Journal Pre-proof

Geoenergy

Fracture toughness tests of shale outcrops: Effects of confining pressure

Fabian J. Antinao Fuentealba, Gonzalo Blanco, Leandro N. Bianchi, José L. Otegui,
Gustavo L. Bianchi

PIl: S2949-8910(23)01041-2
DOI: https://doi.org/10.1016/j.geoen.2023.212454
Reference: GEOEN 212454

To appearin:  Geoenergy Science and Engineering

Received Date: 1 May 2023
Revised Date: 10 October 2023
Accepted Date: 30 October 2023

Please cite this article as: Antinao Fuentealba, Fabia.J., Blanco, G., Bianchi, L.N., Otegui, José.L.,
Bianchi, G.L., Fracture toughness tests of shale outcrops: Effects of confining pressure, Geoenergy
Science and Engineering (2023), doi: https://doi.org/10.1016/j.geoen.2023.212454.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.geoen.2023.212454
https://doi.org/10.1016/j.geoen.2023.212454

Fracture toughness tests of shale outcrops: effects of confining pressure

Fabian J. Antinao Fuentealba*®d, Gonzalo Blanco?, Leandro N. Bianchi¢, José L. Otegui®,
Gustavo L. Bianchia®

alnnovation for Energy and Environment, Malvinas Institute. Faculty of Engineering, National
University of La Plata, Argentina.
b National Scientific and Technical Research Council (CONICET), Argentina.
¢ Solaer Ingenieria S.A, La Plata, Argentina.
Tections South S.A¢

*corresponding author: fabian.antinao@ing.unlp.edu.ar

Abstract

Brittle rock fracture is a core concept in oil and gas and other rock mechanics projects.
However, the understanding of fracture behavior under mechanical well-bottom conditions
remains insufficient. This article aims to analyze experimental results for the critical stress
intensity factor (Kic) of outcrops from Vaca Muerta carbonate-rich shale rocks, tested under a
range of crack depths and confining pressures (0 to 70 MPa). Fracture toughness (Kic) is
determined in multi-notched 1.5” plugs using a novel experimental set up, in which the crack-
driving-force K; and the confinement pressure are both applied by hydraulic systems. Finite
fracture-mechanics-based models are used to calculate K. Our experimental results show that
tests carried out at well-bottom pressures lead to apparent rock toughness doubling those for
tests at atmospheric pressure.

Stress analysis demonstrates that the size of the tensile stressed zone ahead of the crack tip
tends to decrease as confining pressure increases. Additionally, compressive deviatoric
stresses are developed ahead of the tensile zone, with their magnitude being dependent on
the level of confinement. Moreover, triaxial stress states induced by confinement could lead to
microcracking ahead of the crack tip. The mechanisms of crack closure and deviatoric stress-
induced microcrack initiation are combined to assess a plausible mechanism for rock
toughness enhancement under confined conditions. It is concluded that increasing triaxial
pressure confinement allows to accurately model the mechanical response of shale rocks
under reservoir conditions.
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Nomenclature, list of acronyms and units

a Crack length (mm)
D Diameter (mm)
a/D Crack ratio (dimensionless)
FE Finite element
HF Hydraulic fracture
SRV Stimulated Reservoir Volume
LEFM Linear Elastic Fracture Mechanics
SIF Stress Intensity Factor
Kic Mode | Fracture toughness (MPa.m?)
Ki Applied stress intensity factor (MPa.m??)
FPZ Fracture process zone
RBSN Round bar Straight notch specimen
Pi Inner pressure (MPa)
Pc Confining or outer pressure (MPa)
AP. Pressure differential at the break event (MPa)
Fp Dimensionless-SIF or geometry factor
o Nominal stress away from the crack tip (MPa)
uc, MC Unconfined, middle and high confinement conditions
and HC
S""S’ Sy Principal stresses (MPa)
22
Ccz Cohesive zone
7y, Distance from the crack tip along Y’ coordinate (mm)

1. INTRODUCTION

The fluid-driven hydraulic fracture (HF) is a technique to improve hydrocarbon production from
low permeability reservoirs. Its development and optimization date back to the 1940s, and it
has been increasingly implemented in unconventional oil and gas reservoirs over the last three
decades (Smith and Montgomery, 2015). The primary aim of HF is to increase the Stimulated
Reservoir Volume (SRV) by creating tensile fractures through high-pressure fluid injection in a
coupled hydro-mechanical process (Heng et al., 2021; Zhong et al., 2018).

At field scale, there are many geotechnical and geomechanical processes where the critical
fracture parameters are governed by tensile strength. Considering that this mechanical
property is lower than compression strength, areas under tensile stresses are particularly
prone to initiating tensile failure (Xu et al., 2018). Particularly, the HF process is mainly driven
by tensile strength; thus, it is an important aspect of the resistance to failure of a rock (Perras
and Diederichs, 2014).

A well-known approach for analyzing fracture processes is Linear Elastic Fracture Mechanics
(LEFM). It is based on the concept of the crack-tip Stress Intensity Factor (SIF or K)), usually
measured in Mode | (tensile crack opening). In laboratory experiments, LEFM allows for the
determination of the fracture toughness K¢, which is the maximum value of applied K, and a
material property of the tested rock. Toughness is a basic concept in fracture mechanics that
provides a physical framework for understanding many processes associated with rock
fractures. It measures rock resistance to brittle propagation and failure, and it is related to the
energy absorbed by the rock during those stages (Gudmundsson, 2011). In the field of rock



mechanics, particular attention has been given to studying Mode | fractures, where the stress
that triggers propagation is perpendicular to the initial crack surface. This focus is primarily due
to the tensile strength of rock materials, which is typically lower than their compressive strength
(Jaeger, 2007).

