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Abstract: Exploration in the Tarim Craton has established that small-displacement strike—
slip faults control carbonate reservoirs’ development and oil and gas accumulation. Oil and
gas primarily accumulate within a defined lateral distance from these faults. Material point
method (MPM) simulations of such fault systems revealed a functional relationship between
the regular spacing of initial oblique Riedel fractures and brittle layer thickness under
simple shear. This thickness critically governs the spatial organization of the resultant fault
system. Riedel shear zones propagate upwards from the base in a semi-elliptical pattern,
producing fewer, but longer, shear zones with increasing brittle layer thickness. Stratum
thickness exerts a first-order control on fault configuration during strike-slip deformation,
modulating both fault segmentation patterns and interconnectivity. Key quantitative
relationships emerged: (1) an inverse proportionality between stratum thickness and
Riedel shear zone density and (2) a positive correlation between shear zone length and
stratum thickness. This article provides experimental evidence and theoretical guidance
for exploring deep-seated strike-slip faults in cratonic basins.

Keywords: material point method; strike—slip fault; softening model; Riedel shear; en-
echelon fault

1. Introduction

Exploration has established that small-displacement strike—slip faults within the Tarim
Craton exert key control on carbonate reservoirs’ development and oil and gas accumu-
lation. Oil and gas primarily accumulate within a defined lateral distance from these
faults [1-3]. However, accurately characterizing the complex three-dimensional geometry
of these small-displacement strike-slip faults presents significant challenges due to lim-
itations in geophysical and borehole data resolution. The intricate interplay of stresses,
the resulting deformation, and variable fault zone architecture further impede predictive
efforts [4]. Addressing these challenges requires detailed investigations to advance the
understanding of such fault systems and their role in oil and gas trapping [5].

The Manshen 1 Fault Zone, situated in the Aman Transition Zone of the central
Tarim Basin (see Figure 1 in Reference [6]), strikes NNE-SSW. Its evolution comprises six
distinct episodes: (1) Nanhua—Sinian normal faulting; (2) Late Ordovician-Early Silurian
thrusting; (3) Middle Silurian—Carboniferous normal faulting; (4) Permian normal faulting;
(5) Triassic thrusting; and (6) Jurassic normal faulting (ordered oldest to youngest). During
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the Middle Silurian—Carboniferous phase, a suite of approximately N-S trending normal
faults developed. These faults collectively form a NNE-SSW striking, right-stepping,
sinistral transtensional fault zone, defining the Manshen 1 Fault Zone (see Figure 2 in
Reference [6]). Based on the deformation characteristics of this phase, we analyzed the
relationship between strike—slip fault geometry and Riedel shear development.
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Figure 1. A numerical simulation flowchart of strike-slip tectonics based on the material point
method. By incorporating the dynamic behavior of strike-slip faults with the characteristics of
material points method, displacement boundary conditions are imposed in the code. Stratum
thicknesses are analyzed as input conditions. The failure patterns of strike—slip faults are then
analyzed based on computational results.
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Figure 2. Softening model. Before reaching the equivalent plastic strain at the limit state, the internal
friction angle and cohesion within the peak range (Region 1) remain constant. After reaching the
equivalent plastic strain at the limit state, in Region 2, the internal friction angle and cohesion decrease
with the increase of the equivalent plastic strain.

Small-displacement strike—slip faults exhibit intricate deformation structures, includ-
ing a principal fault with plastic deformation and associated secondary structures [7].
Understanding their evolution requires integrating the analysis of geological data [8,9],
physical simulations [10,11], and numerical analyses [12-14]. Mechanical models (experi-
mental, physical, or numerical) provide critical insights into fault evolution, allowing the
comparison of disparate geophysical and drilling data [11,15,16]. These models typically
employ simplified, idealized conditions to capture the fundamental characteristics of natu-
ral processes. Numerical simulations offer significant advantages by precisely monitoring
the 3D evolution of deformation, velocity, and stress fields, revealing details often obscured
in experimental approaches [17]. However, most existing numerical models are predomi-
nantly elastic and inadequately address inherent complexities. Strike—slip faults’ evolution
involves material damage, fracturing, and pronounced nonlinear irreversible deforma-
tion processes [18-20]. Mathematically, grid-based methods require solutions for mesh
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distortion under large deformations, while particle-based methods need enhanced compu-
tational efficiency [21]. Constitutive modeling of failure processes must address inherent
nonlinearities, necessitating improved characterization of rock failure mechanisms [22,23].

