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Abstract

Rocks have inherently heterogeneous micro-structures. The mechanical response of these heterogeneous
micro-structures primarily governs the overall macroscopic behavior of intact rocks, as these features cause
heterogeneity in the distribution of stress and strain within a rock volume. These attributes have generally
been studied through numerical tools, but in this study, the stress-induced multi-scale spatial heterogeneity
in the strain-field of three types of rocks was analyzed experimentally. The full-field non-contact strain
measurement approach of 2D Digital Image Correlation (DIC) was employed for real-time evaluation of
the progression of strain-field heterogeneity across the surface of the rock specimens when subjected to
uniaxial compression. The results show that the strain-field heterogeneity is a characteristic of the inherent
heterogeneity of the rock specimens, and that it amplifies with the magnitude of stress applied on the rock
specimens. The changes in the strain-field heterogeneity with loading were consistent with established
micro-crack evolution processes in the rock specimens. The statistical fluctuation in the strain-field
heterogeneity of the three rocks at varying gauge lengths (GL) was then analyzed for the determination of
the Representative Volume Element (RVE) length-scale at increasing load levels. The evolution of the RVE
length-scale with loading facilitates an objective way of determination of the stress at which the strain-field
heterogeneity increases and begins to influence the overall global response of the material. The RVE length-
scale variation with loading showed that at the RVE length-scale reaches the specimen-scale at load levels

well below the peak strength.
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Rocks consist of an assembly of heterogeneous constituents, including a variety of mineral grains with
different sizes, stiffnesses, and shapes, in addition to pre-existing defects in the form of cracks and grain-
boundary cavities. These micro-structural features contribute to several types of micro and meso-scale
heterogeneity: geometric heterogeneity resulting from shape and grain size variations, elastic heterogeneity
due to stiffness mismatch between grains, and contact heterogeneity resulting from variability in contact
distributions (length and frequency).” This heterogeneity of the rock micro-structure results in the rock’s
inconsistent grain-scale response to the applied external stress fields, which is consistent with the Preisach-
Mayergoyz (P-M) space model that postulates that the mechanical response to an applied external pressure
differs for each of the mesoscopic elements present in the micro-structure. Resulting from these
differences in the mechanical response, in an otherwise homogeneous strain-field, is the formation of local
zones with high strains (strain concentration), which can generate localized regions of high extensile strains
and cause localized damage. This localized damage initiates at loads that are considerably smaller
than the ultimate load, and can lead to an amplification in the heterogeneity of the stress/strain fields in the

rock structure.

The macroscopic mechanical response of rocks is generally governed by the strain-field heterogeneity
produced by the inherent heterogeneous micro-structure, with the mechanical response of rocks evolving
in a multi-scale heterogeneous manner from micro-scale to meso-scale and eventually to the macro-
scale. This implies that it is important to investigate the multi-scale heterogeneous behavior
of rocks to realistically assess the state of damage in rocks, as stress-induced damage at the micro-scale has
been observed to be masked if observed at larger scales of measurement. Therefore, constitutive
relationships based on macroscopically observed stress-strain behavior (commonly used for simulating rock
deformation behavior) are not necessarily appropriate for a realistic analysis of the actual state of damage
in rocks. Such relationships might not be able to capture the multi-scale response evolution in rocks, which
is vital for the long-term stability assessments of critical structures in or on rock, such as dams, bridges,
tunnels, caverns, and nuclear waste repositories. Therefore, it is important to formulate
physics-based constitutive relationships that can account for the multi-scale mechanical behavior of rocks.
To this end, as an initial step, it is essential to experimentally characterize the stress-induced multi-scale
heterogeneity in rocks and the scale of strain-field homogenization, as this information can be useful
validation data for analytical or computational models.” " Accordingly, in the present study, experiments
have been carried out on three types of brittle rocks stressed under uniaxial loading in-sync with full-field
2D Digital Image Correlation (2D-DIC) measurements for the multi-scale assessment of deformation. This

ework experimentally characterizes the stress-induced spatial heterogeneity in the strain-field of several
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rock specimens; previously, such heterogeneity has primarily been studied through the use of numerical
approaches. Additionally, we demonstrate how different length scales of study influence the observed
strain-field heterogeneity. The variation in the strain-field measurements at varying scales is then used for
the determination of the length scale of homogenization (i.e. Representative Volume Element (RVE)
length-scale), at varying levels of damage in the specimens to experimentally evaluate the evolution of

strain-field heterogeneity.

2.1 Strain-Field Heterogeneity

The heterogeneity in the stress/strain response of laboratory scale rock specimens has been widely observed
in studies performed to understand the damage mechanics of heterogeneous brittle rocks. A variety of
laboratory-based experimental techniques have been developed to observe the salient features associated
with damage evolution in variety of rocks. These techniques can be broadly divided into direct and indirect
methods for observations of the changes accompanying stress-induced damage in rocks. Rock surface
observation, thin-section viewing, and the X-ray imaging technique belong to the category of direct
methods, while the most common indirect method is the application of a dye or fluorescent for observation
of stress-induced changes, although this method has been found to be inconvenient and time expansive.

Thin-section analysis (scanning electron microscope, transmission electron microscope) techniques have
been extensively used for studying the characteristics of damage processes in rocks. Experimental
studies based on the thin-section viewing broadly concluded that the micro and meso-level heterogeneity
present in the micro-structure controls damage and fracture initiation in rocks. However, the
aforementioned works had the following limitations: (1) the micro-structural (thin-section) analyses were
performed under zero stress conditions after an experiment; (2) the analyses performed are complicated,
time consuming, and expensive; and (3) there is a degree of subjectivity associated with the selection of the
region from which the thin-section is extracted. Another shortcoming of these traditional
experiments lies in the fact that it is difficult to measure stress distribution throughout a specimen in real-
time which limits our capacity to understand the influence of stress-field heterogeneity on the rock damage

processes.

Because of the limitations associated with the traditional experimental approaches, grain-based
(discontinuum) numerical techniques have been developed for simulating the influence of micro-scale
heterogeneity on rock damage processes. These studies showed that numerical approaches
can be efficient in addressing the issues relating the effect of grain-scale material heterogeneity on the

deformation mechanisms of intact rocks. Diederichs' and Lan et al.” showed that micro-structure
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heterogeneity can cause the local stresses to be significantly different in comparison to the macro-level
stress field, which can be a potential source of damage nucleation in brittle rocks. The reliability of these
grain-based models varies based on the calibration procedure used for processing the micro-material grain
properties.”’ Keeping this and the limitations of traditional experimental approaches in mind, there is value
in considering unconventional experiment-based techniques to study the role of stress and strain

heterogeneity in rock damage processes.

The non-contact technique of Digital Image Correlation (DIC) has been employed by many authors to
obtain full-field strain measurements, and has proven to be very useful in investigating deformation-related

[4.17,18.19.23.24.27.33.54.55.365758 However, the aforementioned works

strain heterogeneities in variety of materials.
do not quantitatively assess the evolution of strain-field heterogeneity with damage. Consequently, in this
study, the 2D-DIC technique has been implemented to measure stress-induced strain-field heterogeneity in
real-time for three types of brittle rocks damaged under uniaxial loading. This study, as far as the authors
are aware, is the first experimental study that quantitatively assesses the stress-induced strain-field

heterogeneity to validate the fundamental numerical findings of Diederichs' and Lan et al.”.

