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Abstract The emplacement of dikes and sills plays a crucial role in crustal mechanics. The parameter used
to describe their resistance to propagation, fracture energy, remains controversial. Here, we show how different
stress biaxiality levels experienced by dikes can directly affect the micromechanisms of crack propagation in
rocks, consequently impacting fracture energy. We performed controlled tensile crack propagation experiments
under opposite stress biaxialities. We connect fracture energy variations monitored through a compliance-based
method to crack microstructures observed on post-mortem specimens. Microscopy techniques showed that
biaxial tension generates intricate microstructures driven by topological instabilities, such as deflections and
branches, to circumnavigate tougher grains. This yields a higher fracture energy, that we attribute to front
roughening and bridging mechanisms due to front fragmentation. Bridging toughening is gradual and increase
with crack size. This hints at the existence of a scale dependency of fracture energy of dikes also experiencing
biaxial tension.

Plain Language Summary Dikes and sills play a key role in volcanic systems by storing and helping
magma move beneath the Earth's surface, affecting volcanic eruptions and the formation of igneous rocks.
However, the resistance of rocks to the propagation of these cracks, known as fracture energy, varies widely and
is not well understood. This study investigates how stress conditions, specifically stress biaxiality, influence
crack growth in rocks and their overall resistance. We conducted lab experiments under two opposite stress
conditions: tension in both principal directions and a mix of compression parallel and tension perpendicularly to
the crack, mimicking the stresses that dikes experience. Using advanced imaging techniques, we discovered that
under biaxial tension, cracks form intricate patterns, like zigzags and branches, to bypass stronger grains. This
surprisingly increases the energy required to break the rocks. This is due to the creation of larger surfaces and to
the fragmentation of the crack front trapping intact rock patches called bridges, which resist crack opening. As
their number increases with crack size, fracture energy gradually increases. This finding suggests that the
fracture energy of dikes under biaxial tension may also depend on the length of the crack, providing new insights
into volcanic processes.

1. Introduction

Mode I ruptures are a ubiquitous phenomenon in the Earth's crust. They manifest as a variety of geological
features through many scales, such as fissures, crevasses, cleavage planes, hydraulic fractures, veins, dikes, and
sills. Fracture mechanics offer a valuable framework for predicting their growth, utilizing fundamental param-
eters such as fracture energy G, an intrinsic material property related to the fracture toughness that quantifies the
amount of energy dissipated during crack propagation (Griffith, 1921). Mode I ruptures are typically described by
linear elastic fracture mechanics (LEFM), which predicts stress singularities at the tips of sharp cracks. High
stress levels generated near the crack front generates a process zone where dissipative micromechanisms occur. In
geomaterials, these toughening micromechanisms result from complex interaction mechanisms with micro-
structural heterogeneities. The toughening mechanisms involved at the scale of the process zone impact material
resistance to rupture propagation, and define its fracture energy at the macroscopic scale (Ritchie, 2011).
Importantly, the process zone size may be significant in quasi-brittle, heterogeneous geomaterials. Their dissi-
pative mechanisms are strongly influenced by variations of environmental conditions such as loading (Atkin-
son, 1982; M. Ayatollahi & Aliha, 2008; Aliha et al., 2012, 2016; Wei et al., 2021), pressure (Fialko &
Rubin, 1997; Hashida et al., 1993; Yang et al., 2021), temperature (Funatsu et al., 2004), and water presence
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Figure 1. (a) T-stress T of geological cracks can be estimated using linear stress analysis (Fett & Rizzi, 2006) from the
superposition of 3 loadings: internal pressure p, perpendicular stress o, , and parallel stress o), (b) Experimental set-ups and
mechanical results of, (c) Wedge Splitting Test (7> 0), and (d) Modified Ring Test (7 < 0). From the force F and extensometer
d measurements, we estimate crack length 7, fracture energy G. and T-stress T with a compliance-based method. Shades of red
represent dry tests, while blue lines are saturated tests.

