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A B S T R A C T

Mode I fracture mechanics tests of mostly calcareous Vaca Muerta shale rocks were performed in
a new experimental device. A hydraulic system allows the injection of pressurized fluids inside of
cracks to generate applied KI and measure fracture toughness in room pressure and temperature
conditions. Multi-notched 1.5″ plugs were tested with different polar and non-polar fluids (water-
based fluids and organic solvents). Some samples were subject to previous saturation in order to
activate multiple micro crack initiation via various embrittlement mechanisms. The methodology
allows to test a large number of plug samples with low cost and times, and with a comparatively
low uncertatinty and scatter of results with respect to other techniques. Results are discussed in
terms of the two stress terms at the crack tip: Stress Intensity Factor (KI) and T-stress, and ac-
cording to the Extended Maximum Tangencial Strain criterion (EMTSN). The variation of
toughness in dry and saturated samples are discussed in terms of damage mechanisms, as well as
in terms of the stochastic nature of toughness results in these rocks. The convenience of repeating
these tests at reservoir pressure and temperature conditions is recognized.

1. Introduction

Shales are the most abundant of sedimentary rock types, and have become extremely important hydrocarbon resources. Oil and
gas production from shales increased the quality and complexity of data required for evaluation and decision making, in order to
reduce costs of drilling and completion, thus enhancing productivity. Improved understanding of shale reservoirs and extensive use of
available data provide a driving force for new experimental methods and associated data analyses. Among mechanical properties of
shale rocks, their resistance to cracking is of utmost importance.

In fracking wells for hydrocarbon exploitation, rock fracture is induced by pressurized fluid flowing through bores that cross the
well wall into the rock. The bore acts as a sizeable notch from which the fracture propagates. Linear elastic fracture mechanics defines
the fracture toughness KIC as the main material property defining the onset of fracture. Therefore, KIC influences hydraulic fracture
propagation. However, there is some evidence that fracture toughness values obtained in laboratory conditions may not represent in-
situ values. KIC under reservoir conditions may be several times the values usually measured, prompting a need for more realistic test
conditions [1–5].

Experiments in rocks have some technical details that must be considered to avoid erroneous results and/or high uncertainty.
There are techniques and procedures for the initial conditions of rock samples with respect to temperature, humidity, absorbed or
released fluids and process time, fluid distribution, and heterogeneity [6–8]. Another effect of temperature is the volumetric
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expansion of the mineral phases with different expansion coefficients, that would likely induce termal nucleation of micro cracks in
uncertain directions [9,10]. Wetting and drying cycles also affect the mechanical properties of rocks with high clay content [11–13].
Swelling and shrinkage are characteristic in argillaceous rocks in contact with aqueous solutions.

The Vaca Muerta formation presents a high degree of heterogeneity in various properties [14,15]. The thermomechanical history
of rock constituents influences the design of experiments, hampers the selection of a representative volume to define properties and
contributes to experimental uncertainties that are difficult to elliminate. The circumstances in which the outcrops samples are found
are disparate; the degree of weathering in rock surfaces due to atmospheric agents can be highly variable.

Different approaches describe the characteristic non-linearity in cracked rocks and in quasi-brittle materials [16,17]. Smith et al.
[18] and Ayatollahi et al. [19] considered the first non-singular parameter of the William’s series near the crack tip [20]. Considering
Hook’s law, pure mode I opening and = °θ 0 , the mathematical description of strain ε( )θθ in polar coordinates (Fig. 1) is [21]:

= − +ε β K
πr

γT O r
2

( )θθ
I 1/2

(1)

where = −β ν
E

1 , =γ ν
E for plane stress, and = − +β ν ν

E
(1 2 )(1 ) , = +γ ν ν

E
(1 ) for plane strain. For a certain position (r, θ) the stress field is

governed by two parameters: Stress intensity factor (KI) and the first non-singular term T (or T-stress), which depend on sample
geometry and load configuration. Is has been shown that KI and T are also dependent on the confining pressure [5,23–25]. The term
O r( )1/2 represents other terms of the serie expansion.

There is coalescence of micro cracks when a combination of KI and T achieve a critical state, for which the surrounding material is
no longer able to sustain the load, and a micro-mechanical damage area is formed, with considerable energy dissipation [26].

