5).

For deformation experiments, cylindrical samples of 10 mm diameter and 20 mm length
were prepared with their axis oriented perpendicular to bedding orientation. All specimens were

dried at 50 °C for at least 48 h before starting deformations experiments.

100 W Posidonia
@ Upper Bowland (PH1)
<> Upper Bowland (OC)

Py
e
o
“Z
%
P4
* BOS7 LREY
100 /' goss ¥ Boss®® @505 o
0 25 50 75 100

Cb [vol%]

Figure 1 Ternary plot displaying mineral composition of investigated 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. Posidonia (HAR, HAD) 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. PH1 = Preese Hall

1, OC = outcrop, HAR = Harderode, HAD = Haddessen, BOS = Bowland
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4 Experimental methods

We used a Paterson-type deformation apparatus (Paterson 1970) to perform triaxial creep
experiments at elevated confining pressures (p. = 50 — 115 MPa), temperatures (T = 75 — 150 °C)
and axial differential stresses (¢ = 9 — 453 MPa) (Tab. 2). For simplicity, we will use in the
following the term ‘stress’ instead of ‘axial differential stress’. Argon gas was used as confinement
medium due to its inert properties. To prevent intrusion of the Argon gas into the samples, they
were jacketed by thin (wall thickness ~ 0.35 mm) copper sleeves. Axial load was measured using
an internal load cell, installed within the pressure vessel. Calibration runs were performed on pure
copper samples to correct for copper jacket strength. Measured axial load was then converted to
stress assuming constant volume deformation. Uncertainties of resulting peak stresses are < 4 %.
Recorded axial displacement, measured by a linear variable differential transformer (LVDT) was
corrected for system compliance and converted to total axial strain, &. The error of calculated

strains is < 6 %.

All experiments were performed with loading direction normal to bedding orientation. The
triaxial compressive strength, orcs, and static Young’s modulus, E, of investigated samples were
determined in previous constant strain rate experiments performed at similar confining pressures

and temperatures (Herrmann et al. 2018).

For creep testing, the axial load was increased to the desired level, which typically stabilized
within = 20 s. Subsequently, the load was held constant until the end of the experiment. Depending
on deformation conditions, experiments were stopped either after sample shear failure, or after a
fixed time if no failure occurred. The total duration of creep tests was between 22s and = 15 days

with maximum total axial strains of & =~ 0.5 — 5.5 % (Tab. 2).

Scanning electron microscope observations (SEM) were performed on mechanically polished
thin sections using a Zeiss Ultra 55 Plus-microscope. High-resolution analysis of microstructures
was performed using transmission electron microscopy (TEM, Fei Tecnai G2 F20 x-Twin) on

focused ion beam (FIB, Fei FIB200TEM) prepared foils.
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Table 2 Experimental conditions

Sample T [°C] pe [MPa] o [MPa] Emax [/] tmax [8] a [s7] b [/] Emin [87] Rem
HARS 75 75 197 0.043 31134 / / 1.9E-7 Failure
HAR9 100 75 191 0.051 1122 / / 1.1E-5

HARI11 80 75 190 0.041 400 / / 1.7E-5 Failure
HAR12 85 75 194 0.041 3623 / / 1.6E-6 Failure
HARI13 90 75 198 0.042 19385 0.00296 0.19209 /

HAR14 95 75 193 0.046 1384 0.00354 0.26815 /

HARI15 80 75 198 0.042 25189 0.00283 0.19466 /

HARI16 85 75 193 0.040 649 / / 1.1E-5 Failure
HARI17 85 75 192 0.044 802 / / 1.1E-5 Failure
HARI18 90 75 193 0.047 4122 / / 2.0E-6

HAR19 90 65 191 0.044 192 / / 5.5E-6 Failure
HAR31 90 85 195 0.045 5708 0.00506 0.17762 /

HAR32 90 95 195 0.045 11443 0.00639 0.1379 /

HAR33 90 105 194 0.042 22632 0.0061 0.12285 /

HAR34 90 115 198 0.040 24904 0.00525 0.12232 /

HAR35 90 80 196 0.041 9860 0.00418 0.16519 /

HAR36 90 80 196 0.042 7382 0.00466 0.16356 /

HAR38 90 75 160 0.026 20512 0.00134 0.17873 /

HAR39 90 75 170 0.027 20144 0.00122 0.19206 /

HARA40 90 75 180 0.030 22721 0.00121 0.20652 /

HAR41 90 75 190 0.039 102334 0.00367 0.13731 /

HAR42 90 75 199 0.046 106820 0.00291 0.18252 /

HAR43 90 75 202 0.054 2485 / / 5.0E-6

HAR44 90 75 196 0.039 112746 0.00378 0.13258 /

HAR45 90 75 197 0.051 175923 / / 4.5E-8

BOS16 90 75 209 0.022 258517 0.00274 0.07206 /

BOS17 90 75 222 0.021 72088 0.00162 0.10299 /

BOS18 90 75 237 0.023 69603 0.00231 0.08666 /

BOS19 90 75 259 0.026 68736 0.00278 0.08402 /

BOS20 90 75 301 0.035 64398 0.00507 0.08605 /

BOS23 90 75 316 0.042 986 / / 5.5E-6 Failure
BOS24 90 75 313 0.033 83820 0.0037 0.09255 /

BOS25 75 75 312 0.032 82248 0.00334 0.0951 /

BOS26 100 75 314 0.033 76620 0.00409 0.0829 /

BOS27 150 75 301 0.044 69 / / 1.2E4 Failure
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BOS28 125 75 313 0.037 81016 0.00611 0.07853 /

BOS29 140 75 314 0.037 86188 0.00633 0.07272 /
BOS30 90 115 312 0.031 82124 0.00345 0.08064 /
BOS31 90 65 313 0.038 62229 / / 4.2E-8 Failure
BOS33 90 90 312 0.031 88260 0.00283 0.09993 /
BOS34 90 70 305 0.038 1429 2.1E-6
BOS35 90 70 309 0.039 34409 / / 9.1E-8 Failure
BOS1 90 75 436 0.035 3689 / / 2E-6
BOS2 90 75 450 0.018 66506 0.00373 0.05851 /
BOS3 90 75 431 0.023 22 Failure
BOS5 90 75 452 0.017 87611 0.00277 0.08038 /
BOS6 90 75 447 0.024 92759 0.00293 0.08957 /
BOS7 90 75 453 0.014 99629 0.00265 0.05835 /
HAD 100 50 9 140 0.030 1204861

Sample abbreviation that were used during experimental procedure. HAD = Haddessen, HAR = Harderode = Posidonia formation;

BOS1 — 7 = Upper Bowland formation (PH1); BOS16 — 35 = Upper Bowland formation (OC)

5 Results

In total, we performed 49 triaxial creep experiments. During 42 experiments, we fixed two of the
three parameters p., T and ¢ and changed the remaining third parameter within a given range in
order to investigate the influence of this particular parameter on the resulting creep strain behavior
(Tab. 2). In addition, in one triaxial creep experiment axial stress was changed stepwise to
investigate possible sample strain hardening effects. The three different creep phases (primary,
secondary, tertiary, cf., Fig. 3b) as well as how to distinguish between them will be explained in

detail in section 5.1 below.

After a tertiary creep phase, some samples failed along a single shear fracture inclined at
@ = 35 + 2 ° with respect to the sample axis. From this we estimated an apparent coefficient of

internal friction of ; = 0.7 4+ 0.05.
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5.1 Effect of loading history (strain hardening)

To investigate potential effects of loading history on the creep behavior of shale rocks, we
performed one experiment at constant confining pressure of 50 MPa, 100 °C temperature and
stepwise increased and decreased stresses between ¢ = 9 and 140 MPa (Fig. 2). The experiment
was performed on Posidonia (HAD) shale, with a similar mineral composition as Posidonia (HAR)
shale (cf., Fig. 1). During testing the axial stress was first increased in two steps (o, 0,), then
decreased to g3 and subsequently increased up to o, in four steps. Finally, the sample was loaded
again by repeating stress steps o3 — 05 (Fig. 2). For the first two steps, creep strain increases with
increasing stress, but for the next 4 steps the creep strain is almost negligible, even when
approaching the same stress, g;, as applied in the first step. This was also found for the last three
loading steps. Repeated loading at the highest stress level (g,) also reveals a considerably lower
strain rate for the subsequent loading cycle (see lines in Fig. 2). This decrease in strain rate at
similar stress demonstrates strain hardening of the shale, possibly caused by non-reversible pore
collapse and closure of preexisting microcracks. Consequently, to exclude any influence of loading
history on the creep behavior in the remaining tests, we performed creep experiments using a single

loading step at predefined stress levels.