(Koudelka et al., 2020; Noél et al., 2021, 2024). The shift in dissipation mechanisms at the microscale generates
fluctuations of the apparent fracture energy at the macroscopic scale (Ritchie, 2011). Rationalizing these changes
is particularly arduous for quasi-brittle heterogeneous media, as their dissipations are composed of multiple
competing processes involved at various scales with different sensitivity to environmental parameters (Atkin-
son, 1982; Chandler et al., 2016). This is notably the case between surface dissipation, defined by the crack
morphology with changes due to deflections and branches (Liu & Lecampion, 2022), and processes where most
energy is dissipated in the bulk surrounding the crack tip for example, in the formation of plastic lobes or a micro-
cracked zone effectively cohesionless (BaZant, 1984). So far, the interplay between these dissipative processes is
not known for geomaterials, and we will attempt to constrain it.

In geological settings, tensile cracks are never loaded purely uniaxially; instead, mode I cracks are subjected to
biaxial loading, with stresses acting both parallel and perpendicular to the direction of crack propagation. We
postulate that different stress biaxiality levels may critically influence the dissipative processes of geomaterials.
To investigate this, we examine the effect of stress biaxiality using 7-stress T as a proxy. In geological settings, 7-
stress is the stress acting perpendicular to the crack walls 6, minus the stress acting parallel to them o):
T = 6, — o), regardless of the pore pressure p (Figure 1a). We infer that tensile cracks in the Earth's crust can
experience both positive and negative T-stress. For pressurized cracks in a homogeneous and isotropic medium,
where pore pressure exceeds the minimum principal stress (o3 ), the stress parallel to the crack walls corresponds
to the maximum principal stress (UH = 0'1), and the perpendicular stress aligns with 6, = o3 (Delaney
et al., 1986). Thus, the T-stress is approximately the negative differential stress: T = —(6, — 03). Negative T-
stress is likely dominant for dikes. However, positive 7-stress can arise from crack growth following a plane of
weakness, for example, when dikes deflect into sills at discontinuities (Gudmundsson, 2011), or in transversely
isotropic media, such as sedimentary or metamorphic rocks with strong fabric (Stephens et al., 2017). In these
settings, crack can propagate perpendicular to oy, so T-stress is equal to the differential stress. Therefore, positive
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T-stress often occurs for sills. Despite its critical and variable influence at depth, the effect of 7-stress on biaxial
tension and crack propagation dynamics has often been overlooked.

Although the role of T-stress is theoretically debated (Melin, 2002), it is generally admitted that a negative 7-
stress increases volumetric dissipations (Sobotka & Dodds, 2011), while positive 7-stress promotes surfacic
dissipations through interaction mechanisms between the crack front and microstructural heterogeneities, leading
to complex morphologies (Cotterell & Rice, 1980; Eid et al., 2023; Lebihain et al., 2023; Nakamura et al., 2020;
Sumi et al., 1985). Positive T-stress enhances deflections around tougher grains, potentially causing the frag-
mentation of the main crack into branches (Mesgarnejad et al., 2020). The farther these branches extend, the
higher the chances that multiple crack planes will capture intact patches of material (Lubomirsky & Bouch-
binder, 2024). Such intact sections can either be in the direction of propagation as en-passant cracks, or parallel to
the front as en-echelon cracks. Moreover, these misaligned out-of-plane crack excursions add tearing stresses,
which further promotes these instabilities (Hattali et al., 2021; Leblond et al., 2011; Lin et al., 2010). The
complexifications of the crack morphology under positive 7-stress are crucial for understanding variations of
macroscopic fracture energy, as they increase it with two toughening mechanisms: (a) by roughening of the crack
front, which directly augments the fracture surface, and (b) by bridging mechanisms, as en-echelon and en-
passant cracks oppose crack opening and reduce the stress concentration at its tip. At the laboratory scale, T-
stress and its impact on fracture energy have been measured through controlled crack propagation experi-
ments. They showed that fracture energy of crystalline rocks strongly increases with 7-stress (Aliha et al., 2016),
though the link to variations in dissipative processes remain unexplored.