The 'local' approach of Williams equations tries to justify the deviations in stress and strain fields near the crack tip from those
predicted by LEFM. The common factor of these models is the hypothesis concerning FPZ size [17,27]. Chao et al. [28] defines the
dependence of toughness with load and geometry 'constraint effect'. A sample with high constraint has a positive T [29]. Values of KIC

in different samples of the same material depend on each particular T value. DCB (Double Cantilever Beam) and SENT (Single Edge
Notch Tension) samples have high and low values of T, respectively. KIC values calculated as recommended by the ASTM E399
standard are not constant [29].

There are several crack propagation criteria that include the contribution of T-stress or other non-singular parameters. For ex-
ample the minimum strain energy density (SED) [30], the modified maximum tangential stress (MMTS) [31] and the extended
maximum tangencial strain (EMTSN) [21]. They consider the contribution of T-stress or A3 (third non-singular term). These criteria
have been shown to explain the differences betwen the one- and two- parameter approaches to rock fracture toughness. Furthermore,
from statistical models applied to fracture toughness results, it is possible to predict the toughness in others geometric and load

Nomenclature

a Crack length
α Crack length-diameter ratio
α* Critical crack length ratio
B Biaxiality ratio
D Specimen diameter
EMTSN Extended Maximum Tangencial Strain Criterion
εθθ Tangential strain in polar coordinate
FPZ Fracture process zone
F α( ) dimensionless geometric factor

KIC Critical fracture toughness
KIf Apparent fracture toughness
MMTS Modified maximum tangential stress criterion
SED Minimum strain energy density criterion
ν Poisson’s ratio
rc Critical radius or FPZ length
σ0 Material yield strength
σ Nominal stress away from the crack tip
T T-stress parameter
T* Normalized T-stress parameter

Fig. 1. Reference system for crack tip stress field [21,22].
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conditions [32,33].
The extraction and machining of rocks from deposits favors the forming of cylindrical samples. So, several methods have been

especially developed to measure rock fracture parameters: bending of a notched cylinder [34], three or four point bending of a
semicircular disc with a central notch (SCB) [35,36], and the Brazilian disc (CCNBD) [37]. These tests are adaptations of meth-
odologies initially developed to study the tensile behavior of isotropic [38] and anisotropic [39–41] materials. The mechanical
stresses to the cracked sample are transmitted from a bending moment applied to the specimen. It is difficult to transfer tensile forces
to the samples when testing brittle materials.

The main purpose of this article is to present how a novel testing methodology has been applied to toughness measurements of
shale rocks at room pressure, with high reliability and low cost. Toughness values are measured from experiments performed on a
device in which, using a hydraulic loading scheme, an “injection” fluid transmits the load into pre-cracked cylindrical samples. In this
way, the fluid pressure induces stresses on the faces of the notch or initial crack, that causes mode I opening of the crack. At the same
time, contact with active chemicals in the fluid allow assessing interaction between fluid chemistry and crack initiation. Different
fluids have been tested to analyze their influence on toughness of dry and saturated samples.

Unlike all other toughness testing methods up to date, this procedure allows for close contact between the material at the crack tip
and the fracturing fluid during the whole test. Thus, the method can be used to test and understand diffusive phenomena, which may
lead to toughness reductions via Stress Corrosion Cracking (SCC) [42–44]. The procedure has been applied to accurately identify the
effect of different active agents in the fracking fluid upon fracture toughness of carbonatic shale rocks from the Vaca Muerta oil & gas
reservoirs [45].

2. Experimental methods

Rock samples were taken from the outcrops in the 'Sierra de la Vaca Muerta', in South-Central Neuquen basin in Argentina, near
the locality 'Los Catutos', Fig. 2. Rocks were extracted according to their lamination directions. Difraction Ray X results (DRX) show
that rocks have mainly high contents of calcite and quartz (Table 1). Moreover, samples contain percentages lower than 1% of
smectite and feldespar.

Samples were cut with diamond saw in 30 cm side cubic 'blocks'. Then 38 mm (1.5″) diameter, 40–60 mm long plugs were
machined out with a diamond core drill bit (Fig. 3). Each notch was machined in two stages: the first 6 mm with a 1 mm thick saw,
and then with a 0.35 mm diameter diamond wire until final length (between 6 mm and 21 mm). Crack planes were always per-
pendicular to rock lamination (Fig. 3B)

The use of a V-notch or chevron notch is a common method for creating the pre-crack for rock materials. The method has been
shown to aid in maintaining the crack path within a predefined plane, particularly in rocks and other brittle materials [46]. For
mechanically transmitted loads, this is important to reduce errors in the calculation of crack driving forces. However, machining the
notches is difficult, adding machining time and cost to each experimental point. For fluid-driven crack propagation, the accuracy of
crack growth plane is not so relevant, so up to now we have always used a straight notch for crack initiation.