Numerical modeling techniques, including the finite element method (FEM) [12,24], the
finite difference method (FDM) [25], and the discrete element method (DEM) [13,14,26-28],
have been extensively applied to study extreme deformation scenarios, such as those observed
in strikeslip faults. For the FEM and FDM, which were designed for continuous media,
extreme deformation often results in mesh distortion, leading to interruptions in calculations [29].
Although artificial discontinuous interfaces can be introduced to facilitate simulations under
specific conditions, this approach may hinder the investigation of the spatiotemporal evolution
of fault geometry. The significant computational demands of the DEM, stemming from the need
to model particle interactions, require the verification of both micro- and macro-parameters
and can introduce ambiguities in the underlying principles [14,30]. Studies using the DEM
have explored the Earth’s crust with thicknesses ranging from 3 to 31 km; however, models
with thicknesses less than 3 km fail to produce observable en-echelon faults due to resolution
limitations [13]. Consequently, there is a need to explore more effective numerical simulation
methods for modeling strike—slip faults.

Recently, the material point method (MPM) [31] has gained increased attention in
the analysis of large and extreme deformations. This method offers notable advantages
when simulating extreme deformation phenomena, such as shear bands [32]. It operates
by tracking the movement of material points to represent object deformation, mapping
these points onto a background grid for information transfer, and subsequently solving the
equilibrium equations using the grid. The results are then remapped back to the material
points for updates. As a result, when applying the material point method to scenarios
involving extreme deformation, such as shear bands, mesh distortion is effectively re-
duced [33,34]. This method serves as a valuable tool for investigating extreme deformation
processes, including strike-slip faults, enabling the analysis of key controlling factors and
the mechanisms underlying crustal rupture. In this study, we implemented material point
method simulation technology, grounded in an elastoplastic model [35], to explore the
formation process of strike-slip faults and to evaluate the influence of varying brittle crust
thickness on their formation and evolution.

When a brittle rock mass is subjected to shear stress that exceeds its elastic limit, it
experiences nonlinear deformation that may ultimately result in fracture failure [36]. The
significant reduction in or loss of strength parameters within a rock mass is indicative
of strength parameter softening. In the context of crustal deformation evolution, this
phenomenon may lead to the formation of finite deformation fractures that propagate
to the surface, as observed in the Riedel shear zone [18]. Accurately describing these
processes necessitates the use of nonlinear models, which become increasingly intricate as
our understanding of rock behavior deepens. The advancement of computer technology has
facilitated the application of numerical simulation methods to investigate the development
of strike—slip faults. Specifically, these simulation tools enable the analysis of shear band
spacing and length scales concerning the thickness of the brittle crust, revealing significant
geometric correlations.

This study leveraged the material point method’s advantage in calculating large
deformations, integrated it with the Manshen 1 failure mode, and simulated translational
shear on rock layers with varying thicknesses. The failure patterns of Riedel shear under
different thickness conditions were identified.
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2. Material Point Method

Numerical simulations were performed using the material point method (MPM),
incorporating a code-level enhancement through the implementation of displacement
boundary conditions. These displacement boundary conditions enabled the simulation
of strike-slip fault rupture dynamics. The primary variable investigated was stratum
thickness across different stratigraphic configurations. Finally, geological interpretation
materials were used to conduct a comparative analysis with the Manshen 1 Fault Zone,
followed by a subsequent analysis of the results (Figure 1).

The material point method (MPM) is a powerful tool for simulating large-deformation
problems, making it popular in scientific computing. It combines aspects of both Lagrangian
(particle-based) and Eulerian (grid-based) approaches to handle complex material responses
efficiently [31]. Material points represent the material and carry properties such as mass,
velocity, and stress. A background grid is used to compute gradients, solve equations,
and handle boundary conditions. Particles move freely while the grid remains fixed
(Eulerian). At each time step, particle data are projected onto the grid, equations are solved,
and updates are transferred back to particles. This avoids mesh distortion issues and is
suitable for simulations involving materials such as sand or fracturing strata. To simulate
rock behavior (e.g., elasticity, plasticity, and failure), an elastoplastic constitutive model is
integrated into the MPM.