2.2 Multi-scale Strain Heterogeneity and Representative Volume Element (RVE)

The heterogeneous micro-structure of rocks produces an inconsistent mechanical response to an externally
applied stress-field, which causes multi-scale (from micro-scale to macro-scale) variability in the strain

9,60

(damage) distribution across the volume of the rock.'”**”’ During such a trans-scale damage progression,
the heterogeneity in the strain-field at smaller-scales can be significantly larger than the heterogeneity at
the macro-scale.'”'" Therefore, for a realistic evaluation of the rock damage processes, it is essential to
analyze the stress-induced strain-fields at different scales synchronously, as deformation at one length scale
may manifest differently at other length scales. The full-field 2D-DIC deformation measurements do not
possess an inherent length-scale of measurement and therefore, this technique is highly suitable for multi-
scale observation of full-field strain fields.””* Accordingly, the 2D-DIC technique was implemented in this
study for direct evaluation of the multi-scale heterogeneity in the strain-fields of rock specimens stressed
under uniaxial loading. This allows for examination of how different length scales influence the measured
strain heterogeneity, and subsequently aids in the definition of a pertinent minimum scale of measurement

necessary for illustration of the active state of damage in the rock specimens.' "'

In heterogeneous materials, the overall macroscopic constitutive behavior is generally simulated by
theoretical estimations based on the process of homogenization, in which a representative volume element
(RVE) containing all the geometric and constitutive information of the micro-structure is used.””" The

homogenization process leads to masking of the multi-scale response of heterogeneous solids above the
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length-scale of a RVE.”""" Consequently, for an accurate description of the overall mechanical response of
heterogeneous solids to loading, the minimum size of the RVE must be known. ™ In the context of laboratory
testing, results from designated specimens need to be representative of the overall global response of the
rock of interest, and should be independent of the location on the specimen where the deformation
measurements were taken, for which the characterization of the RVE is extremely important.” Therefore,
RVE length-scale determination is essential for studying the overall response of complex heterogeneous
materials, although for any realistic heterogeneous material, a robust and universal approach for defining

the RVE does not exist.

The RVE is usually regarded as the minimum volume of a heterogeneous material that is sufficiently large
to be statistically representative of the material’s micro-structure; in other words, the RVE should
effectively include a sampling of all micro-structural heterogeneities (grains, inclusions, voids, fibers,
cracks etc.) that occur in the material structure.” The RVE should be such that statistical homogeneity is
satisfied and fluctuations of any physical or mechanical properties at or above this length-scale are
minimal.” Essentially, the characteristics (either mechanical or geometrical) at the RVE length-scale should
be statistically homogeneous such that the macroscopic material characteristics and the RVE characteristics
are the same. The experimental determination of RVE length-scales is typically based on morphological
appearance (geometrical attributes; see Kim et al.”’, Graham & Yang", Heggli et al.”’) or based on elastic
properties (see the work of Cho & Chasiotis™, and Gharahbagh & Fakhimi”’”). The length-scale at which
the statistical variation in some quantity (e.g. strains) ceases to exist can also represent the RVE length-
scale. Liu™, Efstathiou et al.”’, Kim et al.”, Koohbor et al.”’, and Romero & Masad " used this approach of
statistical homogeneity for the RVE determination of materials like asphalt mixtures, explosive simulant,
titanium and woven fibre-composites. Bourcier et al. "~ also used a similar procedure for determination of
the RVE length-scale of synthetic halite samples, although the RVE defined in this study was not
representative of the global mechanical response of the material as it was determined based on the statistical
variation of strains only in a local region present on the material surface. Two limitations of these
aforementioned studies are: (1) they fail to address the effect of stress-induced amplification of the strain-
field heterogeneity on the RVE length-scale of a material; and (2) a limited amount of experimental work
has been conducted on RVE length-scale determination of laboratory-scale brittle rock specimens based on
its multi-scale mechanical response to loading. In this study, the RVE length-scale based on multi-scale
strain-field heterogeneity was analyzed for three types of rocks at different levels of uniaxial loading. The
2D-DIC technique has previously been used for RVE length-scale determination because of its capability
to facilitate real-time deformation measurements at wide range of length-scales and at different levels of

damage.
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3. MATERIALS AND TESTING PROCEDURE
3.1 Materials

The present study experimentally examined three rock types: Lyons sandstone (LS), Barre granite (BG),
and Stanstead granite (SG) (Figure 1); key physical characteristics of these rocks are summarized in Table
1. These rock types were selected as they typically deform in a brittle manner, which for the purpose of this
paper refers to the property of rocks to fail through locally extensile damage processes when subjected to a

globally compressive stress-field. "

Lyons sandstone is a brittle sedimentary rock found in Lyons, Colorado, which is located in the front range
of the Colorado Rocky Mountains (USA). Lyons sandstone (LS) has been formed through long-term
consolidation of moderately sorted fine-grained quartz sand dunes, and consequently is primarily composed
of quartz (85-90%) and clay minerals (10-12%), with a porosity of about 4-7%.""/!/*/37*7575771 § has an

average grain size of about 0.19 mm with a bulk density of 2.52 g/cm?®>*/#/ 7270777579

The second rock type, Barre granite (BG), is a crystalline rock forming a part of the Devonian New
Hampshire pluton series located in the south-west region of Burlington, Vermont (USA)." BG is a fine to
medium grained granodiorite with mineral grain sizes ranging between 0.25 to 3 mm with an average grain
size of 0.87 mm.”""" BG is characterized by a very consistent mineral matrix of feldspar (65% by volume,
with an average grain size of 0.83 mm), quartz (25% by volume, with an average grain size of 0.9 mm),
and biotite (6% by volume, with an average grain size of 0.43 mm)."”"' Because of its crystalline nature,

BG has a negligible porosity of 0.6% with a density of 2.59 g/cm?® (Igbal & Mohanty, 2007)."

Stanstead granite (SG) is an extensively studied rock of Devonian age found in the Beebe region of Quebec,
Canada.”" SG is a medium to coarse-grained crystalline rock whose typical mineral constituents are
feldspar (65%), quartz (25%), and biotite (8.5%) (Table 1), with grain sizes ranging between 0.5 to 2
mm.""*" The average grain size of SG is approximately 1.35 mm, with feldspar grains having an average
size of 1.5 mm, quartz grains having an average size of 1.25 mm, and biotite grains having an average size

of 0.6 mm. The density of the Stanstead granite specimens used in this study is 2.61 g/cm®.
The difference in the average grain size of the three rock types (Table 1) is visually presented in Figure 1.

Prismatic specimens of the three rock types were prepared (150 mm long, 75 mm wide, and 25 mm thick).
The prismatic geometry of the specimens provided a planar surface, which is essential for accurate in-plane
2D-DIC measurements. It also ensured that the surface strains are representative of the broader specimen
deformation.'”* Three geometrically similar prismatic specimens of each rock type were prepared by

sawing, and it was ensured that all the upper and lower surfaces of the specimens were smooth, flat and

6



195  leveled to within 0.01 mm under dry conditions using mechanized grinding. For the purpose of presentation
196  of the experimental results, the tested specimens are labelled as LS-1, LS-2, and LS-3, where LS stands for

197  “Lyons Sandstone”, and a similar convention has been followed for the BG and SG specimens.