0,04 . . 300
p, = 50 MPa
T =100°C
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Figure 2 Creep curve of Posidonia (HAD) shale recorded at 50 MPa confining pressure, 100 °C temperature and stepwise stepped

stress, o;. Initially, creep strain is increasing with increasing stress. Sample strain hardening is evident after repeated loading at similar

stress levels by a decrease of associated strain rate (e.g., a for o).
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5.2 Effect of composition

Triaxial creep experiments on Bowland (PH1) and Posidonia (HAR) shale were performed at 90 °C
temperature and 75 MPa confining pressure, simulating p., T - conditions at about 3 km depth.
Creep curves of Bowland shales recovered from borehole PH1 at different depths display varying
creep strengths, which change with composition (Fig. 3a). A clear trend accounting for varying
amounts of intermediate strong (Cb) or strong (Qtz) sample constituents is not evident. Quartz-
rich samples appear to be stronger than carbonate-rich samples and deform solely by primary
creep at the applied stress of 442 + 11 MPa. The latter exhibit only primary creep (BOS5) or in
addition secondary (quasi steady-state) and tertiary (accelerated) creep stages (BOS1) until failure
occurred (BOS3). In comparison, the Bowland (OC) shale and Posidonia (HAR) shale showed
comparable creep strain values, but at considerably lower stress of 206 + 4 MPa (Fig. 3b). This
relatively low stress level was used since Posidonia (HAR) would fail immediately when applying
higher stresses (Fig. 3a). Under these conditions, quartz-rich Bowland shale collected from the
outcrop was distinctively stronger, exhibiting only primary creep, than weak Posidonia (HAR)

shale, which showed all three creep phases before the test was terminated.

a b
A i : 3 . olo6 . ) .
=75 MPa ’ -
0,044 $°= 5 L POS_HAR - Cly ?c;;: ::':Pa
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T bedding : T bedding
BOS3 - Cb 0,04 > :
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£ BOS6 - Qtz £ 8 5
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Figure 3 Creep curves of Posidonia (HAR) and Upper Bowland (PH1) shales measured at a confining pressure of 75 MPa and 90 °C
temperature. The influence of sample composition on creep behavior of the rocks is separated into various Bowland shales recovered
from well PH1 (a) and a comparison of Posidonia (HAR) and Bowland (OC) shales (b). A unique trend, accounting for the amount of
strong (Qtz) or intermediate strong (Cb) components on the measured creep strain is not evident (a). However, with the exception of

sample BOS5, quartz-rich Bowland shale samples (BOS7, BOS2, BOS6) appear to be stronger than carbonate-rich samples (BOS1,
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BOS3). The weak Posidonia shale (HAR) is distinctively weaker than quartz-rich outcrop material of Bowland (OC) shale (b). Note
the difference in stress in (a) and (b). Depending on mineralogy, samples display only primary (decelerating) or in addition to primary,
also secondary (quasi-steady state) and tertiary (accelerated) creep (b). Deformation conditions are indicated. Cly = clay, Qtz =
quartz, Cb = carbonate, POS = Posidonia shale, BOS = Bowland shale, HAR = Harderode, OC = outcrop, PH1 = Preese Hall 1, x

= failure

5.3 Effect of confining pressure, temperature and stress

Selected creep curves of Posidonia (HAR) and Bowland (OC) shale at various p., T, o - conditions
are shown in Figs. 4a, c, e and Figs. 4b, d, f, respectively. Creep strain of both shale formations
at T = 90 °C is generally decreasing with increasing confining pressure (Figs. 4a, b). Note that
the applied stress on Bowland (OC) shale (o = 300 MPa) is about 100 MPa higher than exerted
on Posidonia (HAR) samples (6 = 200 MPa). In most cases, samples deformed at low confining
pressure display primary creep followed by secondary and tertiary creep including sample failure,
indicated by (x) in Fig. 4. In contrast, at high confining pressure, samples deformed only by
primary creep. Outliers, which do not follow the general trend are indicated by dashed lines in
Fig. 4. They reflect sample to sample variations caused by the relatively strong compositional

heterogeneity of shale rocks (Konitzer et al. 2014; Ougier-Simonin et al. 2016; Ilgen et al. 2017).
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Figure 4 Selected creep curves of Harderode Posidonia (HAR) (a, ¢, ) and Bowland (OC) shale (b, d, f) in relation to a variation of
confining pressure (a, b), temperature (¢, d) and stress (e, f). Creep curves display mainly primary creep. At high temperatures and
stresses and at low confining pressures, the creep curves reveal in addition to primary also secondary and tertiary creep, leading to
failure of some samples, as indicated (x). In general, with increasing confining pressure, the creep rate of both shales is reduced, whereas
it is enhanced with increasing temperature and stress. Outliers of this overall trend are indicated by dash lines. Weak Posidonia (HAR)
shale is more sensitive to changes in confining pressure, temperature and stress than quartz-rich Bowland (OC) shale. For comparison,

all curves were cut off at 5000 s, but the duration of most tests was much longer (Tab. 1). Deformation conditions are indicated.
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At similar stresses and constant confining pressure of 75 MPa, the creep strain of Posidonia (HAR)
and Bowland (OC) shale is increasing with increasing temperature, but with a higher sensitivity
in Posidonia (HAR) shale (Figs. 4c, d). Posidonia (HAR) shale loaded at high temperature
deformed also by secondary creep, but Bowland (OC) shale showed only primary creep behavior

in the investigated temperature range.

The effect of increasing stress at p. = 75 MPa and T = 90 °C on creep of Posidonia (HAR)
and Bowland (OC) shale is shown in Figs. 4e, f. Samples subjected to high stress display all 3
creep phases (primary, secondary and tertiary) in contrast to samples deformed at low stress,
which reveal only primary creep behavior. The transition from primary creep to secondary and
tertiary creep of both shales appears to occur within a relatively narrow stress range of Ag =

15 MPa.

In summary, the creep behavior of both shales is sensitive to the applied p.,, T, o -
conditions. Quartz-rich Bowland (OC) shale is less sensitive to variations of p., T, o - conditions
than weak Posidonia (HAR) shale. Most creep experiments were finished within one day, either

by manual termination or by sample failure (Tab. 1).

5.4 Microstructures

The microstructures of deformed samples of Posidonia (HAR) and Bowland (OC) shale were
investigated using scanning electron microscopy (SEM, Fig. 5) as well as transmission electron
microscopy (TEM, Fig. 6). The microstructures of samples of both shales that were deformed at
low stresses in the primary creep regime (Fig. 5c, d) are hard to distinguish from those of
undeformed samples (Fig. 5a, b). Deformed Posidonia (HAR) shale sometimes reveals slightly
deformed pyrite (Fig. 5c, bold black arrow) and intracrystalline fracturing of dolomite (Fig. 5c,
open black arrows). Bowland (OC) shale may displays minor bending of phyllosilicates (Fig. 5d,

bold black arrow).
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Figs. 5e-h show microstructures of samples that failed after tertiary creep. The main shear fracture
within Posidonia (HAR) samples is mainly composed of crushed material with small grain size
(Fig. 5e). Deformation is accompanied by sheared framboidal pyrite aggregates (open black
arrows) and rotation of larger grains close to the main fracture (bold black arrow). Close to the
tip of the fracture (indicated by the dashed white line in Fig. 5g), intracrystalline fractures within
calcite grains (bold black arrow) are visible. The main fracture terminated at the weak organic
matter (center of Fig. 5g). Within Bowland (OC) shale (Fig. 5f) a discrete fracture developed,
partially formed by coalescence of broken dolomite grains and transecting weak phyllosilicates
(bold black arrows). Strong pyrite grains are often bypassed (open black arrow). Larger quartz
grains show intra- (dashed, open black arrows) and intercrystalline (dashed, bold black arrow)

fractures oriented subparallel to the main fracture.

In a Bowland (OC) shale sample deformed in tertiary creep, intracrystalline fracturing of apatite

(open black arrow) and bending of phyllosilicates (bold black arrow) is observed (Fig. 5h).
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Figure 5 SEM-BSE images (a, ¢, €, g) of low porous (= 3 %) Posidonia shale (HAR) and (b, d, £, h) porous (= 8 %) Bowland shales
(OC). (a) and (b) show undeformed samples. (¢ — h) display samples deformed by primary creep and (e — h) those deformed until
failure. Bold white arrows indicate loading direction. Main constituents of both shales are mechanically weak phyllosilicates (Phy) and
organic matter (Om), intermediate strong calcite (Cal) and dolomite (Dol) and strong quartz (Qtz) and pyrite (Py). Ap and Ttn are
apatite and titanite, respectively. Pores and organic matter appear nearly black, quartz is medium grey, phyllosilicates and carbonates
(Cal + Dol) are light grey and pyrite is almost white. Microstructures indicative of primary creep (¢, d) are hardly visible, but can be
identified by deformed pyrite aggregates (c, bold black arrow) and formation of intracrystalline fractures in dolomite (¢, open black
arrows) for Posidonia shale (HAR38). Primary creep of Bowland shale (BOS16) may induce bending or minor fracturing of
phyllosilicates (d, bold black arrow). Tertiary creep behavior (e — h) of both shales is accompanied by fracture initiation and
propagation. Additional deformation mechanisms within Posidonia shale (HAR43) are crushing and shearing of pyrite framboids (e,
open black arrows) and rotation of larger quartz close to the main fracture (h, bold black arrow). Bowland shale (BOS34) exhibit
fracturing of dolomite and phyllosilicates (£, bold black arrows), but no deformation of pyrite grains (f, open black arrow). In addition,
inter (f, dashed, bold black arrow)- as well as intracrystalline (f, dashed, open black arrows) fractures subparallel to the main fracture
are evident. Near the fracture tip of Posidonia (HAR) shale (g, dashed white line), deformation is indicated by intracrystalline fractures
in calcite (g, bold black arrow). Bowland (OC) shale shows in addition to intracrystalline fractured apatite (h, open black arrow) also