The plugs were dried in oven at 45 ± 2 °C for 24 h to remove water until negligible weight loss and stored in a dryer. Typically,
the plugs lost 1.5 wt% with respect to their 'wet' condition. In subsequent saturation trials, fluid gain was larger than 2.5% with
respect to the previous dry weight. Sample plugs exposed to room humidity and temperature (20−25 °C, 30–50%) took around 1%
wt% moisture.

To ensure comparable results for different conditions, the samples were grouped in blocks, each assigned a serial number as listed
in Table 1. In this way, random errors due to compositional and mineralogical differences within each block were minimized. As an
example, rock set 10 (Table 2) has 46 samples, which form a set with a minimum compositional and mineralogical variability. 13

Fig. 2. (A) Overview of Vaca Muerta outcrop. (B) Detail of sample, note fossil traces.
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rock sets were tested (Table 2). Full data is supplied as supplementary data.
The first six sets of shale rock were not saturated and were only affected by room humidity (sets 1–6, Table 2). These samples are

considered under uncontrolled preparation conditions, subjected to environmental humidity (EH) while stored. Rock sets 8–12 were
saturated and are considered under controlled preparation conditions. Rock set 7 was dried and then partially saturated at room
humidity. The following fluids were selected to analyze the effect of saturation on fracture toughness for rock set 10 (Table 2).

• Fluid 2-API: saline solution with wt 2% potassium chloride. This fluid is widely used in oil and gas production operations, to avoid
clay swelling [13,47].

• Distilled water: to maximize rock deterioration from chemical reaction on Si-O bonds and clay swelling due to presence of
smectite (see Table 1) [48–50]

• Isopropyl alcohol, kerosene: organic compounds expected a priori not to cause chemical reactions. However, Grgic et al. [51] and
Jeong et al. [52] suggest secondary reaction of ethanol with Si]O bonds.

• Non-saturated condition: Dried samples at 45 ± 2 °C, 24 hs.

Table 1
Mineralogic composition.

Mineral Percentage

Calcite 89
Quartz 9
Plagioclase 1
Clay (smectite) + Feldespar <1

Fig. 3. (A) 'Plug' test sample with multipe notches. (B) Relative directions between rock lamintation (black arrow) and notch (blue arrow). (C) Test
sample after three KIf tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Statistical data for all fracture tougness results in our tests.

Rock Set Internal Serial Number Standard Deviation of KIf (MPa·m1/2) Mean KIf (MPa·m1/2) Number of tests Condition

01 S300 0.15 0.63 9 Environmental humidity (EH)
02 S400 0.22 0.75 9 Environmental humidity (EH)
03 S500 0.10 0.59 9 Environmental humidity (EH)
04 S1600A 0.09 0.54 19 Environmental humidity (EH)
05 S1600B 0.09 0.64 11 Environmental humidity (EH)
06 S1600C 0.13 0.85 9 Environmental humidity (EH)
07 S1400 0.08 0.75 13 E.H (Previously dried)
08 S1700 0.04 0.53 7 Dry (D)
09 S2000 0.15 0.82 12 Dry (D)
10 S2200 0.09 0.65 10 Dry (D)
10 S2200 0.10 0.20 9 Destilled Water (DW)
10 S2200 0.10 0.21 11 2API
10 S2200 0.05 0.56 10 Isopropyl alcohol (I)
10 S2200 0.16 0.57 6 Kerosene (K)
11 S2400 0.08 0.54 10 Dry (D)
12 S2400 0.04 0.66 11 Dry (D)
13 SA-TW – 0.13–1.2* 35 Dry (D)

TOTAL 200

* KIf range for notch depth ratios 0.1 < a/D < 0.55.
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For these rock sets, the (a/D) notch ratio was 0.15 < a/D < 0.25. To further study the effect of crack length on fracture
toughness, a group of samples was tested with a larger variation of notch ratios: 0.1 < a/D < 0.55 (rock set 13, Table 2).