The elastoplastic models of the commonly used material point method algorithm for
rock and soil masses mainly include the Drucker—Prager model and the Mohr-Coulomb
model. The Drucker-Prager model is suitable for simulating most rock and soil materials.
Huang [35] implemented the calculation of the Drucker-Prager model in the material point
method. The Drucker-Prager yield function has two components, shear yield function F°
and tensile yield function F'.

F = T2+ 4ol — ke (1)
F' = % —o! )

where ], is the second invariant of the deviatoric stress tensor; I is the first invariant of the
stress tensor; ¢ is the tensile strength; and g, and k. are the model parameters related to
the internal friction angle ¢ and cohesion c.

For the Drucker-Prager model

Gy = ——d )
p= —
\/9 + 12tan?g
3c
ke = ———= (4)

\/9 + 12tan?@

The potential function includes shear plastic potential function and tensile plastic
potential function. The shear plastic potential function G® is

G* = Vh+ayh 5)
where gy is a function of shear dilatation angle.

Gp= ©)

\/9 + 12tan?y

If the shear dilatation angle is equal to the internal friction angle, then the plastic
potential function is equal to the yield function, which is the associated flow rule.



Processes 2025, 13, 1946 50f 16

The tensile plastic potential function G' is expressed as

I
1
G =2 ™

The softening criterion can reflect the decrease in strength parameters as plastic strain
evolves. The back-mapping algorithm was used based on the Drucker-Prager model.
We should determine the relationship between the strength parameters and the plastic
strain [37].

The variation in strength parameters with plastic strain in the softening model is
shown in Figure 2. In region 1, cohesion and internal friction angles are constant at the
peak cohesion ¢, and peak internal friction angle ¢, respectively. After the peak plastic
strain, the model enters region 2, where cohesion and internal friction angles decrease as
the plastic strain increases.

c=cr+ (cp—cr)e M (8)

¢ =@r+ (¢p — @r)e T 9)

where ¢, and ¢, are the residual cohesion and the residual internal friction angle; ¢, and ¢,
are the peak cohesion and peak internal friction angle; 7 is the influence factor; and ¢ is
the plastic strain.

Boundary conditions were directly applied at the base, and implemented based on the
open-source program MPM3D-F90 [38]; we enhanced the program code by incorporating
displacement boundary conditions.

The calculation model employed an elastoplastic framework grounded in the Drucker—
Prager yield criterion, exhibiting a softening behavior post-peak strength. The internal friction
angle for the majority of the crust typically ranges from approximately 27° to 45° [15]. The
derived internal friction angle was 30°, with a Poisson’s ratio of 0.25. The shear dilatation
angle was recorded as 0°, while the elastic modulus was quantified at 1.6 x 107 kPa. Cohesion
was measured at 5 x 10° kPa, and the residual internal friction angle following softening was
20°, accompanied by a residual cohesion of 1 x 10* kPa [39].

3. Design of Strike-Slip Fault Simulations

The computational framework for isopachous and non-isopachous strata represents an
advanced methodology for analyzing and interpreting thickness variations in sedimentary
layers. This model significantly enhances our comprehension of geological formations by
offering valuable insights into the spatial distribution and characteristics of these strata,
thereby facilitating more precise geological assessments and effective resource management.

3.1. Isopachous Strata

The model dimensions were established within a cubic structure measuring 40 km
by 20 km, with varying heights (T) of 1, 2, 3, 4, and 5 km (Figure 3a). The gravitational
acceleration was quantified at 9.8 m/ s2,

In the xy plane, the model’s base was anchored with planes defined by the coordinates
(0,0, 0) and (40, 10, 0), as well as those defined by (0, 10, 0) and (40, 20, 0), which were
implemented with translational boundary conditions featuring a displacement of 0.4 m
(Figure 3b).
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Figure 3. Computation model for isopachous strata: (a) calculation model and (b) displacement
conditions. The computational domain is a rectangular prism. Displacement is applied at the base.
The grey region is rigidly fixed at its bottom, while the light blue region undergoes a prescribed
displacement of 0.4 km in the direction of the arrow. There is no overlap between the grey and light
blue regions. Figure (b) shows the displacement at the base.

3.2. Non-Isopachous Strata

For non-isopachous strata, we performed an analysis at different angles of inclination.
Assuming these strata extended 40 km in length and 20 km in width, the thickness along
the length ranged from 1 km to 10 km, as shown in Figure 4a; we set T =1, 3, 5, and 10 km
to calculate. The boundary condition for bottom displacement was set at 0.8 km (Figure 4b).
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Figure 4. Computation model for non-isopachous strata: (a) calculation model and (b) displacement

conditions. The computational model consists of strata with varying thickness. Boundary conditions
are applied at the base: the grey region is fixed, while a displacement boundary condition of 0.8 km
is imposed on the light blue region.

