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Highlights:
e In-situ synchrotron imaging is demonstrated to investigate fracturing in shales

e 3D images were recorded during stepped loading and used to perform digital volume
correlation

e The deformation zones were quantitatively resolved

e Composition, texture and orientation influence fracture initiation and propagation

Abstract

The feasibility and advantages of synchrotron imaging have been demonstrated to effectively
characterise fracture initiation and propagation in shales during indentation tests. These include
1) fast (minute-scale) and high-resolution (um-scale) imaging of fracture initiation, 2)
concurrent spatial and temporal information (4D) about fracture development, 3) quantification
and modelling of shale deformation prior to fracture. Imaging experiments were performed on
four shale samples with different laminations and compositions in different orientations,
representative of three key variables in shale microstructure. Fracture initiation and
propagation were successfully captured in 3D over time, and strain maps were generated using
digital volume correlation (DVC). Subsequently, post-experimental fracture geometries were
characterized at nano-scale using complementary SEM imaging. Characterisation results
highlight the influence of microstructural and anisotropy variations on the mechanical
properties of shales. The fractures tend to kink at the interface of two different textures at both
macroscale and microscale due to deformation incompatibility. The average composition
appears to provide the major control on hardness and fracture initiation load; while the material
texture and the orientation of the indentation to bedding combine to control the fracture
propagation direction and geometry. This improved understanding of fracture development in
shales is potentially significant in the clean energy applications.



1. Introduction

Shales play a significant role in the energy transition from conventional resources (e.g. coal
and oil) towards less carbon intensive sources of energy such as natural gas (e.g. Aalto et al.,
2017; Arif et al., 2017; Ren et al., 2015), long-term geological storage of CO; and radioactive
waste (Fauchille et al., 2016; Hedan et al., 2018) and short-term subsurface energy storage of
hydrogen and heat (Charlet et al., 2017). Shale formations are naturally tight, but effective
permeability can be increased through stimulated fractures (Rutter and Mecklenburgh, 2017).
Therefore, the initiation and propagation of fractures in shales is of wide interest, especially in
environmental applications.

Previous studies have undertaken mechanical tests to investigate fracture mechanics properties
on shale samples. This has included fracture initiation and propagation pressure measurements
during hydraulic fracturing (Feng et al., 2016), Brazilian disk (Nezhad et al., 2018), Semi-
circular bend (Forbes-Inskip et al., 2018) or indentation (Fan et al., 2019) experiments.
However, shales are highly heterogeneous materials in which macroscopic deformation is
controlled by microscale features. Microstructural anisotropy is a particularly important control
on the initiation and propagation of artificial fractures (Chandler et al., 2016; Guo et al., 2012;
Lee et al., 2015). The initiation location and development of fractures are correlated to
microstructural heterogeneities related to the orientation and concentration of rigid grains and
soft organic matter (Fauchille et al., 2014; Figueroa Pilz et al., 2017). These relationships
between microstructure and strains are difficult to quantify in the laboratory (Fauchille et al.,
2019). Advanced mechanical tests can characterise fracture propagation measured by pressure
curves, through optical and electron microscopy (nm to mm) techniques on the 2D surface of
the material (Chandler et al., 2018), or post-experimentally in 3D by X-ray Computed
Tomography (XCT) (Lovell et al., 2018). Despite great progress, the spatial and temporal
development of the fracture still cannot be determined in 3D using these techniques, and this
information is critical to understand the natural and anthropogenic fracture propagation. Time-
lapse XCT (4D; 3D plus time) imaging is a powerful tool to investigate shale microstructure
and fracture development (Chandler et al., 2018; Figueroa Pilz et al., 2017; Ma et al., 2017), as
well as other materials (e.g. Cai et al., 2016; Karagadde et al., 2015; Kareh et al., 2014; Mo et
al., 2018). This imaging provides a unique opportunity to understand the mechanisms of
fracture initiation and propagation, providing guidance for industrial operations and
environmental impact controls.

Presently, little is known about the spatial characteristics of propagating fractures in
heterogeneous shales, especially at the microstructural scale, and how variations in local
microstructural heterogeneities can affect fracture geometries. This paper aims to spatially and
temporally track the propagation of fractures during indentation tests using a novel
experimental methodology, in-situ synchrotron X-ray tomography. From data collected on
samples of varying composition and microstructure at varying orientations, microstructural
controls on fractures can be elucidated. This work leads to an improved understanding on the
relationship between shale microstructure and mechanical properties and the method
demonstrably has broad potential applications in applied subsurface energy extraction,
seasonal storage of hydrogen and heat, permanent waste disposal and relative environmental
assessment.



