pressures and temperatures. Fractures may seal more rapidly by creep and compaction in
ductile shales. In addition, shales with a high amount of swell-capable clay minerals like

smectite are more prone for self-healing of fractures in the presence of fluids.

Second, easy initiation and propagation of hydraulically induced fractures within the host rock
and/or along existing bedding planes, veins or healed fractures will considerably increase the
shale prospectivity. Initiation requires preferentially low breakdown pressures that depend on
the tensile strength (or Mode I fracture toughness) and on the elastic and inelastic deformation
properties, which constrain the magnitude of principal stresses. This can be illustrated by
applying the classical elastic Hubert-Willis model for calculating the breakdown pressure Py

of rocks in vertical boreholes (e.g., Jin et al., 2013):

(R -R)=3(c,-R)—(0,-R)+o; or R =30,-0,+0;-R, (16)
where o, and oy are the minimum and maximum horizontal stresses, respectively, o7 is the
tensile strength and Py is the pore pressure. At constant pore pressure, the difference 3o, - on
in Eqn. (16) and therefore Py, is maximum for ductile rocks because their flow strength is low

so that the horizontal stresses tends to be nearly equal. In the limiting case of o, = oy We have

B, ~20, +o0; —PF,. For comparison, assuming oy = 2 oy for brittle shales vyields

B, = 0, + o7 —B,, which is by the magnitude of o, lower than for ductile rocks.

On the other hand, the permeability of ductile shales may be considerably lower than for

brittle shales, which can result in higher (over-hydrostatic) pore pressure. Assuming a
maximum pore pressure of Py = o, for ductile shales yields P, = o, +o;, whereas for
permeable brittle shales with a maximum (hydrostatic) pore pressure of Py = Phygr We obtain
R, = 0, + o7 — B - Therefore, for different pore pressures, the breakdown pressure of ductile

shales can be up to the magnitude of Pnyqr higher than of brittle shales, but hydrocarbon

extraction is likely more efficient in ductile shales if they are over-pressured.
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Following Egn. (16), Py increases with increasing tensile strength. The Griffith energy

criterion for tensile failure of an elliptical crack under plane strain conditions predicts that

oy o« \/[kEy]/[c(l— VZ)] , Where y is the specific surface area, c is the half crack length and k

is a constant (e.g., Paterson and Wong, 2005). Therefore, o1 (and Py) are expected to increase
with increasing E and v, which contradicts the brittleness concept based on Young’s modulus,
for which high E results in high brittleness, i.e., low Py,. Numerical analysis of hydraulic
fracturing operations in gas shale also suggests that a high Young’s modulus and Poisson’s
ratio do not favor fracture propagation, which is more sensitive to the type of injection fluids

and rates, permeability and tensile strength (Kim and Moridis, 2015).

Linear elastic fracture mechanics uses the fracture toughness K. to determine the ability of a
brittle rock to resist fracture propagation from a preexisting crack. The Mode | fracture
toughness K. was found to be linearly related to the tensile strength, e.g., Jin et al., 2014;
Wang et al., 2007. Therefore, high K. suggest high breakdown pressure or poor ‘fracability’.
Accordingly, the fracture toughness was more recently incorporated into the brittleness
concept, indicating low fracability of shales with high fracture toughness values (Jin et al.,
2014, 2015; Guo et al., 2015, cf. Eqns. A34-A36, Tab. A5). This is in line with indentation
hardness-based brittleness concepts, which predict decreasing brittleness with increasing K.
(cf., Egns. A27, A28, Tab. A4). However, at larger depth the magnitude of or is small
compared to the in-situ stresses, so that the influence of tensile strength or fracture toughness
on prospectivity may be ignored. In addition, measurements of fracture toughness at elevated

pressure and temperature are almost missing so far.