Both conventional and unconventional underground energy sources have required the use of
the LEFM approach to model and predict, or at least, estimate the behavior of fracture
processes (Jin et al., 2014; Razavi et al., 2017). For instance, in-situ stress measurement
(Amadei and Stephansson, 1997; Mohamadi et al., 2021), breakdown pressure prediction
(Chen et al., 2022; Lu et al., 2022; Sapora et al., 2023; Q. Zhang et al., 2020), breakout failure
estimation (Dresen et al., 2010; Lin et al., 2020), fracture gradient analysis (Gao et al., 2020;
Mirabbasi et al., 2020), and hydraulic fracture propagation analysis (Lecampion et al., 2018;
Wang, 2015) have been studied through LEFM approach.

While experimental and numerical techniques have been proposed to model these stages,
progress has been hindered by several challenges, such as the lack of knowledge about real
rock mechanical properties, stress states and scale dependency (Fan et al., 2019), and
uncertainties related to non-linear rock behavior (Dutler et al., 2018). Therefore, it is of
paramount importance to comprehensively understand the mechanisms that govern
toughness under actual well-bottom conditions, especially considering the influence of
confining pressure.

1.1 Experimental fracture toughness determination

Core specimens are frequently used to study fracture toughness in quasi-brittle materials
under atmospheric pressure conditions, and international standards recommend the use of
only four specimens for fracture testing (Dai et al., 2015). Although confined tests are not
standardized, different specimen geometries have been employed for Mode | testing, as
summarized in Table 1. The applied K, is regularly transferred through mechanical contact,
while the confining stress is transmitted by an external fluid. In contrast, the notched thick-
walled cylinder is one of the few techniques that applies a fluid pressure as driving-force.
Confined test methods comprise typically the use of jacketed surface notches to elude the
modification of stress distribution or chemo-physical damage near the crack tip.

Regarding the rock material, most of the experimental measurements documented in Table 1
and illustrated in Fig. 1 utilized outcrop specimens. This preference is common due to its cost-
effectiveness and the availability of samples for analysis, especially when compared to the
more complex process of acquiring core data. However, it is acknowledged that the burial
history and diagenesis of outcrop and subsurface shale formations diverge, resulting in distinct
impacts on petrophysical properties in samples. Further details regarding the differences
between these two sources of rock samples can be explored in Sharifigaliuk et al. (2021).

As we delve deeper into the rock damage and fracture process, it is accepted that various
stages of those processes involve microfracture development and interactions. Both outcrop
and subsurface samples undergo distinct processes, including tectonic activities, diagenesis,
mineralogical transformations, hydrocarbon generation, and maturation, all of which
collectively contribute to the creation of microfractures. Moreover, shale outcrops in the near-
surface are susceptible to weathering, a phenomenon influenced by factors such as initial
mineralogy, organic matter content and the interplay between different minerals. These factors
significantly impact microfracture density, porosity, and pore size distribution.

The evaluation of fracture toughness in specimens may have biases from different
experimental sources. These include the impact of friction at loading points on the samples
(Liu et al., 2022) as well as the influence of confining pressure. Diverse studies have explored
the influence of confinement on fracture toughness measurements. As it is shown in Fig. 1,
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results obtained in the laboratory are consistent: as confining pressure increases, Kc tends to
rise, although the underlying mechanisms are still subject to debate (see references in Table
1).

Considering that the fundamental mechanisms governing rock fracture are largely influenced
by microfracturing, the intrinsic density of these microfractures within samples becomes a
critical source of error. On a laboratory scale, discerning the true nature of microfractures
identified in a rock sample is challenging. They might have originated either through exposure
during the rock's burial or in the process of sampling. The open microfractures observed in
outcrop shale samples might have been elastically closed under in situ conditions (Sharifigaliuk
et al., 2021). Consequently, studies in fracture mechanics necessitate careful consideration of
stress conditions, underscoring the importance of conducting experiments under
representative confining conditions.
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Figure 1: Experimental results of fracture toughness under confining pressure. References
are shown in Table 1. See references and notes in supplementary data.

1.2 Effects of pressure on rock toughness

Given the significance of fracture toughness as a rock property, extensive efforts have been
oriented to understanding rock behavior under well-bottom conditions. During the 1980s and
1990s, a series of publications by the Society of Petroleum Engineers (SPE) and other rock
mechanics journals established the basis for the relationship between fracture toughness and
confining pressure (Economides and Kenneth, 2000; Shlyapobersky, 1985; Shlyapobersky et
al., 1988; Thiercelin, 1989). Afterward, various models and experimental tests yielded
conflicting outcomes when comparing laboratory measurements of toughness to field
extrapolations. Indirect in-situ measurements of rock toughness were performed, relying on
recorded data of injected pressure and volume. Notably, the toughness estimated from these
field tests demonstrated a magnitude range of 1-2 orders higher compared to laboratory
measurements (Abou-Sayed et al., 1978; Mcclure et al., 2020; Zhu et al., 2022).

Numerous studies have attempted to elucidate the reasons behind the overestimation of
breakdown pressure by fracture mechanics-based models, both at field and laboratory scales.
In the first approach, some postulated mechanisms were fluid lag (Jeffrey, 2007), crack tip
plasticity and dilatancy hardening induced by tensile or shear stresses (Yew and Liu, 1993),
and frictional flow resistance (Van Dam and De Pater, 2001). Most toughness measurement
techniques used in laboratory settings do not consider the influence of hydrodynamic



phenomena. Consequently, the intrinsic mechanisms behind these proposed mechanisms
have not been fully explained.