(a) Lyons sandstone (b) Barre Granite (c) Stanstead Granite
(LS-2) (BG-2) (SG-2)

198

199  Figure 1. Rock types considered in this study.

200 Table 1. Physical and mechanical properties of the rock types considered in this study.

Main Physical Properties Mechanical Properties
Rock Type Mineral Size g | Mean Grain | Porosity Mean UCS Mean Elastic
Constituents (mm) o Size (mm) (%) (MPa) Modulus (GPa)
L Quartz 0.19 90
yons
sandstone (LS) - 0.19 4.5 196 65
) Quartz 0.90 25
Ba“(“iggég‘mte Feldspar | 0.83 | 65 0.87 0.6 188 58
Biotite 0.43 6
Quartz 1.25 25
Stanstead
granite (SG) Feldspar 1.50 65 1.50 0.6 129 44
Biotite 0.60 9

201



202

203
204
205
206
207
208
209
210
211
212
213
214

3.2 Testing Procedure

Uniaxial compression loading experiments were conducted on each of the prismatic specimens for the three
rock types, and the 2D-DIC procedure was synchronously implemented during each of the experiments to
allow evaluation of the characteristics of the full strain-field developed during external loading. A
computer-controlled servo-hydraulic loading machine manufactured by Controls Group Inc. was used to
uniaxially load the prismatic specimens of the three rocks in axial displacement feedback mode by
advancing a piston against the specimen at a rate of 1 pm/sec (Figure 2). Displacement feedback mode
provided the ability to control the deformation of the rock specimens close to their uniaxial compressive
strength (UCS). Linear Variable Differential Transformers (LVDTs) (Figure 2a) were used to record the
overall axial deformation of the rock specimens. The calculated mean UCS and elastic modulus of the three
rock types after the completion of the uniaxial testing are given in Table 1. It shows that LS, which has the
smallest grain size, has the highest strength, while SG, which has the largest average grain size has the

lowest strength.
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Figure 2. The experimental design employed for synchronously capturing the evolution of the full-field strains
using the 2D-DIC procedure under uniaxial loading conditions (Shirole et al.**). (a) Laboratory set-up where:
(al) CCD camera; (a2) loading frame of the Controls Group Inc.; (a3) Linear Variable Differential
Transformer (LVDT); (a4) rock specimen with speckled front surface. (b) Schematic diagram of the 2D-DIC
set-up for in-plane full-field measurement of strains where: (b1) 2D-DIC set-up viewed perpendicular to the
camera axis; (b2) Speckled front-face of the prismatic specimen captured by the camera; viewed co-axially to
the camera axis. (Modified from Shirole et al.>®).
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3.2.1 2D-Digital image correlation (2D-DIC) set-up

Digital image correlation (DIC) is one of the most prevalent non-destructive non-contact optical tools for
automated computation of full-field strains on rock specimens. Accurate and consistent results have
previously been achieved in numerous studies conducted on geomaterials using DIC. 2D-
DIC computes the full-field strain profile of a strained specimen by comparing the digital images of the
specimen surface in its un-deformed (or reference) state and deformed states. In routine execution of the
2D-DIC analysis, the reference image is specified initially. The reference image is then partitioned into
small square groups of pixels called subsets (with a corresponding “subset size”), and the distance between
each subset is specified (“step size”), which leads to the formation of a virtual subset field (“grid”) on the
reference image, where each subset spatially represents a particular local region on the specimen
surface. For accurate deformation measurements, it is essential that each subset must be uniquely
identifiable. Therefore, in 2D-DIC analysis, a stochastic pattern of gray-scale values (speckle pattern) is
typically applied to the area of interest. As a result of the speckle pattern, a subset (which is a collection of
individual pixels) contains a wider variation in gray-scale levels, which assists in unique identification of
the subsets. The fundamental principle of the 2D-DIC computation is to track the subsets (initially
defined in the reference image) in the deformed (subsequent) images, with the assumption that the grey-
scale values in the subsets are preserved during the transformation associated with the deformation. ™ A
statistical correlation criterion as a function of displacement (characterizing the transformation between
subsets) is then implemented for the estimation of the degree of similarity between the reference subset and
the deformed subset (for details read Sutton et al.””). The peak-position in the distribution of the correlation
coefficient defines the position of the deformed subset with respect to the reference subset, which assists in
the estimation of the displacement (transformation) between the reference subset and the deformed subset.

The displacement computed from the correlation procedure is then assigned to the center of the subset. The
same technique is employed and repeated in a systematic manner for other virtual subsets for the
computation of the full-field displacement across the surface of the specimen at different levels of damage.
This assemblage of full-field displacement across the material surface is then numerically differentiated in
spatial terms for the determination of the full-field strain tensor in real-time. The calculation of strains from
the displacement field is based on the standard Lagrangian approach of continuum mechanics (for details
read Shirole et al.””, Tung et al. ", and Dual & Schwarz ). To improve the accuracy and continuity of the
2D-DIC strain measurements, the strains around the DIC grid points (center of subsets) are averaged over

a region, which is representative of the strain resolution of the DIC measurements.

Given the importance of unique identification of subsets for accurate DIC measurements, a stochastic

pattern of grey-scale values (speckle-pattern) was produced on the surface of the specimens of the three
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rock types (Figure 2a4). The speckle-pattern was produced by spray-painting the surface of the specimens
by a multicolor paint from Rust-Oleum. Prior to the application of the paint, the surface of the rock
specimens was wiped clean of any visible contaminant (oil, grit, etc.) to ensure a high-quality speckle
pattern. The paint was applied just prior (2 hours) to the experiment so as to maintain maximum adherence
of the paint to the specimen in high strain regions, as recommended by Sutton et al.”’. For the duration of
the uniaxial compressive loading experiments, digital images of the speckled surfaces of the rock specimens
were captured in real-time (Figure 2b). A Fujinon lens of 35 mm focal length (Model CF35HA-1) was
employed in a Grasshopper Point Grey CCD (Charged Coupled Device) camera having 2448 by 2048
square pixel capability. The zoom, aperture and focus of the lens were manually operated, while the camera
and the image acquisition rate were controlled with FlyCapture SDK software. Before each test, image
artifacts such as dust on the lens of the camera and local areas of reflection on the object surface were
minimized.” The camera and the lens were designed to capture the entire speckled surface (150x75 mm?)
of each specimen (Figure 2b); one pixel in the digital image space corresponded to 100 pm in the physical
space. The applied speckle size by spray-painting the specimen surface ranged between 300-400 um, which
implies that each speckle was imaged by at least 3 pixels (1 pixel=100 pm). This is in conformity with the
prerequisite that each speckle should be imaged by at least 3 pixels for proper intensity pattern
reconstruction during the image correlation process. The camera was mounted at a distance of 1200
mm (z.) from the specimen, with the axis of the camera parallel to the surface normal of the specimen as
shown Figure 2b. The distance of 1200 mm was selected so as to keep the error in the DIC measurements
due to the out-of-plane deformations (Az) below the prescribed limit of Az/z.~10, which ensured that the
measurements given by 2D-DIC are only associated with in-plane displacement of the specimens, which in

turn means that the 2D-DIC is appropriate for acquiring the full-field strain measurements.