2. Materials and methods

2.1. Experimental materials

Samples of four reference shale formations from the UK and USA (Table 1) were selected to
assess the influence of varying microstructure and composition on fracture development.
Between these, the primary sample selection criteria is microstructural variation. Four degrees
of laminations, unlaminated (the Bowland shale formation; BSF; Fauchille et al., 2017),
poorly-laminated (the Whitby Mudstone Formation; WMF; McKernan et al., 2017), thickly-
laminated (the Kimmeridge Clay Formation; KCF; Hawthorn et al., 2004; lamina thickness 1.5
mm), and finely-laminated (the Haynesville-Bossier Shale; HBS; Ma et al., 2019; Ma et al.,
2018), were selected. The average laminae number (LN) per cm in these samples are 0, 6, 8,
13 respectively.

The secondary criteria is the mineral composition. The samples are all natural rocks and
matching the exact same compositions with different textures is impossible. The selected four
samples have relatively similar compositions without dramatic variations to ensure that
microstructure variation is still the primary variable while also allowing comparison between
compositions. Among them, BSF has highest carbonate content while the WMF has highest
clay minerals and KCF is highest in silicate. HBS has moderate values in these compositions.
The orientations are then the third parameter. All selected samples were prepared at three
orientations with respect to the bedding planes: bedding perpendicular (0°), bedding inclined
(45°) and bedding parallel (90°).

2.2. Sample preparation

To assess how orientation to bedding influences fracture development, shale cylinders (3 mm
diameter and approximately 5 mm length) were prepared by a microdrill with the cylinder long
axes in three different orientations: 0°, 45° and 90° (Figure la). Each cylinder was then
mounted within a Kapton Tube (Figure 1 b). Each tube was then filled by epoxy resin to
surround the shale samples. Shales are very low permeability materials so the resin is unlikely
to penetrate the samples.

The top surface of each sample was finely polished by dry carbide and diamond polishing agent
to ensure a flat surface below the indenter (Figure 1 b and c). Each shale cylinder was scanned
prior to the experiments, to verify that the microstructure of the sample was representative of
the bulk material, and that anomalous macroscopic features (e.g. fractures or mineral veins)
were not present. The samples with significant pre-existing fractures (as a consequence, with
possible resin inside) were therefore not taken into account in this research. This sampling bias
is commonplace but difficult to avoid when working with shale samples, as samples containing
large fracture populations are inherently more difficult to prepare (Chandler et al., 2016). After
polishing, each sample was mounted in the rig and aligned to the indenter using a laser (Figure
le). More details can be found in Figure S1 of the supporting materials.

2.3. Experimental method

The indenter and shale cylinder were mounted in the bespoke P2R nano-precision mechanical
test rig (Karagadde et al., 2015; Kareh et al., 2014), (Figure 1 d and e). A vertical load (+
0.1N) was applied using a square-based diamond pyramid Vickers indenter. An internal
displacement sensor (LVDT) was used to control the vertical displacement of the indenter (+
I pm).



Table 1. Characterization and mechanical measurements of the studied shale samples (scale bar = 2 mm; for uncertainties, see Table 2).