Therefore, research efforts have been focused on investigating the underlying characteristics
of rock fracture, particularly the effects of the fracture process zone (FPZ). Situated in proximity
to the crack tip, the FPZ is a zone where extensive damage occurs because of the nucleation
and coalescence of microcracks. The evolution of this zone significantly affects the overall
fracture behavior and failure mechanisms exhibited by rocks (Garg et al., 2023) and introduces
deviations from the fracture behavior predicted by LEFM (Nejati et al., 2020). At the same time,
microcracks are a source of toughness enhancement (Dutler et al., 2018). Conceptually, rocks
are tough because the cloud of cohesionless microcracks shields the principal notch from the
externally applied stress field, so that the effective crack driving force dominating the stress
field is smaller than that resulting from the applied loads (Hertzberg et al., 2012; K. Broberg,
1999). Both experimental and theoretical approaches have been employed to investigate
microcrack shielding mechanisms in ceramic materials (Green, 2018).

The concept of microcracking induced by either FPZ development or deviatoric stress has
been further explored by a few researchers. Swanson (1987) conducted fracture toughness
tests in granite using a wedge-loaded double cantilever beam, measuring acoustic emission
events. He found that the microcracking process increased fracture resistance and identified
two potential toughening mechanisms: ligamentary bridging and frictional geometrical
interlocking. Building on this article, Hashida et al. (1993) conducted fracture tests on granite
under various confining pressures using a compact tension specimen and a cohesive zone
model to predict breakdown pressure. They found that the size of the FPZ decreased when
confinement increased. It is argued that under confinement, frictional interlocking was the main
mechanism in the process zone, and confining pressure could enhance the frictional force
induced by the compressive stress near the crack tip.

Furthermore, it has been observed that the application of deviatoric stresses can lead to the
initiation and propagation of tensile microcracks, as evidenced in various stages of triaxial
compressive tests, including crack closure, initiation, and damage (Paterson and Wong, 2005;
Rahimzadeh Kivi et al., 2018). Fialko and Rubin (1997) conducted numerical stress analysis
and performed simulations of thick-walled cylinders and compact tension specimens using
cohesive models. Their findings demonstrated that the development of compressive stresses
surrounding the FPZ could increase fracture energy. This enhancement was attributed to
inelastic deformation occurring near the crack tip, resulting in an increased effective critical
crack opening displacement and contributing to improved fracture resistance.

Another mechanism of toughness enhancement is crack closure. During fracture tests,
confinement can generate negative applied stress intensity factor (K,) values, leading to crack
closure and inducing compressive stresses in the vicinity of the crack tip. Experimental
(Funatsu et al., 2004; Gehne et al., 2020; H. Yang et al., 2021), analytical (Hammouda, 2022),
and numerical models (Fialko and Rubin, 1997; Kataoka et al., 2017; H. Yang et al., 2021)
were employed to calculate the applied K,under confinement. Confinement plays a significant
role in mitigating the initiation and propagation of cracks, thereby enhancing the strength of
rocks. Within the framework of Linear Elastic Fracture Mechanics (LEFM), the application of
compressive stresses to a crack results in a Mode | Stress Intensity Factor (SIF) that is either
negative or zero, effectively inhibiting the formation of tensile microcracks in proximity to the
crack tip.

Limited stress analysis has been conducted near the crack tip in confined experiments, leaving
the validity of the linear elastic fracture mechanics (LEFM) hypothesis, the influence of
deviatoric stresses near the crack tip, and the mechanism of toughness variation unexplored.
This article presents experimental results for the critical stress intensity factor (Kic) of Vaca
Muerta shale rocks obtained from outcrops in the Neuquén basin, tested under realistic well-

5



bottom conditions. The experimental assessment of the effect of confinement pressure on
fracture toughness is discussed in terms of Kic results. Furthermore, the stresses near the
crack tip are analyzed using finite element (FE) modeling with Abaqus. A potential mechanism
based on the influence of deviatoric stresses and microcrack shielding is discussed to
understand toughness-confinement dependency.



Geometry

Reference

Load configuration

Semi-circular bending (SCB)

(Funatsu et al., 2004;
Kataoka et al., 2017;
H. Yang et al., 2021,
J. Yang et al., 2021)

Single edge notch bending (SENB)

(Mdller, 1986;
Vasarhelyi, 1997;
Winter, 1983)

Single edge-notched round bar in
bending (SENRBB / SECRBB)

(Funatsu et al., 2004;
Miiller, 1986; H. Yang
et al., 2021)

Chevron bending (CB)

(H. Yang et al., 2021)

Short-rod (SR)

(Balme et al., 2004)

Cracked straight-through Brazilian
disc method (CSTBD) -
Cracked chevron notched Brazilian
disc (CCNBD)

CSTBD: (Al-Shayea et
al., 2000; Meng et al.,
2018).
CCNBD: (Ghanbari et
al., 2019; Roegiers

and Zhao, 1991)

(Abou-Sayed et al.,

Burst experiments / Thick-walled
cylinder (TW)

1978; Gehne et al.,
2020; Shlyapobersky
and Chudnovsky,
1994; Yoshioka et al.,
2023)

Round bar Straight notch
(RBSN)

(Antinao Fuentealba
et al., 2022, 2020a)

Symbol reference

Pressure driving-force

D Confinement pressure

' Hydraulic Seal (O-ring)

=—J===== Mechanical driving-force

pressure.

