Micro-fracturing in rock under direct and indirect tensile loading
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ABSTRACT: Effective design in rock engineering applications requires understanding the frac-
ture mechanisms of rock at both macro- and micro-scales. Nonetheless, there remains a gap in
understanding why macro and micro-scale fracturing mechanisms diverge. Acoustic emission
techniques were utilized to monitor the microcracking processes in granite specimens subjected
to indirect (Brazilian) and direct tensile loadings. The varying contributions of shear and tensile
microcracks to macro-fracture formation elucidate the discrepancy between direct and indirect
tensile strengths. Our findings indicate that the confining stress in the Brazilian test, attributed to
its biaxial stress field, along with grain size, are two critical factors influencing microcracking
mechanisms in rock. The findings hold potential utility in applications like hydraulic fracturing
for geothermal energy extraction, where understanding cracking locations and mechanisms is im-
perative for improving reservoir productivity.

1 INTRODUCTION

Crystalline rocks possess inherent micro-defects such as intra-crystalline cracks and grain bound-
aries, which act as focal points for stress concentration, as per Griffith's theory. Consequently,
these defects serve as sites for the initiation and propagation of microcracks, ultimately leading
to macroscopic failure. Understanding these mechanisms holds paramount importance in various
fields including geotechnical engineering, mining, seismology, and hydraulic fracturing. Re-
search underscores two primary types of cracks—tensile and shear—that emerge during compres-
sion or tension (Shams et al. 2023).

In rock fracture mechanics, three fundamental loading modes—tensile (Mode 1), sliding or in-
plane shear (Mode II), and tearing or anti-plane shear (Mode III)—are defined (Whittaker et al.
1992). The stress state at crack/flaw tips in geomaterials may comprise shear, compression, and
tension, thereby instigating crack propagation under various mechanisms, especially in rocks
(Whittaker et al. 1992; Einstein 2021; Zafar et al. 2022). Given that rock materials are weak in
tension but strong in compression and shear, microcracking processes and mechanisms under
Mode I loading are of paramount importance in rocks (Perras & Diederichs 2014; You 2015; Guo
& Wong 2020).

Studies employing environmental scanning electron microscopy (ESEM) have observed the
correlation between the development of macroscopic cracks and the formation of microcracking
zones, primarily consisting of tensile microcracks. These findings underscore the dominance of
tensile cracking mechanisms in the fracture process of rocks. Sun & Wu (2021) used acoustic
emission (AE) to investigate crack mechanisms in sandstone during Brazilian tests, finding that
the process primarily comprises tensile microcracks, with shear microcracks also present. Li &
Einstein (2017) applied AE and digital image correlation to study crack propagation in Barre
Granite under bending, revealing the coexistence of shear and tensile mechanisms. Zafar et al.
(2022) investigated Barre Granite deformation under compression, observing tension-initiated



cracking followed by shear microcracks. Guo & Zhao (2022) monitored AE events in granite,
sandstone, and marble during bending tests, noting predominantly tensile mechanisms. Labuz et
al. (1987) examined the impact of grain size on granite fracture, finding longer fracture process
zones with larger grain sizes.

Literature reveals a discrepancy between macro and micro-scale cracking mechanisms in var-
ious tests like hydraulic fracturing, direct tensile, and Brazilian tests. Despite inducing tensile
fractures, shear microcracks are often present at the microscale (Bieniawski & Hawkes 1978;
ASTM 2008; Einstein 2021). In our study, we aim to address these gaps by investigating the stress
state effects on micro-fracturing processes in granite specimens during tensile failure. Using AE
and roughness scanning, we analyze medium-grained granite specimens and mortar specimens
subjected to direct tension and Brazilian tests. Our goal is to enhance understanding of micro-
structural damage, assess the disparity between macro and micro fracturing mechanisms, and
evaluate the accuracy of measured tensile strength, attempting to explain the difference in tensile
strength obtained from Brazilian tests and direct tension tests.

