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We simulate cataclastic flow deformation using discrete elements for high porous Bentheim sandstone
under 1D compression and high confinement (~300 MPa) to assess the flow path and permeability
evolution during cataclasis. The model accounts for particle crushing by replacing balls with smaller
fragments and cement damage by removing existing bonds beyond a threshold stress level. The particle
packing in the deformed numerical specimens is further analysed using an image processing tool to extract
the pore structure. The analysis suggests that beyond 10% particle breakage, there is a decreasing trend in
tortuosity, indicating the crushed finer fragments enable additional flow channels. The same is quanti-
tatively ascertained through pore coordination number and visual identification. The overall analysis
implies that during the compression under high confinement, the rate of permeability reduction depends

on the flow path evolution due to crushing, and tortuosity can decrease due to excessive crushing.
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1. Introduction

Experimental studies over the last three decades
on porous granular rocks (e.g., sandstone and
limestone) demonstrate failure by cataclastic flow
(matrix-controlled cataclasis) at the brittle and
brittle—ductile transitions (Wong and Baud 2012;
Leuthold et al. 2021a; Sari et al. 2022). Under high
confinement (>150 MPa) and depending on the
initial porosity, grain size distributions, type of
grain bonding cement and effective confining
pressures, three different macroscopic failure
modes are documented: (i) shear localization, (ii)
compaction localization, and (iii) cataclastic com-
paction (Fortin et al. 2009). However, the grain
scale microscopic analysis indicates such failure
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modes are primarily associated with extensive
grain crushing and cement debonding accompanied
by pore collapse due to fragment reorganization,
which results in porosity reduction (Menéndez
et al. 1996) and eventually alters the characteristic
permeability. In a recent study, Leuthold et al.
(2021a) reported a three-fold reduction in perme-
ability in carbonate rock due to 40% axial com-
pression. Analysis of simultaneous cataclastic flow
failure and permeability evolution is, therefore, of
great importance in various practical applications
like hydro-mechanical coupling in porous reservoir
rocks, aquifer management, seafloor subsidence,
tectonic activity, and borehole stability in porous
rock (Fossen et al. 2007; Fortin et al. 2009; Lee
et al. 2016).
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However, permeability evolution due to cata-
clastic flow is non-trivial. It often depends on the
three macroscopic failure modes and the micro-
scopic changes due to grain crushing. Zhu and
Wong (1997) captured permeability evolution
during the brittle-ductile transition on a series of
porous sandstones. The experimental analysis
showed that permeability reduces with increasing
mean effective stress before yielding strength,
whereas the deviatoric stress strongly influences
permeability evolution after yielding. Vajdova
et al. (2004) demonstrated a comprehensive
experimental analysis that shows permeability
evolution at variable rates during compaction
localization in high-porosity Bentheim sandstone.
Initially, the permeability reduction rate is slow
due to elastic compression, then sharply decreases
during localized deformation involving pore col-
lapse and crushing. Finally, the rate is further
reduced during cataclastic flow regime character-
ized by significant crushing. Such a distinct zona-
tion may only be observed in some sandstones (e.g.,
Bentheim at 250 MPa or more confinement and
Berea at 160 MPa or more confinement) since the
crushing and pore collapse vary with rocks and
their intrinsic properties. For instance, high porous
sandstones like Boise, Rothback, Adamswiller, and
Darley Dale do not show varying rates of perme-
ability reduction in the inelastic deformation, as
they lack discrete localized deformation, such as,
compaction band and/or shear band development
(Zhu and Wong 1997; Baud et al. 2006). A recent
study on permeability evolution in weakly consol-
idated sandstone under different stress paths indi-
cates iso-permeability contours coincide with the
mechanical yield surface during homogeneous
deformation (Nguyen et al. 2014). A few studies
also indicate the development of anisotropic per-
meability due to granular fabric orientation during
cataclastic flow (Baud et al. 2012).