Table 1: Sample geometries frequently used in rock toughness tests under confining



2. EXPERIMENTAL METHODS

Specimen preparation, loading procedure and testing details have been previously described
in other studies (Antinao Fuentealba et al., 2022, 2020b, 2020a). Carbonate-rich rock samples
were taken from the Vaca Muerta outcrops, in the South-Central Neuquén basin in Argentina
(Antinao Fuentealba et al., 2020a). Rocks were extracted according to their lamination
directions. X-Ray Diffraction (XRD) results show that rocks have mainly high contents of calcite
(89 %) and quartz (10 %), with clays percentage being lower than 1 % (smectite and feldspar).

RBSN specimens were used as test samples (Fig. 2), with diameter ‘D’ and crack length ‘a’.
Between 1 and 3 notches were cut in each plug (Fig. 2A), crack ratios were 0.1< a/D <0.25,
D=38 mm, and height between 20-35 mm. These samples were machined from outcrop block
samples by a diamond core drill bit. Rock lamination or bedding planes were always kept
perpendicular to crack planes in all samples. The plugs were dried in an oven at 45 + 2°C for
24h. After ambient cooling, the samples were covered with a waterproof synthetic painting and
varnish. The notches were machined with a 1 mm thick saw and finished with a 0.35 mm
diamond wire. The procedure allows keeping the crack tip in contact with the fracture fluid:

) the synthetic painting is spread on plug surfaces and dried for 20 min.

1)) a pre-notch is machined with a saw up to a certain length.

1)) the varnish is applied on inner crack surfaces (Fig. 2B).

V) after 30min, the final notch is machined with a diamond wire up to 1 mm depth (Fig.
2C). This caused a blunt notch of ~ 0.4 mm. Painting and varnish ensure a proper
sealing (minimizing the roughness in contact sample — O-ring) and minimize the
interaction between the rock matrix and the fracture fluid.

Coating

Figure 2: Multi-notched plug specimen. A) Coated round bar with straight-notch specimen.
B) Coating and notch dimension on sample. C) Detail of notch tip, prefabricated with
diamond wire.



During the rock fracture test, the machine simultaneously enables applying crack-opening and
confining pressure (Fig. 3). The former is transferred inside a pre-existing crack, by pumping
various fracture fluids at the inner pressure P; (Fig. 3C-D). The confining pressure is pumped
in a vessel enclosing the previous device (Fig. 3), where pressure and temperature are
maintained with another (outer) fluid, matching well-bottom conditions, up to 90 °C and 80 MPa
(maximum operating pressure). Both chambers are loaded with differential pressure AP = P; —
P, until the break.

\/

Outer Chamber

D Outer Pressure P

D Inner Pressure P;

. O-ring contact

Straigth notch

D

Net Pressure Force

Figure 3: Experimental device for fracture toughness measurement. A) Inner and outer
chamber. B-C) Detail of sample and O-ring arrangement on inner chamber. D) Schematic of
boundary conditions on sample during fracture tests. Modified from (Antinao Fuentealba et
al., 2022).

To determine the fracture toughness K;. under confining pressure, eq. 1 is used:
a
Kic = ApTaF (%) 1)

Where AP. is the pressure differential at the break event, a is the crack depth and D is the
sample diameter. The pressure differential AP, is detected as an instantaneous decreasing of
pressure (see Fig. 5B in Antinao Fuentealba et al. (2022)). A dimensionless SIF is defined by

F (% ) where % is the crack ratio. The next expression of dimensionless-SIF was used for the
calculations.

Fp(5) = 0.638 + 245 (5) - 0.637 (%)2 )



The term Fp (%) is the dimensionless SIF obtained by polynomial fitting of numerical results
(R?=0.99) (Antinao Fuentealba et al., 2022). The values of Fp, are 8 % lower than those
reported by Toribio et al. (2009), for 0.1<a/D<0.5.

The contribution of P; and P, in eq. 1 to total crack-driving force has been thoroughly analyzed
(Antinao Fuentealba et al., 2022) by the J-integral method implemented in Abaqus (Dassault
Systémes, 2014; Pan et al., 2021; Wang et al., 2018). An isotropic rock was considered; elastic
parameters are shown in Table 2 (Antinao Fuentealba et al., 2022). The dimensionless SIFs
were calculated from 15 FE models for different conditions. According to Antinao Fuentealba
et al. (2022) (Appendix A), the effects of O-ring forces on stress intensity factors (SIF) were
insignificant.

The test program comprised 44 fracture tests, crack ratios were 0.1< a/D <0.25, and the
confining pressure were P. = 0,20,50,70 MPa. These pressure values were consistent with
the in-situ stress magnitudes found in Vaca Muerta and other shale plays (Frydman et al.,
2016; Michael and Gupta, 2020). It should be noted that this pressure spectrum was selected
to encompass a wide range of potential fracture responses and tendencies observed in the
experimental data.