2 EXPERIMENTS
2.1 Materials and Specimen Preparation file

The rock specimens were prepared from Stanstead granite (Eastern Township region, Québec,
Canada), a medium-grained crystalline rock with an average grain size of 1.1 mm and a maximum
grain size of 7 mm and mainly composed of quartz, mica (biotite), alkali feldspar (orthoclase),
plagioclase (albite), and opaque minerals. The properties are given in Table 1.

Two groups of specimens were prepared in compliance with ISRM recommendations. Groups
were composed of four ®75 x 30 mm cylindrical disc specimens and four prismatic specimens
with dimensions 100 x 37 x 30 mm (length (L) x width (W) x depth (D)). The disc specimens
(named B1 to B4) were tested under the Brazilian tensile loading, and the prismatic specimens
(named D1 to D4) were tested under the direct tensile loading. A direct tensile test is regarded as
valid only if the failure occurs at the midpoint of the specimen (Perras & Diederichs 2014). Two
5 mm notches were cut on both sides of the specimens and the prismatic specimens' ends were
polished and glued onto the loading plates with a strong adhesive epoxy. Figure 1 shows an ex-
ample of the prepared specimens of each type.
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Figure 1. Schematic view of a) disc specimen mounted on standard Brazilian jaws; b) prismatic specimen
glued to loading platens. Location of AE sensors for ¢) Brazilian specimens and d) specimens tested under
direct tension




Table 1. Mechanical and physical properties of Stanstead granite

No. of

Parameter Min Max Mean SD*
Samples

Uniaxial compressive strength

(MPa) 4 137 138 137 0.61
Direct tensile strength (MPa) 4 5.40 5.50 5.50 0.05
Brazilian tensile strength (MPa) 4 7.40 9.00 8.00 0.76
Elastic modulus (GPa) 3 499 51.1 50.6 0.62
Poisson's ratio 3 0.21 0.27 0.23 0.03
P-wave velocity (km/s) 4 4.07 4.17 4.12 0.02
Density (kg/m?) 4 2636 2646 2643 4.85

* Standard deviation

2.2 Loading system

Direct tensile tests were conducted using an INSTRON 4482 dual-column Universal Testing ma-
chine, equipped with a load cell capacity of 100 KN . The Brazilian tests were carried out using
servo-controlled material testing system (MTS) equipment with a load cell capacity of 225 KN.
The ISRM standard apparatus, comprising two loading jaws, was utilized for the Brazilian test
(Bieniawski & Hawkes, 1978). To address potential premature fracture initiation caused by ex-
cessive compressive stress concentration at the loading ends, a mitigation strategy was employed.
Two thin cardboard cushions, each with a thickness of 2.5 mm, were inserted between the jaws
and specimens (Fig. la and 1c¢).

All experiments were conducted at the Rock Mechanics Laboratory of Université de Sher-
brooke. For both Brazilian and direct tension experiments, the applied load (F) and axial displace-
ment in the vertical direction were monitored using two Solartron LVDT displacement transduc-
ers. Tests were conducted under displacement control mode at a rate of 0.1 pm/s to ensure quasi-
static loading conditions. Although this loading rate is lower than the ISRM recommended rates
(Bieniawski and Hawkes, 1978), it was chosen to facilitate better monitoring and recording of the
fracturing processes in the specimens.

2.3 Acoustic Emission (AE) Monitoring

The MISTRAS p-SAMOS acoustic emission equipment with two PCI-8 cards (16 measurement
channels) was utilized to monitor cracks' temporal and spatial distribution throughout the experi-
ments. Nano-30 AE sensors operating within the 125—-750 kHz frequency range, resonating at 300
kHz, were employed to capture AE signals. Figures 1c and 1d illustrate the AE sensor layout for
disc and prismatic specimens, respectively. Ten sensors were mounted on cylindrical specimens,
and eight on prismatic specimens. For Brazilian specimens, four sensors were positioned on the
front and back surfaces, with two on the sides to capture 3D distribution of AE events (Fig. 1c).
Disc sides were slightly flattened to enhance sensor-specimen coupling. For specimens under
direct tensile loading, four sensors were affixed to the back surface, and four to each side (Fig.
1d). Sensors were initially attached using double-sided adhesive tape and then secured with hot
glue. Sensor-granite coupling efficiency was confirmed via auto sensor test (AST) (Grosse &
Ochtsu, 2008).