Samples Texture TOC | TOC corrected XRD (wt. %) |PorositLamina number Bedding Peak load (N) Contact Vickers
(wt. %) . y (%) | per cm (LN) |orientation relative area (mm?) | hardness
Silicate (Carbonate, Clay to horizontal (°) (GPa)
unlaminated 0 0 198.1 0.348 x 0.336 3.08
Bowland Shale
Formation 32 40.9 524 35 4 45 218.8 0.360 % 0.360 3.07
(BSF; UK)
90 206.9 0.295 x 0.286 4.46
6 0 62.6 0.434 x 0.428 0.61
Whitby 45 90.1 0.375 x 0.383 1.14
Mudstone 23 | 535 | 26 a5 | 7
Formation
(WMF; UK) 90 78.4 0.322 x 0.316 1.40
8 0 81.6 0.420 x 0.412 0.86
Kimmeridge 45 34.0 0.520 x 0.520 0.23
Clay Formation| 7.8 55.0 9.2 279 7
(KCF; UK)
90 359 0.410 x 0.430 0.37
Finely-laminated with 13 0 32.8 0.410 x 0.410 0.35
cracks 45 23.0 0.366 % 0.382 0.30
Haynesville-
Bossier Shale 4.5 41.6 17.3 36.6 7
(HBS; US) 90 26.0 0.320 x 0.324 | 0.46
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The experiments were performed with the deformation rig mounted on beamline 113-2 at
Diamond Light Source using a pink X-ray beam coupled with a PCO Edge camera (Beamtime
MT 15506). The experiments started from ON with the indentor touching the sample top surface
without any force (ON). A 3D X-ray tomography was acquired (voxel size: 1.6 um) in 90
seconds as the reference image. In order to detect and capture fracture initiation, the indenter
displacement was applied in discrete steps of 15 to 30 um. After each displacement step, a 3D X-
ray tomography was acquired (voxel size: 1.6 um) and the force was recorded all through the
experiments. Each scan was composed of 1800 projections. Multiple 3D images over time (4D)
provide temporal information on the ongoing deformation and fracture progression during
loading. Indentation tests were performed on 12 samples (4 different rocks, with 3 orientations
each) in total (Table 1). Repeated experiments were conducted for a few selected samples (e.g.
BSF 0° and HBS 180°) for uncertainty control, but were not possible for all materials and
orientations within the time period of synchrotron beamtime access. Following the experiments,
all samples were impregnated with resin, cut and polished for high-resolution vertical cross
section maps (3mm x 3mm) under SEM (37 nm pixel size).
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Figure 1. In-situ synchrotron indentation experiment. a. sample orientations; b. sample
and sample holder; c. schematic of the indentation process; d. P2R compression rig on
the 113 beam line, Diamond Light Source; e. close-up of d.

2.4. Image processing and quantification

A filtered back-projection algorithm was used to reconstruct the 3-D tomographic datasets and
remove ring artifacts (Titarenko et al., 2010). Each reconstructed 3-D dataset had dimensions of
800 x 600 x 600 voxels.

Image processing and analysis was performed using Avizo 9.5 (FEI, France) and ImageJ (US NIH,
USA). Time-lapse images were registered, and filtered by a 3D non-local means filter algorithm
(search window 21, local neighborhood 5, similarity 0.6) to reduce noise (Buades et al., 2005).
The fractures were then segmented on the basis of grey levels on the 3D images.

3D digital volume correlation (DVC) was applied to measure the displacement fields and calculate
strain fields during the indentation using Davis 8.3 software. Three-step window sizes were used
(128 voxels; 64 voxels; 48 voxels; 2 passes and 50% overlap). The final spatial resolution of the
displacement and strain field corresponds to 76.8 um.

2.5. Vickers hardness calculation

Hardness measures the resistance to localized deformation which was induced by indentation.
Vickers hardness (Hy) was calculated from the contact area of the impression produced under
load (Broitman, 2017):

Hy (GPa) = 0.0018544 — (1)

Where L is indentation load (N) and d (mm) is equal to the length of the diagonal measured
from corner to corner on the residual impression in the specimen surface.

Fracture toughness (Kj.) was measured using the method described by Anstis et al. (1981) (see
supporting information), but the assumption of penny-shaped fractures is not found to be valid in
these materials, and leads to underestimates of Kic.

2.6. Uncertainty analysis

The uncertainties of TOC, XRD, porosity, indentation load, displacement measurements are
determined by mechanical errors (Table 2).

Uncertainty analyses of derived measurements were conducted using Kline-Mcclintock method
(Kline and McClintock, 1953) following the quantification (1) to determine the uncertainty
associated with the hardness calculation (Table2).

&=f(B1,p2,....pn) ()

8= J5n, (Zap) ()

where a value & has the uncertainty of A§ calculated from the independent variables Bi and their
uncertainties Api.

Hardness is calculated using equation (1) and depends on the measurement of L and d. The
indentation load L (N) is equipment uncertainty which was determined to be 0.1 N while the
contact area d was measured in the images and the uncertainty was estimated as 4.8x4.8 pm? (3
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x3 pixels). Therefore, the uncertainty calculated using equations (2) and (3) is 0.2 N/ mm? or
0.0002 GPa.

The uncertainty of fracture propagation or geometry is determined by fracture segmentation,
when segmentation error is considered to be 3 x3 x3 pixels, as 110.6 pm?.

Table 2 Parameters and results of the uncertainty analysis

Variable Uncertainty Units

TOC 0.1 %

XRD 0.1 %

Porosity 0.1 %
Measurements Indentation load L 0.1 N

Contact area d 0.05 mm?

displacement 30 um
Hardness Hardness Hv 0.02 GPa
Fracture volume image segmentation 110.6 um?