4.1 Validation of 2D-DIC Measurements

The images acquired during the uniaxial compression tests were correlated to extract the full-field surficial
strains using VIC-2D DIC software. As explained in the software reference manual (Correlated Solution ),
two input parameters are required for image correlation analysis performed using VIC-2D: (1) step size,
and (2) subset size (defined in section 3.2.1). The step size of 5 pixels (500 um; 1 pixel = 100 pm) was
employed in the image correlation so as to have maximum resolution in the measurement of the strain-field,
as higher step size leads to loss in the resolution.”” Higher resolution in the measurement of strains is
necessary because it has been found that the damage features associated with local regions of strain
concentration tend to get masked at lower resolutions. In contrast, the individual damage features appear

more prominently at higher resolutions, which is critical for the characterization of strain-field
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heterogeneity, and for the analysis of active damage in the rock volume.'*”* Additionally, the step size of
5 pixels was also computationally effective. A subset should consist of at least 3 speckles per the guidelines
given by Sutton et al.'”" Based on the speckle size (400 um) and the spatial resolution (1 pixel=100 pm
width), the absolute minimum subset size should be 12 pixels. Accordingly, a subset size of 15 was selected
519 An overly large subset size was not used as it can produce significant errors in full-field strain

89,90,9
measureme.

" Furthermore, the effect of subset size on the DIC measurements was also evaluated for
the estimation of the optimal subset size. For this, an additional specimen (LSP-0) was uniaxially loaded
with DIC measurements being processed using different subset sizes (the details are provided in Shirole et
al.>®). Through this analysis, the optimal subset size was also estimated to be 15 pixels (1500 um). Subset
size of 15 pixels, and step size of 5 pixels ensured that the subsets overlapped each other and provided
oversampling for added accuracy in the measurement of the displacement field. The subset size and the step

size as selected are also consistent with the fact that the step size should less than half the subset size.”

The chosen subset and step sizes are consistent with the range of subset and step sizes as employed in
various studies involving full-field strain measurements (see Table 2; compare the sizes based on the
physical dimension). As the physical dimension of the subset and step sizes will vary depending on the
spatial resolution of the DIC set-up, it is essential to compare the subset and step sizes as used in different

studies based on their dimensions in the physical space.

Table 2. Subset size and step size for DIC analysis as employed in various studies.

Reference Spatial Resolution Subset Size Step Size
(um/pixel) (Pixels) (mm) x 1073 | (Pixels) | (mm) x 10

Koohbor et al.”’ 7.21 95 685 9 65
Shirole et al.™ 100 15 1500 5 500
Song et al.™ 55 21 1155 10 550
Patel and Martin™*"’ 35 80 2800 20 700
Hedayat'"” 80 32 2560 5 400

Lin and Labuz'"” 30 20 600 NA NA
Aliabadian et al.'” 28 50 1400 21 588
This Study 100 15 1500 5 500

NA - Not Available

12
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In order to validate the accuracy of the 2D-DIC measurements, the magnitude of the axial strain-field
measured through the 2D-DIC procedure was compared with the specimen-scale axial strain magnitude
measured by the conventional LVDT system throughout the loading history (Figure 3). In Figure 3, the
strain values shown for the 2D-DIC procedure are computed on the whole specimen surface.'’ From Figure
3, it is clear that the 2D-DIC strain measurements are reasonably consistent with the LVDT measurements,
which validates the accuracy of the 2D-DIC design set-up as a whole. Based on the results in Figure 3, we
can also conclude that the subset size and step size chosen for image correlation are reasonable. For detailed
comparison, the slopes of the percent failure stress-axial strain plots at 50% of failure load obtained through
the 2D-DIC and LVDT methods were also calculated (Table 3).”* 50% of the failure stress was chosen for
comparing the corresponding slopes because it is expected to lie in the linear portion of the axial stress-
axial strain plots (Fairhurst & Hudson'"’, ASTM Standard D3148-02'""), and is similar to the procedure
followed by Ferrero et al."’” and Patel & Martin’*”’. Table 3 shows that the percentage difference in the
slopes calculated by the two techniques of strain measurement is below 10%, which is consistent with the
validation criterion for 2D-DIC measurements suggested by Patel & Martin’’. Consequently, the 2D-DIC

measurements, obtained by the 2D-DIC set-up as designed in this study, can be used with confidence.

Table 3. Comparison of the slopes of the percent failure-axial strain plots obtained from the DIC and LVDT
measurements at 50% of the failure stress. This procedure is similar to the procedure followed by Shirole et
al.>%,

Slope (x10%) Percentage Difference (%)
Specimen (LVDTsiope-
DIC LVDT DICsiope) *100/LVDTsjope
LS-1 0.040 0.043 7.0
BG-1 0.030 0.031 3.0
SG-1 0.038 0.039 3.0
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4.2 Strain-Field Heterogeneity under Loading

It is already known that the processes of damage initiation and accumulation in rocks are primarily
dominated by tensile mechanisms, even when rocks are macroscopically subjected to compressive
loads. The microstructural heterogeneity present in rocks can generate local tensile stresses,
and as rocks are weak in tension (Paul - concluded that in brittle materials the compressive strength
typically exceeds the tensile strength one by an order of magnitude or more) it leads to nucleation of local
tensile damage in the rock’s micro-structure.  Accordingly, Lan et al.” used the minor principal strain (g22),
which is primarily extensile in nature, for studying the effect of heterogeneity on brittle rock failure
mechanisms in numerical models. Similarly, in this study, the full-field maps of the minor principal strain
(e, see Figure 4) computed with a strain resolution of 2.5 mm (Shirole et al.”), have been analyzed in
detail for studying stress-induced amplification of strain-field heterogeneity in the three rock types (for
shear and volumetric strain results, please refer to Appendix A). Strains have been used for characterization
of the heterogeneity because strains (and not displacements) provide a better representation of active
damage mechanisms. = The & strain-field develops because of the Poisson’s effect, with the rock
specimens expanding in the lateral direction due to the uniaxial compression of the specimen along its
longitudinal axis (the long axis shown in Figures 1,4). This material expansion causes a macroscopic tensile
field to develop perpendicular to the loading direction. As cracks generally nucleate in a direction
perpendicular to the principal tensile field, the map of &2 strain-field shows a series of primarily sub-vertical
strain concentration features parallel to the long axis of the specimens (Figure 4). Figure 4 shows that at
low levels of stress (25% of UCS), the heterogeneity in the &x strain-field of the three rock types is minimal,
and the strain-field heterogeneity increases dramatically for all the specimens at higher stress levels (more
extreme for BG and SG in comparison to LS). This proliferation in the spatial heterogeneity of the &2 strain-
field with increasing loading is consistent with the brittle rock stress heterogeneity trends proposed by