Experimental studies reveal that permeability
evolves (reduces, mostly) in high porous sand-
stones at different rates under different stages of
deformation during the brittle-ductile transition
(Morris et al. 2003; Vajdova et al. 2004). However,
it is not trivial to anticipate such permeability
evolution, especially in the cataclastic flow regime.
Advanced constitutive models are efficient in
evaluating the deformation response of rock (Issen
and Rudnicki 2001; Nguyen and Einav 2009; Das
et al. 2014). To predict the permeability evolution,
either power-law porosity (David et al. 1994) or
Kozeny-Carman type formulations, accounting for

J. Earth Syst. Sci. (2024)133 3

both porosity and grain crushing (Nguyen and
Einav 2009; Esna Ashari et al. 2018; Nanda et al.
2020; Leuthold et al. 2021b), is used. Theoretical
analysis mainly uses empirical tortuosity equa-
tions, which are inadequate in many cases for
quantitative estimation of permeability during
post-yielding and post-localized deformation pha-
ses despite knowing the porosity and grain break-
age information. Also, limited microstructural
analysis can predict the tortuosity evolution at the
cataclastic flow regime. Hence, the present study
aims to bridge the research gap by capturing tor-
tuosity evolution at different stages of cataclastic
flow.

The present study clubs the discrete element
method (DEM) based on simulated cataclastic rock
deformation and pore network model to under-
stand the micromechanics behind permeability
evolution. In discrete element simulations, particle
crushing is implemented along with grain rear-
rangement to predict the pore structure realisti-
cally. The microscale parameters for the simulation
are calibrated based on the laboratory-scale rock
deformation data. Later, the pore network is
extracted to identify the fluid flow path. Finally,
the analysis illustrates the crushing effects on the
pore structure evolution and consequent perme-
ability change.

2. Methodology

2.1 Background of analysis

In a recent study, Nanda et al. (2020) numerically
simulated the fluid flow through porous granular
rock, deformed at the brittle—ductile transition
regime using finite element method (FEM).
Figure 1(a) demonstrates the hydro-mechanical
response (porosity and permeability evolution) of
Bentheim sandstone undergoing localized com-
paction due to triaxial compression at 300 MPa
confinement. Locally at the integration point, fluid
conductance is modelled with the help of the
Kozeny-Carman type permeability model (%,
equation 1). Despite quantitatively matching the
porosity (¢) evolution with the experimental
observation (Vajdova et al. 2004), the permeability
of the deformed rock specimen only qualitatively
agreed with the experimental data (figure la),
especially in Zone 3. Nonetheless, the model cap-
tures the initial elastic compression-induced per-
meability reduction (Zone 1) and rapid reduction
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Figure 1. (a) Comparison of permeability variation with porosity reduction due to triaxial compression in Bentheim sandstone
at 300 MPa confinement obtained through FE simulation and the experimental observation of Vajdova et al. (2004) under
similar conditions. (b-e) Different deformation zones and corresponding flow path variations, discussed in the text, are also

highlighted.

in permeability during cataclastic flow due to the
combined effect of particle breakage and porosity
(Zone 2). It can be summarized in two competing
mechanisms: (1) permeability reduction due to
pore shrinkage and collapse, and (2) tortuosity
reduction due to the generation of new flow paths
via extension crack in grain scale. A typical sche-
matic of bulk tortuosity variation from the local-
ized zone to the post-localized zone is presented in
figure 1(b—e). It can be speculated that in the
localization stage, grain comminution is spatially
localized in band regions, causing low tortuosity
due to crushing relative to outside the band, but
bulk tortuosity is relatively high due to significant
spatial flow regions outside the bands, materializ-
ing sudden drop in permeability. The same is not
the case near the ductile regime, where significant
(spatially) flow happens in low tortuosity. There-
fore, the relative drop in permeability is hindered.