bending of phyllosilicates little beyond the fracture tip (h, bold black arrow).
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High resolution TEM micrographs of shales deformed by primary creep are shown in Fig. 6. The
overview images of Posidonia (HAR) and Bowland (OC) shale show little evidence of brittle
deformation features (Fig. 6a, b, respectively). Instead, deformation of Posidonia (HAR) shale
appears to be accommodated by local pore space reduction between calcite flakes (Fig. 6c, bold
black arrow) and bending of weak phyllosilicates around strong quartz grains (Fig. 6c, open black
arrow). Primary creep of Bowland (OC) shale is mainly assisted by bending of weak phyllosilicates

around stronger grains, e.g., apatite (Fig. 6d, bold black arrow).
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Figure 6 High resolution TEM photographs of primary deformed (a, ¢) low porous Posidonia (HAR38) and (b, d) porous Bowland
(BOS16) shale. Deformation conditions are p. = 75 MPa, T = 90 °C, ¢ (HAR38) = 160 MPa and o (BOS16) = 209 MPa. Almost no
brittle deformation is visible in images (a, b). Deformed Posidonia (HAR) shale shows pore space reduction between calcite flakes (c,
bold black arrow) and bending of phyllosilicates around stronger quartz grains (¢, open white arrow). For Bowland (OC) shale, transient
creep is mainly accommodated by bending of weak phyllosilicates around stronger grains, e.g., apatite (d, bold black arrow). Loading

direction is perpendicular to bedding orientation and indicated by bold white arrows. For mineral abbreviations see Fig. 5. Rt is rutile.

In summary, our microstructure observations on deformed Posidonia and Bowland shale samples
indicate that a range of deformation mechanisms operate including plastic dislocation and diffusion
activities and brittle microcracking. However, it is not possible to infer how the respective

contributions of the different mechanisms depend on the prevailing conditions.
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6 Discussion

The time-dependent deformation (creep) behavior and deformation mechanisms of the investigated
shale rocks strongly depend on sample mineralogy and experimental conditions such as confining
pressure, temperature and stress, as recognized also for other shales (Sone and Zoback 2013b, 2014;
Rybacki et al. 2017). Here, we discuss the influence of these parameters on the creep behavior of
Posidonia (HAR) and Bowland (OC) shale and compare the results to literature data that was
obtained on other European and North American shale rocks (Sone and Zoback 2014; Rybacki et

al. 2017).

6.1 Deformation Mechanisms

Black shales are usually highly anisotropic and deform by a combination of brittle and ductile
mechanisms since they consist of many different phases with different strength. Therefore, it is
difficult to establish a constitutive equation that describes the macroscopic mechanical behavior
based on microphysical deformation mechanisms. Commonly, the total axial strain is described by
adding the elastic and inelastic strain components in each of the three different creep regimes
separately (Gao et al. 2010; Brantut et al. 2012, 2013, 2014; Dewers et al. 2017). This approach
was successfully applied to monophase materials (e.g., metals, (Chindam et al. 2013)) and may
serve as a first approach also to describe the mechanical response of polyphase shale rocks, although
the semibrittle deformation behavior of shales suggests that several mechanisms operate in parallel,

probably with a dominant process acting in each regime.

Depending on the applied deformation conditions (p., T, o) and composition of the
investigated shale rocks, we either observed only primary creep (group 1) or primary and
subsequently secondary and finally tertiary creep (group 2) (cf., Figs. 3, 4). It is conceivable that
different deformation mechanisms may have been active in the samples, such as plastic dislocation
activity and brittle micro cracking. By definition, primary creep occurs at continuously decreasing
axial creep strain rate, £creep, whereas secondary and tertiary creep are characterized by a constant

(minimum), €y, and increasing strain rate, respectively (e.g., Brantut et al. 2014; Rybacki et al.
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2017). To distinguish samples belonging to group 1 or group 2, we calculated for every single
experiment strain rate as a function of time. One example is given in Fig. 7, showing the change
of strain rate with time for the two Posidonia (HAR) and Bowland (OC) samples (HAR43 and
BOS16) plotted in Fig. 3b. Obviously, the quartz-rich Bowland shale (BOS _OC - Qtz) deformed
solely by primary creep (group 1), displaying a continuously decreasing strain rate over time with
progressive hardening. In contrast, the weak Posidonia shale (POS_ HAR-Cly) exhibits first a
decrease of strain rate with time, but subsequently an increase after passing a minimum value,
which is characteristic for the three creep phases of primary, secondary and tertiary creep (group

2). For samples of group 2 we determined the minimum strain rate (Tab. 2).

p. =75 MPa
POS_HAR - Cly T=90°C
o =206 +4 MPa
T bedding

=y
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Figure 7 Strain rate versus time curves of Posidonia (POS_HAR - Cly) and Bowland (BOS_OC - Qtz) shale, deformed at 75 MPa
confining pressure, 90 °C temperature and 206 + 4 MPa stress (cf., Fig. 3b) in double-logarithmic scale. Sample BOS_OC - Qtz
deformed by primary creep, indicated by a continuously decreasing strain rate with increasing time. The Posidonia (HAR) shale sample
shows in addition a secondary and tertiary creep phase, for which the strain rate reaches minimum value (secondary creep) before it

increased with time (tertiary creep). Note that the strain rate data are smoothed because of numerical noise.

Our microstructural observations of deformed Posidonia (HAR) and Bowland (OC) shales suggest
that primary creep is mainly accommodated by deformation (e.g., bending) of weak material (Figs.
5f, 6b, d), and partly by local pore space reduction (Fig. 6¢). We assume that plastic flow of
organic matter and shearing of clay flakes as well as intracrystalline dislocation glide in
phyllosilicates contributes to viscous creep. This may be combined with subcritical crack growth
via chemical reactions (stress corrosion) during the secondary creep regime (Rybacki et al. 2017).

Samples exhibiting tertiary creep show strongly localized deformation close to a macroscopic shear
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fracture. Here, deformation is mainly assisted by inter- and intracrystalline microcracking as well

as crack coalescence.

Empirical models in the form of parabolic, exponential, logarithmic or hyperbolic
dependence of strain on time have frequently been used to describe the decelerating creep phase
(group 1) of rocks, soils and metals (Gupta 1975; Findley et al. 1976; Karato 2008; Paterson 2013).
If the strain depends linearly on stress, e.g., in many cases for small stress levels, linear viscoelastic
models can be used to describe the (primary) creep of a polyphase material (Sone and Zoback
2013b, 2014). The basic elements of linear viscoelastic models (elastic spring and viscous dashpot,
each of them representing the endmember phenomenon of elastic and viscous properties of a specific
mineral) may be combined to describe the constitutive behavior of the rock (Li and Ghassemi
2012; Almasoodi et al. 2014). However, this requires the knowledge of the elastic and viscous
properties of each phase under the applied deformation (p., T, o) conditions, that are typically not
available. In addition, these models cannot capture the volumetric and spatial distribution of the
different phases, as well as possible brittle fracturing of some constituents. For stress corrosion,
Brantut et al. (2013) recently suggested a model using an exponential law to approximate crack-

damage related primary creep of rocks.

The secondary creep of rocks (group 2) at high confining pressure and temperature has
been characterized by quasi-constant strain rate over time (balance between the rate of strain
hardening and softening), where deformation may be accommodated by dislocation and diffusion
activity or other ductile processes, which is commonly described by flow models based on a power
law (Evans and Kohlstedt 1995; Bieniawski 2008; Dorner et al. 2014; Rybacki et al. 2017). Brantut
et al. (2012) and Heap et al. (2009) established a similar power law creep relation between strain
rate, stress and confining pressure in the secondary creep regime. Here, it is assumed that the
dominating deformation mechanism is subcritical microcrack growth (stress corrosion). The crack
velocity of this thermally activated mechanism depends on several factors such as temperature,
humidity or stress intensity factor at the crack tip (Kranz 1980; Kranz et al. 1982; Atkinson 1987,
Ciccotti 2009; Heap et al. 2009). Although our samples were dried at 50 °C for at least 48 h, fluids
may remain within unconnected pores, potentially leading to time-dependent creep strain and
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static fatigue of the investigated samples due to subcritical crack growth by stress corrosion

(Brantut et al. 2012; Brantut et al. 2014).