The mode I fracture tests were performed in a new experimental device that allows the injection of a fluid inside of the crack tip,
pressured by a hydraulic system (Fig. 4A). The fluid-driven force is transmitted to the crack surfaces through a pressure intensifier
(Fig. 4A). A sample-seal packaging allows the hydraulic isolation inside the pressure chamber (Fig. 4B, C). Pressurization of each
sample is accomplished in a 5 mm long annulus around the plug perimeter as shown in Fig. 4D. This contact area adds up to the initial
notch area for fluid-rock interaction during KI testing.

The fluids used to generate applied KI are the same as those used in the saturation of the sample. The methodology allows to
quantify a large number of samples with low cost and times, and, as we will see, with a comparatively low dispersion of results with
respect to other techniques.

3. Experimental results

3.1. Fracture mechanics assessment

Aliha et al. [21] applied the EMTSN criterion, considering the strain state at the crack tip (Fig. 1) for a mode I crack opening.
When the material reaches a maximum critical strain state, ignoring high order terms, the critical parameters become:

= −ε πr βK γT πr2 2θθ c If c cc (2)

The left term is a material constant. The critical radius rc, is related to FPZ size. The magnitude Tc is the parameter T at the time of
fracture and KIf is the apparent fracture toughness measured during the tests:

=K σ πa F α δ( , , ..)If (3)

⋯F α δ( , , ) is a dimensionless geometric factor, a is crack depth, α is the length ratio a
D
, D is a characteristic dimension, δ is

another dimensionless geometric variable, and σ is the nominal stress away from the crack tip. If KIf is not a material property, then:

Fig. 4. (A) Hydraulic fracture test device: 1A Handle, 2A Pressure intensifier, 3A Fracture fluid inlet valve, 4A Pressure chamber, 5A Manometer. (B,
C) Detail of pressure chamber and plug-seals packaging: 1B closing nut, 2B separator ring, 3B rock specimen, 4B chamber body, 5B hydraulic seals.
(D) Sectional view of specimen under test, red arrows indicate the crack opening. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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= ⋯K K σ α( , , )If If (4)

If we define KIC as the measured toughness for TC = 0, then from Eq. (3):

=K
ε πr

β
2

IC
θθ cc

(5)

Combining these equations:

= ⋯ −K K σ α δ
γ
β

T πr( , , , ) 2IC If c c
(6)

It is known that rc values depend upon the material [53] and sample size [27]. Quasi-brittle materials such as rocks have near-zero
plastic deformation but a relatively large size of the FPZ. Due to microcracking in this FPZ, during the loading process these rocks
present a loss of stiffness and mechanical strength [54]. A new parameter must be taken into account for the characterization of the
non-linearity. Aliha et al. [21] and Ayatollahi et al. [27] propose expressions to calculate rc for rocks. Literature shows values of

=∗T T
σref

, non-dimensional with respect to a reference stress σref [25,55,56] and as a function of sample diemensions. If KIf is cal-

culated as a function of this same reference stress, then from Eqs. (5) and (6), the relation =Kr
K
K

IC
If

is obtained:
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Eq. (7) can be rewritten as eq. (8), with B the biaxiality ratio, and ∗α the critical crack length ratio [21] (plane strain):

= −
−

= =∗ ∗K ν
ν

Bα B T πa
K

α r
a
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1 2

; , 2
r

I

c

(8)

Note that this definition does not allow to compare the values of ∗T for different geometries.
Accord to early analysis, the non-linearity of the fracture mechanics behavior from EMTSN criterion depends on:

• Consideration of plane state of stress or strain.

• The critical radius or size of the fracture process zone. This is a physical intrinsic parameter.

• The variation of T with notch size. This is a geometric parameter.

• The apparent stress intensity factor and its dependence with notch ratio (a/D)

Apparent fracture toughness (KIf ) from our experiments were calculated as per Eq. (4), for =σ P, notch pressure,

⋯ = =( )F α δ F α( , ) ,a
D with D = 1.5″. Using superposition in LEFM [57]:

=K P πa F α( )IC (9)

The F(a/D) coefficient is [57,58]

⎛
⎝

⎞
⎠

= − ⎛
⎝

⎞
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⎝

⎞
⎠

+ ⎛
⎝

⎞
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F a
D

a
D

a
D

a
D

a
D

0.926 1.77 26.421 78.481 87.911
2 3 4

(10)

Fig. 5. Box plots of fracture toughness results of VM shale samples with different preconditioning (Table 2). Whiskers show the maximum and
minimum values for each data set, squares are mean values, and box limits represent± 1SD (standard deviation).
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3.2. Fracture toughness results

Box plots in Fig. 5(A–C) show fracture toughness results of Vaca Muerta shale notched-plug samples subjected to different sa-
turation and fracturing fluids. Note how samples from rock set 10 show a marked decrease in toughness when saturated in both
water-based and organic-based solvents (DW, 2API, K and I inner Fig. 5B) with respect to the ‘dry’ condition (arrow in Fig. 5A).