It should be noted that Eqn. (16) neglects poroelastic effects and the fluid pressure distribution
within pre-existing fractures. Fracture mechanics approaches indicate that P, increases with

increasing angle between the orientation of the maximum principal stress and the fracture
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orientation and for a non-linear pressure distribution inside fractures (Jin et al., 2013,
Stockhert et al., 2015). If the propagating hydraulic fracture intersects natural fractures, these
may be reactivated, depending on their orientations. Fracture reactivation may be influenced
by adjusting the injection rate (or fluid viscosity) as demonstrated by laboratory hydraulic

fracturing experiments on shales (Cheng et al., 2015).

Using a poro-elastic deformation approach and assuming constant strain (rate) boundary
conditions, Herwanger et al. (2015) suggested that for a layered two-phase medium with
different (elastic) brittleness of each layer the magnitude of the minimum horizontal stresses
within the layers vary with total strain. In their example of a (highly brittle) sandstone layer
situated at about 2.5 km depth in between (less brittle) mudstone, the minimum horizontal
stress at low strain conditions (x0.03%) is slightly lower (= 1 MPa) in sandstone than in the
mudstone and by about the same magnitude higher at slightly higher tectonic strain (0.04%).
For the low strain case, a hydraulic fracture generated in the sandstone will further propagate
within this layer due to the lower minimum horizontal stress compared to the adjacent
mudstone, which supports the expectation that rocks with high (elastic) brittleness represent
preferred formations for hydraulic fracturing stimulation. In contrast, at higher strain the
situation is reversed and the fracture propagates into the mudstone with low brittleness.
Therefore, the authors concluded that the brittleness index is not a good (unique) indicator for
the prospectivety of shales with respect to hydraulic fracturing. However, shales do not
deform in a purely poro-elastic manner, but tends to creep inelastically even at very low stress
and strain magnitudes (Sone and Zoback, 2013b) allowing to relax differential stresses (Sone
and Zoback, 2014). In addition, the constant strain (-rate) assumption used by Herwanger et
al. (2015) yields an upper stress (Voigt) bound in the considered two-phase system, but the
mechanical behavior of shales seems to be more close to the lower constant stress (Reuss)

bound (Rybacki et al., 2015).
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The third aspect that affects the prospectivity of shale plays over time is healing of (propped)
fractures, which strongly reduces the gas inflow. Rocks with low brittleness are expected to
have a low self-propping potential and exhibit easy mechanical indentation of added
proppants by the acting tectonic stresses. However, the associated healing behavior is
constrained by the long-term creep behavior of shales, which may be different from the short-
term brittleness. Small strain deformation tests (< 0.1%) on North American shales at normal
temperature and pressure up to 60 MPa indicated that the creep strain after 3 h increased
linearly with applied differential stress and that the corresponding slopes correlated inversely
with the measured Young’s moduli (Sone and Zoback, 2013b). This suggests that the creep
behavior may be estimated from the Young’s modulus, at least under the tested conditions,
and that shales with high (elastic) brittleness will exhibit less fracture healing. It should be
noted that the creep measurements performed by Sone and Zoback (2013b) indicate Newton
viscous deformation behavior of shales independent of the applied confining pressure.
However, for longer creep durations at higher stress/strain and elevated temperature the creep
rate and strength are expected to be non-linearly correlated, depending on the activated creep
mechanisms (e.g., dislocation glide and creep, diffusive mass transfer, dissolution
precipitation processes). So far, relevant creep data a scarce. Long-term creep experiments at
elevated pressure and temperature are required to constrain the fracture healing behavior and

to verify if the healing behavior can be assessed from conventional brittleness indices.

7. Conclusions

Experimental deformation of black shales with different composition and porosity at ambient
and elevated pressures and temperatures reveals a transition from brittle to semibrittle

deformation behavior at high confining pressure and temperature. In comparison, a variation
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of strain rate over several orders of magnitude has a small effect on the deformation behavior,

whereas it is significantly affected by a change of water content or bedding orientation.