Diederichs

In order to quantitatively analyze the progression of strain-field heterogeneity with increasing external
stress, the standard deviations of the major (&11) and minor principal (€22) strain values were calculated and
were subsequently plotted with the corresponding mean strain values (Figure 5). In Figure 5, the blue dots
denote the macroscopic mean values of the major (&11) and minor principal (g22) strain-fields over the whole
surface of the specimen throughout the loading history. The major and minor axes of the ellipse represent
the magnitudes of the standard deviations in the major (€11) and minor principal (€22) strain-fields
respectively; the center of each ellipse (shown as a black square in Figure 5) is characterized by the mean
of the major (e11) and minor principal (€22) strain-fields at the relevant load level. The size of the ellipse

shown in Figure 5, therefore, represents the heterogeneity (fluctuations) in the strain-field across the volume
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of the specimens at different load levels. The large size of the ellipses (Figure 5) experimentally validates
that there are indeed regions in the volume of the rock specimens which are characterized by strains that
are notably higher in magnitude than the mean strain-field acting on the specimen. For example, it can be
seen in Figure 5 that at all levels of loading, the magnitude of the maximum tensile strain (&) is
significantly different than the mean-field magnitude. It should be emphasized that these regions of high
local tension are the result of defects present in the material, and are the potential cause of damage
initiation. " Figure 5 shows that the size of the ellipse (which signifies strain-field heterogeneity) increases
as the magnitude of load increases in the specimens, with a significant increase in strain-field heterogeneity
at high levels of stress (90% of UCS and above), which can be qualitatively observed in Figure 4. The
increase in the strain-field heterogeneity with increases in the external stress can be associated with
intensification in the localized redistribution of strains due to loading-induced micro-cracking.’® The
amplification in the size of the ellipse with load increment is also consistent with the trend of the average
€2 vs. €11 curves shown in Figure 5. It has been established by Stacey " that the initiation and progression
of damage in rocks is reflected by visually observable changes (deviation from linear to non-linear trend)
in the slope of the vertical strain (gyy or €11) vs. lateral (e« or €2) strain plots. Figure 5 shows that at low
levels of loading, the €22 vs. €11 curves have a linear trend which tends to deviate from linearity as the applied
load is increased further. The deviation from linearity represents damage initiation and accumulation, as
extensile microcracks initiating in planes parallel to the vertical strain direction causes the specimen to
expand rapidly in lateral direction.” It can be observed that with increase in the non-linearity of the €, vs.
11 curves (damage accumulation), the size of the ellipse (strain-field heterogeneity) also amplifies, which
indicates that the evolution of damage (microcracks) in the rock volume causes amplification in the strain-

field heterogeneity.

It can be observed for all the specimens (Figure 5) that even at low levels of load (25% of UCS), the ellipse
size is non-negligible (the strain distribution is inhomogeneous); this heterogeneity at low stress can be
associated with micro-level heterogeneity, and the relatively transient force-chains at low-levels of stress
as shown in Figure 4. With an increase in the load levels (50-75% of UCS), the size of the ellipse
increases slightly, which can be associated with the nucleation of micro-cracks that act as an added source
of heterogeneity in the rock volume.”" This can also be observed in Figure 4, which shows that the
variability in the distribution of strains increases for stress levels above 25% of UCS, although the increment
in the strain-field heterogeneity is not particularly large. This observation is consistent with the findings of
Diederichs ~, who concluded that initial micro-cracking has only a slight effect on the overall macroscopic
behavior of rocks. At around 90% of UCS and above, the size of the strain ellipses in Figure 5 increases

dramatically. This significant rise in the strain-field heterogeneity can be linked with the processes related
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to the micro-crack coalescence close to the failure stress of the specimens. Figure 4 also shows a large
increase in the strain-field heterogeneity and macroscopic fracture formation at high stress levels, especially
in cases of BG and SG (90% of UCS and above). Hallbauer et al.”” concluded that the most significant
structural change in rocks occur when the applied loads are very close to the UCS of the specimens, and
that during this stage the number of micro-cracks increases by a factor of seven. The considerable rise in
strain-field heterogeneity at high load-levels (90% of UCS and above) is also consistent with the findings
of Diederichs' and Lan et al.”, who found that micro-crack coalescence (which occurs close to the UCS of
the material) significantly affects the axial strain-field, which in turn leads to a significant increase in the

heterogeneity of the transverse strain-field.
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Figure 4. Full-field profile of the minor (¢22) principal strain computed from the 2D-DIC analysis at different
stress levels for the three rock types. The results shown are for LS-1, BG-1 and SG-1 from top to bottom. ((-)
negative and (+) positive values represent extension and contraction respectively).
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Figure 5. Plot of major principal strain (¢;;) and minor principal strain (£,;) for uniaxially loaded specimens of
Lyons sandstone (LS), Barre granite (BG), and Stanstead granite (SG). Blue dots are the mean values of the €11
and &, strain-fields across the whole surface of the specimen, while the major and minor axes of the ellipses
represent the standard deviations of the €11 and &, strain-fields at various levels of damage. (-) negative and (+)
positive values represent extension and contraction, respectively.

The Poisson’s ratios (v) of the intact rock specimens were also calculated using the €, vs. €1 curves shown
in Figure 5 (Table 4). The Poisson’s ratio of the specimens was computed based on the slope of the €, vs.

€11 curve in the initial linear region emanating from the origin (0,0), which subsequently represents the ratio

of the minimum (transverse) and major (longitudinal) principal strain increments. The initial linear region
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of the curve was employed because Poisson’s ratio usually depends on the applied stress, and the initial

slope (at low stress), in the linear elastic regime, is generally representative of the intrinsic Poisson’s ratio

4-117

of rocks."’ The Poisson’s ratio of the three rock types is consistent with the range of Poisson’s ratio

values of these rocks as reported in other studies.””’"">***

Table 4. Poisson’s ratio (v) of the rocks considered in this study.

Poisson’s ratio (v)
Specimen ID Stanstead 5
Lyons sandstone (LS) Barre granite (BG) ans ((%S‘ G;gram ¢
Specimen 1 0.105 0.119 0.164
Specimen 2 0.094 0.134 0.176
Specimen 3 0.096 0.109 0.174

The heterogeneity-induced difference in the behavior of the three rock types can also be interpreted through
the strain-field heterogeneity shown in Figure 5. Table 1 shows that LS has the smallest average grain-size
(0.19 mm) and SG has the largest average grain-size (1.5 mm), while the average grain-size of BG
(0.87 mm) lies between the two. Lan et al.”, Liu et al.'”, Blair & Cook ™, and Villeneuve et al.''* stated that
grain-size is the dominant source of heterogeneity in rocks. Figure 5 shows that at UCS, the size of the
ellipse, which represents strain-field heterogeneity, is largest in the case of SG specimens (Figure 5(g, h,
1)), while the ellipse size is smaller for BG (Figure 5(d, e, f)) and LS (Figure 5(a, b, c)) specimens when
compared with SG specimens. This observation is consistent with the fact that grain-size is the dominant
cause of strain-field heterogeneity, especially when we compare the ellipse size of SG and BG specimens,
with the two rocks types having similar crystalline structure and deformation mechanisms, and differing
only in the grain-size. The macroscopic effect of the grain size induced strain-field heterogeneity is further
reflected by the lower mean UCS value of SG specimens when compared with the mean UCS of BG (Table
1), which is consistent with the observations of Liu et al."” and Villeneuve et al.''*, who found that the UCS

generally drops with increasing grain size.

4.3 Multi-scale Strain-field Heterogeneity

Rocks, because of their heterogeneous micro-structure tend to show multi-scale behavior, which implies
that the strain-field heterogeneity as discussed in the previous section is a function of the scale of
measurement. As it is experimentally infeasible to assemble strain-fields from nanometer-scale to construct

strain-fields across a centimeter-scale field-of-view, the strain-field heterogeneity at various length-scales
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has been investigated in this study by implementing a simplified procedure similar to that adopted by

Efstathiou et al.”.