Unfortunately, the Paterson deformation apparatus does not allow measurement of the
load-normal lateral strain, and thus the volumetric strain, which would allow to detect microcrack
activity. Instead, we measured the porosity of samples before and after deformation. Fig. 8 shows
the calculated porosity reduction, @requction = @Pprior deformation — Patter deformationy WHEre @reduction > 0
represents pore space reduction due to sample deformation and vice versa. For primary creep, Fig.
8 suggests that an increase in confining pressure yields porosity reduction, while increasing stress
leads to porosity increase, likely by microcrack evolution. Posidonia (HAR) (Figs. 8a, c, €) as well
as Bowland (OC) shale (Figs. 8b, d, f) specimens belonging to group 2 (post primary creep) exhibit
the largest porosity increase after sample deformation, independent of applied confining pressure
(Figs. 8a, b), temperature (Figs. 8c, d) and stress (10e, f). An increasing ¢,cqucion With increasing
confining pressure may be explained by Goetze’s criterion, which suggests that dilatancy and
microcrack formation may occur as long as o > p. (Evans and Kohlstedt 1995). These observations
suggest that group 2 samples may have accommodated part of the deformation by subcritical crack
growth due to stress corrosion. For porous sandstone deformed at room temperature, Heap et al.
(2009) suggested the onset of dilatancy already at stresses of about 80 — 90 % of the triaxial
compressive strength also leading to secondary and eventually tertiary creep. Since the applied
stresses in this study are close to the short-term triaxial compressive strength obtained under
similar p., T - conditions (Herrmann et al. 2018), we expect at least a partial contribution of this

mechanism to the creep of our investigated samples.
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Figure 8 Reduction in sample porosity of Posidonia (HAR) (a, ¢, €) and Bowland (OC) shale (b, d, ), ¢reduction = Pprior deformation — Patter

deformation depending on p. (a, b), T (¢, d) and o (e, f). Preduction > 0 represents pore space reduction, whereas @reduction < 0 displays

increasing porosity due to deformation. Primary = samples exhibiting only primary creep behavior, post primary = samples exhibiting

in addition to primary also secondary and partly tertiary creep behavior. Deformation conditions are indicated.
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Alternatively, secondary creep can be regarded as a (long-lasting) transient creep phenomenon at
minimum strain rate, where the deformation mechanisms, which are responsible for primary and
tertiary creep balance by recovery or recrystallization over a certain period (Zener and Hollomon
1946). Brantut et al. (2013) also noted that creep driven by irreversible crack growth is not a
steady-state process and may be more likely an inflexion between the primary and tertiary creep

phase, which exhibits a specific minimum creep strain rate.

The following discussion will focus on the influence of composition and boundary conditions
(o, T, p.) on the primary creep phase of shale rocks since most of the deformed shale specimens
exhibited this creep behavior. An attempt to quantify the influence of o, T and p. on the secondary
creep phase of the investigated shales is given in the appendix, revealing large uncertainties of the

calculated parameters.

6.2 Effect of confining pressure, temperature and stress on primary creep of shale rocks

To discuss the influence of confining pressure, temperature and stress on the primary creep phase

of Posidonia (HAR) and Bowland (OC) shales, we use a simple phenomenological power law

approach:
g b
£t=8e1+£inel=E+a*t (1)
where: €, = total axial strain, &, = elastic axial strain, &,, = inelastic axial strain, ¢ = axial

differential stress, E = static Young’s modulus, t = experimental time and ‘a’ and ‘b’ are constants.

As suggested by Rybacki et al. (2017), the following empirical correlations were used to

account for the influence of p., T and o on the constants ‘a’ and ‘b’ used in Eq. 1:
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_(Qaﬂ’)c*Va)
a=agxchexe \ RTaps

(2)

_(Qb+Pc*Vb>
b=by*xa™xe \ RTabs

(3)

yielding;:

(4)

_(Qb+pc*Vb)
- _(Qa+Pc*Va> (bo*anb*e R:Tqps )
g =4+ | ao* o™ xe \ RTaps * t

where: ao and b, are rock constants, n, , = stress exponent, Q, , = activation energy, V., =
activation volume, R = molar gas constant and T,,, = absolute temperature. This approach was
adopted from constitutive equations describing high temperature creep of rocks, where the stress
dependence is expressed by the stress exponent, the temperature sensitivity by the activation
energy and the confining pressure dependence by the activation volume. Note, however, that these
correlations are empirical and do not claim to correctly express the underlying microphysical
processes assumed here such as dislocation glide and bending and shearing of phyllosilicates,

compaction or granular flow.

The amount of elastic strain in Eq. 1 may be determined by calculating the ratio of applied
stress and static Young’s modulus. We used Young’s modulus data from constant strain rate
experiments previously performed on similar shale samples at similar p., T - conditions (Herrmann
et al. 2018). Since the authors measured no confining pressure or temperature dependence of E,
we assume no significant change of elastic axial creep strain with varying p., T - conditions in our

experiments.
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The inelastic axial creep strain of each experiment was calculated by subtracting the elastic strain
from the total measured axial creep strain. Plotting the inelastic axial creep strain versus time and
fitting the curve by non-linear regression yields the constants ‘a’ and ‘b’ for each experiment. The
parameter ‘a’ varies between 0.0011 and 0.00639 s® and ‘b’ between 0.03839 and 0.26815 (Tab.
2).

We also determined the parameters ‘a’ and ‘b’ of group 2 samples by fitting only the
primary part of creep curves, which results in substantially higher values compared to those
obtained for group 1 samples. This indicates a difference in the relative contribution of the present
deformation mechanisms, which act in the primary creep regime of both sample groups. Therefore,
the approach given in Eq. 1 may not fully represent the time dependent deformation behavior of
shale rocks under all p., T, o - conditions, especially with respect to proppant embedment, where
high stresses due to low contact areas between proppant agent and fracture surface ae expected.
However, since the lifetime of stimulated wells is typically only a couple of years, we assume that
this approach is still useful to discuss the potential of a shale play for the economical extraction

of hydrocarbons.

Taking the logarithm of Egs. 2 and 3 yields the following correlations:

Qq+log(e)  Vg*po+log(e)

log(@) = 10g(ao) + ng * log(g) — 2725 _ LerperoB(e ®)
Qp*log(e)  Vp*pc+log(e)

log(b) = log(by) + n;, *log(o) — fg*;)i: - b:*Ta(:f - (©)

which were used to determine the sensitivity of ‘a’ and ‘b’ to a change of p.,, T and a. The
corresponding plots to determine the parameters n, Q and V for Posidonia (HAR) and Bowland
(OC) shales are given in Fig. 9. In each figure two of the three deformation conditions (p., T, o)

are fixed to determine the sensitivity of parameters ‘a’ and ‘b’ on the remaining one. Linear
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regression fits for the parameters are shown by dashed lines in Fig. 9 and summarized in Tab. 3,
including the calculated constants a, and by. They are discussed separately in the following three

sections.

Table 3 Parameters accounting for influence of confining pressure, temperature and stress on primary and secondary creep of Posidonia

(HAR) and Bowland (OC) shale.

Parameter Posidonia shale (HAR) Bowland shale (OC)
Primary creep Secondary creep Primary creep Secondary creep
TNa 5.39 + 4.16 1.87 £ 0.75
i1 =0 =0
a =0.16 = 0.57
Qa 14.39 =+ 8.49 kJ/mol 13.12 £ 1.55 kJ/mol
Qv =0 =0
Qc = 98 kJ/mol = 140 kJ/mol
Ve =0 =0
Vb 31.36 £ 6.51 cm?/mol 11.97 £ 10.96 cm?®/mol
Ve 76.44 + 696.35 cm®/mol 187.13 + 1466.24 cm®/mol
ag (2.11 £ 0.71) * 10" MPa®* g® (6.63 £ 1.44) * 10° MPa™* P
bo 0.4 +0.07 0.12 4+ 0.02
log (co) - 3.81 & 7.49 log (e * g1) - 60.87 + 14.55 log (e ™P* g)

The constitutive equation suggested here to express the stress, - temperature and confining
pressure dependence of primary creep of shale rocks is phenomenological. However, one may argue
that the stress and temperature sensitive creep parameter ‘a’ we obtained suggest that mainly
viscous mechanisms are described by this creep parameter, since these mechanisms are known to
be stress and temperature sensitive (Sherby et al. 1999; Hobbs and Ord 2015). In contrast, brittle
processes may be connected to the power law exponent ‘b’, since this latter is strongly influenced

by confining pressure (Hobbs and Ord 2015).
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6.2.1 Effect of axial stress

The effect of stress on the primary creep behavior of Posidonia (HAR) and Bowland (OC) shale
is expressed by the stress sensitivity n, and n, of the power law creep parameters ‘a’ and ‘b’,
respectively. The stress exponent n, = 5.4 of weak Posidonia (POS_HAR) shale is almost three
times higher than n, = 1.9 of quartz-rich (outcrop) Bowland (BOS OC) shale (Fig. 9a). Both
values are distinctly higher than n, = 1, which is expected if the rocks would deform in a linear
viscous manner. This non-linear viscous behavior may be caused by a range of mechanisms
including dislocation glide or cracking. As the applied stresses of 160 — 316 MPa are close to the
triaxial compressive strength (Herrmann et al. 2018), we suggest that the generation of cracks and

their interaction may also play a role at these conditions.