PAC preamplifiers with a 40 dB gain amplified low amplitude AE signals from sensors. Am-
bient noise interference was minimized by setting a threshold value of 35 dB for AE signal re-
cording. A sampling frequency of 3 MHz, with a pre-trigger of 50 us and a sample length of 4k,
was employed. AE features were computed with PDT, HDT, and HLT set to 200, 800, and 350
us, respectively, with a maximum duration of 10 ms. Identical settings were used for both Brazil-
ian and direct tensile tests. Pencil-lead breaks (PLB) test (ASTM, 2015) ensured event localiza-
tion accuracy within 2 mm.

AE source localization utilized Akaike information criterion (AIC) by detecting P-wave arrival
times. A constant P-wave velocity field model, optimized via downhill simplex optimization
method, was applied for AE source localization, following the procedure outlined in Li et al.
(2019). To increase localization accuracy, a minimum of four AE sensors was required, with a



minimum of six sensors used for investigating AE source mechanisms. Moment tensor inversion
(MTI) technique, based on the 2D implementation of SiGMA (Simplified Green's functions for
Moment tensor Analysis), determined focal mechanisms of AE events (Ohno & Ohtsu, 2010; Li
et al., 2019; Grosse et al., 2021). Moment tensors were decomposed into double-couple (DC),
isotropic (ISO), and compensated linear vector dipole (CLDV) components, with events classified
as tensile, compaction, or shear based on established criteria (Davidsen et al., 2021). In addition,
the average focal amplitude (Ao) of the detected AE events was calculated by Eq. (1), considering
geometrical spreading for a reference distance of 10 mm as in Zang et al. (1998):

ey

where 7 is the number of sensors receiving the same AE signal, A4; is the maximum signal
amplitude received by the i sensor, and 7; (in mm) is the signal source distance to the i sensor.

3 RESULTS

3.1 Direct vs. Indirect Tensile Strength

Figures 2a and 2b display the load-displacement responses for the Brazilian and direct tension
tests, respectively, with insets showing the specimens' tensile strength. The average Brazilian ten-
sile strength (c_Bt) is approximately 8 MPa (standard deviation 0.76 MPa), while the average
direct tensile strength (c_Dt) is approximately 5.5 MPa (standard deviation 0.05 MPa). The aver-
age ratio of ¢_Dt/c_Bt is 0.69, consistent with the value reported by Perras & Diederichs (2014),
and the standard deviation values indicate more consistent results in direct tension tests compared
to Brazilian tests, aligning with findings in other studies (Alehossein & Boland, 2004; Cacciari &
Futai, 2018). Figure 2c shows the average direct and Brazilian tensile strengths of various granitic
rocks from different literature sources and this study, with the numbers above bars representing
the o Dt/c_ Bt ratio. There is a good agreement between the values obtained in this study and
those reported in the literature.

3.2 Temporal and Spatial Microcracking Processes

In a previous paper, we suggested that microcracks initiated, propagated, and coalesced more
abruptly under the direct tension than the Brazilian loading (Shams et al. 2023). This could be
because the macroscopic damage in Brazilian specimens is mainly composed of micro-shear
cracks that gradually initiate and propagate inside granite. However, the macroscopic damage in
specimens tested under direct tensile loading is primarily made up of micro-tensile cracks that
initiate and propagate much more abruptly than micro-shear cracks.

3.3 AE Microcracking Mechanisms

The moment tensor inversion (MTI) technique was used to determine the focal mechanisms of
AE events. Figures 3 and 4 depict the distribution of AE sources at the end of the third loading
stage (i.e., at the failure load) for specimens B1, B2, D1, and D2, respectively. Blue lines represent
the observed macroscopic fracture paths. The size and color of AE events in these figures corre-
spond to the average focal amplitude (AO) of the AEs. The percentages in brackets denote the
ratio of specific AE mechanisms to the total detected AEs for each specimen.