For this specific task, the strain-field was spatially divided into square boxes throughout the surface of the
specimens (Figure 6), where the size of the box (termed as gauge length (GL)) defines the length-scale of
measurement. The multi-scale measurements of the strain-field heterogeneity can be obtained by selecting
coarse (Figure 6a) to fine (Figure 6¢) square boxes (larger to smaller GL) as shown in Figure 6. To
specifically compute the strain-field spatial heterogeneity at varying GL, the following approach was
followed (Efstathiou et al.): (1) a square box with size GL around a node point (X, y) in the surficial strain-
field was selected (Figure 6a); (2) the average value of strain (') in the square box was calculated, which
represents strain at the node point (x, y) (Eqn. 1); (3) the previous steps were repeated for all boxes covering
the whole surface of the strain-field; and finally, (4) the standard deviation (8cr) of the average strain in
each of the square boxes, which is the measurement of the strain-field heterogeneity at a gauge length of
GL, was calculated (Eqn. 2). In Eqn. 2, (¢'2) is the mean value of strain computed over the entire strain-
field of the specimen, N (Eqn. 3) denotes the number of boxes along the x-axis (transverse axis), and Ny
(Eqn. 4) signifies the number of boxes along the y-axis (longitudinal axis). The GL sizes considered in this
study varied between 1 mm to 64 mm. The maximum size of the GL (64 mm) was limited by the dimension
of the specimens, while the minimum size of the GL was based on the minimum number of DIC grid steps
(each step having 1 grid point) required for constructing a square box (with a minimum of two steps along
the width and breadth of the square). With the size of the steps as 5 pixels (0.5 mm), the minimum GL was
1 mm. The strain resolution of DIC measurements is slightly different than GL, as strain resolution
essentially represents region around the DIC grid points (center of subsets) over which the strains are

averaged.

1

5'22(x’y)=m_”€22 [dGLIIGL ey
GL
s ’
A CHE WZ 2[5'22 (x’y)‘<‘9'22>(x’y)] )
X y ) x=1 y=1
N = Wé L (W = Width of the transverse axis of the specimens) (3)
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To consider heterogeneity due to the specimen-scale variability in the strain measurements (e.g. between
specimens), it is important to include the variation in the strain measurements made for each of the tested
specimens (1, 2, 3) for each of the rock type. To do this, the strain values computed for each of the specimens
(1, 2, and 3) of a particular rock type were combined together, and the standard-deviation in the combined
strain-field data set for all the specimens (for each rock type) was calculated. The specimen-scale GL is
considered to be 128 mm, which is admittedly approximate in nature (given the rectangular shape of the
measurement face); at this scale, dgLis simply the standard deviation of the average specimen strains for

the three specimens of a given rock type.
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Figure 6. (a) Strain-field and the selection of gauge length (GL) for multi-scale study. The strain-field is divided
into N effective square-boxes based on the GL, and the strains are calculated at the center node (x, y) of each
box. (b) A finer window with smaller GL (GL-2) as compared to coarser GL (GL-1).
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Figure 7 presents the strain-field heterogeneity (represented by the standard deviation (5gL) of the average
strain) as function of GL size for each of the three rock types at different levels of applied uniaxial loading.
It can be clearly observed that the strain-field heterogeneity attenuates near-linearly in semi-log space when
the gauge length (GL) is increased (Figure 7), which is consistent with the findings of Bourcier et al. ,
Liu~, Efstathiou et al.”’, and Koobhor et al.”’. The amplitude of the strain-field heterogeneity is high at
small GL. The low-degree of strain-field heterogeneity observed at larger GL sizes can be attributed to the
fact that the local but amplified heterogeneity in the strain-field gets averaged over a larger area for larger
GL values, which tends to mask the actual state of strain heterogeneity present in the rock volume. The
amplification in strain-field heterogeneity at local scales (small GL values) can be understood based on the
P-M space model (McCall & Guyer"), which suggests that the mechanical response to an applied stress for
each of the mesoscopic units present in the rock micro-structure differs because of the geometric and
stiffness heterogeneity of the grains. This inhomogeneity in the response leads to generation of local regions
of high strain magnitude, which can be identified only at local scale and “smear out” at larger scales of
measurement.” The amplified strain-field heterogeneity at lower scales of measurement is a consistent with
the fact that the damage process in rocks usually initiates at the local scale before progressing to failure at

the specimen-scale.
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Figure 7. Measurement showing the variation in the strain-field heterogeneity (6¢1.) at different gauge lengths
(GL) for: (a) Lyons sandstone (LS); (b) Barre granite (BG); (c) Stanstead granite (SG). al shows the plateau
regions which represents the stabilization in the strain-field heterogeneity (d¢L).

Damage evaluation of rocks conducted by employing a large-scale measurement technique will not
facilitate an accurate characterization of the state of damage, which is confirmed by the trends of strain-
field heterogeneity (represented by the standard deviation of the average strain (L)) obtained at two scales
as shown in Figure 8. Figure 8 shows the changes in strain-field heterogeneity (d¢) as a function of stress
level, where the dgi. was computed at two scales of measurement (1 mm and 128 mm (specimen-scale)).
The dc1 variation with loading shows a particular trend for the three rock types when computed at a GL of

1 mm, while dg. variation with loading is nearly constant for GL of 128 mm (specimen-scale). At a GL of
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1 mm, the strain-field heterogeneity (5cL) remains constant at initial levels of loading (Stage I), which could
be attributed to the relatively transient force-chain fluctuations due to the rearrangement of the internal
structure of rocks. With a further increase in loading, dcr. (GL of 1 mm) starts to increase at a relatively
constant rate (Stage II), although only slightly. This is consistent with the observations taken from Figure
5, which showed that initial crack growth has only a slight effect on the strain-field heterogeneity (dgL). At
around 80% of stress (Stage III), 6oL (GL of 1 mm) increases drastically primarily because of the strain
localization processes related to micro-crack coalescence. In contrast, the strain-field heterogeneity (dcL)
measured at a GL of 128 mm remains constant until after 80% of loading and provides minimal indication
of the evolution of damage in the specimens. These observations are consistent with the multi-scale
behavior of rocks (Dautriat et al. *), which implies that the local strain-field heterogeneity is masked at high
scales of measurement (large GL values), and therefore deformation measurements obtained at larger scales

may not facilitate description of the active state of damage in rocks.

The evolution of the strain-field heterogeneity (6gL) for the three rocks as obtained at a GL of 1 mm is
similar to the trend of evolution of crack-density and non-elastic tensile strains in uniaxially loaded rock
specimens. Both crack density and non-elastic tensile strains show three stages of transition with
loading (as shown for dgi in Figure 8): a relatively constant trend in in Stage I (due to micro-structure
rearrangement); an increase at a constant rate in Stage II (due to micro-crack nucleation processes); and a
drastic acceleration in Stage III close to the UCS of the rock specimens (due to processes related to crack
coalescence). Accordingly, Figure 8 (GL of 1 mm) shows that the initial increase in strain-field
heterogeneity (6¢L) (marked by the transition from Region I to Region II) occurs approximately at 30% of
UCS and 40% of UCS for LS and the two granites (BG and SG), respectively. This transition can be
associated with the nucleation of micro-cracks as the crack initiation (CI) stresses of LS and the two granites
(BG and SG) are approximately 25-30% of UCS and 35-45% of UCS, respectively. Similarly, the
accelerated increase in 6gL (GL of 1 mm) (marked by the transition from Stage II to Stage III) occurs around
80% of UCS for the three rocks, which is reasonably consistent with the crack damage (CD) threshold stress
at which micro-crack coalescence initiates From this, it can be concluded that the strain-field
heterogeneity (dgL), when calculated at low-scales of measurement (GL of 1 mm), can be used as a
reasonable metric for the evaluation of the state of damage in the rock specimens. This also confirms that
the evolution of strain-field heterogeneity and damage are interconnected (although only when measured

at smaller-scales), and ultimately control the overall macroscopic behavior of the rocks.
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Figure 8. Variation of the strain-field heterogeneity (d¢1) with loading for the three rock specimens where: (a)
Lyons sandstone (LS), (b) Barre granite (BG) and (c) Stanstead granite (SG). d¢1. was obtained at two gauge
length: (1) GL of 1 mm; and (2) GL of 128 mm, which is the macroscopic specimen scale. The 3¢y, initially is
constant (Stage I), then rises at a gentle rate (Stage II), and with further loading increases drastically (Stage
I10).
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4.4 RVE Length-scale Estimation