Comparable results for Posidonia (DOT) shale (n, = 1.4), deformed at similar confining
pressures and temperatures, were found by Rybacki et al. (2017). Also, Marcellus shale deformed
at p. = 19 MPa, T = 20 °C and o < 90 MPa exhibited non-Newtonian primary creep (Li and
Ghassemi 2012). In contrast, other North American and Canadian shales such as Eagle Ford,
Barnett, Haynesville and Fort St. John were found to deform linear viscously (Li and Ghassemi
2012; Sone and Zoback 2013, 2014; Almasoodi et al. 2014; Rassouli and Zoback 2015). Note that
in the latter studies creep experiments were performed at low stresses (o < 90 MPa, mostly <
45 MPa) and confining pressures (p. < 60 MPa), which are substantially lower than the applied
stresses and resulting strains in our study. Also, experiments reported in the literature were
performed at ambient temperature only. Therefore, the expected deformation mechanisms are
likely different for shales deformed at low and high stresses and temperatures, respectively. At
lower stress conditions the strain may be accommodated mainly by closing of preexisting micro
cracks and pores, whereas at high stress the generation (and subcritical growth) of microcracks,

grain boundary sliding and plastic deformation of weak mineral phases may have also operated.

As observed by Rybacki et al. (2017) on Posidonia (DOT) shale, the stress dependence of
the power law exponent ‘b’ (Eq. 6), n,, of Posidonia (HAR) as well as Bowland (OC) shale appears

to be negligible (Fig. 9b).
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A stepwise increasing stress irreversibly changes the microstructure of the samples within each
single step, thereby affecting the deformation behavior of the subsequent creep steps (Fig.2). Since
most published creep experiments on shales were performed stepwise, we assume that the
experimental protocol also affected the stress sensitivity of the investigated rocks (Brantut et al.

2013).

6.2.2 Effect of temperature

With increasing temperature, we observed an increasing primary creep strain (cf. Fig. 4c, d). This
may be due to the presence of weak phases with temperature-sensitive flow strength, such as clays
and organic matter (Mikhail and Guindy 1971). Least square fitting of the temperature sensitivity
of the creep parameter ‘a’ yields similar apparent activation energies of Q, = 14 + 9 kJ/mol for
Posidonia (HAR) shales and Q, = 13 £ 2 kJ/mol for Bowland (OC) shale (Fig. 9¢). Regarding
parameter ‘b’, we obtain no clear correlation with temperature (Q, = 0 kJ/mol) for Posidonia
(HAR) shale deformed at constant stress and confining pressure (Fig. 9d), suggesting minor
temperature dependence. A best fit of the Bowland (OC) shale data (p., ¢ = const.) would give a
negative activation energy of Q, = - 5 kJ/mol. Since this is counterintuitive, we also fixed Q,
(BOS_OC) = 0 kJ/mol. This seems to be reasonable, since Bowland (OC) shale consists of =
70 vol% quartz minerals, the strength of which is believed to be hardly sensitive to temperature

changes in the investigated range, at least at relatively dry conditions.

The calculated activation energies for primary creep of Posidonia (HAR) and Bowland
(OC) shales are in relatively good agreement with estimates of Q, = 3 kJ/mol and Q;, = 5 kJ/mol
of other Posidonia (DOT) shales deformed in the primary regime (Rybacki et al. 2017). These
values are lower than activation energies for steady state creep of the weak phases (= 50 —
150 kJ /mol; cf., Rybacki et al. 2017; Herrmann et al. 2018) and for stress corrosion of sandstone
and granite (=30 — 50 kJ/mol; Brantut et al. 2012). The difference presumably results from the

simultaneous operation of deformation mechanisms acting in the primary and secondary creep
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regime and from the multiphase composition of the investigated shales. Our determined apparent

activation energies represent a bulk temperature sensitivity of primary creep of the shale samples.

6.2.3 Effect of confining pressure

With increasing confining pressure, we observed reduction in total axial strain (rate) for Posidonia
(HAR) and Bowland (OC) shale deformed in the primary regime (Fig. 4a, b), revealing material
strengthening with increasing confining pressure, as expected for semibrittle deformation due to
compaction of pores, closure of preexisting microcracks and enhanced friction between grains with
increasing p.. This observation is in line with an increasing triaxial compressive strength with
increasing confining pressures at constant strain rate as observed by Herrmann et al. (2018) for

the same types of shale rocks.

To empirically quantify the influence of confining pressure on the primary creep phase of
Posidonia (HAR) and Bowland (OC) shales, we estimated an apparent activation volume, yielding
V, (POS_HAR) = 3147 cm’/mol and V,, (BOS_OC) = 12+11 cm®/mol for the power law creep
parameter ‘b’ (Fig. 9f). A higher value for Posidonia shale than for Bowland shale is likely related
to the higher amount of weak sample constituents of Posidonia shale (Tab. 1). The power law
parameter ‘a’ shows almost no pressure sensitivity and was therefore fixed to zero (V, (POS_HAR)
=V, (BOS_0OC) =0 cm’/mol) (Fig. 9e), in agreement with results observed for Posidonia (DOT)
shale (Rybacki et al. 2017). In contrast, Sone and Zoback (2013, 2014) found no significant
influence of confining pressures on the primary creep behavior of Barnett, Eagle Ford, Fort St.
John and Haynesville shale. The authors also observed linear viscoelastic creep for their
investigated shales, indicating that pressure-sensitive brittle deformation mechanisms were likely
not the dominant mechanisms accommodating creep in their experiments. The low pressure
sensitivity may be explained by the relatively low confining pressures (p. = 10 — 60 MPa) and
stresses (0 = 3 — 45 MPa) used by Sone and Zoback (2013, 2014) which minimizes pore collapse

and microcrack generation.
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Figure 9 Influence of axial differential stress (a, b), temperature (¢, d) and confining pressure (e, f) on power law creep parameter ‘a’
and ‘b’ used to describe inelastic strain during primary creep. Dashed lines show linear regression fits for stress sensitivity (n) (a, b),
activation energy (Q) (¢, d) and activation volume (V) (e, f). Dotted lines indicate no correlation. Subscripts a and b belong to power

law creep parameter ‘a’ and ‘b’, respectively. Deformation conditions and the coefficient of determination (r?) are indicated.
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6.2.4 Effect of sample composition and mechanical properties

To investigate the influence of shale composition and their mechanical properties on the primary
creep behavior of shale rocks, we estimated the total primary creep strain after three years
deformation, during which most of the production decline in shale gas reservoirs occurs. For
comparison with literature data on Posidonia (DOT) shale (Rybacki et al. 2017) as well as on
Barnett, Haynesville and Eagleford shale (Sone and Zoback 2014), we used a modified form of Eq.

1 by replacing the power law parameter ‘a’ by a = A *¢™a, yielding:

£t=%+A*a"a*tb (7)

For determination of & after 3 years deformation, we recalculated the values A and b for
deformation conditions of p. = 20 MPa, T = 20 °C and o = 25 MPa to allow for comparison with
the experiments on N-American shales that were performed at low stresses and confining pressures
and at ambient temperature. Results are given in Tab. 4 together with the approximate
composition and porosity. Note that Sone and Zoback (2014) and Rybacki et al. (2017) fitted
measured creep curves of total axial strain, &. Therefore, no elastic strain was added to the strain
values determined from the literature. For comparison, we additionally calculated the elastic, &g,

and inelastic strain values, &, (Tab. 4), using the data provided by Sone and Zoback (2014).
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The resulting total strains (in %) are shown in a tertiary diagram (Fig. 10a) to visualize the
influence of sample mineralogy on the time-dependent creep behavior. As in Fig. 1, sample
mineralogy is separated into strong (QFP), intermediate strong (Cb) and weak (Clay + TOC +
Mica + ¢) components. No correlation between g, and the amount of QFP, carbonates or weak
phases is found (Fig. 10a, Tab. 4). There may be a negative correlation between &,, and QFP
(cf., Tab. 4), if shale rocks are recovered from different formations, although an inverse trend was
found for shale samples acquired from the same formation. However, it is important to recall, that
the activated creep mechanisms of the various shales are probably different due to the different
Pe; 0, T - conditions applied in the considered studies. Separating the influence of porosity on creep

deformation also shows no trend (Tab. 4).

W Posidonia (this study) s L
[] Posidonia (Rybacki etal. 2017) -
Bowland (this study) pc =20 MPa
] Bamett (Sone and Zoback 2014) T=20°C
100 | A Haynesville (Sone and Zoback 2014) 0,44 3
Y Eagleford (Sone and Zoback 2014) \ o =25 MPa
P. = 20 MPa ‘\ T bedding
T=20°C :\J \
o =25MPa :
& is = -0.51
T bedding g Stotal (3a) = 115*E
i e =105
s 0,2 Sl ; F
2
%
4
Zelastic
” 0,0 , . .
100 0 20 40 60 80
Cb [vol%] E [GPa]

Figure 10 Calculated primary total strain (in %) after three years deformation at 20 MPa confining pressure, 20 °C temperature and
25 MPa stress versus composition (a) and static Young’s modulus, E, (b). QFP = quartz + feldspar + pyrite, Cb = carbonates, TOC

= total organic carbon, ¢ = porosity

The correlation between extrapolated total strain after 3 years deformation and the static Young’s
modulus (Herrmann et al. 2018; Sone and Zoback 2013, 2014) is shown in Fig. 10b. Note that E
of Posidonia and Bowland shale was determined at different confining pressure (p. = 50 MPa) and
temperature (T = 100 °C), but the influence of p. and T on E was found to be minor (Herrmann

et al. 2018). The axial total strain decreases with increasing static Young’s moduli (Fig. 10b) and
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may be calculated using the correlation given in the figure (dashed line). Note that the correlation
found in Fig. 10b is strongly influenced by the elastic strain (black line in Fig. 10b). Considering
only the inelastic strain would yield a less pronounced trend (cf., Tab. 4). However, since the
Young’s modulus can be easily measured by wireline logs, this correlation may be especially
interesting for practical purposes to estimate the long-term creep behavior of shale rocks. Note
that this correlation is only applicable at shallow depth level and will change at greater depth with

high pressure and temperature.