3. RESULTS AND DISCUSSION
3.1. Experimental results for Vaca Muerta carbonatic shales

Fig. 4A displays the differential pressure AP. in experimental fracture tests, as a function of
confinement P, and crack ratio a/D (scale of greys). Fig. 4B shows the results of experimental
K;- derived from eq. 1 and 2. Full data is supplied as supplementary data. K;; in RBNS
specimens is sensitive to crack ratio, especially for shallow cracks. By comparing tests with
the same crack ratio and rising P. from 0 to 70 MPa, Fig. 4A shows that AP, increases by as
much as 50 %. There is an apparent increase of K; with confinement, especially when P, < 50
MPa, which is compatible with the current evidence (Funatsu et al., 2004; Ghanbari et al.,
2019; Kataoka et al., 2017; H. Yang et al., 2021). For P. > 50 MPa, the K, seems to be
somehow invariant, being consistent with Funatsu et al.’s (2004) and H. Yang’s (2021)
findings. However, in those cases the confinement pressure transition was lower than 50 MPa,
probably because different rock samples and specimen configurations were used.

The mechanism commonly mentioned to explain the sensitivity of fracture toughness with
confining pressure is crack closure. Indeed, this phenomenon has been extensively
researched in both conventional and true triaxial tests, by using mechanical and ultrasonic
measurements (Hoek and Martin, 2014; Li et al., 2020; Taheri et al., 2020). Under LEFM
approach, a crack loaded in compressive stresses has a negative or null Mode | SIF, avoiding
the development of tensile microcracks near the crack tip.
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Figure 4: effect of confinement pressure AP and crack depth at fracture. A) differential
pressure, B) fracture toughness. Red arrows indicate the fracture test condition for stress
analysis in Section 3.2.

As pointed out by Yang et. al. (2021) and Kataoka et. al. (2017), FE modeling shows that
compressive stress dominates a large part of the samples, causing high deviatoric stresses
near the crack tip, even without bending stresses. Hou et al. (2017) conducted numerical
analysis (XFEM or Extended finite element method, combined with the integral method) in
CSTBD samples subjected to confinement. They found that Mode | SIF decreased as confining
pressure increased, and that high confining pressure may even cause negative SIF, which
should induce crack closure. Nevertheless, the stress analyses by FE fracture models were
not conducted in those studies.

3.2. Effect of confinement pressure in SIF and fracture process zone

Mode | fracture in rocks is mainly controlled by tensile stresses in the crack tip. When the load
rises, a highly stressed zone adjacent to the crack is developed, with inelastic deformation
induced by microcracking damage. This place is the Fracture Process Zone (FPZ) and
represents a mechanical property of the rock. LEFM methods rely in that both fracture
toughness K, and tensile strength (TS) are independent of specimen and loading
configuration (Dutler et al., 2018). However, according to eg. 1, fracture toughness in the RBSN
specimen is controlled by P. as well, which causes negative stress field near the crack tip.
Thus, the compressive stresses could activate frictional mechanisms, and may influence the
creation of microcracks outside the highly stressed region near the crack tip (Fialko and Rubin,
1997).

Several studies have determined the FPZ size by stress methods. Practical identification of
FPZ involves knowledge of the field of stresses near the crack tip, obtained by FE models
(Aliha et al., 2016; Pakdaman et al., 2019; Wei et al., 2021). In this scenario, Schmidt’s formula
is usually considered to define the size of FPZ (Schmidt, 1980), which adopts the rock’s TS as
the unique strength parameter to define FPZ size. Thus, the material volume where the tensile
stress is greater than TS is considered as FPZ.

To analyze the behavior of FPZ under confined conditions, the principal stresses near the
crack tip were considered in three tests (Fig. 4, red arrows), namely high confinement (HC),
middle confinement (MC) and unconfined conditions (UC). The modeling technique was
validated in Antinao Fuentealba et al. (2022). Table 1 shows the input parameter to calculate
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the crack tip stresses. Following the coordinate system centered in point ‘O’ indicated in Fig. 5
and considering positive stresses in tension, the stress distributions are depicted in Fig. 6, with
Sxx » Syy, and S,.

In general, it can be seen that the stress fields are represented by triaxial stress states. For
HC and MC tests (Fig. 6A), at distances greater than 0.07 mm, compressive stresses dominate
the field stress. In unconfined tests (UC), the tensile stresses dominate at distances lower than
0.25 mm. This picture also shows the stress developing according to the definition of crack tip
stresses dominated by SIF, described by eq. 9. From these results, it is evident that as
confinement increases, the difference between the stress magnitudes dominated by K, and
those influenced by the confining pressure becomes more significant.

Kic

Oz, = —'Try (3)

In order to assess the influence of confinement in FPZ size, let us examine Schmidt’s criterion.
Assuming rock TS is equal to 8 MPa (Antinao Fuentealba et al., 2020a; Massaro Sosa, 2019)
and considering the stress distribution of S,, in UC tests, the size of FPZ can be determined
according to Schmidt’s criterion. In Fig. 6B, the FPZ size is approximately 0.45 mm.

As stated in literature (Kumar et al., 2011), the K-dominance zone ry, is defined as the distance
from the crack tip where the singular stresses (eq. 3) represent 90-95 % of the normal stresses.
Theoretically, if this condition is accomplished, then the stress state is governed by one
parameter (SIF). In our unconfined tests, a conservative value is r;, = 0.25 mm obtained by
FE stress analysis in Fig. 6B, about 2 times lower than the FPZ size defined by Schmidt
criterion. It follows that fracture conditions for unconfined tests could be dominated by more
than one parameter.