The material point method (MPM) employed material points to effectively capture
motion information, thereby avoiding mesh distortion. The calculation background utilized
a regular hexagonal grid with a grid size of 0.2 and a material point size of 0.1.
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4. Analysis of Thickness Control Factors
4.1. Isopachous Stratum

Figure 5 illustrates a schematic diagram of Riedel shear zones, with EF representing
the length of the Riedel shear.

Figure 5. Riedel schematic diagram. The schematic diagram illustrates the elements of a Riedel
shear. Arrows indicate the displacement direction. EF characterizes the Riedel length, AB and CD
correspond to the strata thickness, and AC represents the spacing between adjacent Riedel shears.

According to the material point method described in Section 2, the plastic strain
distribution diagram was calculated when the displacement was 0.4 km, as shown in
Figure 6. The thickness was 1 km, resulting in 18 Riedel shear zones, of which Riedel shear
zones on both sides were incomplete, and the lengths of these Riedel shear zones varied.
As shown in Figure 6, when the thickness was 1 km, the average value of L was 6.1 km.

When the thickness was 2 km, 12 Riedel shear zones were generated; the lengths of
these Riedel shear zones were not equal, but the difference was not significant. The length
of the failure area L was 6.8 km. When the thickness was 3 km, nine Riedel shear zones
were generated. The length of the failure area L was 7.2 km. When the thickness was 4 km,
five Riedel shear zones were generated. There were three long Riedel shear zones and
two short Riedel shear zones with staggered distribution. The length of the failure area
L was 7.3 km. When the thickness was 5 km, three Riedel shear zones were generated.
Among these, two Riedel shear zones were relatively obvious, and one Riedel shear zone
was relatively small. The length of the failure area L was 7.6 km.

Under consistent material parameters and boundary conditions, an increase in thick-
ness resulted in a decrease in the number of Riedel shear zones, demonstrating a linear
relationship (Figure 7). Concurrently, as thickness increased, Riedel shear length (L) also
increased (Figure 8). We conclude that there is a high correlation between the length of the
Riedel shear and the thickness of the strata. In isopachous strata, the length of the Riedel
shear was directly proportional to the thickness.
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(a) T=1km

&

(b) T=2km

(¢) T=3km

(e) T=5km

Figure 6. Shears with thicknesses of 1, 2, 3, 4, and 5 km. While the thickness varies, the other strength
parameters and displacement conditions remain identical. The number, spacing, and length of Riedel

shears exhibit marked variations under different thickness conditions. With increasing thickness, the

Riedel shear length increases, the spacing increases, and the number of shears decreases.
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Figure 7. Relationship between thickness and Riedel shear number. The black squares represent the
statistically observed Riedel shear numbers. The correlation between the number of shears and the
thickness was obtained by fitting based on five data points.
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Figure 8. Relationship between thickness and Riedel shear length. The black squares denote the
statistically recorded total length of Riedel shears in the strata, with the fitted relationship based on
five data sets.

4.2. Non-Isopachous Stratum

The stratum with non-uniform thickness experienced translational movement, result-
ing in an increase in shear stress with depth. Figure 9 illustrates the shear band failure
process at angles of 0°,2.9°, 5.7°, and 12.7° (as shown in Figure 10, angle a). When the
strata exhibited minor undulations and the thickness variation angle was less than 2.9°,
the variation in Riedel shear length was relatively uniform, and the strata can be con-
sidered uniform-thickness layers. When the thickness variation angle exceeded 5.7°, the
Riedel shear length exhibited non-uniform distribution. As the thickness increased, the
exposed Riedel shear length at the surface extended. As depicted in Figure 10, for the
non-isopachous stratum, the shear length AD exceeded that of BC, and the extension lines
AB, DC, and EF converged at a point where the formation thickness approached zero,
signifying the cessation of the shear process. In non-isopachous strata, the length of the
Riedel shear was related to the angle of thickening of the strata.
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(@) T=1km, a=0°