In this article, we show that different T-stress levels can strongly alter the microstructures and associated
toughening mechanisms in geomaterials. Through stable crack propagation experiments conducted on rocks and
post-mortem microscopic imaging techniques, we offer insights into the prevalence of bridging and roughening in
the evaluation of macroscopic fracture energy. Moreover, our observations suggest that, under positive 7-stress,
these dissipations may be scale-dependent, hinting at the potential existence of size-dependent fracture energy.

2. Methods

We performed laboratory experiments on Carrara marble, comprised of 99% calcite and minimal dolomite,
chosen for its homogeneity and isotropy. To observe fracture energy variations at a macroscopic scale, we used
the Modified Ring Test (MRT) (Thiercelin & Roegiers, 1988) and the Wedge Splitting Test (WST) (Briihwiler &
Wittmann, 1990). In both tests, a single macroscopic crack propagates in a controlled quasi-static manner, which
allows tracking of dissipated energy, and measuring G, from it. We selected these tests for their opposite stress
biaxiality levels, quantified here by the T-stress T (negative for MRT, positive for WST). Moreover, these tests
can be stopped effectively during propagation to observe microstructures.

For reproducibility, 6 WST and 6 MRT were performed under dry and saturated conditions. The WST involves a
90 X 130 mm rock block of 20 mm thickness with an 8 mm notch and a groove (Figure 1b). Two steel loading
devices with frictionless rollers are pushed by a 15° wedge. A press Shimadzu AGS-X drives the wedge, applying
tension (positive 7)) and propagating a crack along the groove. The MRT uses a 104 mm cylinder, 20 mm thick,
with a 20 mm inner hole, two vertical 5 mm notches, and two 36 mm flat loading surfaces (Figure 1b). Under
compression from a Walter and Bay axial press, two symmetric vertical cracks propagate through indirect tension
(negative T). Piston force F and extensometer opening 6 were recorded at 1,000 Hz in all tests, with a constant
displacement rate of 1 pm/s until complete crack propagation. From these measurements, we used a compliance-
based method to measure crack length Z, energy release rate G and T-stress 7. This method is based on the fact
that the specimen compliance increases as the crack propagates. Thus, from theoretical compliance curves ob-
tained through 2D plane stress finite element simulations elements, we retrieve £, and estimate G and T
continuously during crack propagation (Grabois et al., 2018; Saxena & Hudak, 1978; Vasudevan et al., 2019)
(details in supplementary material). Assuming a quasi-static equilibrium, crack propagation occurs at a critical
energy release rate, that is the fracture energy G = G,.

Thin sections were prepared from two pairs of WST and MRT to analyze the microstructures and their devel-
opment along the crack path and within the process zone. For the first pair, we halted crack propagation (at
fwst = 33 mm and /gy = 18 mm) and prepared thin sections in the propagation direction (x-z plane) to study
these features. For the second pair, thin sections were positioned across the specimen widths (y-z plane) at crack
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lengths of 20, 40, 60 mm for WST and 10 and 25 mm for MRT to observe en-echelon crack development, as these
microstructures are not visible in other planes.

In the x-z plane, back-scattered electron (BSE) imaging and electron back-scatter diffraction (EBSD) were
conducted using an Oxford Instrument Tescan Mira LMU at the University of Lausanne, Switzerland. Operating
conditions were 15 kV beam energy and 17 mm working distance for BSE, and 20 kV beam energy, 23 mm
working distance, and 70° tilt for EBSD. Electron back-scatter diffraction maps were captured with a 1-2 pm step
size using a Symmetry EBSD detector and processed with AzTec analysis software. HKL CHANNEL 5 software
was used for EBSD map processing. Back-scattered electron images and EBSD maps were used to produce
density and grain orientation maps, respectively. Back-scattered electron scans consisted of 59 X 41 tiles with
13% overlap, stitched into 7 X 4 mm mosaics at 0.134 pm resolution. This dense resolution is essential for
detecting micro-cracks using a Laplacian of Gaussian edge detection method, producing crack density maps
(segmented cracks per window area) and crack orientation statistics. These techniques were applied identically to
all scans. Electron back-scatter diffraction maps reveal where the main crack travels in regard to the calcite grains,
from which we measure manually intra- and circum-granular crack lengths.