3. Results

The real-time tomographic imaging of indentation in shales provides qualitative and quantitative
analysis of deformation, fracture initiation and propagation in shales. The influence of
composition, microstructure and sample orientation on shale mechanical properties are then
analyzed based on the synchrotron images.

3.1. Vickers hardness of the samples

The Vickers Hardness (Hy) of each studied sample was calculated using Equation 1 (Table 1).
BSF samples have the greatest Hy (3.07-4.46 GPa) overall, followed by the WMF (0.61-1.40
GPa) and KCF (0.23-0.87 GPa). The HBS samples have the lowest Hy, (0.30-0.46 GPa. When
compared with compositions, BSF has significantly higher carbonate content than the other three
samples, corresponding to the highest Hv values for all three orientations (Figure 2a). The other
three samples have relatively similar compositions in carbonate, silicate and ductile materials
including organic matter and clay minerals.

The peak loads (Figure 2b) and Hv (Figure 2¢) do not vary systematically with orientation within
each sample set. Both the BSF and WMF have the greatest peak load at 45° and greatest Hy at
90°, while the KCF and the HBS have greatest peak load and Hv at 0°. The laminations of the
former two samples are not obvious (unlaminated BSF- LNO, and poorly laminated KCF — LN6),
therefore the orientations of these two samples are not representative entirely. For laminated
samples, the results were interpreted by an easier access to interfaces and pre-existing defaults
(some of them are in the same direction than the displacement of the indent), which facilitate a
vertical crack opening and reduce the contact surface below the indent. The difference between
peak load and peak Hv measurement is caused by the differing contact area measured in the
images (Table 1). The uncertainly of contact area measures (23 um?) and the slight difference in
lag time between the load measurement and tomograph recording taken after the initial fracture
appearance (< 2 seconds) may also affect this variation.
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Figure 2 Compositions (a), peak load (b) and Vickers Hardness (c) of the four selected
samples at three orientations

3.2. Fracture initiation and propagation

With increasing load, brittle deformation of samples produced fractures which initiated beneath
the indenter and propagated to the sample edges (e.g. Figure 3). The peak-applied load (Table 1)
varied between materials and sample orientations as described in Section 3.1. BSF and KCF
samples are selected in this section for comparison between the form of fractures propagating
within different shale textures (LN 0, 6, 8 13).

In the BSF (unlaminated, LNO), fractures in all three orientations initiated directly beneath the
indenter and propagated vertically down into the sample (Figure 3A). In each case, after fracture
initiation the load relaxed. As the load was subsequently increased, the original crack widened,
continued to propagate vertically, and in some cases bifurcated. In the 0° (bedding
perpendicular) sample, a single planar fracture initiated and propagated to the base of the sample.
In the 90° (bedding parallel) sample, three branching fractures were observed at peak load. In the
45° (bedding inclined) sample, one initial fracture developed at peak load, and additional
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branches formed as the load subsequently increased. Propagation directions were insensitive to
bedding orientation in this unlaminated material.

In KCF (thickly laminated, LN8) samples, fractures initiated directly beneath the indenter, and
were similar to the initial BSF fractures. However, these fractures propagated through the KCF
samples differently (Figure 3B). In the 0° sample, the initiation fracture deflected to lie parallel to
the bedding plane upon reaching the interface of two laminations. Subsequent fractures initiated
at the deflection point of the original fracture and propagated along the bedding interface. In the
45° and 90° samples, the original fractures propagated parallel to the bedding planes. During post-
initiation reloading, the initial fractures widened, but no further fractures were generated.
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Figure 3 3D images of fracture initiation and progressive propagation in samples from the
BSF (a) and KCF (b) at different orientations
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3.3. Strains during indentation

Figure 4 shows the strain localization, quantified by DVC, with corresponding XCT slices for
two samples oriented at 0°, an unlaminated sample (BSF, LNO) and a laminated sample (KCF,
LN8) for comparison.