Fig. 5 shows fracture toughness vs. standard deviation for these tests (crosses), when compared with average toughness and
deviations reported in the literature, for samples of various geometries (BD: Brazilian Disk, CB: Chevron Bending, CCNBD: Cracked
Chevron Notched Brazilian Disk, CNBB: Chevron Notched Bend Beam, SCCBD: Straight Center Cracked Brazilian Disk, SECRBB:
Single Edge Cracked Round Bar Bend, SENB: Single Edge Notched Beam). Table 2 summarizes the global test results, including mean
values and standard deviation of data.

Despite the relatively high scatter for rock sets 01 and 02 (Fig. 6), tested in uncontrolled room humidity conditions (black arrows),
it is worth noting that experimental scatter is notably smaller in most our tests with controlled conditions than those of all other tests
reported [3,32,36,59,60].

Fig. 7(A–C) shows the variation of toughness with (dimensionless) notch depth, for each condition of saturation and preparation.
Twelve sets of data are presented in dry, partially saturated (environmental humidity) and fully saturated conditions. The lines show
tendencies.

Fig. 8A shows the crack length effect in rock set 13 (blue dots); included are also results for all rock sets tested in dry condition
(grey dots, Fig. 8A and B). Fig. 8B shows recent literature [57] test results in high quartz synthetic rock with the same load-geometry
condition, which show a similar trend. This figure also shows the effect of crack tip sharpness (defined by notch radius “r”)

3.3. Estimation of T-stress

An estimation of T-stress parameter was carried out considering the EMTSN criterion, as discussed in section 3. The analysis for
the small diameter, notched plug samples considers plane strain, =∗ ∗T T α( ) ( =∗T Tc

P , P = notch pressure, =α a D/ ), =υ 0.18, and
that KIf depends on a/D. From Eq. (8), Eq. (11) allows to estimate T*-stress and T-stress parameters if KIC, KIf and rc are known:

⎜ ⎟⎛
⎝

⎞
⎠

= ⎛
⎝

− ⎞
⎠

− ⎛
⎝

⎞
⎠

=∗ ∗T a
D

K
K
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ν
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r

F α T a
D

T
P

1 1 2
2

( );IC

If c (11)

Chavez et al. [61] made fracture toughness tests from SCB specimens with the same rock composition. Specimen geometry and
results are shown in Table 3; geometry and load condition are such that T*-stress = 0 [55]. Thus, Table 3 shows true fracture
toughness; mean value is =K 0.58 MPa mIC

0.5, with a standard deviation =σ 0.38 MPa mK
0.5

IC . The relation =Kr
K
K

IC
If

can be cal-

culated from these values and those for rock set 13. Kr is shown in Fig. 8C, as a function of notch ratio a/D.
From Eq. (12), the rc values can be estimated according to LEFM [36], if toughness and tensile strength are known:

⎜ ⎟= ⎛
⎝

⎞
⎠

r
π

K
σ

1
2c

IC

t

2

(12)

Fig. 6. Fracture toughness vs. standard deviation for Vaca Muerta shale samples and others reported in the literature, according to sample geometry
and rock type.
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Measurements of tensile strength σt for this rock composition (calcareous with perpendicular lamination planes) are shown in
Table 4. Considering 6 MPa < σt < 8 MPa, the size of the fracture process zone is −r 1 2 mm.c

The resulting T*-stress and T-stress parameters are shown in Fig. 9(A, B). The relatively large scatter in KIC and rc results affect
these values. Fig. 9C shows the theoretical linear relationship between KIf and T-stress, according to Eq. (6).

Fig. 7. Fracture toughness vs. notch depth. (A–C) From this study, differen t saturation conditions and rock sets.

Fig. 8. (A) Rock set 13 and full rock sets in dry condition, as function of notch ratio a/D, (B) Literature data, same tre nd for a larger a/D range [57]
and (C) Ratio KIC/KIf estimated from rock set 13 and fracture toughness test in SCB specimens, according to Chavez et al. [61]. Also it is show the
same ratio for the others rock sets in dry condition.