In the y-z plane, BSE scans at coarser 1 pm resolution were performed using a ZEISS Gemini Sigma 300 VP at
Freie Universitat Berlin. Zeiss ATLAS software was used with a beam energy of 20 kV and a 120 pm aperture
size. This coarser resolution was sufficient to visualize en-echelon cracks developing from the main crack while
covering over larger areas. Identical image analysis techniques were applied to visualize these cracks, followed by
skeletonization for direct observation.

3. Results

In all experiments (Figure 1), the specimen behaves elastically before crack nucleation from the blunted notch, as
shown by the linear relationship between extensometer opening ¢ and applied force F. After a critical force, stable
crack propagation begins, marked by a deviation from linearity in the force-displacement curve. For WST, the
force required for further crack propagation gradually decreases until complete propagation. For MRT, the crack
extends symmetrically and the change of specimen geometry due to crack advance induces a gradual force in-
crease. Limited variability was observed in all experiments for £, G, and T (Figure 1), with no significant dif-
ferences between dry and saturated samples. From an identical starting point, fracture energy increases from
G, ~25 J/m? until stabilizing to a plateau around ~37 J/m? for MRT, and 58 J/m?* for WST. This gradual increase
occurs in the first stage of crack propagation until Z~6 mm for MRT and 10—35 mm for WST. During crack
propagation, T-stress averages negative values of T~ —8.7 MPa for MRT, and positive values of 3.5 MPa for
WST. At the end of the experiments, the evaluation of all quantities deviates in reason of (a) the proximity be-
tween the crack and loading supports and (b) for WST, large compliance variations that amplify errors in
calculating ¢, and consequently G, and T

Microstructure observation from thin sections provides insights into the micromechanisms of fracture propa-
gation. Microcracks are directly observable under BSE imaging. On all thin sections, the macroscopic crack is
clearly visible, with occasional wavy cracks, forks, en-echelon cracks (Figures 2a and 3b). Many secondary
cracks were opened around the crack tip in an ill-defined zone. These microcracks follow grain boundaries,
cleavage planes, and occasionally traversing grain lattices. Since these observations are qualitative, automatic
damage identification techniques are used to compare WST and MRT.

Thanks to the crack density maps in the direction of crack propagation (x-z plane) (Figure 2b), we observe
significantly more microcracks and intricate microstructures on WST than MRT. Modified Ring Test macro-
scopic crack path is noticeably straighter, while WST shows more interactions with microstructural heteroge-
neities, such as wavy cracks, forks, and en-passant cracks. Quantitative analysis of crack orientations confirm
these visual observations. Once we subtracted pre-existing defects, WST has 1.6 times more newly created
microscopic crack surfaces per macroscopic crack length (Figures 2c¢ and 2d). Modified Ring Test crack path is
principally intra-granular (70%), while WST is predominantly circum-granular (45% intra-granular). On WST, a
large intact patch of rock, supposedly an en-echelon crack, is visible as the crack jumps trajectory.