On the other hand, it seems possible that Schmidt’'s formula used to calculate the FPZ size
under confined conditions might be invalid because of two reasons:

I- The method is valid if the SIF dominates the stress field. Previous studies have shown the
significance of stress state description in the determination of FPZ. For example, Ayatalloahi
et al. (2014) show a method to calculate the FPZ size considering two parameters (K; and the
second non-singular stress term in William’s equation). Furthermore, Schmidt’s criterion
neglects all stress components, except the normal stress in the plane of the notch. In a recent
research, Nejati et al. (2020) proposed an energy-based redefinition of K-dominance to
consider all components of stress-strain field. As previously stated, the compressive stresses
in our confined tests prevent the FPZ development, decreasing the tensile stressed zone.
Thus, a multiparametric fracture mechanics approach may be more appropriate to describe
the FPZ behavior against confinement.

II- The method used the unconfined TS as a strength parameter, yet, it has been shown that
this parameter is dependent upon the loading path and triaxial state (confined extension) (Patel
and Martin, 2018). Liu et al. (2021) tested granite rock with cylindrical samples under triaxial
conditions (o; = g, in compression, g in tension) and reported an increase of 20 % in TS from
0 MPa to 6 MPa confining stress, and an increase of 30 % in TS from 6 MPa to 12 MPa
confining stress. Lan et al. (2019) carried out tests in shale rocks by using dog-bone samples
and they found that from 0 MPa to 25 MPa confinement the tensile strength increases more
than 2 times. In contrast, Z. Liu et al. (2019) reported results for quartz sandstone in cylindrical
samples (o; = 0, in compression, o3 in tension) and observed a decrease of 50 % in TS from
unconfined to 12 MPa confinement. Some authors also reported experimental evidence of
increasing strain bearing capacity under confined conditions (Liu et al., 2019; Patel and Martin,
2018; Zeng et al., 2019).
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Then, the FPZ size calculated for the UC condition could be dependent on the triaxial state in
near the crack-tip field stress, and the tensile strength sensitivity against the stress state. It
may be argued that one of the reasons for increasing fracture toughness is the enhancement
of both tensile strength and strain bearing capacity as confinement increases.

Input High Middle Unconfined
parameter confinement confinement (UC)
(HO) (MC)
Differential 11.8 9.3 7.9
break pressure
(MPa)
Confining 70.5 20 0
pressure (MPa)
Experimental 1.15 0.8 0.75
Kic (MPa.m%?%)
Crack ratio a/D 0.1
Young’s Moduli 45
(GPa)
Poisson’s Ratio 0.18

Table 2: Input parameter to obtain stress distribution around the crack tip.

M Inner Pressure

[l Outer Pressure

[ Symmetry Plane YX

‘O’ -

Figure 5: Loading condition used in SIF determination under confining pressure. The point
‘O’ is a reference for stress analysis near the crack tip (Antinao Fuentealba et al., 2022).
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Figure 6: Principal stress distributions along Y(-) direction for: A) High Confinement (HC) and
middle confinement (MC) condition B) Unconfined (UC); r, is the dominance zone of the SIF
for this condition. Positive stresses correspond to tension states.

Regarding the crack-tip stresses under HC and MC conditions, it was not possible to define an
accurate FPZ size due to the lack of accurate stress values in that zone. Considering Schmidt’s
criterion, we do know it is smaller than 1, < 0.025 mm for HC tests, and r, S 0.1 mm for the
MC condition (Antinao Fuentealba et al. (Antinao Fuentealba et al., 2022), mesh elements near
the crack tip have a 0.01 mm resolution. Fig. 6 is an enlarged image of Fig. 5A, where the FPZ
size estimations for both cases can be seen. The red zone represents the crack tip front along
the y-direction, with a compression-tensile stress state.

Therefore, K-dominance cannot be ensured, and fracture toughness under confinement
conditions would not be accurately assessed by the one-parameter approach. The effect of
non-singular parameters, the full description of the stress field under confined conditions in
RBSN fracture tests, and its relationship with FPZ size are issues for future research.

Conceptually, it has been interpreted that the FPZ size decreases with confinement (F.). For
instance, considering Schmidt’s criterion and Mode | crack tip stresses (8 = 0), if confinement
is imposed, then the FPZ tends to decrease with confinement (H. P. Rossmanith, 1983; Ko
and Kemeny, 2007). Models based on the cohesive zone (CZ) have been used to analyze the
effect of confinement on rock toughness. Hashida (1993), Fialko and Rubin (1997) used this
approach to analyze the effect of compressive stresses in hydraulic fracture. They showed that
increasing confinement reduces the size of CZ as well as increasing toughness. Following this
work, Yue et al. (2020) extended the analysis to take fluid lag into account. They concluded
that this phenomenon, along with confining pressure, were the reasons for increased down-
well rock toughness but did not investigate the mechanisms.

Our analysis revealed that the compressive stresses near the crack tip under HC and MC
conditions (Fig. 6A - 7) dominate along y-directions, suggesting that as P, increases, the tensile
stressed zone is reduced. Notably, the triaxially stressed tension-compression zone is one
order larger for the MC condition than for the HC condition. These results are consistent with
previous studies, although the inverse trend between FPZ size and P. could not be fully
established under linear elastic fracture mechanics (LEFM) conditions.
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Figure 7. Principal stress distributions along Y (-) direction for High Confinement (HC) and
middle confinement (MC) conditions. Tensile strength (TS) is the limit of stress axis. FPZ
sizes are estimated from Schmidt’s criterion.

3.2.1. Rock toughening mechanisms under confinement

The compressive stress field around the crack tip may modify the rock microcracking process.
This is due to the phenomena of crack closure and initiation, which have been widely
demonstrated in uniaxial and triaxial tests (Iferobia and Ahmad, 2020). They can be described
according to different ratios of crack stress threshold with respect to the axial peak stress
reached in triaxial tests.