Table 3
KIC test results from SCB samples with similar rock composition (calcareous rock from Vaca Muerta formation). Modifed after [61].

Table 4
Tensile strength for calcareous rocks on Vaca Muerta Formation and other shale rocks around the world.

Reference Tensile strength σt [MPa] Rock type

Massaro [62] 6–8 Calcareous rock, Vaca Muerta Formation (outcrop)
Rybacki et al. [63] 2–15 Differents shale rocks around the world
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4. Discussion of results

According to Section 3, the behavior of fracture mechanics test specimens is governed by more than one parameter (EMTSN
criteria) and measuring toughness under the LEFM hypothesis leads to large scatter in the results. This is due to two different aspects:

• Geometrical and mechanical effect of T parameter. If KIf is unchanged by the ratio α, the measured toughness is the true one for
the material when Tc = 0. If Tc greater than 0, toughness is overestimated, if Tc < 0, it is underestimated.

• Effect of intrinsic physical inhomogeneity, inherent to the genetics of the rock. In these circumstances, initiation and coalescence
of micro cracks are of a stochastic nature. It is likely then that there are energy dissipation mechanisms not quantified by LEFM
approaches.

In the next sections how these effects influence on experimental determination of fracture toughness is discussed.

4.1. Effects of geometric and mechanical parameters on fracture toughness

The effect of notch depth ratio was analyzed by Akbardoost [64], who considers the stress field at the crack dominated by two
parameters (KI and A3). He reported fracture toughness data performed on SENB graphite specimens. He used the MMTS criterion to
justify the effect of crack length upon the magnitude A3. He found differences of 1–12% (absolute values) for notch ratios 0.1 < a/
W < 0.7. Our results (Fig. 8A) show that KIf is very sensitive to the crack length ratio a/D. KIf decreased more than 70% from the
maximum values for short cracks (a/D < 0.25) to the lowest ones for long cracks (a/D > 0.45). It can be argued that these results
are very influenced by large T-stress values for deep notches. For 0.15 < a/D < 25, T-stress ~ 0, and so the measured toughness
nears KIC.

On the other hand, the notch used in our experiments (0.4 mm wide, blunt tip) is not very sharp. Fig. 8B shows KIf values for a
cementitious material, measured using the same sample and testing method as ours. Note the sensitivy with notch tip sharpness. The
relative size of FPZ with respect to the notch tip radius could have an influence in our KI measurements. Some authors have shown
that for sufficiently large FPZ, the notch geometry (sharp or rounded) do not have a notable effect on fracture toughness [65]. In our
tests, notch radius is around 0.25 mm, and the estimated FPZ is between 1 and 2 mm (about five times larger). This can be a potential
source of overestimation of rock toughness, that would be less than 20% (see Fig. 8B). A small degree of overestimation of KIC in rocks
is generally conservative, and in most cases, should not affect scatter in test results.

Figs. 6 and 7(A–C) show that scatter in most tests in plugs under controlled conditions is low for notch ratios 0.15 < a/
D < 0.25. The most relevant reason is that the physical properties are relatively homogeneous in representative volumes. i.e., the
inherent defects in the rocks do not cause remarkable differences in their fracture behavior. In addition, for notch ratios 0.15 < a/
D < 0.25, six different rock sets tested in dry condition show similar tendencies regarding KIf and Kr (Fig. 8A, C).

If all dry samples were considered the same material, average toughness would be 0.64 MPa m1/2, with a scatter of 0.12 MPa m1/2

(Table 2). Samples were extracted from different outcrop positions (different quantity and type of defects, and disparate geological
ages), and yet measured toughness has a relatively low scatter. Several authors have shown that scatter is related to stress con-
centration of specimen rigidity. For example, toughness tests on chevron- notched specimens (CCNBD) have been shown to have less
scatter than straight-notched specimens [32,33,66].This is because the chevron type notch favors high stresses concentration in the
notch environment. This could be implemented in future experiments, to further improve scatter.