Meanwhile, the thin sections positioned across specimen widths (y-z plane) better show the formation and
development of these en-echelon cracks (Figure 3). These cracks typically form when the crack forks around a
grain, a feature absent in MRT but frequent in WST. The number of en-echelon cracks in WST increases from 20
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Figure 2. (a) From thin sections on Wedge Splitting Test and Modified Ring Test perpendicular to crack front,
microstructures of wavy cracks, forks, and en-passant cracks respectively show micro-mechanisms of deflection, branching
and bridging, (b) Maps of crack densities provides a better description of damage distribution, while grain identification from
electron back-scatter diffraction allows identifying the intra- and circum-granular crack path, (c) The automatic identification
of damage also gives, and (d) statistics of crack orientation per area. With normalized quantities, the newly created cracks are
defined as the damage minus the damage in intact zones (green zones).
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Figure 3. (a) Identification of en-echelon cracks with back-scattered electron imaging on thin sections perpendicular to crack
propagation. These out-of-plane excursions extend on Wedge Splitting Test (WST) with crack advance, while damage stays
localized on Modified Ring Test (MRT). MRT wide opening at 25 mm is caused by difficulties in thin section preparation,
(b) Zoom on the formation of an en-echelon crack, occurring by the development of a fork following a grain boundary, and
(c) Statistics of defects frequency show that WST bridges develop mainly around 0.35 mm from the main crack.
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to 40 mm and stabilizes at 60 mm. Their distribution suggests that these bridges extend approximately 0.35 mm
from the main crack, roughly matching the grain size.

4. Discussion
4.1. From Microstructures to Failure Mechanisms

These tests showed that the microstructures of tensile cracks of rocks are complex and fundamentally different
depending on the stress biaxiality. We observed the development of intricate microstructures with wavy cracks,
forks, en-echelon and en-passant cracks, which are the resultant of interaction mechanisms between the crack and
microstructural heterogeneities (i.e., grains and their boundaries). Specifically, a wavy crack results from a
deflection mechanism around a tougher grain; forks from branching; en-echelon from fragmentation of the crack
front; and en-passant from fragmentation or renucleation ahead of the crack tip. These crack path instabilities
induce toughening mechanisms by: (a) roughening the crack front, thereby increasing the fracture surface area
and macroscopic fracture energy, and (b) causing bridging through en-passant and en-echelon cracks, which
oppose crack opening and lower the stress intensity factor. In WST, where positive T-stress is exerted, we
observed a crack front complexification with more circum-granular cracks (deflections), forks (branching), en-
passant and en-echelon cracks (bridges), summarized by a higher number of micro-cracks. In contrast, the
cracks are mostly straight and intra-granular under negative 7-stress in MRT. Analogously to the theoretical effect
of T-stress on crack stability in homogeneous media, positive T-stress promotes deflections (Cotterell &
Rice, 1980; Sumi et al., 1985), branching (Eid et al., 2023), fragmentation (Lebihain et al., 2023), while negative
T-stress impedes crack path instabilities. Under positive T-stress, we expect these instabilities to interact further
with grains, devolving into the formation of forks, en-echelon and en-passant cracks, as also evidenced in WST
thin sections. Indeed, deflections can orient the crack to experience mixed-mode loading, which statistically
increases the occurrence of en-echelon cracks (Lubomirsky & Bouchbinder, 2024). Consequently, different stress
biaxiality levels result in highly different crack microstructures and associated toughening mechanisms, despite
being both tensile configurations.

4.2. From Failure Mechanisms to Fracture Energy

Changes in microstructures and resulting toughening mechanisms are reflected in variations of average macro-
scopic fracture energy, although this relationship is not straightforward. Given that WST cracks are predominantly
circum-granular, known to be approximately half as resistant as intragranular cracks (Zhang & Zhao, 2013), one
would expect the macroscopic fracture energy to be lower than MRT. Contrary to this expectation, the average
macroscopic fracture energy of WST is surprisingly 1.6-fold higher than MRT. This counter-intuitive increase may
be partially explained by the roughening of the crack front (Wang et al., 2022; X. Wei etal., 2024), as the increase in
fracture energy closely aligns with the identical 1.6-fold increase in fracture surfaces. However, the roughening
alone is insufficient to explain the increase of G, given that WST microcracks are predominantly circum-granular
and less resistant. Therefore, the increase in macroscopic fracture energy is also attributed to the significant
toughening effect of bridges. Supporting this argument, the initial fracture energy is ~25 J/m? in both WST and
MRT until further crack propagation. Very short cracks cannot be strengthened by bridges, as they are still absent as
observed in thin sections (Figure 3). Then, the unexpected increase of fracture energy in WST may be explained by
the development of en-passant and en-echelon cracks. Indeed, in heterogeneous materials, these bridges can in-
crease the apparent resistance several-fold because they oppose crack opening, which lowers the stress intensity
factor (Bower & Ortiz, 1991). Therefore, this bridging effect, combined with crack front roughening, could explain
the unexpected increase in fracture energy observed in WST. Such a cohesive zone may cause an underestimation
of crack length ¢ (noticeable in Figure 2a) and fracture energy G, (Leplay et al., 2011). The toughening associated
with wall bridging and front roughening could be even greater than currently estimated. Apropos, fracture energy is
not affected by water content, as dry and saturated conditions exhibit identical results. This is consistent with
findings in low-porosity rocks, where the low permeability of Carrara marble inhibits water-weakening mecha-
nisms that might otherwise affect mechanical behavior (Noél et al., 2021, 2024).

