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Abstract Results

Fault zones play a critical role in controlling fluid migration and pore pressure evolution in
the subsurface, influencing fault stability. Reliable assessment of fault-zone permeability
and mechanical behavior is therefore essential for understanding both natural and
induced seismicity. Traditional methods for evaluating fault-zone transmissibility and
other damage zone characteristics in sedimentary rocks rely primarily on estimating the
clay or shale content entrained along the fault plane. Although these approaches have
an empirical basis, their predictive capability is limited by basin-specific datasets and
schematic representations of the deformation processes that control fault-zone
composition and textures. To address these limitations, we apply a novel physics-based
Distinct Element Method (DEM) approach to model fault development, with particular
focus on the mechanisms that control shale entrainment and resulting fault-zone
properties. These models, calibrated to reproduce laboratory-based sand-clay-sand box
experiments and capture outcrop-scale structural complexity, enable systematic
examination of the processes governing fault-zone mixing. Our results indicate that
variations in the mechanical strength of the deforming granular material strongly
influence the extent of mixing, fault-zone width, and the localization of secondary
fracturing. Because shale entrainment is widely interpreted to influence fault-zone
permeability, these variations have important implications for fluid-pressure evolution and
fault stability. The DEM framework provides a robust approach for improving predictions
of fault-zone properties relevant to tectonic and induced seismicity, while also informing
fluid-flow analyses in subsurface energy, storage, and carbon management applications.
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Introduction

Figure 1. Outcrop-scale
fault zone heterogeneity
(left; St. John, 2015, CC
BY 2.0) contrasted with
the Shale Gouge Ratio
(SGR) formulation (right),
illustrating the challenge of
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the fault and particle-size scaling on fault-zone mixing behavior. Increasing bond
Figure 5. Comparison of laboratory sand-clay-sand experiments from Schmatz et al. (2010) and strength produces progressively stronger clay layers, while particle-size
corresponding DEM simulations (first and second columns). Results reproduce the three observed scaling influences the localization of deformation and fault architecture.
styles of fault-zone mixing, demonstrating the ability of mechanically calibrated models to capture Contact-bond models highlight variability in the geometry, size, and continuity
shale entrainment and fault-zone architecture. Entrained shale particles are classified into of the resulting damage zones.
| fault-mixing zones (FMZs; third column) * " [ Lithology __Proportion Shale | [ pjgplacement

and projected onto the fault plane
(fourth column) to quantify shale
distribution. FMZ shale fractions,
defined by the gradient of displacement,
are then compared with Shale Gouge
Ratio (SGR) predictions.

Figure 2. Schematic illustration of a fault with unknown
sealing behavior (left) and corresponding leaking (top
/ left) and sealing (top right) end-member cases.

Along-fault shale-content log (SCL) and Shale Gouge
Ratio (SGR) logs are shown for each scenario. Identical SGR values despite contrasting
shale distributions highlight a limitation of scalar proxy methods.
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based on biaxial testing. Simulations conducted resulting FMZ shale fractions projected Contact Bond
under multiple confining stresses are used to to the fault plane. Similar fault State
derive Mohr-Coulomb strength parameters. architecture and shale-mixing patterns 0 .
Stress-strain responses and a representative demonstrate that mechanically R
deformed specimen are shown on the left, with calibrated DEM models reproduce key
the resulting failure envelope shown below. structural characteristics observed in
Calibrated parameters are used as input for the natural fault zones. Additional panels
sand material. Normal to Shear Stress show particle displacement and
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:L%ug§u4gdZEyMcgnn%?§é§: cl)JrSnee(’;ry ["s‘a('jn'd‘lﬁ{f:\hzér‘h‘o‘ri‘zbaé‘ |+ We developed a new physics-based framework for modeling fault-zone evolution using Implications. These results suggest that mechanically controlled fault-zone evolution
for the fault-zone mixing H L sandclasts the Discrete Element Met-hod (DE_M)- | | strongly influences fluid flow along and across faults. Conventional shale-content proxy
analysis. The configuration | * Rock mechanical pfropertles, particularly strength contrasts between lithologies, exert a methods such as Shale Gouge Ratio (SGR) may not fully capture mechanically driven
reproduces the sand-clay-sand ||| primary cor?trol. on fault-zone mixing behavior. | variations in shale distribution and fault-zone composition. Because fluid-pressure
laboratory experiments of g . %tlzﬂlgrlgﬁﬁgé?&gn governs fault-zone geometry, asymmetry, and the early evolution of evolution affects effective stress and fault strength, fault-zone architecture may play an

Schmatz et al. (2010) and is iImportant role in controlling both tectonic and induced seismicity.

used to investigate three
end-member styles of fault-zone
mixing. Undeformed (left) and

* Mixing patterns and shale distributions are highly heterogeneous, implying both spatial
and temporal variability in fault hydraulic behavior.

(" entrained shale clasts. ~ ® Damage zones are substantially wider than the primary slip surface and commonly
shale clasts . exhibit nonlinear geometries consistent with field observations.

Future Work. Ongoing work will extend this framework to three-dimensional models and
evaluate a broader range of lithologies, fault geometries, confining pressures, and
deformation conditions.
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deformed (right) model states / 20cm ‘BothHWand FW  « Mechanical stratigraphy exerts a first-order control on shale entrainment and fault-zone
---------- move equally .
are shown. architecture.
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