Some initial deformation was observed beneath the indenter under low loading in both samples
(Figure 4 a2-a3 and c2-c3) compared with the original image (Figure 4 al and c1). The strain
prior to fracture generation calculated on the basis of displacement derivative is relatively evenly
distributed in the BSF sample (LNO, Figure 4 b1-b2 and d1-d2) but in the laminated KCF sample
(LNS), the strain distribution is heterogeneous, with strains directly beneath the indenter. When
the load increased further, fractures began to nucleate. The strains in the BSF sample became
localized around the fractures (Figure 4 b3), while those in KCF sample are still heterogeneous,
(Figure 4 d3). In the post-fracturing stage, the strains mainly increased in one side of the main
fractures in both samples (Figure 4 b4 and d4), suggesting sliding on the newly developed
fracture.

KCF 0° sample

(al) Reference (c1) Reference

(a2) initial deformation (c2) initial deformation

(a3) further deformation | o e XL (c3) further deformation

(c4) cracks

(d4)
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Figure 4 Deformation and fracture propagation in an unlaminated sample (BSF, LNO, 0°)
and a laminated sample (KCF, LNS, 0°); a and ¢ by XCT slices, b and d by DVC strain
maps.

3.4. Fracture propagation and branching

The geometries of the 3D fractures in different samples are presented and summarized in Figure
5. In all orientations, fractures in unlaminated samples (e.g. BSF, LNO) propagated vertically
without any deflection, while in the laminated samples, propagation directions varied with
orientation. For bedding-perpendicular loading, fractures deflected toward the bedding planes at
the interface of two laminations. The fracture geometries become relatively complex when the
lamination patterns are complex (e.g. WMF, LN6). The fractures at the interface followed pre-
existing cracks in the HBS samples (LN13). At 45° (bedding inclined) and 90° (bedding
parallel), fractures in all laminated samples initiated directly beneath the indenter and propagated
parallel to the bedding interfaces.

Samples Experimental fractures Fracture models
0° 45° 45°

. 7 @

N f a

o %

: * 7 '

Figure 5 3D experimental fracture geometries and fracture models of 4 materials in 3
orientations. Green- indenter, yellow- experimental fractures, red- fracture models, blue-
pre-existing cracks.

3.5. Nanoscale fracture imaging in bedding-perpendicular samples

Due to resolution limitations on the tomography images (~ 3 um), post-failure fractures with
aperture < 3 um are imaged using high-resolution SEM mapping of 2D sections through the
sample. Samples at 0° were selected (Figure 6) for comparison owing to the greater differences in
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fracture geometry between materials. The interaction of fractures and microstructures can be
further analyzed at nanoscale.

In the highly cemented and non-laminated sample (e.g. BSF, LNO), no obvious nanoscale fractures
were observed, while the major fracture penetrates through the entire sample perpendicular to the
bedding (Figure 6 a-c). In the clay-rich and laminated sample (e.g. KCF, LN8), the major fractures
run through the sample with a 45° angle to the bedding direction. These fractures consist of
continuous ‘Z’ shape segments (Figure 6 d-f). Secondary branches of these fractures developed at
a similar angle and propagated parallel to the elongate clay mineral grain orientations (Figure 6 d).
These fractures bypass the ‘hard’ carbonate grains and pyrite framboids via rounded corners
(Figure 6 d-f). New sub-branches initiated at the sharp corners of the carbonate grains and
developed along the surrounding clay minerals. These sub-branches continue to propagate
following clay mineral orientations. In the poorly laminated sample (e.g. WMF, LN6), the major
fractures penetrated through the sample while the secondary branches lay along similar
orientations to the bedding planes at the microscale. Nanoscale fractures also followed the local
clay mineral orientations which sometimes differ from the overall bedding planes (Figure 6 g-i).
The relatively intricate matrix leaded to the complex fracture pattern. In the samples with pre-
exiting fractures (e.g. HBS, LN13), most nanoscale fractures were in alignment with the major
fractures at the microscale (Figure 6 j-1), and this alignment is particularly prominent when in the
same orientation with bedding planes.

In summary, the nano-fracture networks depend on the degree of the cementation and the
arrangement of mineral grains in the matrix. The geometry and distribution of ‘hard’ minerals (i.e.
carbonate minerals, pyrite grains, and cemented silica gains) and the local orientations of ‘soft and
sheet’ clay minerals are major controls on the major fracture propagation direction.
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Figure 6 SEM image (Backscatter) of nanoscale fractures in samples at 0° (bedding
perpendicular). a-b: BSF; d-e: KCF; g-h: WMF; j-k: HBS. Clays-clay minerals, carb.-
carbonate grains, py.- pyrite framboids. In ¢, f, i and 1, red refers to the granular mineral
grains and the black refers to the fractures segmented in the SEM images.