Total strains are also decreasing for strong samples with high triaxial compressive strength,
orcs (Tab. 4). This is in line with the positive correlation between grcs and E of shale rocks

(Herrmann et al. 2018).

The brittleness, B, of rocks is often quoted to represent an important parameter that allows
to discriminate between prospective and non-prospective shales (Guo et al. 2013; Lora et al. 2016;
Shah et al. 2017). It is a purely empirical rock parameter, which can be calculated based on several
different definitions (e.g., Rybacki et al. 2016). Typically, B is normalized to a range between 0
and 1, where B = 0 and B = 1 represent ductile and brittle deformation, respectively. Since there
is a strong correlation between E and the primary total strain after three years, we suggest to
calculate the brittleness based on E to estimate the long-term creep behavior of shale rocks from
short-term experiments. Since no correlation between primary total strain and composition was
evident, brittleness based on shale composition (Rybacki et al. 2016) may not be used to estimate
total strain values after three years. As pointed out by Rybacki et al. (2016) the definition of B
based on E may adequately describe the mechanical behavior of shales in terms in brittleness, if

the p., T - conditions do not exceed those expected at about 3 km depth.

In addition to the previously mentioned parameters (composition, E, orcs, B), the angle
between the maximum principal stress orientation and bedding orientation will also influence the
primary creep strain due to the anisotropic character of shale rocks (Swan et al. 1989; Lora et al.
2016). If loaded parallel instead of perpendicular to bedding, samples would creep at slower rate

yielding less creep strain after three years deformation (cf., Sone and Zoback 2014). Also, the
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degree of anisotropy plays an important role in the deformation behavior of shale rocks, since
bedding perpendicular and bedding parallel loading represent only endmembers, whereas in nature
an intermediate state (of a loadbearing framework of hard mineral phases or interconnected weak

layers) is more likely, as pointed out by Sone and Zoback (2013b).

The presence of water within samples also affects the creep behavior of shales in a way that
creep is enhanced for samples with higher water content as shown for Haynesville shale by Sone
and Zoback (2014) and Alum shale by Rybacki et al. (2017). This is presumably due to swelling

of clay minerals or microcrack growth due to stress corrosion at higher stresses.

6.2.5 Rheological models

In addition to the empirical approach given in section 5.2 to characterize the primary creep
behavior of shale rocks, we also tried to apply a linear viscoelastic model to fit the recorded primary
creep data of shales, as has been suggested recently (Li and Ghassemi 2012 and Almasoodi et al.
2014). These models typically consist of a combination of rheological bodies such as springs (elastic)
and dashpots (viscous). Note that these models ignore effects of changing confining pressure and
temperature. Also, the models assume a linear correlation between strain and applied stress (n =
1), which was found to be different for the investigated shale rocks of these study. Irrespective of
these limitations, we fitted a Zener-model in series with a Kelvin-Voigt model, as proposed by

Almasoodi et al. (2014), to our recorded primary creep curves using the following equation:

o o —Eqxt o —Epxt
£t=—+—<1—e #1>+—<1—e ﬂ2> (8)
E

where p = viscosity and subscripts 1 and 2 represent different sample constituents. This model
was chosen since it is in good agreement with the approach of separating shale composition into

weak (cly, TOC, ¢) and strong (QFP, Cb, Mca) components, as suggested by Herrmann et al.
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(2018) for the same shale rocks samples. Mca and Cb are regarded as strong mineral phases here,
since they display relatively large Young’s moduli (Mavko et al. 2009). Strong and weak
components are represented by subscripts 1 and 2, respectively. Fitting this model to the recorded
creep curves, using the non-linear Levenberg-Marquardt algorithm yielded strongly unstable results
for Young’s moduli and viscosities both for Posidonia and Bowland shale. Therefore, the use of
such models based on springs and dashpots to characterize the time dependent primary creep
behavior of shale rocks may only be feasible at low stresses in the Newtonian viscous regime. For
non-linear viscous creep or if brittle mechanisms such as the initiation and coalescence of

microcracks contribute to the overall deformation, these models may not be appropriate.

6.2.6 Correlation between primary creep and constant strain rate behavior

A theoretical approach to link results obtained from constant strain rate and creep experiments in
the primary regime performed at low temperature (T < 0.3 T,,, where T,, is melting temperature)
was suggested by Kassner and Smith (2014) for deformed Titanium alloy. The approach is based
on a mechanical equation of state as reported by e.g., Zener and Hollomon (1946); Hollomon (1947)
and Hart (1970). For materials showing strain hardening during constant strain rate deformation

(up to peak stress), the authors propose that the strain-dependent stress can be described by:

g=Kx Eionel * ég (9)

where K = strength parameter, €,,= inelastic axial strain, o = strain hardening exponent, &, =
applied constant strain rate and p = strain rate sensitivity. Here, we set p = 0.01, since the
influence of applied strain rate on the resulting stress is minor (Herrmann et al. 2018). The strain
hardening exponent, o, can be easily determined by calculating the slope of the log (0)-log (€ine1)
plot recorded from a constant strain rate test. For Posidonia (HAR) shale deformed at p. =

100 MPa, T = 100 °C and &, = 5 * 10" s and Bowland (OC) shale deformed at p. = 75 MPa, T
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=100 °C and £y = 5 * 10" s (Herrmann et al. 2018), we calculated opos nar) = 0.063 £ 0.001
and opos oc) = 0.048 £ 0.001, respectively. Neeraj et al. (2000) suggested a decreasing creep strain
with a decreasing strain hardening exponent, which is in line with our observations (Fig. 3b).
Nonlinear least square fitting of Eq. 9 to stress-inelastic axial strain curves recorded during

constant strain rate deformation results in K (POS_HAR) = 314 + 1 MPas and K (BOS_OC) =

462 +2 MPas.
Rearranging Eq. 9 and replacing &, by 88;’;” yields:
0 1
Einel? * 6£inel = (%)p * Gt (10)

Integrating Eq. 10 and assuming ¢ = const. (creep experiment) results in the following equation:

1 p

— —— P
o = (Z)°1F « (Z2)O o orp
Einel (K) *( D ) * ot (11)

Eq. 11 and Eq. 1 appear to be similar suggesting the following equations to derive the

creep parameters, ‘a’ and ‘b’, from constant strain rate experiments:

o= (7 (22 a2
b=-= (13)
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For Posidonia (HAR) shale, we selected sample HAR 33 for comparison, since the applied
deformation conditions (p. = 105 MPa, T = 90 °C, ¢ = 194 MPa) were close to the applied
deformation conditions of constant strain rate test (p. = 100 MPa, T = 100 °C). For o = 194 MPa,
we obtained apos mar) = (1.92 £ 0.08) * 10” and bpos mar) = 0.137 + 0.002 from the performed
constant strain rate test using Eq. 11. Extrapolated to strain achieved after three years
deformation based on Eq. 1 yields a total strain of & = 0.045 4+ 0.002. This value is somewhat

lower than the total strain of g, = 0.08, extrapolated from the corresponding creep experiment.

For Bowland shale, sample BOS 26 was chosen (p. = 75 MPa, T = 100 °C, ¢ = 314 MPa),
for which we calculated the creep parameters apos oc) = (1.74 £ 0.07) *10™ and bgos oc) = 0.172
£ 0.003. Using these values, we obtain a total axial creep strain of & = 0.064 £+ 0.004 after three
years deformation, which is relatively close to the extrapolated total strain of &, = 0.04 based on
creep testing. The differences between extrapolated total axial strains from constant strain rate
and constant stress tests may arise from slightly different deformation conditions or sample to
sample variations. In addition, the approach is based on a mechanical equation of state, which
assumes that the stress required for inelastic deformation depends only on the instantaneous values
of strain, strain rate, temperature and confining pressure and not on the loading history, which is
in contrast to our observations (Fig. 2). However, the obtained results suggest that quantitative
estimates of the (long-term) creep strain of shale rocks from short-term constant strain rate

experiments may be feasible, but only as a first order approximation.

7 Conclusions

Characteristic for semibrittle deformation, constant stress experiments performed on Posidonia
(HAR) and Bowland (OC) shale reveal that the time dependent creep behavior of shale rocks is
influenced by confining pressure, temperature and applied stress under the tested conditions. At
high stress and temperature and at low confinement samples displayed in addition to primary
creep also secondary and tertiary creep until sample failure. Primary creep strain is mainly

accommodated by deformation of weak sample constituents (clays, TOC, mica) and local pore
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space reduction. At the onset of tertiary creep, samples displayed localized deformation by
formation of a single macrocrack, which is composed of coalesced subparallel microcracks for
Bowland (OC) shale. Even in these high stress samples, the dislocation activity in quartz and

carbonates is poor.