For given rock bulk composition and deformation conditions, the magnitude of brittleness B
strongly depends on the used index definition. Pre-failure stress and strain-based indices
should be preferred for determination of brittleness, whereas B values determined from
ambient compressive and tensile strength gave no reliable results. In particular, indices
defined by energy consumption and hardening behavior best represent changes in mechanical

behavior.

B values vary substantially with applied pressure and to lesser extent also with temperature,
loading rate and water content.. Composition-based brittleness indices generally show similar
trends as those derived from stress-strain behavior, in particular if porosity is included, but do
not account for varying deformation conditions. Brittleness cannot be estimated from the
fraction of individual phases, e.g. clays, alone, but depend on the proportion of all
components. Indices treating carbonates as a strong phase predict too high brittleness for

carbonate-rich rocks.

For pre-failure based definitions, we estimated upper threshold values for predominantly
ductile deformation at undrained conditions (e.9., Bprework < 0.2). However, at low pressures
and temperatures, roughly corresponding to < 4 km depth, , where deformation is mainly
brittle or semibrittle, brittleness calculated from stress-strain behavior correlates with
brittleness determined from composition (Eqn. 13) and from the static Young’s modulus
(Egn. 15). This allows estimates of brittleness in shallow environments from core (for

Bporocomp = 0.15-0.20) and sonic logs (for E = 7-13 GPa, or Byeung = 0.08-0.16), respectively.

Using the concept of brittleness in shallow environments can help to judge upon the

prospectivity of shale reservoirs. Rocks with higher brittleness may form and preserve natural
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fractures (if not too strong), facilitate hydraulic fracturing simulations by low breakdown
pressures due to high anisotropy of the in-situ stress field and probably low fracture healing
rates. On the other hand, pores within high brittleness shales may be less over-pressured,
hydraulic fractures may propagate in more ductile shales, and at low depth, where the
influence of tensile strength on the breakdown pressure cannot be ignored, brittle rocks with
typically high Young’s modulus and fracture toughness may have a higher breakdown

pressure than ductile rocks, suggesting poor fracability.

Appedix A: Brittleness Index Definitions

Depending on discipline, e.g., hard rock mechanics, soil mechanics, petroleum science or
mining science, a variety of brittleness index definitions was suggested in the past years (e.g.,
Hucka and Das, 1974; Andreev, 1995; Holt et al., 2011; Yarali and Kahraman, 2011; Yang et
al., 2013; Meng et al., 2015 and references therein). In the following, we briefly summarize
the suggested definitions without claiming completeness. These are categorized here into
brittleness index terms based on a) composition, b) stress-strain properties in the pre- and
post-failure regime, c¢) elastic parameters, d) indentation behavior, and e) miscellaneous

definitions.

A.1 Composition-based indices

Mineralogy-based approaches (Eqns. A1-A2) regard solely the rock composition, which can
be determined from cuttings and cores. Quartz and some other minerals are considered to be
very strong and brittle, whereas clays and organic components are treated as weak and ductile.
The corresponding definitions are given in Tab. Al. The definitions are normalized, yielding

a brittleness of B = 1 for brittle and B = 0 for ductile rocks.
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A.2 Indices based on deformation behavior

A large number of brittleness index definitions were proposed that are based on the
mechanical deformation behavior of rocks in (tri-) axial deformation experiments in terms of
stress, strain, energy, or hardening/weakening ratios (Tab. A2). Their determination requires
intact rock cores, which should be preserved without major alteration in terms of humidity
and unloading cracks. One of the earliest definitions was suggested by Heard (1960), who,
based on deformation experiments on limestone, arbitrarily defined brittle behavior as the
point at which less than 3% strain can be induced without loss in cohesion and ductile
behavior if a rock can be deformed for more than 5% strain, with a transitional (semibrittle)

regime in between.