4. Discussion

4.1. Advantages and disadvantages of synchrotron imaging for fracture propagation
quantification in shales

Many mechanical properties, for example, indentation hardness, can be extracted from standard

indentation tests. Synchrotron images provide four dimensional information, spatial and

temporal, to characterize and quantify the fractures initiation and growth. The spatial and

temporal information is crucial for fracture propagation prediction when affected by

microstructure, especially in highly heterogeneous samples like shales.
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The numbers of branches and distances between branches over time can be only quantified by
these synchrotron images. Their interactions with mineral grains, existing pores and fractures,
and the laminations, can be observed and characterized directly in the images (Figure 2). The
spatial and temporal information are crucial in the development and application of mechanical
theories and practical applications. For example, the supplementary information demonstrates
that the assumptions commonly used to calculate K. from indentation experiments are
invalidated by the form of the fractures developing in these experiments. This information would
have been unavailable without the synchrotron imaging, leading to inaccurate K;. measurements.
Furthermore, synchrotron images allow DVC strain maps which provide information on strains
developing during the deformation prior to fracture development (Figure 3). These tiny
displacements are normally difficult to capture using standard methods, but play a key role in
fracture prediction within these materials.

The representativity of micro-indentation in shale has often been questioned. Owing to the
limited synchrotron beamtime, it is impossible to test hundreds of samples to present a
substantial statistical analysis, but representativity has been demonstrated to be sufficient for
fracture initiations and propagations in shales and can be supplemented by further laboratory
measurements (further discussion is shown in section 4.3).

4.2. The roles of bulk composition, laminations and orientation on fracture initiation and
propagation

Three variables were considered in this study as factors potentially controlling fracture initiation

and propagation in shales during indentation: composition (carbonate, silicate, clay, and organic

matter), laminations (0, 6, 8, 13 laminae per cm), and orientation relative to the bedding planes

(0°, 45° and 90°).

4.1.1 The role of bulk composition

Shale composition shows the highest correlation with Vickers Hardness in this study, while it has
low correlation with the density and separation of fractures when compared to laminations and
orientation. This demonstrates that mean composition is one of the most important factors with
respect to the hardness at the scale investigated, but it has less influence on the fracture propagation
and final fracture patterns. It is noted that the compositions in this study are average compositions
acquired from XRD and TOC rather than local compositions. Some studies show that higher clay
mineral and kerogen contents lead to lower hardness (e.g. Abedi et al., 2016), but this is not a
simple linear relationship. No relationship between hardness (Hv; GPa) and ductile material
content (clay minerals and organic matter) is found at either 0° (bedding perpendicular) or 90°
(bedding parallel), as demonstrated by the very low R? values shown in Figure 7. There are
presently few 45°examples in the literature so this data is not plotted. Some studies suggest
carbonate has greatest hardness, with an elastic modulus only half that of quartz and clay minerals
(e.g. Kumar et al., 2012a). The BSF has the greatest percentage of carbonate (over 50%) and a Hy
value more than double any other sample for all orientations. Cement is commonly found in the
matrix of BSF which is not seen in the other samples in this study. This may be the main reason
for a greater Hy. The KCF and WMF samples have similar concentrations of carbonate (less than
10%) and also similar Hy ranges. The lowest Hy values appear in HBS due to the pre-existing
cracks which significantly reduce the hardness. Combined with other studies, there is some
suggestion that carbonate content leads to increasing Hy for bedding perpendicular samples, but
there is no apparent relationship for bedding parallel samples (Figure 7 B and D). It is also noted
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the measurement deviation in contact area and the lag time of tomography taken after the initial
fracture appearance may also lead to increasded uncertainty in Hv.
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Figure 7 Relations of Hardness (GPa) with ductile materials (clay and kerogen) and carbonate
from this study and literatures (Abedi et al., 2016; Fan et al., 2019; Han et al., 2018) at two
orientations.

In summary, mineral compositions, when pre-existing cracks are not considered, affect the fracture
initiation load and therefore play an important role in determining hardness of shales, but beyond
this connection it is not a systematic control. Composition is therefore likely to act in combination
with other rock properties such as porosity, grain sizes or arrangement within the matrix, to control
the hardness (e.g. Herwanger* et al., 2015; Zhang et al., 2016).