As the variation of a rock’s RVE as a function of applied loading and associated material damage has not
previously been studied in detail, an analysis of the macroscopic RVE length-scale and its variation with

damage for the three rock types considered has been carried out in this study.

RVE length-scale determination is generally carried out with three-dimensional measurements, however,
the RVE determination approach as used in this work is based on 2D surficial measurements; therefore, the
values presented here are basically representative surface element (RSE). Nonetheless, it can be assumed
that the surficial deformations are representative of the overall specimen deformation because of the
minimal thickness of the tested specimens, and therefore, the RSE length-scale of the material can be
assumed to be equal to the RVE length-scale. The RVE length-scale in present study is calculated
using the variations in the experimentally measured strain-field heterogeneity (8g.) as a function of the GL,
as shown in Figure 7. It can be seen in Figure 7a that the near-linear trend of attenuation in the strain-field
heterogeneity (dcL) terminates at low levels of loading (up to about 40% of UCS) at GL values of over 60
mm (Figure 7al, 7bl1, 7c1). This is because the variation in the measured strain-field heterogeneity (daL) at
large GL values becomes negligible. This is consistent with the observations of Bourcier et al. ", who
associated this with the fact that at large GL, the average of local strain converges to the macroscopic
(specimen-scale or GL of 128 mm) strain magnitudes, causing the heterogeneity in the strain measurements
to stabilize. The RVE length-scale can be considered to be the GL at which the strain-field heterogeneity
(dcL) converges to the specimen-scale strain heterogeneity, as at the specimen-scale, the strain-field
heterogeneity (5gL) between specimens can be assumed to be minimal. Subsequently, the RVE length-scale
in this study was determined using the curves shown in Figure 7, and the RVE was computed with a
convergence threshold of 5% and 10%; in other words, the RVE length-scale was determined to be the GL
value at which the strain-field heterogeneity values (8g) come within 5% or 10% of the specimen-scale
(GL of 128 mm) strain-field heterogeneity (dcL). Linear interpolation was used to determine values that fell
between data points. Similar threshold-based procedures have been used by Bourcier et al. ", Liu™, and

Koobhor et al.” for the purpose of RVE length-scale determination.

The RVE length-scales determined using both the threshold criteria (5% and 10%) have been plotted as a
function of uniaxial load level in Figure 9 for the three rock types. This figure shows a strong sensitivity of
the RVE length-scale to the globally applied uniaxial compressive load. The calculated RVE length-scales,
broadly show similar trends with loading for the two threshold criterions. As the focus of the present paper
is not on the quantitative aspects of the RVE length-scale but on the variation of RVE with damage, the
discussion that follows is based on the results obtained using the 5% threshold criterion. Figure 9 shows

that at initial levels of load (up to 30% of UCS), the RVE length-scale varies slightly (random fluctuations),
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but broadly remains constant around 60 mm for the three rocks. This nearly-constant value for the RVE
length-scale for the three rocks could be attributed to the low-degree of strain heterogeneity in the rock
specimens at low-levels of loading when the specimen behavior is purely elastic in nature (see Figure 4 for
25% of UCS). With an increase in the load magnitude, the strain-field heterogeneity in the rock specimens
increases, which consequently results in a step-change in the RVE length-scale of the three rock types,
although this happens at different stress levels for the three rocks. After this jump, the RVE length-scale
effectively reaches the specimen-scale (GL of 128 mm). This is because, as the heterogeneity in the strain-
field intensifies, the strain-field must to be averaged over a larger area to minimize the influence of strain
variations; this subsequently leads to an increase in the magnitude of RVE length-scale at higher load
magnitudes.”’ Similarly, lower-load levels induce relatively less heterogeneity in a material’s strain-field,
and require less averaging, which results in a reduced RVE length-scale (Figure 9). The increase in RVE
length-scale with damage is consistent with the observations of Koobhor et al.”” and Ostoja-Starzewski et
al. . It can be observed in Figure 7 that the stabilization in the strain-field heterogeneity as observed at
larger GL (represented by the plateau of daL as a function of GL in Figure 7al, b1, c1) ceases to exist with
an increase in the load applied on the specimens (compare Figure 7al and 7a2; see Figure 7bl, 7c1). This
abrupt termination in the leveling-off of the strain-field heterogeneity at large GL consequently results in a
step-like increment in the RVE length-scale, with the RVE length-scale reaching the specimen-scale (128
mm). The step-jump in RVE length-scale could be associated with fact that after a certain stress-level, strain
concentrations begin to occur at the macro-scale and therefore begin to influence the overall global response

of the material.

As shown in Figure 9, the RVE length-scale jumps to the specimen-scale (128 mm) at about 75% of UCS
for LS, at 45% of UCS for BG, and at 35% of UCS for SG. It is generally accepted that the macroscopic
strain localization due to the processes associated with micro-crack coalescence initiates at the CD (crack
damage) stress threshold, which is approximately 80% of UCS for the three rock types considered in this
study. It can be observed that the RVE length-scale, however, reaches specimen-scale at stress
levels well below the CD threshold for two granitic rocks (Figure 9). This suggests that the stress at which
strain-field heterogeneity starts to influence the overall global response of the rock (shown by jump in the
RVE magnitude to specimen-scale), is different than the stress at which the strain concentrations localize
at the macro-scale to form a fracture. This could be due to the fact that even though localized regions
associated with strain-field heterogeneity are present throughout the entirety of the specimen (strain-field
heterogeneity governs the global response of the rock), more stress-induced energy is required to be
imparted to the rock volume so that the strain-field heterogeneities localize to form a macroscopic failure

plane, as less brittle materials continue to endure large inelastic deformation without disintegration and
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without loss of its load carrying capacity. -~ Accordingly, for SG (most heterogeneous and least brittle), the
RVE length-scale reaches the specimen-scale at the earliest (35% of UCS), while the micro-crack
coalescence (CD at ~80% of UCS) initiates at a later stage, as lot of extra stress-induced energy is required
for the localization of damage in less brittle materials. Similarly, in case of LS, which is the most brittle
and the least heterogeneous rock, the RVE length-scale reaches the specimen-scale in a delayed manner
(75% of UCS), with the micro-crack coalescence occurring relatively closer to the crack damage stress (CD
at ~80% of UCS). This can be related to the low-level of heterogeneity in LS, which contributes to the RVE
reaching the specimen-scale at a high stress level; this in turn considerably decreases the discrepancy
between the stress magnitude at which the RVE length-scale reaches specimen-scale and the stress