Here, the various proposed indices are subdivided into those related to a) (pre-) failure
behavior (Egns. A3-A10) and those related to b) post failure behavior (Eqns. A11-Al6).
Many definitions rely on the stress or strain at final rock failure, which can be easily
determined in the brittle regime. In the semibrittle and plastic regime, where often no clear
failure point can be determined, the peak stress-strain conditions may be used instead. Some
of these definitions can be formulated in two different ways, non-normalized or normalized to
arange of 0 - 1. For post failure-based definitions, the residual strength, strain and post-failure
weakening behavior was used to quantify brittleness, which requires a stiff deformation
apparatus for accurate measurements. In particular, advanced controlling techniques are
required (e.g., via acoustic emission rate in fast-reacting servo-controlled machines) to be able
to measure the so-called intrinsic brittleness of ‘superbrittle’ Class II rocks, which show a
positive weakening modulus after failure. Using standard deformation apparatuses, the stored

energy in the loading system usually yields Class | deformation (negative weakening slope M,
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cf., Fig. 2). With two exceptions (Eqns. A9-A10), the brittleness indices based on deformation

behavior can be determined at any pressure-temperature conditions.

A.3 Indices based on elastic parameters

Relying on the experience of prospective shales, brittleness indices determined from elastic
parameters were proposed in petroleum science (Egns. A17-A21, Tab. 3). They can be
estimated from conventional borehole logging. Most often quoted is the brittleness definition
related to Young’s modulus and Poisson’s ratio (Eqn. Al7), which are believed to describe
the ability of a rock to maintain a fracture once its fractures and the ability to fail under stress,
respectively (Rickman et al., 2008). Britt and Schoeffler (2009) instead suggested that the
characteristics of prospective shales are given by a static Young’s modulus higher than 3.5

Mpsi (=24 GPa).

A.4 Indices based on indentation testing

Several definitions based on indentation tests at ambient conditions were proposed in mining,
drilling, and ceramic science (Eqns. A22-A28, Tab. 4). Unfortunately, most of them are not

calibrated, at least for rocks.

A.5 Other definitions

Several other brittleness index definitions were proposed, based on core disking, energy
consumption during rock crushing, the overconsolidation ratio of mudrocks, and combined

formulations (Egns. A29-A36, Tab. 5). In soil mechanics, the overconsolidation ratio OCR =
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omaxtloact 1S defined as the ratio of the maximum effective stress omax that a rock was
subjected to in history to the current effective stress o, Considering tectonic regimes of
normal faulting, OCR is a proxy of tectonic uplift. Overconsolidated (OC) rocks are those

with OCR > 1 and for normally consolidated (NC) rocks OCR = 1.

Most recently, combinations of different brittleness indices or the combination of normalized
brittleness with fracture toughness values were proposed as index definitions, trying to
account for the hydraulic fracturing process during shale reservoir stimulation. The latter are
explicitly termed ‘fracability’. Other more advanced definitions based on linear elastic
fracture mechanics are given by Bazant and Kazemi (1990) and Carpinteri (1991), which are

quite complex and not listed here.
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Figure Captions

Figure 1: Ternary diagram of shale composition (in vol%). Mechanically strong phases are
quartz (Qtz), feldspar (Fsp) and pyrite (Py), Cb is carbonate (intermediate strong), and weak

components are clay (Cly) and kerogen (TOC). @ is porosity.

Figure 2: Typical stress-strain curve of a viscoelastic rock (grey curve), approximated by
linear elastic deformation with subsequent hardening until failure and post-failure stress
decrease to the residual frictional strength (black solid lines). E is Young’s modulus, H is
hardening, M is descendant modulus. &ini, €el, €inel, €max, &fail, Eres are the strain for onset of
dilatancy, elastic strain, inelastic strain, strain at peak stress, failure strain, and residual strain,
respectively. oe, omax, tail, ores are the corresponding differential stress values. Note that the
failure strain may be larger than the strain at peak stress and that for semibrittle materials the
residual stress and strain may be estimated from the intersection of M and the linearized slope

of the final sliding section of the stress-strain curve.