Experimental results show one order of magni-
tude permeability reduction in Zone 3 (figure 1)
with porosity reduction from 18 to 12%. Such a
permeability reduction rate is notably slower than
in Zone 2. However, FEM analysis using the
Kozeny-Carman formulation (equation 1) predicts
a similar rate of permeability reduction in Zone 2
and Zone 3 with the increase of specific surface area
(S) due to crushing of particles. Such an anomaly
between the experimental observation and theo-
retical prediction indicates that other mechanisms
must enhance fluid flow, gradually reducing per-
meability in the cataclastic flow regime (Zone 3).
The deformation in this regime demonstrates a

fully compacted rock sample with closely spaced
multiple compaction zones across the sample. A
possible explanation could be the evolution of fluid
flow path or tortuosity (7), which is generally
assumed proportional to porosity and also has
grain breakage dependency.
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Fluid flow modelling using finite elements or other
continuum approaches requires a permeability model
like Kozeny-Carman, along with supplementary
assumptions to account for alterations in flow due
to microstructural changes. Validation of those
assumptions is not trivial. On the contrary, fluid
flow analysis based on the pore network obtained
from DEM inherently incorporates all pore-scale
mechanisms and microstructural changes. Note that
DEM-based fluid flow models are useful to validate
the assumptions of continuum models for further
large-scale simulations. Hence, a microstructural
analysis using DEM is presented in the next
segment to explore the grain breakage effect on the
flow path variation.

2.2 Discrete element model

Numerical studies on permeability evolution in
porous granular rock using DEM along with flow
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simulation, either Lattice Boltzmann methods
(LBM) (Sun et al. 2013) or pore network analysis
(Wang et al. 2021) focus on the dilative deforma-
tion zone under low confinement. In experiments,
cataclastic flow failure is primarily analyzed using
a triaxial compression test at high confining con-
ditions (Menéndez et al. 1996). Achieving the same
in DEM is challenging since appropriate porosity
reduction through simulating pore collapse and
particle breakage while maintaining a servo-con-
trolled confining condition is not trivial. An alter-
native approach is a 1D compression, which does
not require servo-controlled lateral confinement
(Arroyo et al. 2005; Marketos and Bolton 2009) yet
leads to cataclastic flow and compaction localiza-
tion. In addition, continuous compression ensures
porosity reduction. The stress trajectory in a 1D
compression test is substantiated by the com-
paction band research as it prompts compaction
bands via inducing pore collapse readily. Further-
more, Das et al. (2013) and Das and Buscarnera
(2014) have shown that the stress path inside the
compaction regime closely resembles a 1D com-
pression test.

Parameter calibration. In order to achieve
matrix-controlled cataclastic deformation, the grain
scale parameters (contact stiffness, cement bond
strength and particle crushing strength) of DEM are
calibrated (table 1) based on the triaxial experi-
mental on high porosity (25%) Bentheim sandstone
(Klein et al. 2001). Calibrating the contact param-
eters in DEM is not straightforward since direct
experimental tools are not readily available.
Therefore, the calibration requires indirect macro-
scopic measurement, such as, stress—strain response,
mineralogical information, grain size distribution,
etc. For example, in the present study, (i) cement
bond stiffnesses are obtained from the initial elastic

Table 1. DEM parameters.
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response of triaxial compression tests; (ii) cement
bond strengths are obtained from peak compressive
strength at low confining pressure; and (iii) grain
fracture or grain breakage parameters are obtained
from the threshold of isotropic compression tests.
Finally, ball contact stiffnesses are assumed to be
similar in the range of bond stiffness, although they
are less sensitive to the simulation of bonded gran-
ular assemblies. The simulated cylindrical rock
specimen (diameter 1 mm and height 2 mm) con-
sists of 15,437 spherical particles, which are pre-
pared in Particle Flow Code 3D, a commercial DEM
package (PFC 5). Particle size distribution, avail-
able in Cheung et al. (2012) for Bentheim sandstone,
is used for DEM sample preparation (figure 2a).
Intergranular cement bond strength is obtained
from the triaxial compression at 10 MPa, assuming
bond failure is the primary deformation mechanism
under lower confinement (figure 2b). In contrast,
the particle crushing strength is estimated by com-
paring the mean stress evolution under hydrostatic
compression (figure 2c). Particle crushing simula-
tion follows the replacement method (Ben-Nun and
Einav 2010). In this method, a parent particle is
replaced with eight fragments arranged in Apollo-
nian packing (figure 1d) once a contact force-based
particle breakage criterion is satisfied. The criteria
consider grain size-dependent crushing with Weibull
statistical particle survival strategy such that a
parent particle undergoes crushing once the average