4.1.2 The role of texture

The term texture refers to the geometric arrangement of grains in a sample (also termed as
fabric). In this study, it is represented by lamination and its thickness. Texture has been seen to
control the major direction of fracture propagation, and the numbers and scales of final fracture
patterns (Figure 4). The correlations of lamination with nano-fractures are even higher than the
micro-fractures but with lower significances. The LN13 HBS samples have higher ordered
texture and therefore caused more branches and closer distance between them. In the highly
cemented LNO BSF samples, few nano-fractures were observed while in the laminated samples,
both micro- and nano-fractures are present. The cement modified the original texture of the
rocks, strengthening the matrix in LNO sample and the cemented sample demonstrates relative
isotropy but is not homogeneous (Figure 4 a and b). On the contrary, the laminae in the
laminated samples cause anisotropy of many mechanical properties, including electrical
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resistivity, acoustic velocity, elastic moduli, Poisson’s ratio and permeability (Rybacki et al.,
2015; Waters et al., 2011). The geometry of micro-scale fractures therefore depends strongly on
the thickness and arrangement of the laminae (Figure 5). This hypothesis is further demonstrated
by the DVC stain maps displaying relatively uniform strain within a single lamina but strain
discontinuities between laminae (Figure 4 ¢ and d). Furthermore, the heterogeneous nature of
shales means that the multi-scale texture important in the characterization of mechanical
properties (e.g. Kumar et al., 2012b). Within a single lamina, the arrangement of ‘hard’ mineral
grains and ‘soft’ mineral grains control the networks of nano-fractures (Figure 6). The fractures
either bypass the round corners or branch at the sharp corner of the ‘hard’ minerals (e.g.
carbonate grains), which promote the complex fracture patterns. When the secondary (either
micro- or nano-) fractures, were created, they commonly propagate along the orientation of
‘sheet’ (e.g. clay) minerals. This suggests a relative consistency across scales in this study.

4.1.3 The role of orientation

The orientation of the loading direction relative to bedding controls the fracture propagation
direction owing to anisotropy of the material properties (Chandler et al., 2016; Ibanez and
Kronenberg, 1993). Also, the local arrangement of minerals under the indenters affect Hy of the
samples, which affects fracture initialization. This can be observed in the DVC strain maps
(Figure 3 and 4). Subsequently, the fractures tend to preferentially orient parallel to the bedding
planes, when there is an angle between the loading and bedding directions (Figure 3 and 5).
Apart from the BSF (LNO), the fractures in all other three samples at 45° (bedding inclined) and
90° (bedding parallel) propagated parallel to the bedding planes, while the fractures in samples
oriented perpendicular to bedding deflected toward the bedding planes upon encountering an
interface between two laminations (Figure 5). This kinking of fractures towards bedding
interfaces has previously been observed in larger-scale mechanical experiments such as those of
(Chandler et al., 2016), and (Forbes Inskip et al., 2018) and at microscale in the thermally
induced fractures (Figueroa Pilz et al., 2017).The kinking depends on a combination of the
incidence angle and toughness contrast at the interface. Therefore, in order to predict fracture
propagation directions and geometries in future experiments or the subsurface, the anisotropy
and texture, should be well characterized, over a range of scales. Figures 4 and 6 demonstrate
that a fracture which appears straight at a given scale can be made up of a series of kinked
segments at smaller scales.

4.3. Multi-scale anisotropy and representative elementary volumes

Shale heterogeneities are manifested from the nanoscale to the macroscopic scale, and
observations and quantification across these scales is necessary to understand fracture initiation
and propagation. Mineral composition (macroscopic feature) appears to be one of the factors
controlling hardness (i.e. fracture initiation), while the texture (macroscopic feature) is
considered to be the greatest factor influencing fracture propagation direction. Mechanical
anisotropy is caused by both micro-scale texture (e.g. laminations and cement) and nano-scale
texture (e.g. the size and arrangement of grains). Therefore the scale(s) of heterogeneity plays a
major control over the development of multi-scale fracture patterns (Figure 4-6).