Figure 3: Stress-strain curves of black shales deformed at different pressures (a), temperatures
(b), strain rates (c), and water content and orientation (d). Deformation conditions and

composition are indicated. DOT is Dotternhausen Posidonia shale, WIC is Wickensen
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Posidonia shale and ALM is Alum shale. T and Il indicate loading normal and parallel to

bedding, respectively.

Figure 4: Stress-strain curves of shales deformed at uniaxial conditions of T = 20°C and P =
0.1 MPa (a) and triaxial conditions of P = 50, 100 MPa and T = 20° (b), 100°C (c) and 200°C
(d). HAR is Harderode (Posidonia) shale, HAD is Hadessen (Posidonia) shale and BAR is
Barnett shale. The stress-strain curves of reference samples composed of the main
constituents of shale and deformed at P = 50, T = 100°C are shown in (e). GRA is granite,
NOV is novaculite, GAB is gabbro, FST and BST are sandstones, LIM is limestone, MAR is

marble, and COA is black coal. Deformation conditions and composition are indicated. T and

Il indicate loading normal and parallel to bedding, respectively. Note different scales.

Figure 5: Comparison of brittleness indices based on pre- (Eqns. 8-10) and post-failure
deformation behavior (Eqns. 11-12) and Young’s modulus (Egn. 5), determined for WIC (a)
and HAR (b) shales. Deformation conditions are indicated. B and D denote brittle and ductile

behavior, respectively.

Figure 6: Influence of pressure (a), temperature (b), strain rate (c) and water content (d) on
brittleness of shales using selected definitions based on pre- and post-failure behavior and
Young’s modulus. Deformation conditions are indicated. DOT and WIC samples are

deformed normal to bedding and ALM samples parallel to bedding.

Figure 7: Brittleness index values of shales and reference samples calculated (a) from
mechanical behavior and Young’s modulus (Eqns. 9, 11, 5), (b) coefficient of internal friction
(Egn. 7), (c) tensile and uniaxial compressive strength (Egn. 6), and (d) composition (Egns. 1-
4). T and Il indicate loading normal and parallel to bedding, respectively. Deformation
conditions are indicated. ALM = Alum shale, BAR = Barnett shale, Posidonia shales = DOT
= Dotternhausen, WIC = Wickensen, HAR = Harderode, and HAD = Haddessen = HAD,
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NOV = Arkansas novaculite, GAB = Westerly granite, FST = Flechtingen sandstone, BST =

Bentheim sandstone, LIM = Solnhofen limestone, MAR = Carrara marble, COA = black coal.

Figure 8: Brittleness index Byrework Of Posidonia shales (unlabeled symbols) and Alum (ALM)
and Barnett (BAR) shales versus porosity (a), fraction of weak components (b), carbonates
(c), strong minerals (d), and Bporocomp (€). Deformation conditions are indicated. Broken lines
in (e) show linear fits for individual P-T conditions (see inset). Dotted line is a linear fit (Eqn.
13) to all data of samples showing pronounced post-failure weakening, i.e., above the

horizontal dotted line of Byrework = 0.2.

Figure 9: Brittleness indices Bporocomp (@) and Bprework (b) versus Young’s modulus E.
Unlabeled symbols represent Posidonia shales, ALM is Alum shale, BAR is Barnett shale.
Linear fits (broken lines) for given P-T conditions at given in insets. Dotted lines show

empirical power-law fits for all data (a, cf., Eqn. 14) and for Bprework >0.2 (b, cf., Egn. 15).
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Table 1: Composition of selected samples used in axial compression experiments