contact normal force exceeds F.(d/ d0)2_('%). Here, d)
is the mean particle diameter, w represents Weibull
modulus and F', is the critical normal load for d.
The mass (and volume) of the replaced particles is
conserved by gradually increasing the size of the
generated fragments in multiple steps after the
replacement. An interval is maintained between two
successive crushing events in order to minimize any

Parameters

Value

Density of the particles (kg/m®)
Particle diameter range (mm)
Initial porosity

The initial number of particles

Normal and shear stiffness (N/m)
Inter-particle friction coefficient

Bond (normal/shear) stiffness (N/m?)
Parallel bond strength, normal/shear (Pa)
Critical crushing load (N)

2650

0.2-0.02

0.25

15437 (UCS/isotropic compression)
and 32487 (1D compression)

5 x 10°% and 2 x 107

0.35

0.7 x 10" and 2.8 x 10"

4.5 x 10° and 14 x 10°

27
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Figure 2. Comparison of DEM and experimental (Klein et al. 2001) observation, (a) grain size distribution of Bentheim
sandstone; (b) triaxial compression response at low confinement compression, 10 MPa confinement; the black regions in the
specimen indicate intact grain bonding cement, while the white region is broken bond which highlights the formation of a shear
crack; (c) hydrostatic compression. The coloured particles in the hydrostatically deformed sample indicate different generation
of crushing; and (d) relative dimensions of broken fragments in Apollonian packing with colour indicating the breakage

generation.

unwanted overlapping contact force that arises due
to particle enlargement. A detailed procedure can be
found in Das et al. (2022) and Bisht and Das (2021).
Note that the adopted grain replacement process
ignores fine fragments since the theoretical analysis
by Esna Ashari et al. (2018) demonstrated that
accounting fines for the permeability estimation
underestimate the results in the cataclastic flow
regime. The final comparison between the experi-
ment and simulation shows reasonable agreement
that approves the reliability and validity of model
calibration and its various assumptions. The
observed discrepancy between the experimental
result and numerical simulation in the post-peak
response under low confinement (figure 2b) can be
attributed to the use of rigid boundaries in DEM. In
actual rock deformation experiments, flexible jack-
ets are used to confine the rock specimen. This setup
allows the sliding of rock blocks along the shear crack
(figure 2b), resulting in an instantaneous drop in
stress. In DEM simulation, the use of rigid boundary
arrests the sliding along the developed crack in the
post-peak deformation.

1D compression. In DEM simulation, a cubic
sample of 1.5 x 1.5 x 1.5 mm has been prepared

with bonded particle assembly using 32487 discrete
spherical solid balls. The numerical specimen is
compressed from the top at a constant displace-
ment rate, while the remaining side and bottom
boundaries are stationary. Controlling the bound-
ary conditions in cubic specimens is relatively more
straightforward, and there is no pressure boundary
constraint in 1D compression, unlike the triaxial
experiments. Hence, a cube-shaped specimen is
chosen. The particle size distribution in the cube is
shown in figure 2(a). The stress path during 1D
compression of the cube is shown in figure 3(a).
The yielding stress points observed in the experi-
ments on Bentheim sandstone are also superim-
posed on the same plot. The simulation results
indicate that the stress path enters the inelastic
zone at the brittle—ductile transitional stress state
(mean stress 325 MPa and deviatoric stress
175 MPa, the yellow patch zone in figure 3a),
where cataclastic flow is expected. The deviatoric
stress also shows a trend (figure 3b) similar to that
observed by Arroyo et al. (2005) in calcarenite
subjected to 1D compression. Besides, a series of
incrementally compressed (1D) samples display
that the particle crushing initiates around 3.0%
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Figure 3. DEM simulation of 1D compression, (a) stress path and experimental yielding surface while highlighting the
cataclastic flow zone; (b) deviatoric stress evolution; yellow patch highlights the cataclastic flow regime; (c¢) deformed DEM
specimens at different states of compression. The coloured particles refer to different generation of crushing, as elaborated in

figure 2(d).