Representativity of the quantified feature is always considered in microstructural studies owing
to the multi-scale nature of shales. Representative elementary volume (REV) is defined as a
minimum averaging volume over which the macroscopic measurable characteristics are constant
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(Bear and Braester, 1972). REV was previously calculated in the same Bowland (Ma et al.,
2016) and Haynesville (Ma et al., 2019) shale samples used in the present study as 380x 380 x
380 um? and 320 x 320 x 320 um® respectively when pre-exiting microfractures are not present.
The REVs of Kimmeridge and Whitby samples are assumed to be similar with Bowland and
Haynesville samples based on the microscrope observations shown in Figure 6, which is also
comparable with mechanical REV measured by other studies (e.g. Cosenza et al., 2019). Also,
the discrepancy between the macromechanical modulus from micro-indentation was only less
than 15% in Bakken Shale which has (300um) 2 representative elementary area (REA) (Liu et al.,
2018), which demonstrates the representativity of micro-indentation is acceptable. The samples
used in the in-situ experiments are around 3 x 3x 3 mm?, which is over 10 times greater than the
REVs and can cover two or more laminae. This suggests the fracture propagations quantified in
these samples (in term of the sample sizes) are observed in representative volumes of
microstructures. Additionally, the representativity can be further improved by combining with
statistical analysis from grid indentation tests without imaging in future studies (Ortega et al.,
2010).

4.4. Implications for energy and environmental applications

In-situ synchrotron imaging provides direct and multi-dimensional perspectives of the
mechanical properties of materials. The combination of time-lapse tomography and DVC
resolves the evolving deformation zone during indentation both qualitatively and quantitatively,
and the strain maps are able to predict the fracture initiation and propagation directions and
patterns.

Indentation perpendicular to bedding generates more fracture volume, while requiring a greater
load. The fractures propagate further in relatively uniform-textured shales than in laminated
shales. The results of this study suggest then, that under a given stress, the most extensive
fracture network is likely to be induced in HBS, followed by WMF, KCF and finally BSF,
although the effect of the in-situ stresses and fluid content is not considered. These synchrotron
indentation results can therefore be applied in the design of fluid-injection treatments in
hydrocarbon and other relevant reservoirs or in the safety assessment of the geological storage of
carbon dioxide, hydrogen and nuclear waste.

5. Conclusions

We demonstrate the capability of capturing synchrotron images of fracturing initiation and
propagation in shales during mechanical indentation using synchrotron X-ray tomography at the
microscale. Hardness, fracture propagation and fracture geometries are examined for samples
with varied compositions, microstructures, and orientations relative to the bedding planes.
Compared with the standard indentation tests, synchrotron images provide additional dimensions
to characterise and quantify the fracture propagation in the space and over time, and provide the
possibility to quantify the deformation before cracking. This can provide a powerful quality
control over mechanical measurements within inhomogeneous media, where underlying
assumptions about the form of developing fractures are not necessarily valid. Furthermore, it is
potentially impactful for developing fracturing theory and predictions of fracture development.
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This study suggests that in shales the average composition provides the major control on the
hardness and fracture initiation, especially the carbonate content. Hardness increases from 0.35-
3.08 GPa in the bedding-perpendicular indentations with an increase of carbonate from 2.6- 52.4
% and a decrease in clay content from 36.6% to 3.5%. The peak load ranges from 23.0 —218.8 N
to make the fracture initiation. The material texture and the orientation of the indentation to
bedding combine to control the fracture propagation direction and geometry. It was found that
microstructural features can govern the fractures at multiple scales. The cement in the matrix
significantly increases the hardness and the fracture propagation directions. Fractures kink at the
interface of two laminae at microscale, and the sub-branches deflected at round corns and split at
the sharp ones at nanoscale. The initial deformation before fracturing were quantified by DVC,
presenting evenly distribution in the unlaminated sample and heterogeneous distribution in
laminated sample.

BSF samples have the highest hardness 3.08 to 4.46 GPa and the fractures propagated directly to
the sample base directly due to the microstructural homogeneity of the microfacies investigated.
Fractures propagating perpendicular to bedding in KCF, WMF and HBS demonstrate fracture
deflection toward the bedding planes at lamination interfaces and the fracture numbers largely
depend on the laminae thickness. HBS samples have the lowest hardness 0.30-0.46 GPa owing to
the pre-existing fractures; newly formed fractures utilize the pre-existing fractures. For these
materials at 45° (bedding inclined) and 90° (bedding parallel), the fractures propagated directly
parallel to the bedding planes from initiation. Furthermore, in laminated samples nanoscale
fractures can be observed after the experiment.

The technique established in this study provides guidance for in-situ imaging and quantification
in more complex mechanical loading environments to simulate the realistic subsurface
conditions. The results also demonstrate the micro- and nano- scale quantification must be
considered in order to interpret the development of fracture networks in a wide range of
applications, for example, in clean extractions of hydrocarbon energy, seasonal subsurface
storage of hydrogen and heat, permanent geo-storage of carbon and nuclear waste and potentially
predications of some fracture- related geo-hazards.
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