Sample |[VRr| & |TOC | Cly | Cb | Qtz Py | Fsp Px
% | vol% | vol% | vol% | vol% | vol% | vol% | vol% | vol%
ALM 3.6 1.3 | 165 | 51.0 | 0.7 | 246 | 3.7 2.1 0
BAR 11| 06 | 138 | 521 | 52 | 215 | 0.7 6.2 0
DOT 06 | 11 | 149 | 18.0 | 416 | 127 | 1.8 0 0
WIC 06 | 65 | 170 | 256 | 339 | 13.2 | 2.2 1.6 0
HAR 09| 0.7 | 105|284 | 396|163 | 24 | 21 0
HAD 1.3 | 83 | 108 | 326 | 275 | 138 | 25 | 45 0
NOV <1 0 0 0.0 | 100 0 0 0
FST 9.2 0 9.4 3.9 | 644 0 13.1 0
BST 23.9 0 1.6 0 73 0 1.5 0
LIM <1 0 0 100 0 0 0.0 0
MAR <1 0 0 100 0 0 0.0 0
COA <1 100 0 0 0 0 0.0 0
GRA <1 0 5.3 0 27.8 0 66.9 0
GAB <1 0 0 0 0 5.8 | 67.5 | 26.6




Table 2: Brittleness index values

brittleness ALM | BAR | DOT | WIC | HAR | HAD | GRA | NOV | FST | BST | LIM | MAR | COA
B compot 032 | 041 | 018 | 0.18 |0.19 (0.5 |0.84 |1.00 | 0.83|0.98 | 0.00 | 0.00

B compo2 0.27 | 036 | 015 |0.15 |0.17 |0.13 |0.84 |1.00 | 0.83|0.98 | 0.00 | 0.00 0.00
B compo3 0.27 | 044 | 062 | 052 |059 (054 |0.84 |1.00 |0.88|0.98 | 1.00 | 1.00 0.00
B compo4 0.26 | 047 | 061 |052 |058 [054 |095 |1.00 |0.90|0.98 |1.00 | 1.00 0.00
B porocomp (web = 0.5) 031 | 041 | 018 | 0.20 |0.26 |[0.19 | 094 |0.99 |0.79|0.75 | 0.00 | 0.00 0.00
B porocompo (wOFP = weh = 0.5) 0.18 | 0.26 | 010 |0.11 |0.15 |0.10 |0.88 | 0.98 | 0.65 | 0.60 | 0.00 | 0.00 0.00
Biensile 0.81 | 082 | 086 | 087 |090 |092 |088|0.91|0.91]|0.87 0.82
Biensile™ 071 1084 | 093 |0.76 | 080 |[0.88 |0.90 |0.92 |0.88|0.91 | 0.91 | 0.87 0.82
Bmonr 20°C 0.51 0.18 | 032 | 0.21 | 0.21 | 0.72 0.71 | 0.47 | 0.53 0.29
Bmonr 100°C 0.17 | 0.14 | 0.08

Bmonr 200°C 0.12 | 0.20 | 0.12

Bmon™ 20°C 0.41 | 0.73 0.72 0.71 | 0.47 | 0.53 0.29
Bprework 0.1MPa, 20°C 0.89 | 086 |0.73 |0.88 | 099 |0.76

Borework 50MPa, 20°C 0.25 | 0.29 | 0.36 | 0.28

Bprework 100MPa, 20°C 0.22 | 0.25 | 0.43 | 0.22

Bprework D50MPa, 100°C 039 | 055 | 028 |0.22 |034 (024 |0.65 |0.61 |0.39|0.40 | 0.30 | 0.08 0.21
Bporework 100MPa, 100°C 0.19 | 0.15 | 0.24

Bporework 50MPa, 200°C 0.23 | 0.20 | 0.30

Bporework 100MPa, 200°C 0.16 | 0.17 | 0.16

Boprestrain 0.1MPa, 20°C 099 | 099 | 082 |0.83 |091 |0.84

Bprestrain 90MPa, 20°C 0.38 | 042 | 0.50 | 041

Bprestrain 100MPa, 20°C 0.34 | 0.38 | 0.57 | 0.34

Boprestrain 9°0MPa, 100°C 053 | 067 | 041 | 034 |048 |0.37 |0.76 | 1.00 | 0.54 | 0.56 | 0.44 | 0.06 0.32
Bprestrain 100MPa, 100°C 0.31 | 0.24 | 0.37