axial strain (figure 3c), corresponding to the brit-
tle—ductile transitional regime (figure 3b). In the
present study, simulation is performed up to 4.8%
axial deformation since further compression would
increase the number of crushed fragments in
manifold and consequently increase the computa-
tional cost of DEM.

3. Results and discussion on the flow
analysis

To compute the evolution of flow path in the
brittle—ductile transitional regime because of pore
collapse and particle crushing, we considered tor-
tuosity as the controlling parameter in our analy-
sis. Tortuosity, a ratio between the shortest length
of winding fluid flow path at the pore scale to the
straight-line distance along the flow direction at

the sample scale, quantitatively assesses the flow
path in porous media (Clennell 1997). Conven-
tionally, tortuosity is expressed as a function of
porosity alone without considering other micro-
structural alterations (equation 3, Bruggeman
1935).

T2 — (plfocl.

(3)

The power term o4 in equation (3) quantifies the
formation factor for any porous media (Archie
1942).

The assembly of spheres generated in DEM is
further analysed in a commercial image processing
package (FEI Avizo 2017) to compute the flow
path variation due to cataclastic flow deformation.
The assembly is first converted into a 3D binarized
image, which is then used for estimating the tor-
tuosity of the sample. Tortuosity calculation
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requires discretization of void space into pores and
throats. Darcy’s law is invoked to calculate the
velocity of the fluid in each throat. Finally, tortu-
osity (along the flow direction) is computed using:

D > []
m Y
= llosi

where m represents the total number of throats, v;
is the velocity of fluid passing through each pore-
throat, and wvx; represents the projection of the
velocity along the direction of fluid flow passing
through the pore-throat .

The analysis measures tortuosity along the
compressive stress direction, which also corre-
sponds to the fluid flow direction through the pore
network. Tortuosity can be different in two
mutually perpendicular directions provided the
deformation is localized in nature and/or the par-
ticles are angular in shape to provide the preferred
flow direction. In the present study, the observed
deformation is homogeneous all through since the
cubic specimen only focuses on a local compaction
zone. In addition, given the use of spherical parti-
cles, it is unlikely to obtain significantly different
tortuosity, when measured along the mutually
perpendicular directions.

Figure 4(a) compares the analytical (equation 3)
and numerical tortuosity (from the DEM using
equation 4) predictions with porosity reduction
during 1D compression. In addition, the geometric
tortuosity evolution in another porous rock, Fon-
tainebleau sandstone (Fu et al. 2021), is added to
the same plot for comparison. The comparison
highlights that the numerical estimation from
DEM assembly follows the same trend as analytical
results till ¢ = 0.23, where only elastic deformation
is predicted. Interestingly, in the brittle—ductile
transition, a sharp increase followed by tortuosity
reduction is captured (marked by arrowhead in
figure 4a). Besides the numerical analysis, the
cross-sections of deformed DEM specimens are
captured at different axial strain levels during the
compression, and typical flow paths are visually
identified. The observed changes in flow path
(marked manually with a white line in figure 4c)
qualitatively agree with the numerically predicted
trend of tortuosity reduction. The length of the
flow path reduces with increasing compression,
indicating tortuosity drop. The flow paths are ini-
tially more winding than the crushed specimens,
resulting in a relatively slower flow. Tortuosity
variation under different porosity estimated using

(4)
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LBM simulation on Fontainebleau sandstone (Fu
et al. 2021) also corroborates with analytical
models since only porosity change is considered.