Generally, the location of AEs correlates well with the final macro fractures across all speci-
mens. Additionally, there is a high consistency in the overall trend of AE activities among speci-
mens of the same type. Results indicate that microcracks predominantly accumulated in the cen-
tral regions of disc specimens near their centers, suggesting initiation in the central part and
subsequent extension towards the vertical ends. Similarly, Figures 4a and 4e show AE events
mainly clustered around the right notches of D1 and D2, implying initiation from the right side
and propagation towards the left.
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Figure 2. Load-displacement curves for a Brazilian specimens, b specimens under direct tensile loading,
and c the direct and Brazilian tensile strength of granite from: (A) Mellor & Hawkes (1971), (B) Ramana
& Sarma (1987), (C) Alehossein & Boland (2004), (D) Liu et al. (2014), (E) Perras & Diederichs (2014),
(F1, and F2) Cacciari & Futai (2018), (G) Qi et al. (2019), (H) Efe et al. (2021), and (I) this study. The
blue and red dashed lines represent the average values of Brazilian and direct tensile strengths

The spatial distribution of different AE mechanisms is illustrated in Figures 3b-3d and Figures
3f-3h for B1 and B2, and in Figures 4b-4d and Figures 4f-4h for D1 and D2, respectively. Line
segment orientations represent the orientation of tensile microcracks, which align with the final
macroscopic fractures. Moreover, the color of source mechanisms corresponds to the average
focal amplitude (AO) of the AEs.

All three different cracking mechanisms, i.e., tension, compression, and shear, contribute to the
fracturing behavior and the tensile strength of both prismatic and disc specimens. In other words,
the tensile strength of specimens is controlled by a combination of different microcracks types,
even in the direct tensile tests, which has been accepted as the most valid method for measuring
the true tensile strength of rock (Bieniawski & Hawkes 1978; Perras & Diederichs 2014; ASTM
2016).

Brazilian specimens exhibit a majority of shear-type AEs (47% and 50% in B1 and B2),
whereas specimens under direct tensile loading predominantly feature tensile AEs (47% and 63%
in D1 and D2), as shown in Figures 3 and 4. On average, Brazilian specimens have 49% shear
cracks and 23% tensile cracks, while these values are 21% and 55% for specimens tested under
direct tensile loading. The ratio of tensile-to-shear microcracks is 0.47 and 2.62 for indirect and
direct experiments, respectively. This disparity in the contribution of shear and tensile AEs be-
tween Brazilian and direct tensile tests tends to elucidate the difference in tensile strength. In
brittle materials like granite, tensile strength is typically lower than shear strength, underscoring



the importance of tensile strength in rock engineering materials. This principle extends to the
micro-scale cracking, where a higher proportion of shear-type microcracks leads to higher macro
tensile strength, explaining the observed difference between indirect and direct tensile strengths
in tested granite samples.

4 DISCUSSION ON MACRO- AND MICRO-SCALE FRACTURING

The results of load-displacement testing revealed that the tensile strength of granite specimens
under indirect (Brazilian) tensile loading is 46% greater than under direct tension, with average
strengths of 8 MPa and 5.5 MPa, respectively. While both Brazilian and direct tensile loadings
traditionally lead to macroscopic tensile failure in rock specimens, AE results indicated a compo-
site failure mode comprising both tensile and shear cracks at the microscopic level. The propor-
tion of these cracking modes varied significantly between the different loading methods, with
microcracks being 49% shear and 23% tensile in Brazilian tests, compared to 21% shear and 55%
tensile in direct tensile tests. This discrepancy in the contribution of tensile and shear microcracks
to macroscopic fracture formation elucidates the difference in strengths observed between Bra-
zilian and direct tensile tests, highlighting variations in cracking mechanisms across micro and
macro scales.
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Figure 3. Spatial distribution of AE events at failure load and AE focal mechanisms for B1 (upper panel)
and B2 (lower panel). The shear cracking mechanism is predominant in specimens tested under Brazilian
loading. Percentages in brackets indicate the proportion of specific AE source mechanisms to the total
AEs detected for the given specimen
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Figure 4. Spatial distribution of AE events at failure load and AE focal mechanisms for D1 (upper
panel) and D2 (lower panel). The tensile cracking mechanism is predominant in specimens tested
under direct tensile loading. However, shear microcracks' contribution to the formation of the macro
fracture is still significant. Percentages in brackets indicate the proportion of specific AE source
mechanisms to the total AEs detected for the given specimen