(b) T=3km, a=2.9°

() T=5km, a=5.7°

——

— b 8. A ——

(d) T=10 km, a=12.7°

Figure 9. Riedel shears for non-isopachous strata. Even under varying thickness conditions within
the same stratigraphic sequence, the characteristic trend persists: as strata thickness increases,
Riedel shear spacing increases, the number of shears decreases, and shear length increases. Basal
heterogeneities are manifested by variations in the lengths of surface expressions of Riedel shears.
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Figure 10. Schematic diagram for non-isopachous strata. AD and BC represent the lengths of the
Riedel shears. EF denotes the midline of the basal plane. Point O is defined by the intersection of
the extensions of lines AB and DC. The arrows indicate the displacement direction along the basal
plane, while *a* signifies the inclination angle of the strata’s basal plane. The grey surfaces depict the
Riedel shears.

In summary, within isopachous stratum, Riedel shear structures demonstrated a linear
proportionality to stratum thickness. Enhanced stratigraphic thickness facilitated greater
vertical propagation of shear zones toward the surface, governed by strain partitioning
mechanisms. However, insufficient basal displacement magnitudes may have impeded the
upward development of Riedel shears, resulting in subsurface termination and subsequent
invalidation of the linear thickness—shear relationship. These observations underscore a
dual regulatory framework, wherein Riedel shear spatial distribution is dictated by the
synergistic interplay between basal kinematic constraints and stratigraphic dimensional
parameters.

Conversely, in non-isopachous stratum, Riedel shears exhibited progressive elonga-
tion parallel to the stratigraphic thickening axis, manifesting distinct kinematic signatures
compared to the uniform-scale shear arrays characteristic of isopachous systems. This
length disparity exhibited a positive correlation with stratigraphic dip angles, reaching
critical thresholds where shear segmentation became geometrically inevitable. Systematic
quantification of surface Riedel shear length asymmetries enables inverse modeling of
subsurface stratigraphic architecture, resolving both the thickness distribution gradients
and basal displacement vector fields. The resulting methodology provides a robust di-
agnostic tool for paleostress reconstruction and structural compartmentalization analysis
through systematic interrogation of surface shear geometries. This approach significantly
advances the interpretative paradigm for elucidating concealed structural configurations
in fold-thrust zone environments.

5. Deformation Characteristics of Strike-Slip Faults

Using a smooth fault with a thickness of 5 km as a case study, this analysis examined
the three-dimensional evolution of the avian structure associated with strike—slip faults,
drawing on results obtained from material point simulations (Figure 11).
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Figure 11. Riedel shear-forming process. At a model thickness of 5 km, the formation process of
Riedel shears with increasing displacement is shown. Shear bands are characterized by plastic strain.
As displacement increases, plastic deformation propagates upward from the base.
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In the initial phase of model evolution, triggered by an increase in traction force at the
lower layer, the response was predominantly elastic. As the displacement at the lower layer
reached 0.3 km, non-elastic deformation initiated at the base of the intermediate shear zone,
propagating in a linear manner. Riedel shear commenced at the discontinuity of the brittle
layer’s base and ascended along a spiral trajectory. Upon reaching a displacement of 0.34
km, multiple mushroom-shaped shear surfaces emerged within the non-elastic region. At
this juncture, the original Riedel shear crack began to extend upward from the base shear
zone, exhibiting a distinct clustering pattern as opposed to the uniformly distributed cracks
along the base shear zone. When the displacement increased to 0.38 km, the mushroom-
shaped shear surfaces progressively extended upward along the z-axis, becoming both
thicker and wider. At a displacement of 0.4 km, the substantial shear surfaces reached
the upper surface, culminating in the formation of a fully developed Riedel shear and the
generation of an avian structure.

Under strike-slip loading conditions, the local horizontal stress state at the base of
the plane ABCD, situated between two Riedel shear zones, was primarily tensile in nature.
The stress state on shear band ABCD was simulated using the material point method. As
illustrated, within the shear band plane along the Y-axis, the plane experienced tensile
stress, with a peak value of 500,000 kPa (Figure 12). Conversely, within the Riedel shear
zone, no tensile stress was observed along the Y-axis.

yypd: 0 100,000 200,000 300,000 400,000 500,000

Figure 12. Shear stress in y direction (kPa). Three fully penetrating shear bands are distinctly visible
in the figure. Within the Riedel shear band region, the stress in the y-direction becomes negligible,
while significantly higher stresses concentrate around the periphery of the shear bands.