The effect of deformation conditions on the creep behavior is more pronounced for weak
Posidonia (HAR) shale than for strong Bowland (OC) shale. Empirical power law correlations are
applicable to account for the influence of stress, confining pressure and temperature on the primary

creep phase of shale rocks.

The influence of sample composition on the general creep behavior is in the same order of
magnitude as the effect of applied deformation conditions. A negative correlation between primary
creep strain and sample strength and static Young’s modulus is evident. These results are useful
to assess the potential of a reservoir for an economical and sustainable extraction of hydrocarbons,

since the Young’s modulus can be easily and quickly estimated from wireline logs.

A correlation between the primary creep and constant strain rate behavior of shale rocks

was found to some extent, if calculations are based on a mechanical equation of state.

This may be useful to estimate the long-term creep behavior of shale rocks from their short-

term properties.

With respect to proppant embedment, our results predict a lower fracture closure rate of
strong Upper Bowland (OC) shales compared to weak Posidonia (HAR) shale However, a
decreasing fracture conductivity due to fines production as a result of proppant cracking is more
likely in Bowland shale than in Posidonia shale reservoirs. To test this hypothesis, proppant

embedment tests at elevated confining pressure and temperature are required.
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Appendix
Influence of stress, temperature and confining pressure on secondary creep
Based on the assumption that dislocation glide in clay minerals is the main deformation mechanism

(Ibanez and Kronenberg 1993), the minimum axial creep strain rate, €,,, of samples which

displayed secondary creep may be described by an exponential law in the form of:

_(Qcﬂ’)c*Vc)
Emin = Co x €% x e \ FTabs (Al)
where ¢y and a are constants. Taking the logarithm of Eq. A1l yields:

l0g(émin) = log(co) + @ * o » log(e) — LELD _ Perte o8 (&) (A2)

R*Tgps R*Tgps

Linear regression of data using Eq. A2 yields negative @ and V.values, which is opposite to our
experimental findings. This is probably due to a relatively small data base and large scatter.
Therefore, we used values of @ = 0.16, Q. = 98 &+ 108 kJ /mol and @ = 0.57, Q. = 140 + 120 kJ/mol
for Posidonia (HAR) and Bowland (OC) shale, respectively, which was previously determined from
constant strain rate test (Herrmann et al. 2018). Using these values for multilinear regression yields
log (cp) = -3.81 £7.49 ™' V. = 76 4+ 696 cm®/mol for Posidonia (HAR) shale and log (c,)
= -60.87 +14.55 ¢""™Pg! V= 187 + 1466 cm®/mol for Bowland (OC) shale (Tab. 3). These
activation volumes are considerably higher than those determined for primary creep. The large
uncertainties suggest that the characterization of secondary creep behavior of shale rocks based on
dislocation glide in clay minerals as main deformation mechanism may not cover all present
mechanisms during deformation, which is also in line with our observations that micro cracking

contribute to deformation in the secondary creep phase (Fig. 8). Applying a power law approach

127


Johannes Herrmann
Chapter 4: Comparison between the creep properties of Bowland and Posidonia shale at In Situ p , T - conditions

Johannes Herrmann
c


Chapter 4: Comparison between the creep properties of Bowland and Posidonia shale at In Situ p., T - conditions

as suggested by Rybacki et al. (2017) also yielded negative Q. and V. values, which do not reflect

the experimental observations.

Correlation between constant stress and constant strain rate

Under the assumption of brittle creep induced by subcritical crack growth due to stress corrosion,
Brantut et al. (2014) suggested an empirical correlation between creep and constant strain rate
deformation of sandstone based on a stress deficit, AQ, measured over a certain inelastic strain
range (Fig. Ala). The authors performed constant strain rate as well as constant stress (creep)
experiments at effective confining pressures of p..s = p. — pore pressure = 10 — 40 MPa and ambient
temperature on three types of sandstones to investigate the relation between evolving creep strain
rate, £creep, and applied stress (in constant stress tests) and between measured evolving stress and
applied constant strain rate, &g, (in constant strain rate tests). Following Brantut et al. (2014), we
plotted stress-inelastic axial strain curves recorded during the deformation of two Posidonia (HAR)
shale samples, where one experiment was performed at constant strain rate (HAR sample taken
from Tab. 4 from Herrmann et al. (2018) and one at constant stress (sample HAR 43, this study)
(Fig. Ala). Both experiments were conducted at 75 MPa confining pressure, but at slightly
different temperatures (const. a: T = 90 °C, const. & T = 100 °C). Since during the ‘constant
stress test’ only the applied load is constant, the real stress is slightly decreasing with increasing
axial strain because of increasing sample diameter and assuming constant volume deformation.
However, in the secondary creep regime, the applied stress was nearly constant (¢ = 202 + 2 MPa)
up to an inelastic axial strain of = 0.032, followed by an abrupt decrease due to an enhanced creep
strain rate close to sample failure. For the HAR sample, deformed at constant strain rate of £, =
5 * 10" s, the axial stress increases up to a peak value of ~ 213 MPa at an inelastic axial strain

of = 0.023, after which it gradually decreased (Fig. Ala).
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Figure Al (a) Stress-inelastic axial strain curve of two Posidonia (HAR) samples deformed at either constant strain rate, &, or (quasi)
constant stress, g, recorded at slightly different temperatures. Due to the assumption of constant volume deformation (yielding an
increasing sample diameter with increasing strain), o of constant stress test is slightly decreasing, since a constant load was applied.
Grey dashed area was used to calculate stress deficit, AQ. (b) In of normalized creep strain rate versus stress deficit of the two Posidonia

(HAR) samples shown in (a). o* = activation stress. Deformation conditions are indicated.

In their experiments on sandstones, Brantut et al. (2014) observed that the two curves of samples
deformed at constant strain rate and constant stress intersect twice, where after the second
intersection the sample deformed at constant stress started to show accelerated creep strain rate
(onset of tertiary creep phase). The area between the first and second intersection of stress curves
recorded during deformation at constant stress and constant strain rate, represents the range,
which was used by the authors (Fig. 5 in Brantut et al. 2014) to calculate the stress deficit, AQ
= Ocreep test — Oconst. strain rate test; 10T €very single inelastic strain value. In our tests, the stress-inelastic
axial strain curves did not intersect each other twice, since the sample deformed at constant stress
failed earlier (Fig. Ala). This may be due to the slightly different temperatures since axial strain
increases with increasing temperature (cf., Figs. 4c, d). Therefore, for calculation of AQ we used
the area between the strain at the first intersection of recorded curves and the strain where tertiary

creep started (dashed grey area in Fig. Ala).

Brantut et al. (2014) proposed the following correlation between creep strain rate, &cyeep.

at any given value of inelastic strain during constant stress deformation and AQ:
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AQ
= eo* (IXE;)

Ecreep

€o

where &, = applied constant strain rate during constant strain rate test and ¢* = characteristic
activation stress, which is a combination of parameters describing subcritical crack growth

(Brantut et al. 2014).

Fig. Alb shows the natural logarithm of the creep strain rate normalized by the applied
constant strain rate as function of AQ. In line with observations made by Brantut et al. (2014),
the resulting curve has different slopes for the decreasing £creep () and the increasing écreep (1)
with a minimum AQ at minimum £ eep. Fitting Eq. A3 to Posidonia (HAR) shale data yielded
o* = 6.4 + 2.7 MPa (Fig. Alb), which is larger than what was found for different sandstones (o*
= 1- 2.7 MPa) by Brantut et al. (2014). The contrasting results may originate from the different
deformation conditions in our experiments and those performed by Brantut et al. (2014) and the
different rock types. Also, during the deformation of Posidonia (HAR) shale other deformation

mechanisms may be active but are not considered in the formalism above.

Interestingly, this approach was not applicable to Bowland (OC) shale, although it contains
~ 70 vol% QFP and therefore should be better comparable to sandstones than Posidonia (HAR)
shale. The applied constant stress, which is necessary to reach the secondary creep phase is slightly
larger than the recorded stress during performed constant strain rate tests. This may be due to
the relatively high applied constant strain rate, at which the shale sample cannot accommodate
deformation over a certain time period, leading to lower strength due to increased pore pressures
as a result of pore collapse as all experiments have been performed at undrained conditions. This
may be more pronounced for porous Bowland (OC) than for low porous Posidonia (HAR) shale

(cf., Tab. 1). Therefore, no AQ could be calculated.

However, the obtained results may be useful to subsequently assess specific rock properties
of some shales, such as the stress intensity factor, time to failure as well as creep strain rates by

only performing one constant stress and one constant strain rate test at the same p., T - conditions.
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In this thesis, the short- as well as long term mechanical properties of shale rocks at simulated
reservoir pressure, temperature and stress conditions were investigated. Sample material from
European Posidonia shale (Germany) and Bowland shale (United Kingdom) was studied since
these formations are considered to be prospective unconventional shale plays and therefore
represent a potential target for the production of gas (Littke et al. 2011; Andrews 2013). The
experimental investigations include the characterization of the petrophysical and geomechanical
properties of the selected shales, such as composition, density, porosity and strength, Young’s
modulus and creep properties. The (peak) strength and Young’s modulus were determined by
performing a series of constant strain rate experiments. Furthermore, a series of constant stress
deformation tests was conducted to characterize the time-dependent creep properties of these shale
rocks. Most experiments were conducted at ambient and various enhanced confining pressure and
temperature conditions. The microstructural analysis was largely based on scanning and

transmission electron microscopy due to the fine grain size of the samples.