magnitude at which strain-field macro-crack localization initiates (CD).
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623 Figure 9. The variation in the RVE length scale with the evolution of damage in the three rocks. (a) Lyons
624 sandstone (LS); (b) Barre granite (BG); and (c) Stanstead granite (SG).
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In this study, the stress-induced multi-scale spatial heterogeneity and the associated RVE length-scale of
the strain-field for three types of rocks (Lyons sandstone, Barre granite, and Stanstead granite) was
experimentally characterized. Prior studies on stress and strain heterogeneity in rocks under load have
primarily utilized numerical approaches, and therefore experimental studies are essential to confirm these
numerical findings. The full-field non-contact strain measurement approach of 2D-DIC was employed for
evaluation of the development of strain-field heterogeneity in real-time across the surfaces of the rock
specimens when subjected to uniaxial compressive loads. 2D-DIC was used because it allows for study of
the full-field deformation, which in turn facilitates multi-scale analysis. The statistical variations in the
strain-fields of the three rocks at varying gauge lengths were also analyzed to determine the RVE length-

scale with the ultimate goal of understanding how it varies as a function of load level.

Based on the fact that extensile strain-induced damage is the primary deformation mechanism for brittle
rocks, full-field maps of the minor principal strain (€2,) were analyzed to study stress-induced heterogeneity
in the strain-fields of the rock specimens. The 2D-DIC full-field strain maps of the three rocks qualitatively
showed that the strain-field of the rock specimens becomes progressively more heterogeneous with
increasing magnitude of the uniaxial compressive load. The progression of strain-field heterogeneity with
uniaxial loading was calculated as the standard deviation in the full-field strain maps, and was plotted with
the corresponding mean strain values. The large standard deviation (strain-field heterogeneity) in the full-
field strain maps confirmed that indeed there are regions in the volume of the rock specimens which are
characterized by strains that are much higher in magnitude than the mean strain-field acting on the
specimen, and these regions can be the potential locations of damage initiation in the rock specimens. The
most significant strain-field heterogeneity was observed close to the peak strength of the rock specimens.
The results also showed that the strain-field heterogeneity is a function of the inherent heterogeneity of the
rock specimens; in particular, grain size was found to be a major contributor to the degree of observed

strain-field heterogeneity for each rock type.

In analyzing the multi-scale behavior of the three rock types considered, it was found that the strain-field
heterogeneity attenuates near-linearly in semi-log space as a function of the scale (GL) considered. The
amplified strain-field heterogeneity at lower scales of measurement (small GL) is consistent with the
prevailing model that the damage in rocks usually initiates at the local-scale and then progresses to failure
at the specimen-scale. The evolution of the strain-field heterogeneity (5gL) as a function of loading for the
three rocks at the finest scale of measurement was found to be similar to the previously documented trends
of evolution of crack-density and non-elastic tensile strains in uniaxially loaded rock specimens. The

changes in the strain-field heterogeneity with loading were found to be associated with damage evolution
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in the rock specimens, and the points of change in the strain-field heterogeneity (3cL) trends were reasonably

consistent with the CI and CD stress levels for the three rocks.

The RVE length-scale for the three rock types was also calculated using the variations in the experimentally
measured strain-field heterogeneity (3cL) as a function of the GL, and the evolution in the RVE length-scale
with loading was also studied. It was observed that the RVE length-scale remains constant at low-load
magnitude, but increases rapidly (in a step-like manner) and reaches the specimen-scale as the applied load
on the specimens is increased. The step-like jump in RVE length-scale was associated with fact that above
a certain stress-level, the strain-field heterogeneity begins to influence the overall global response of the
material. It was also noted that the RVE length-scale, which characterizes the spatial heterogeneity of the
strain-field, reached specimen-scale at stress levels well below the CD threshold for the two granites
considered. It was inferred that the discrepancy between the stress at which RVE length-scale reaches the
specimen scale and the stress at which micro-crack coalescence initiates (CD) can be an indicator of the

micro-structural heterogeneity of the rocks.
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APPENDIX A

As rocks are weak in tension, the processes associated with damage initiation and accumulation under

unconfined conditions are primarily tensile in nature. Accordingly, the minor principal strain (g22; tensile
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in nature) is primarily employed for studying the effect of heterogeneity on the progressive brittle rock
failure mechanisms. With that said, laboratory observations and numerical models have revealed that shear
strain-field heterogeneity begins to dominate the rock damage processes after the CD stress threshold.

This can be further observed in Figure Al, which shows the progression in the shear strain-field (eyy)
heterogeneity at different stress levels for the three rock types. Figure A1 broadly shows that the &y strain-
field is spatially heterogeneous across the surface of the specimen (for each rock type). The &y strain-field
remains relatively unchanged (except some minor fluctuations in the shear strain intensity pattern) up to
about 75% of the UCS. However, with further increase in stress, the heterogeneity in the &y strain-field
intensity starts to increase, which is marked by relatively large blue regions on the specimen surface at 90%
of UCS and beyond. This amplification in the &y strain-field heterogeneity can be attributed to the processes
leading to the formation of a discrete shear failure plane close to the UCS of the specimens. Additionally,
Figure A1 shows that, at UCS, the shear strain-field heterogeneity is most prominent for Stanstead granite
(SG), and minimal for Lyons sandstone (LS) with the behavior of Barre granite (BG) lying in-between the
two rock types. This observation is consistent with the fact that heterogeneous rocks (SG in this case) have
a more profound strain-field heterogeneity when compared with the strain-field heterogeneity exhibited by

more homogeneous rock types (LS and BG in this study).
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In addition to the &y strain-field, the total volumetric strain-field (&,) profile of the rock specimens was also
analyzed to examine the progression in the heterogeneity of the &, strain-field with damage. The total
volumetric strain was calculated using Eqn. A1, where &y ana €xx represent axial and lateral strain magnitudes
respectively.” Figure A2 shows the full-field profile of the &, strain-field at different stress levels for the
three rock types. Similar to the €2 and &,y strain-fields, the &, strain-field is also spatially heterogeneous
along the specimen surface. It can be observed that for LS, the e, strain-field progressively becomes
increasingly contractive in many areas; however, regions with negative volumetric strains (indicating
dilatancy) also start appearing on the material surface as the applied load on the specimen is increased. For
the granites (BG and SG), the negative volumetric strains, indicating material dilatancy, appear more
prominently (in comparison to LS) on the material surface as the applied load on the specimens is increased
beyond 75% of UCS, with SG showing the most dilatant behavior. The behavior of these rocks can be
associated with their internal grain structures. LS is a homogeneous sedimentary rock comprised mostly of
quartz grains (Table 1), and it has a non-negligible porosity (unlike the two granitic rocks). The porous
grain structure of LS allows for shear deformation to occur without significant crack opening, and
consequently it shows low degree of dilatancy. In contrast, SG is a very heterogeneous rock with different
types of mineral grains in its microstructure and near-zero pre-damage porosity. In SG, significant grain

boundary crack opening leads to the development of negative volumetric strain (indicating dilatancy).

e =€, +2€ (A1)
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Figure A2. Full-field profile of the total volumetric (&) strain computed from the 2D-DIC analysis at different
stress levels for the three rock types. The results shown are for LS-1, BG-1 and SG-1 from top to bottom. ((-)
negative and (+) positive values represent extension and contraction respectively).
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