6. Discussion

The integrated numerical modeling and empirical validation presented in this study
fundamentally advance our mechanistic understanding of Riedel shear system evolution.
Material point method simulations robustly demonstrated that stratum thickness consti-
tutes a primary architectural control on strike-slip fault geometry, reconciling long-standing
field observations of variable fault segmentation patterns. The inverse relationship between
layer thickness and shear density reflects strain accommodation mechanisms: thinner
strata undergo distributed brittle failure to absorb displacement, while thicker units lo-
calize strain into fewer through-going structures. This thickness-dependent scaling law
provides a quantitative framework for predicting subsurface fault connectivity—a critical
parameter in fluid migration studies for hydrocarbon systems. The correlation between
shear length and stratum thickness establishes surface fault patterns as kinematic proxies
for subsurface stratigraphy. Uniform Riedel dimensions indicate isopachous conditions,
whereas progressive shear-length reduction vectors map stratigraphic thinning gradients.
This diagnostic capability bridges a key scale gap in tectonic analysis, enabling the recon-
struction of concealed basin architecture through surface fault morphology. The Manshen 1
case study confirms this principle: variable fault lengths directly correlated with imaged
thickness variations in the Cambrian salt sequence, validating the model’s predictive power
for cratonic basement deformation.

Despite these advances, significant limitations remain. Models simplify reality by
simulating isotropic elastoplastic materials, thus neglecting natural anisotropies, such as
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bedding planes and diagenetic heterogeneities, which can substantially influence strain lo-
calization. Experiments are confined to small-displacement systems, whereas the influence
of stratum thickness on large-offset faults may be masked by subsequent thermal feedback
or fluid-rock interactions.

To address these gaps, future work should prioritize implementing stratified me-
dia with contrasting rheologies (e.g., shale—sandstone—carbonate sequences) to quantify
mechanical stratigraphy effects and develop machine-learning applications by training
convolutional neural networks on fault pattern datasets to automate thickness gradient
inversion from remote-sensing imagery.

This research establishes stratum thickness as a primary control on strike—slip fault
architecture, with significant implications. The direct relationship between surface fault
dimensions and subsurface stratigraphy enables quantitative paleo-thickness reconstruc-
tion in eroded or buried terrains—a transformative tool for basin analysis. In petroleum
systems, thickness-dependent connectivity laws provide a physics-based framework for
targeting compartmentalized reservoirs along cratonic fault zones. By quantifying how
stratigraphic “blueprints” govern fault evolution, this work has reshaped structural inter-
pretation paradigms in energy geoscience and tectonic hazard assessment.

7. Conclusions

This investigation revealed stratum thickness as the dominant control on Riedel shear
system development through material point method simulations validated against the
Manshen 1 Fault Zone. Three principal patterns emerged:

(1) Thickness—Density Relationship

Thinner strata developed significantly higher concentrations of Riedel shears com-
pared to thicker layers; 1-m strata typically contained over four times as many shear zones
per unit area as 5-m strata.

(2) Thickness-Length Correlation

Shear zone length increased proportionally with stratum thickness. Shear zones in
5-m strata extended more than 1.2 times as long as those developing in 1-m strata.

(3) Surface Expression Diagnostic

Uniform shear dimensions at the surface consistently indicated equally thick subsur-
face layers. Conversely, progressively shorter shears along a fault’s strike direction reliably
mapped thinning stratigraphic sequences—a pattern strongly confirmed in the Manshen 1
Fault Zone, where surface observations matched subsurface imaging.

(4) Formation Mechanism of Riedel Shears

The formation of Riedel shears provided a compelling illustration of multi-scale defor-
mation propagation in brittle materials. At the microscale, intrinsic heterogeneities, such
as grain boundaries, micro-cracks, and mineral inclusions, functioned as stress concentra-
tors. These heterogeneities initiated localized failure when local tensile or shear stresses
surpassed critical strength thresholds, a process modeled herein using a softening dam-
age constitutive law. These micro-damage locales did not operate independently; rather,
during progressive loading, heightened plastic strain and abrupt strength degradation led
to the delineation of incipient deformation bands. The instantaneous reduction in cohe-
sion and internal friction angle characterizes comminution-induced damage localization
within the rock mass. Ultimately, this interconnected micro-damage network coalesced
at the macroscale to generate through-going Y-shears, which subsequently evolved into
periodically spaced Riedel shear structures.
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