Bprestrain 90MPa, 200°C 0.36 | 0.31 | 0.43

Bprestrain 100MPa, 200°C 0.25 | 0.28 | 0.26

Boprenargen 0.1MPa, 20°C 091 | 092 | 052 | 055|085 |0.84

Borerarden 50MPa, 20°C 0.13 | 0.16 | 0.22 | 0.16

Borerarden 100MPa, 20°C 0.12 | 0.13 | 0.18 | 0.12

Bprerarden 50MPa, 100°C 0.26 | 041 | 014 [0.13 | 020 (0.14 |0.38 [1.00 |0.23|0.29 | 0.12 | 0.02 0.13
Bprerarsen 100MPa, 100°C 0.10 | 0.08 | 0.13

Bprerareen 50MPa, 200°C 0.12 | 0.11 | 0.17

Bprerarsen 100MPa, 200°C 0.09 | 0.09 | 0.08

Byesstress 0.1MPa, 20°C 0.08 | 0.20 | 0.08 |0.12 | 0.79 | 0.03

BresStress SOMPa, 20°C 0.43 0.35 0.34 0.22

Biesstress 100MPa, 20°C 0.19 | 0.09 | 0.20 | 0.23

Besstress 20MPa, 100°C 0.17 | 046 |046 | 030 |0.28 |0.24 |0.42 |065 |0.15|0.21|0.26 | 0.15 0.08
Biesstress 100MPa, 100°C 0.14 | 0.08 | 0.14

Bresstress 50MPa, 200°C 0.42 | 0.27 | 0.24

Biesstress 100MPa, 200°C 0.11 | 0.08 | 0.11

Byesstrain 0.1MPa, 20°C 097 (096 |0.99 |1.00 |0.98 |0.98

BresStrain 50MP3~: 20°C 0.32 0.47 0.68 0.70

Biesstrain 100MPa, 20°C 0.36 | 0.53 | 0.55 | 0.30

Besstrain 520MPa, 100°C 069 | 057 |035 |058 |0.73 |059 |0.85 |071 |0.73|0.63|0.21 |0.50 0.52
Byesstrain 100MPa, 100°C 0.41 | 052 | 0.58

BresStrain 50MP3~: 200°C 0.48 0.44 0.69

Besstrain 100MPa, 200°C 0.52 | 0.55 | 0.37

Bvoung 0.1MPa, 20°C 0.13 | 0.14 | 011 |0.13 |0.18 | 0.18

Bvoung 50MPa, 20°C 0.12 | 0.10 | 0.23 | 0.16

Bvoung 100MPa, 20°C 0.10 | 0.12 | 0.14 | 0.13

Bvoung 50MPa, 100°C 0.20 | 056 |0.10 |0.10 |0.17 |0.14 |0.78 |0.70 | 0.41|0.39 |0.61 | 0.77 0.09
Bvoung 100MPa, 100°C 0.10 | 0.08 | 0.15

Bvoung 50MPa, 200°C 0.07 | 0.05 | 0.14

Bvoung 100MPa, 200°C 0.07 | 0.06 | 0.15

Indices were determined normal to bedding, except those denoted with * (= parallel bedding). Values given
in italic notation indicate samples that deformed ductile without post-failure weakening.