During fracture tests, whereas the loading progresses, the material is feasibly to be populated
with microcracks driven by deviatoric stresses outside of tension stressed zone (Fig. 7).
According to the principles of toughening in rocks, microcracks are a source of toughness
enhancement. Thus, they could act as a mechanism for increasing toughness, particularly if
cohesionless microcracking is observed in confined tests. Beside, cohesionless and closed
microcracks could trigger frictional forces between rock grains, restraining their movement.
This mechanism was proposed by Liu et al. (2021) to explain the dependence of tensile
strength on confinement.

Under deviatoric stress fields, microcrack toughening can synergistically occur alongside
mechanisms such as ligamentary bridging and frictional interlocking, which are known as a
toughening mechanism (Hashida et al., 1993; Swanson, 1987). Supporting this concept, in
another study, Lou et al. (2017) conducted laboratory-scale HF experiments in outcrop
sandstone cubes under different confinement conditions. They measured acoustic events
mostly related with shear microcracking before the fracture initiation.

Our FE model results clearly show that the region near the crack tip predominantly experiences
tensile stress, while compressive stresses are more prevalent outside this region. Figure 7
demonstrates that the position ‘r,’, where compression dominates, is influenced by the
confining pressure. Although the definition of the fracture process zone (FPZ) under
confinement is not yet clear, these findings align with previous studies and suggest that the
fracture behavior observed in our confined fracture tests is governed by a hybrid mechanism.
This mechanism involves microcracking toughening within the fracture process zone (FPZ)
and a frictional mechanism associated with the closure of microcracks outside the FPZ.
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Nevertheless, it is important to note that the occurrence of hybrid failure is strongly influenced
by factors such as the magnitude of confinement, the nucleation and propagation of non-
cohesive microcracks, and the attainment of the crack stress threshold.

Future research endeavors are aimed at testing and contrasting this hypothesis through
acoustic event measurements in an experimental level. Our hypothesis is that analyzing
acoustic emissions from microcracking during loading and fracture events can provide valuable
insights into potential tensile or shear mechanisms occurring at the crack tip. Furthermore, we
will align fracture mechanics models with failure envelopes derived from triaxial tests
influenced by another research paper (Leith et al., 2014). By conducting these investigations,
we aim to gain further understanding of the underlying mechanisms governing confined
fracture behavior.

3.3. Reduction in fracture toughness due to water weakening

It has been shown that water-weakening mechanisms can be quantified as a function of fluid
content (Zhou et al., 2018). In order to minimize the effect of water-weakening mechanisms
(Antinao Fuentealba et al., 2020a; Chen et al., 2019), the samples were coated with water-
proof paint, as shown in Section 2. This allows minimizing the contact area between the
fracture fluid and the sample. The fluid could penetrate during the loading time, which may
induce water-weakening and stress corrosion mechanisms. According to some studies, an
empirical relationship between fluid content and fracture toughness should be a function of the
type of fluid, time of rock-fluid contact, mineralogy, and petrophysical properties like
permeability (Zhou et al., 2018). In this scenario, the consensus is that water-based fluids
induce a decrease in mechanical rock properties (Wong et al., 2016). In particular, the more
water content in the rock matrix, the more reduction in fracture toughness.

In Antinao Fuentealba et al. (2020a), uncoated samples were soaked for 24 hours in deionized
water, gaining about 2.5-3 % of water content before atmospheric fracture tests. K c decreased
70 %. Linearizing this behavior, the toughness rate reduction due to water-weakening was
about 0.02 MPa.m?/h. In the present study, samples were loaded until break while water was
in contact with the crack tip, during 10-20 min (Fig. 5B in Antinao Fuentealba et al. (Antinao
Fuentealba et al., 2022)). Considering the aforementioned toughness reduction rate, the
reduction of toughness due to water-weakening is smaller than 0.1 % for samples under high
confinement conditions. In other words, the water content gained during loading times in our
tests has a negligible effect on toughness. To check this, water content gained at different
times was measured.

Unnotched samples were tested under 0 MPa and 50 MPa confinement, with the size of
contact area between fluid and rock equivalent to that in samples used in fracture tests
(a/D=0.1). This was done by eliminating the coating paint with diamond wire, using the method
shown in Section 2, avoiding the creation of a notch (Fig. 8A). Differential pressures between
chambers were similar to the rupture differential pressures in experimental tests, applied for
short (15-20 min) and long (1-72 h) loading times (Antinao Fuentealba et al., 2022). Fully
coated samples without notches were also tested in similar conditions. Samples were weighed
before and after each test (accuracy 0.0001 g) to measure water gained. Fig. 9 shows results.
It is noted that:

e Without confinement, saturation (0.3 % of water content) was reached after 30 h.

o Full-coated samples under confinement gained 0.1 % in 4hs. This means that coating
allows some fluid penetration.

e Under confined conditions for longer periods, samples gained 0.15-0.4 % water in
1-4 h, and 1.2 % after 50 h.

e For shorter periods (15-20 min), representative of fracture tests, both confined and
unconfined samples gained 0.005 %-0.05 % water.
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These results show that coating minimizes the interaction of the rock with the fracture fluid, but
may not be efficient for longer periods. Microscopic inspection of coating in samples confirmed
that air micropores due to coat application might allow fluids to reach the rock surface. In any
case, results show that during the time scales of our fracture tests, gained water has a
negligible effect on toughness.