Two critical factors influencing these microcracking mechanisms and, consequently, the dis-
crepancy in tensile strengths between direct and Brazilian tests, are assumed to be: 1) the distinct
loading configurations in each test and 2) the grain size of the materials under examination. Figure
5 provides a simplified schematic depiction of the loading arrangements in Brazilian and direct
tensile tests, along with the induced normal and shear stresses at the grain level. The direction of
the induced tensile stress in both tests is denoted by blue arrows. In the Brazilian test configuration
(Fig. 5a), the applied compressive load leads to tensile stresses perpendicular to the loading di-
rection. Conversely, in the direct tension test (Fig. 5b), the applied tensile load results in tensile
stresses parallel to the loading direction. It is assumed that local tensile stresses are sufficient to
initiate tensile cracks (the blue zone) along grain boundaries (intergranular) or within grains (in-
tragranular). The formation of these tensile cracks (in an opening mode) necessitates some sliding
along grain boundaries (the orange zones).
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Figure 5. Simplified representation of the load configuration and the induced normal and shear stresses
at grain scale for a Brazilian and b direct tensile loading. Applied external load induces compressive and
tensile normal stresses over grain boundaries in Brazilian and direct tensile loading, respectively (After
Shams et al. 2023, adapted from Nicksiar & Martin (2014) and Qi et al. (2019))

The resultant normal stress (indicated by black arrows) over the grain boundaries is predomi-
nantly compressive during Brazilian loading and extensile during direct tensile loading. Conse-
quently, generating micro sliding is more challenging in Brazilian loading compared to direct
tension. This disparity explains the higher occurrence of shear AE events detected in Brazilian
tests than in direct tensile tests. Thus, the greater proportion of "stronger"” shear microcracks in
Brazilian specimens compared with those tested under direct tensile loading accounts for the dis-
crepancy in tensile strengths observed between these tests. These findings align closely with the
conclusions drawn by Qi et al. (2019) from their numerical investigation, wherein the authors
attributed the difference in granite's direct and Brazilian tensile strengths to the necessity for the
applied external load to overcome both tensile and shear strength along grain boundaries in the
Brazilian test, as opposed to only tensile strength in the direct tensile test.

Hence, it is evident that neither Brazilian nor direct tensile tests exhibit a complete dominance
of tensile microcracks in the fracturing process. However, it's important to note that these obser-
vations may be specific to medium to coarse-grain materials, such as the granite rock examined
here. To investigate the influence of grain size on microcracking mechanisms in rock materials,
we conducted tests on fine-grained mortar (rock-like) specimens under both Brazilian and direct
tensile loading (Fig. 6).

As depicted in the upper panel of Figure 6, the Brazilian mortar discs (MB) recorded 175 AE
events, including 104 tensile, 28 compressive, and 46 shear microcracks. Decreasing the grain
size led to a reduction in shear microcracks and an increase in tensile microcracks in the Brazilian
specimen. The proportion of tensile events rose from 23% for granite disc specimens to 60% for
the mortar disc specimen, while the percentage of shear AEs decreased from 49% to 26%. This
underscores the influence of grain size on the micro failure process in rock and rock-like materi-
als. However, due to the presence of compressive stress in the biaxial stress state during Brazilian
testing (Fig. 5a), some shear microcracks (Fig. 6d) still contribute to the formation of the final



tensile macroscopic fracture. In contrast, the lower panel of Fig. 6 shows the AEs detected for the
mortar specimen tested under direct tensile loading (MD), where only ten events were detected,
all of which were tensile. Removing the factors of grain size and compressive stress resulted in
100% of the captured AEs being of tensile type, indicating that both macro and micro failure
mechanisms are predominantly tensile, at least for this specific specimen.