Table 3: Brittleness index values vs deformation conditions

DOT, 20°C, 5x10%s™

pressure, MPa | 0.1 50 75 100 |[150 |200 | 300 | 400
Boreworc T 073 [025 026 [022 [017 |0.17]0.16]0.19
Borestrain] 082 [038 [039 [034 [028 |027]026]0.29
Boretarden T 052 [013 [013 [012 [009 |0.10]0.10]0.11
Bresstress T 008 [043 [030 [019 [0.09 |0.03]0.00]0.00
BresstrainT 099 [032 [031 [036 [049 |[0.63]0.90]1.00
ByoungT 011 [012 [010 [010 [012 |0.11]0.10]0.09
DOT, 50 MPa, 5x10™%s*
temperature, °C | 20 50 75 100 150 200 | 200 | 300 | 400
Borework T 025 [027 [027 |028 [024 |026]023]|024]0.71
Borestrain] 038 [041 [040 [041 [037 |0.39]0.36|0.360.80
Boretarden T 013 [016 [016 |014 [013 |0.12]0.12]0.12]|052
Bresstress T 043 [044 [042 |046 [040 |034]042]040]0.32
BresstrainT 032 [038 [038 [035 [044 |046]048|0.61]0.96
ByoungT 012 [013 [014 |010 [0.10 |0.06|0.07]0.06]0.01
WIC, 50 MPa, 100°C

strainrate, s | 5x10° | 5x10° | 5x10° | 5x10* | 5x10°
Borework T 015 [0.16 |[0.18 [0.18 [0.30
Borestrain] 025 027 [028 [029 |0.46
Boretarden T 009 [009 [011 [0.10 |o0.10
Bresstress T 033 [031 [011 [012 [0.12
BresstrainT 066 |0.63 |061 [062 |052
ByoungT 009 [007 [009 |[009 |[0.09

ALM, 50 MPa, 100°C, 5x10s™
H,0, wt% ol 361 [381 [36T
Borewor T, Il 039 [0.37 [048 |0.39
Borestrain T, I 051 |[050 |062 |053
Boretarden T, I 030 [023 [029 |0.26
Bressress T, |1 021 [022 [017 |o017
Bresstain T, |1 069 [075 [052 |0.69
ByoungT, Il 042 [032 [031 [020

T and 1l denote loading normal and parallel to bedding, respectively.




Table A5: Brittleness index definitions based on miscellaneous properties

Equation Remarks
h brittle: B < 1/3,
Bise = d (A29) | core disking with: h = core disk thickness,

(Andreev, 1995) d = core diameter
Berush = Wt (A30) | brittle: high B,

(Andreev, 1995) | W = work consumed for crushing a rock

o, brittle: B > 2,
Bocne = N (A31) ocne = UCS of a normally consolidated
< . rock in non-overpressured areas,

(Ingram and Ural, 1399) oc-ve~ 0.50¢, With oet = effective in-situ
stress corresponding to normal
consolidation at the depth of interest

Bocr = OCR” (A32) | brittle: OCR > 2.5,
(Nygard et al, 2006) OCR = omaxnloact = Overconsolidation ratio,
o . ~8.6-0%% = max. effective stress
that a rock was subjected to in history,
oact = CuUrrent effective stress,
b = 0.89,
Bejastic + Beompo brittle: B high,
B = (A33) | “total’ brittleness
(Guo et al., 2015)
B, + X, best fracable: F = 1, worst fracable: F =0,
From = 2 (A34) | = fracability,

(Jin et al., 2014) | Kic = Mode I (tensile) fracture toughness,
with: G, = K2 /E = critical energy release rate,
1) X=Gq, B = brittleness
2) X =K,
3)X=E or:
using normalized parameters (index n): F. . =WB +(1-wW)X,

B = 2 B with w = weight fraction  (Jin et al., 2015)
" Bmax - Bmin
_ xmax -X
" xmax - Xmin
_ 2B A3 F = fracability,
totalke KK, (A35) Kiic = Mode Il (shear) fracture toughness
(Yuan et al., 2013, cited in Guo et al., 2015)
B F = fracability,
totallF — Sin((tpt) K, (A36) ¢ = angle of internal friction,

(Guo et al., 2015)