High specimen stiffness is regarded as an advantage of some geometries. This is true if the crack driving force is mechanically
transmitted from the test rig into the specimen. KIC calculations in this case may require numerical modeling, and the determination
of energy release rate with linear and nonlinear analyses differ in their results for low stiffness configurations [65]. In [67] CNSRB
specimens are shown to yield lower scatter of testing results than the CB specimens. This is related to considerable compressive

Fig. 9. T-stress parameters. (A) Dimensionless T* as function of notch ratio. (B) Absolute T-stress; the lines show tendencies. (C) Apparent fracture
toughness as function of T-stress, according to EMTSN criterion.
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stresses in supports that may affect the accuracy of the fracture toughness measurements. A higher compressive load would consume
energy due to compression-induced micro-damage [67]. A fluid-driven cracking method, as used in this research, allows to get rid of
most of these uncertainties.

4.2. How interaction between defects and fluids affects fracture toughness

Fig. 5(A, B) shows that saturated rocks have lower fracture toughness than those tested in originally dry conditions. The decrease
is dependent upon saturating fluid. Distilled water and saline solution of KCl caused a 70% decrease, the decrease with alcohol and
kerosene was 25%. Different authors have indirectly measured that the size of the FPZ is larger for samples saturated in certain
aqueous solutions [42,68]. At the same time, the importance of FPZ (rc.) is clear. Rock saturation causes mechanical damage within
the rock sample, particulartly around the crack tip. This means that microcrack density increases, making their coalescence more
likely at low loads.

The situation for KIC testing in metallic materials is somehow simpler: damage in the FPZ is mainly due to plasticity, which is, in
turn, related to the material yield strength. In our cases, sensitivity to soaking and cracking fluids showcase the relevance of different
damage mechanisms activated in the FPZ. There are physical and chemical effects (stress corrosion) and interaction between stresses
and structure (pore pressure, capillary tension, clay swelling). Some mechanisms (stress corrosion, clay swelling) cause a localized
damage, resulting in loss of mechanical stiffness. Other mechanisms modify the distribution of mechanical stresses at the crack tip
(capillary tension, pore pressure).

No emphasis is placed in the literature upon the preparation of rock samples. Drying the rocks during preparation has been useful
to remove water content, minimizing the effect of capillary tension. According to Schmitt et al. [69], capillarity effects are evident
only in rocks with partial saturation, and are dependent on porosity level and pore sizes. The effect of stress corrosion is also minimal,
as the amount of aqueous solution in the sample is negligible. Under atmospheric conditions, poral pressure is relatively constant,
before and after the tests.

Drying temperature may have some effect on the rocks. Our samples are mainly composed by calcite and quartz; these minerals
have differing and anisotropic coefficients of thermal expansion. Therefore, a change in temperature (from 20 °C to 45 °C) could
generate stress concentrations and, eventually, thermal nucleation of micro cracks.

It is very complex to ensure that rock samples have equal conditions at the crack tip, even with identical preparation. When load
transfer into the FPZ begins, the inelastic response is different in each sample, as defects alter stress gradients in different manners.
Hence homogeneity in physical properties (porosity, fluid content, chemical/mineralogical composition, presence of defects, grain
size, etc.) is the main factor in the scatter of toughness results. Sample preparation and conditioning allows initial damage in the
samples to be relatively the same. This would enable us to hypothetically isolate the effects of the mechanisms governing toughness in
the presence of fluids.

These previous discussions illustrate that the FPZ contains a certain microcrack density, which controls measured toughness to a
large extent. A key to further reduce scatter and uncertainty in fracture testing of shale rocks is therefore to ensure a similar initial
microcrack density. References in the literatur [42,68,70] point to two basic techniques: ultrasound measurements and micro-to-
mography. Propagation speeds of mechanical waves are modified by matrix stiffness; detection thresholds may be the key in the
applicability of tomography techniques.

4.3. Experimental uncertainties still to be addressed in hydraulic fracture toughness tests

Fluid-driven fracture tests in rocks have certain pecualiarities that must be recognized and understood. For notched samples in
quasi-static conditions, pressure within the notch is homogeneous. So, the mode-1 force line that transmits the load into the notch
faces lie roughly in the middle of it, and it is stationary. However, in real testing conditions the fluid in contact with the notch faces
tends to move through the rock pores, so there may be a temporal and spatial pressure variability. Therefore, the energy amount
introduced by the hydraulic pressurization system is used to both, cause movement of fluid into the pore spaces and cause crack
opening.

Experimentally, it has been seen that while the sample is loaded, the pressure shows a snap drop of 10–25% of its maximum value.
Pressures introduced in the notches were of the order of 15–50 bar, reached in 40–60 s. Fluid losses through the system has been
shown to be negligible in this range of time and pressure. At 20 bar maximum pressure, the hydraulic device loses less than 10%
pressure in 40 min. This is more than an order of magnitude smaller than the observed pressure drops. Therefore, losses due to fluid
leakage from the pressure chamber are not the cause of the observed pressure drops.