The triaxial compressive strength and static Young’s modulus of the investigated shale
rocks are strongly influenced by sample composition and are positively correlated to confining
pressure conditions. Effects of varying temperature, strain rate and porosity on strength and
Young’s modulus are found to be minor. In general, the stress-strain curves recorded during
constant strain rate deformation reveal dominantly a brittle to semibrittle deformation behavior
at the imposed confining pressure and temperature conditions. Above =~ 25 — 30 vol% weak mineral
phases (clay, mica, organic matter), the compressive strength and static Young’s modulus decrease
strongly with increasing amounts of weak sample constituents. This trend fits to predictions made
by effective medium theories, where the experimental data plot mostly close to the lower (Reuss)
bound. A comparable threshold value of = 0.4 was found for the brittleness of these shales,

calculated from their Young’s modulus.
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Indicative for semibrittle deformation, the creep behavior of Posidonia and Bowland shale
at in situ deformation conditions is influenced by confining pressure, temperature and applied
differential stress. The effect of these parameters was found to be more pronounced for weak
Posidonia than for strong Bowland shale. At high stress and temperature and low confining
pressure deformed shale rock material exhibits in addition to a decelerating (primary) creep phase
also a quasi-steady state (secondary) and eventually an accelerating (tertiary) creep phase prior
to sample failure. Most of the induced primary creep strain is accommodated by deformation of
weak mineral phases and local pore space reduction. At the onset of the accelerating creep phase,
deformation is mainly accommodated by the generation of microcracks, which form a single
macrocrack at failure. Dislocation activity in carbonate and strong minerals is only minor. To
account for the influence of the applied deformation conditions on the primary and secondary creep
phase empirical power law equations were used, which allows extrapolating the laboratory results
to longer durations that are relevant for a production decline in field operations. Fracture closure
due to proppant embedment within a typical time period of about three years between new
stimulation operations was to found to may occur only during the secondary creep phase
presumably induced by local stress concentration (contact area between proppant agents and
fracture surface). The influence of shale composition on the time dependent deformational behavior
is in the same order of magnitude as the effect of applied deformation conditions. The amount of
strong minerals, which may form a load bearing framework at high fraction, strongly influence the
magnitude of creep strain of Posidonia shale from Southern Germany as reported in Chapter 3.
Therefore, the long-term creep properties at low depth of this Posidonia shale may be correlated
with composition-based brittleness index. A negative correlation between primary creep strain and
sample strength and Young’s modulus could be found for Posidonia and Bowland shale as shown

in Chapter 4.

Assuming the indentation of strong proppant agents into the shale matrix as main
mechanism for fracture closure, we suggest a substantially higher fracture closure rate of propped
cracks within Posidonia shale than in Bowland shale. This is due to varying composition, strength,

Young’s modulus and creep properties of the different shale rocks. Semibrittle Posidonia shale,
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which is rich in weak mineral phases such as clay, mica and organic material bents around stronger
proppants whereas in brittle Bowland shale, which contains mainly quartz, an indentation of
proppant agents may not occur due to the low strength contrast between proppants and shale
matrix. On the other hand, for Bowland shale the high contact forces induce crushing of the
proppants, which may result in a decreasing fracture conductivity due to fines generation. The
lower hydrocarbon content of Bowland shale in conjunction with its low maturity may also limit

its prospectivity compared to Posidonia shale.

The results of this study provide first order estimates on the time dependent fracture
closure due to proppant embedment in shale rocks, which may be directly correlated with the
productivity of wells. The correlation between mechanical properties such as the strength or
Young’s modulus and the creep behavior are specifically interesting for industry, since they can be
quickly extracted from recorded stress-strain curves of constant strain rate experiments, which are
performed with minor experimental effort. In addition, the (dynamic) Young’s modulus, may also
easily be derived from ultrasonic logs and, using our experimental results, may be used to estimate
key aspects of shale reservoir rocks. With respect to the generation of fractures by hydraulic
stimulation of the reservoir, the weak Posidonia shale may be more prospective since it exhibits
considerably lower strength than the strong Bowland shale, resulting in a significantly lower fluid

pressure, which is necessary to create fractures in the Posidonia than in the Bowland shale.

Additionally, the results of this study may be adapted to specific geothermal reservoirs,
which are not located in (granitic) hard rocks, as it is currently under investigation within the
European Initiative ‘meet (Multi-sites EGS Demonstration)’. One main objective of this project is
to demonstrate the viability of Enhanced Geothermal Systems (EGS) not only in granitic, but also
sedimentary rocks. To maintain an economical energy production from these reservoirs, open
fractures over long periods are necessary. Using the proposed constitutive equations may help to
discriminate between geothermal reservoirs, which show a huge potential for an efficient and
sustainable energy extraction and reservoirs, which are not suitable. The observations of this study
may also find application with respect to the integrity of clays (or mudstones) for radioactive
waste disposal, as currently investigated within the ‘iCross’ initiative (Integrity of nuclear waste
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repository systems-Cross-scale system understanding and analysis) funded by the BMBF (German
Federal Ministry of Education and Research). To guarantee the secure storage of radioactive waste,
clays (or mudstones) in addition to salt or granitic rocks are regarded as potential host rock since
they typically exhibit low permeability and the ability to retain radionuclides by physico-chemical
adsorption. Potential reservoirs for radioactive waste disposal may be the Opalinus clay
(Switzerland), the Boom Clay (Belgium) or the Callovo-Oxfordian clay (France). The sealing
properties of natural or engineered clay barriers strongly depend on their long-term creep properties
and may be estimated using the proposed constitutive equations. To reduce carbon dioxide (CO,)
emissions from the power or industrial sector, Carbon Capture and Storage (CCS) is considered
as key technology. Suitable geological sites for CCS are in addition to saline aquifers also depleted
oil and gas reservoirs. Thus, the observations of this study may also be adapted to estimate the

usability of wells drilled in unconventional reservoirs for the secure
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In this study we attempted to simulate in situ reservoir deformation conditions such as confining
pressure, temperature and stress. However, the applied conditions may only represent a depth of
z < 4 km and the results of this study are therefore potentially not applicable for reservoirs at
larger depth. This may be due to different deformation mechanisms operating at larger depth, such
as creep based on diffusion rather than dislocation processes. Thus, we suggest to perform
deformation experiments also at higher p., T, o - conditions as applied in this study. In addition,
almost all experiments were performed perpendicular to bedding orientation. Several studies were
conducted to investigate the influence of bedding angle on the mechanical properties of shale rocks
as well as borehole stability (Meier et al. 2015; Sone and Zoback 2013b). They report an enhanced
creep strain for shale samples loaded perpendicular to bedding compared to samples oriented
parallel to bedding. Assuming a horizontal bedding orientation within the target horizon of an
unconventional reservoir, this suggest a lower fracture closure rate of wells drilled in lateral
direction. Therefore, the bedding direction should also be taken into consideration as a parameter
influencing the productivity of a well drilled in unconventional shale reservoirs. For comparison,
all experiments were performed after samples were dried at least for two days at 50 °C temperature.
This clearly will not represent in situ conditions where rocks typically are at least partly saturated
with the reservoir fluid. Since shale rocks are known to be very sensitive to changes in water
content (Chong and Boresi 1990; Rutter and Mecklenburgh 2018; Sone and Zoback 2014),
deformation experiments performed on Posidonia and Bowland shale at defined saturation states
may be performed to unravel the influence of water content on the mechanical properties of these
rocks. Additionally, the composition of the reservoir fluid as well as the frac fluid also has an effect
on these properties due to chemical interactions between the fluid and the reservoir rock (Barbot
et al. 2013; Hakala et al. 2017). Performing deformation experiments on shale rocks under true
triaxial conditions may also be considered to gain more detailed knowledge of the short-and long-

term behavior of these rocks.
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Due to the strong heterogeneity of the investigated shale rocks, the constitutive equations we
formulated describing the influence of applied deformation conditions are empirical and cannot
cover all microphysical processes, which operate during deformation. Nonetheless, the empirical
equations will be applicable to estimate the closure of fractures in shale rocks within the typical
time period of a few years between refrac operations. Extrapolation to longer periods likely yields
large errors and may require the analysis of synthetic shale samples, which allow studying the
effect of varying composition. This will provide additional constraints on shale constitutive

equations

As already stated in the ‘General Introduction’, the presented results of this study represent
a first step in an effort to improve our understanding the time dependent fracture closure in shale
reservoirs due to proppant embedment. Therefore, we will perform permeability measurements on
Bowland and Posidonia shale samples including propped fractures in future studies. Here we will
focus on the influence of boundary conditions (p., T, a), petrophysical properties of the shale rocks,
proppant properties, fluid chemistry, fracture geometry and proppant placement on the
permeability decline of the propped fractures during constant stress deformation. Combining
results of those experiments with the findings of this study and implementing them into numerical

models will help to achieve an efficient and economic drainage of the reservoir.
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