As an additional assessment of the impact of grain size on the failure mechanism, the roughness
of the resultant macro fractures was examined. Figure 7 illustrates the surface roughness geometry
of the generated macro fractures for both granite and mortar specimens. Granite specimens, char-
acterized by a medium grain size, exhibit a rougher fracture surface in contrast to mortar speci-
mens with a finer grain size, as observed in previous studies (Kabeya & Legge, 1997).

Figures 8 depicts simplified 2D roughness profiles representing rough and smooth fracture sur-
faces. Two distinct fracturing processes are involved in creating the fracture and splitting the
specimen into two halves. Firstly, in medium-grained materials, owing to grain interlocking
across the rough surface, tensile cracks may be accompanied by shear slippage along the fracture
surface wall (Fig. 8a). Consequently, a significant number of shear AE events were detected in
granite specimens subjected to direct tension tests. Secondly, for smooth surfaces (fine-grained
materials), where notable grain interlocking is absent, the cracking mechanism primarily involves
tensile stress under direct tension (Fig. 8b).
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Figure 6. Spatial distribution of AE events at failure load and AE focal mechanisms for mortar specimens
tested under Brazilian (upper panel) and direct tensile (lower panel) loading. Reducing the grain size in-
creased the contribution of tensile microcracks in the Brazilian specimen (compare 60% in Figure 6b with
25% and 20% in Figure 3b and 5f). Removing the compression factor further increased the contribution
of tensile microcracks in specimens tested under direct tension (compare 100% in Figure 6f with 47% and
63% in Figure 4b and 6f)
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Figure 7. Surface roughness of macroscopic fracture after specimen failure for Brazilian a) B1, b) B2, ¢)
MB (mortar disc), and specimens tested under direct tensile loading d) D1, e) D2, f) MD (mortar)
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Figure 8. Direct tensile test on materials with medium-coarse and fine grain sizes. A 2D roughness profile
for a granite (medium-grained material) and b mortar (fine-grained material). Due to the larger grain size
in granite, the induced tensile damage is accompanied by some shear sliding along the grain boundaries.
For mortar, shear sliding is basically absent

5 CONCLUSIONS

This study used Acoustic Emission (AE) to analyze the temporal and spatial dynamics of mi-
crocracking in granite samples exposed to direct and indirect tensile loading. The aim was to
elucidate the discrepancy in cracking mechanisms between micro and macro scales, particularly
under differing loading conditions. Fractures identified as shear or tensile at the macroscopic scale
may arise from a combination of tensile, shear, or mixed mode cracks at the microscopic level,
exhibiting varying proportions. This dissonance between macro and micro-scale cracking mech-
anisms could elucidate the divergent strengths observed in identical rock specimens subjected to
different experimental loadings (i.e., Brazilian and direct tensile loading).



The results revealed that the tensile strength derived from direct tensile loading was approxi-
mately 70% of that obtained from Brazilian tensile loading, while microcracks were predomi-
nantly of shear nature in specimens tested under Brazilian loading. Tensile and shear cracking
mechanisms played nearly equal roles in microcrack initiation for both loading methods. How-
ever, as the load surpassed the crack initiation threshold, shear microcracks became markedly
more prevalent in Brazilian loading, while the opposite trend was observed in direct tensile load-
ing. Our study highlights how the ratio of shear-to-tensile microcracks dictates the accuracy of
obtained rock strength measurements in representing true tensile strength.

These findings have broad applications, including explaining fracturing processes in various
rock tests at laboratory and field scales. For instance, they shed light on the prevalence of shear
microcracks in hydraulic fracturing (HF) tests, despite HF being primarily a tensile fracturing test.
Our results suggest this discrepancy arises from factors such as the crystalline nature and large
grain size of rocks used in HF, along with the presence of confining stresses at depth, akin to
observations in Brazilian tests.

Furthermore, different fracturing mechanisms, whether tensile or shear, have distinct impacts
on reservoir permeability in hydraulic treatments. While shear cracking predominantly increases
permeability irreversibly, tensile fractures can induce reversible permeability enhancements. Un-
derstanding these relationships derived from laboratory-scale experiments provides valuable in-
sights for interpreting field-scale seismic observations, particularly in contexts like enhanced ge-
othermal systems (EGS) and other geo-energy applications.
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