Uncertainty in pressure values during the test takes relevance. The design of all toughness experiments through transmission of a
hydraulic pressure should consider rock permeability. It is suggested to try 'waterproofing' techniques in the areas of fluid contact, so
that the fluid-notch contact area is just close to the crack tip.

There is a final major source of uncertainty, which is directly translatable to how welll laboratory tests would eventually be able
to predict the response of down-bore shale formations to hydraulic fracturing. This is the effect of both, temperature and triaxial
compression. The first one can be readily replicated in the lab, since maximun temperatures do not exceed 90 °C. Downhole pressure,
on the other hand, can be as high as 350 Bar for Vaca Muerta shale oil & gas reservoirs. This are orders of magnitude larger thah the
rock yield strength and can arguably grossly modify not only conditions for mechanical constraint and T-stress, but the behaviour of
the FPZ itself. That is, there may be issues not only with accuracy in measured toughness, but also with the similarity concept: at the
microstructural level, the material must behave similarly in lab and real-life conditions. One way to prove how well these tests
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represent the behavoiur of shale formations would be testing notched plugs in triaxial compression. This is done by creating a
differential pressure around the notches in plugs inserted in a pressurized chamber.

A finite element simulation of stress distribution and crack driving force under different hydraulic-driven testing conditions would
aldo be useful to:

• Identify the effect of specimen geometry and loading conditions.

• Consider multi-parameter fracture mechanics models: KI, T-stress and A3.

• Contrast experimentally determined T-stress values.

• Determine which propagation model is the most suitable for the experimental results (MMTS, EMTSN, others).

• Verify the sensitivity of toughness to the notch depth ratio a/D.

• Identify the effect of confinement pressure (constraint) upon all the above issues.

5. Conclusions

Mode I fracture mechanics tests of Vaca Muerta shale rocks were performed in a new experimental device. A hydraulic system
generates an applied KI and measures fracture toughness at room pressure and temperature. Multi-notched 1.5″ plugs were tested
with different polar and non-polar fluids (water-based fluids and organic solvents). Some samples were subject to previous saturation
in order to activate multiple micro crack initiation via various embrittlement mechanisms. The advanteges of the methodology have
been presented:

• testing a large number of plug samples with low cost and times.

• low uncertatinty and scatter of results when compared with conventional, mechanical loading techniques. This has been related to
the relatively homogeneous physical properties in the small volumes tested.

Results were discussed in terms of the two stress terms at the crack tip: Stress Intensity Factor (KI) and T-stress, and according to
the Extended Maximum Tangencial Strain Criterion (EMTSN). Apparent fracture toughness KIf is very sensitive to notch ratio; in-
fluenced by large T-stress values for deep cracks. The variation of toughness in dry and saturated samples were discussed in terms of
damage mechanisms, as well as in terms of the stochastic nature of toughness results in these rocks.

Saturated rocks have been shown to have lower fracture toughness than those tested in originally dry conditions. The decrease is
dependent upon saturating fluid: 70% in distilled water and KCl solution, 25% with alcohol and kerosene. Rock saturation causes
mechanical damage in the Fracture Process Zone (FPZ) around the crack tip. As microcrack density increases, their coalescence at low
loads is more likely. Physical and chemical effects (stress corrosion) and interaction between stresses and structure (poral pressure,
capillary tension, clay swelling) have been discussed. Some mechanisms (stress corrosion, clay swelling) cause a localized damage,
resulting in loss of mechanical stiffness. Other mechanisms modify the distribution of mechanical stresses at the crack tip (capillary
tension, poral pressure).

To further reduce scatter and uncertainty in fracture testing of shale rocks, it is proposed to previously define initial microcrack
density within the FPZ by means of ultrasound measurements and micro-tomography. It is also suggested to 'waterproof' areas of fluid
contact, so that the fluid-notch contact area is just close to the crack tip.

A final major source of uncertainty is how well laboratory tests predict the response of down-bore shale formations to hydraulic
fracturing. The convenience of repeating these tests at reservoir pressure and temperature conditions is recognized. In order to
consider the effect of downhole pressure (as high as 350 Bar for Vaca Muerta) and insure similarity of damage mechanisms at the
microstructural level, notched plugs will be tested in triaxial compression.
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