The evolution of fracture energy throughout the experiments also documents the development of toughening
mechanisms. In both MRT and WST, the fracture energy is not constant throughout crack propagation; instead, it
gradually increases until reaching a plateau at ~37 J/m? for MRT and 58 J/m? for WST. This can be attributed to
the crack evolving from a straight and planar notch to a complex morphology with toughening mechanisms of
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Figure 4. (a) Example of different T-stress levels for dikes and sills, and (b) Scaling of the fracture energy G, of geomaterials
in function of crack length #. Data coming from laboratory measurements (Liu & Lecampion, 2022; Labuz et al., 1985;
Boone et al., 1986; Hashida et al., 1993; Shlyapobersky et al., 1998; Schmidt, 1976; M. R. Ayatollahi & Akbardoost, 2013) and
from extrapolations of fields observations (Bunger & Cruden, 2011; Delaney & Pollard, 1981; Gudmundsson, 2009;

Olson, 2003; Parfitt, 1991; Scholz, 2010; Schultz et al., 2008).

roughening and bridging. Regarding bridge development, the gradual increase of fracture energy of WST under
positive T-stress until 10-35 mm of crack propagation (Figure 1c) coincides with the length development of en-
echelon cracks (Figure 3). Bridges increase in size until 40 mm of propagation, which is followed by the
apparition of a plateau as bridges reach maximal dimensions in y-direction. However, it remains unclear what
controls the mechanics of the development and extent of bridges. The crack advance increases the occurrence of
interactions with heterogeneities, but it is unknown whether they will persist to create bridges. Moreover, it is
debated whether bridges extend until they deviate to weaker planes, such as grain boundaries, or if their extension
is limited by the specimen width or an intrinsic length scale of the material (Wang et al., 2024). To check this
hypothesis, experiments with larger and thicker specimen, or with different grain sizes are needed.

4.3. Implications for Dikes and Sills

The variations of G, associated with en-passant and en-echelon crack development indicate that bridging is most
likely the predominant toughening mechanism under positive 7-stress in geomaterials. This finding suggests that
fracture energy variations cannot be solely attributed to material nonlinearities, where changes in energetic
dissipation at the crack tip stems from inelastic processes, like plasticity or micro-cracking (Funatsu et al., 2004;
Nasseri et al., 2006; Zimmermann et al., 2011). Unlike elasto-plastic materials, where negative T-stress increases
fracture energy (Sobotka & Dodds, 2011), our experiments on Carrara marble — often considered as the
embodiment of ductile homogeneous rocks (Fredrich et al., 1989) — show positive correlations between T-stress
and apparent fracture energy as previously observed by (Aliha et al., 2016). This unexpected behavior is the result
of geometrical nonlinearities, as measured variations in fracture energy are primarily due to changes in the
morphology of a primary crack. Notably, similar results have been observed in hydrogels, which are fully ho-
mogeneous at the experiment scale. In these materials, the rough 3D structure of en-echelon cracks also controls
the apparent fracture energy (Wang et al., 2022). This raises critical questions about the mechanics of tensile
cracks in the Earth's crust, as to what extent the morphology of cracks controls fracture resistance. This problem is
further complicated by the transition from brittle to ductile dissipation occurring deeper in the crust (Kohlstedt
et al., 1995; Rivalta et al., 2015). Past this transition, we may observe an opposite trend with a prevalence of
ductile volumetric dissipation, where our LEFM framework would not be applicable (Rubin, 1993).