The influence of stress corrosion on rock toughness in subcritical conditions is mostly
unknown. According to previous studies, it is mainly controlled by time, type of fracture fluid,
chemical conditions (pH, salinity, temperature) and rock mineralogy (Chen et al., 2020). Once
again, because of the low content of fluid gained in our short fracture test times, toughness
reduction by stress corrosion can be neglected. The methodology used in the present study is
consistent with that presented in the literature. For instance, Chen et al. (2019) used coated
double-torsion samples to investigate K, - propagation velocity curves in carbonate-rich shale
rocks, by using deionized water. In their research, neither fracture toughness nor stress
corrosion index for coated and uncoated samples were sensitive to water content gained
during loading times (about 7 min in fracture tests, 50 min in stress corrosion tests).

B
Full coated
sample Notched
sample
Unnotched
Sample

Unnotched
sample

[l Contact area coating-outer fluid
Contact area coating-inner fluid
H O-ring
Figure 8: A) Sample used to evaluate rock-fluid interaction. B) Schematic of interaction
between water and notched-unnotched samples.
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Figure 9: Water content gained in rock samples in different conditions.

17



3.4. Study limitations and future research

As previously discussed in Antinao Fuentealba et al. (2020a), we revisit the sources of scatter
in the experimental data, emphasizing the need for further research in these areas.

A)

B)

C)

D)

E)

4,

Rock homogeneity in physical properties: In Section 2, it was mentioned that specimens
were extracted from block outcrops and subsequently machined using a drill bit. As these
blocks were sampled from various locations within the outcrops, they may exhibit variations
in the amount and types of defects (porosity, fluid content, chemical/mineralogical
composition, presence of defects, grain size, etc.). It was argued that these defects were
the main source of scatter in toughness results. Consequently, the measured toughness
of the samples is influenced by these factors, potentially resulting in variations of their
physical properties.

Crack tip radius (Fig. 3C): the notch used in our experiments was about 0.4 mm in radius,
and stress intensity factor was determined by using a zero-thickness approach in numerical
models. The relative size of FPZ with respect to the notch tip radius could have an influence
in our Kic measurements (S. Zhang et al., 2020) and it could also modify the intensity of
singularity near the crack tip (Saboori et al., 2016). Additional research is needed to
evaluate the effect of notch radius on SIF.

The potential density of microcracks induced during the tests could be influenced by the
presence of preexisting microcracks in the samples. Ensuring identical microstructural
properties for all specimens is challenging. Consequently, variations in the density of
preexisting microcracks may contribute to scattering in fracture toughness measurements.
Since the mechanisms discussed are strongly influenced by these inherent defects, it is
crucial for future methods to strive for consistent preexisting defects prior to conducting
any tests.

Geometry dependency: In Section 3.2, it has been proposed that a multiparametric fracture
mechanics approach could be more appropriate for describing the fracture tests. While
extensive research has been conducted under atmospheric conditions, there is a
noticeable gap in research regarding confined conditions. To address this gap, future
studies will employ a well-known method called the over-deterministic method to determine
the non-singular parameters (Ayatollahi and Nejati, 2011). By utilizing this method, a more
comprehensive understanding of the geometry-dependent behavior under confined
conditions can be achieved.

Effect of anisotropy: All our rock samples contain bedding planes. However, the constitutive
material model used in this article is isotropic and homogenous. The influence of the
variation of Poisson’s and Young’'s moduli on SIF has been neglected. The stress
component S,,,, in the ligament shown in Fig. 6 is independent of anisotropy, while S, and
S,z depend on anisotropy ratios, bedding angle orientation, and loading configuration
(Nejati et al.,, 2019). Future FE models could include anisotropy to better understand
fracture behavior of these rocks.

CONCLUSIONS

Fracture toughness of calcareous rock samples from Vaca Muerta formation was determined
under confined conditions by using RBSN samples. The experimental set up was composed
of two chambers (an inner chamber and an outer one), both isolated by elastomer O-rings
(NBR). The inner chamber allowed placing the sample and inducing the hydraulic driving force
in the notch, and the external chamber allowed inducing the confining pressure.
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A major effect of confinement pressure is observed: tests carried out at well-bottom pressures
lead to apparent rock toughness doubling those for tests carried out at atmospheric pressure.
It is concluded that increasing triaxial pressure confinement allows to accurately model the
conditions of the rock in reservoir conditions.

The stress analysis near the crack tip showed that, in the unconfined tests, the FPZ size was
about 0.45 mm, but the K-dominance was reached at distances in the order of 0.25 mm. These
suggest that fracture behavior in atmospheric tests was governed by more than one fracture
parameter. The stresses in the highly confined tests were compressive as soon as the distance
from the crack tip was larger than 1x10-2 mm. This implies that rock fracture was dominated
by compressive stresses, presumably leading to a decrease in the FPZ size as confinement
increases. The magnitude of deviatoric stresses near the crack tip could activate the crack
closure and multiple microcracking mechanisms, which synergistically, both might act as
toughening mechanisms during rock fracture.

Future studies will address microcrack-toughening mechanisms induced by deviatoric stresses
through acoustic emission measurements. Additionally, stress fields will be described using a
multiparametric fracture mechanics approach under confined conditions.
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Highlights

A Mode-I fluid-driven fracture toughness testing method has been developed.
Confined Kc was measured in Vaca Muerta carbonate-rich shale specimens.

Kic under confinement doubles unconfined fracture toughness laboratory results.
Fracture process zone development was analyzed via finite-element crack tip stress
analyses

Microcracking induced by deviatoric stresses is a feasible mechanism for FPZ size and
toughness variations
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