Particle breakage is computed from the evolving
grain size distribution at different stages of defor-
mation. In addition, a histogram of pore coordina-
tion number is also plotted. For the quantification of
particle crushing, relative breakage (B,) is calcu-
lated based on the initial grain size distribution and
a fractal-type ultimate distribution proposed by
Einav (2007) (figure 5a). The breakage evolution
against porosity reduction (figure 5a) demonstrates
a sharp increase (10-50%) at ¢ = 0.23, possibly
resulting in the decay in tortuosity by creating
additional flow paths. Before the initiation of
crushing (¢, = 2.9%), the modal normalized coor-
dination number was 2.5, which shifts to 4.5 (see
figure 5b) with increasing particle crushing during
the cataclastic flow at ¢, = 4.8% indicating a sig-
nificant increase in the pore connectivity due to
crushing that is responsible for the enhancement in
permeability. Therefore, the conventional models
(e.g., equation 3) that only predict increasing tor-
tuosity with reducing porosity (Matyka et al. 2008;
Fu et al. 2021) cannot be used to determine the
hydraulic characteristic in complex deformation
processes like cataclasis.

The rate of reduction in permeability largely
depends on the effect of individual localization band
formation, a relationship that has been previously
established experimentally (Baud et al. 2004) and
numerically (Nanda et al. 2020). Therefore, the pre-
sent study (1D compression) explores the local hydro-
mechanical response within a localized compaction
zone. This local response has a direct influence on the
overall permeability reduction when such multiple
discrete compaction zones emerge in the Bentheim
sandstone. Once multiple such discrete compaction
zones are formed in a bigger cylindrical sandstone
specimen under triaxial compression loading, the
overall permeability reduction rate drastically redu-
ces, as noticed in experiments. Nonetheless, we do not
quantify the reservoir scale permeability in the pre-
sent study but demonstrate the local flow mecha-
nisms during cataclastic deformation.

The present DEM simulation does not consider
the particle shape effect on the deformation and
fluid flow path of porous rock for the sake of sim-
plicity. Particle shape can alter the fluid flow path
and tortuosity. However, with multiple generations
of crushing events, the shape of the fine fragments
approaches a rounded/sub-rounded one (Bisht and
Das 2021), which corroborates with the present
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Figure 4. Tortuosity evolution during 1D compression, (a) tortuosity vs. porosity plot. The arrow mark indicates reduction in
tortuosity despite porosity reduction. LBM simulation results in Fontainebleau sandstone (Fu et al. 2021) highlight tortuosity
increase with porosity reduction; (b) typical cross-section of DEM specimen; and (c) schematic representation of flow path
variation (marked with white line) in 2D cross-section of DEM specimen at different axial strains.
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modelling assumption of spherical particles. Con-
sidering the shape effect in DEM is complex in
terms of formulation and computationally expen-
sive once particle crushing is taken into
consideration.

4. Conclusions

A DEM-based numerical analysis is proposed to
mimic cataclastic flow in granular rock. We explore
the evolution of flow path due to pore collapse and



J. Earth Syst. Sci. (2024)133 3

particle crushing during the deformation. The results
indicate that tortuosity increases in the elastic
deformation and early stages of inelastic deformation
due to porosity reduction. However, excessive parti-
cle crushing leads to a reduction in tortuosity by
creating direct fluid flow paths, which are otherwise
winding during the absence of particle crushing. The
microstructural analysis demonstrates that 1D com-
pression of 4.8% axial strain results in 40% increases
in the relative breakage, which can cause around two
times increase in the pore-throat coordination num-
ber compared to the elastically deformed sample
without any crushing. Based on our results, we finally
conclude that in the cataclastic flow regime, porosity
reduction due to grain crushing/fragmentation can-
not continuously demote the fluid flow as predicted
through the conventional analytical models since
particle crushing enhances the flow via reducing
tortuosity.
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