Changes in toughening mechanisms of tensile cracks due to stress biaxiality have strong implications for geological
applications. Tensile cracks in the earth can experience both negative and positive 7-stress (Figure 4a). This change
of stress biaxiality should be considered to assess the propagation and resistance of cracks, as experimental
methodologies to measure toughness can vary by a factor of two depending on 7-stress (Alihaetal., 2016). Cases of
positive T-stress concur with experimental and field studies both observing en-passant and en-echelon crack
formation for hydraulic cracks and dikes (Liu & Lecampion, 2022; Pollard et al., 1982). In hydraulic crack ex-
periments, the development of toughening bridging mechanisms coincide with fracture energy gradually
increasing without necessarily plateauing nor reaching maximal lengths (Liu & Lecampion, 2022; Shlyapobersky
etal., 1998). Moreover, the apparent fracture energy of dikes, inferred from field studies and numerical simulations
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(Bunger & Cruden, 2011; Delaney & Pollard, 1981; Gudmundsson, 2009; Olson, 2003; Parfitt, 1991; Scholz, 2010;
Schultz et al., 2008), scales with crack length (Scholz, 2010) (Figure 4b). However, this scaling is disputed due to
the difficulties of measuring toughness from field observations (Olson & Schultz, 2011; Scholz, 2011). The tensile
stress biaxiality experienced by dikes may explain the formation of en-echelon cracks of hundreds of meters. As the
number of bridging zones and their length seem to scale with the size of the crack and its perimeter (as seen from 20
to 40 mm in Figure 3), the fracture energy of dikes experiencing positive 7-stress may scale with size. Size-
dependency of fracture energy at the macroscale can also be attributed to microstructural heterogeneities with
fluctuations of G, (Lebihain etal., 2023). When these fluctuations are constant in space and time, such as changes in
grain size or rheology, the apparent fracture energy tends to saturate above the typical heterogeneity scale, resulting
in an R-curve behavior. However, if fluctuations in fracture energy are influenced by variations in 7-stress, a
prolonged increase in apparent fracture energy may be observed. This occurs because 7-stress variations accu-
mulate at larger wavelengths as the crack grows bigger, and its front becomes rougher (Gao, 1992). These in-
ferences remain yet to be studied further experimentally, as it is not known what controls the length, height, and
width of these out-of-plane excursions for geomaterials. Assessing bridging development under representative
crustal conditions (i.e., realistic temperature and pressure settings) appear fundamental for geomaterials.

5. Conclusion

Experiments revealed distinct microstructures of tensile cracks based on stress biaxiality. Positive T-stress
conditions (WST) enhanced interaction mechanisms with heterogeneities, namely: deflections, branching, en-
passant and en-echelon crack formation, all predominantly circum-granular. Meanwhile, negative 7-stress
(MRT) resulted in straighter cracks, preponderantly intra-granular. Contrary to the expectations, positive 7-stress
yields higher fracture energy, as these complex interactions result in toughening mechanisms of roughening and
bridging. Considering stress biaxiality is therefore crucial for fracture toughness assessment of geomaterials.
Indeed, many fluid-driven cracks and dikes experience positive stress biaxiality conditions, which promote these
toughening mechanisms. Importantly for geological observations, bridging toughening is gradual and increase
with crack size. Around dikes where field studies infer abnormally high values of fracture energy, the presence of
bridges with dimensions reaching hectometric lengths suggest that fracture energy may scale with crack length in
these specific settings.

Data Availability Statement

The experimental data presented in this study is publicly available in Guggisberg (2024). At disposition is the
mechanical data, its computed data, and the compressed thin section scans.
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