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Abstract:
Fault zones play a key role in controlling subsurface fluid migration, influencing hydro-
carbon accumulation, CO2 sequestration, and geo-energy storage safety. Most previous
experimental studies, however, have been restricted to static outcrop or core observations,
which fail to capture the progressive evolution of fault zone structures in time as a response
to changing stresses. Moreover, existing analogue experiments often use unconsolidated
sediments, which cannot accurately represent brittle faulting in consolidated rocks, and
quantitative analyses remain limited. To address these challenges, a new method based
on ring-shear experiments was developed to physically simulate fault zone formation in
consolidated sandstones. The method simulates shear deformation under variable stress
and displacement conditions, followed by multi-scale quantitative analyses, including
computed tomography imaging, thin section analysis, and porosity-permeability testing
under confining pressure. This comprehensive testing routine allows to quantify changes
in fault zone thickness, particle and pore size distributions, and grain orientations during
progressive deformation and depending on shear parameters. The results demonstrate
systematic relationships between effective normal stress, shear displacement, and fault
zone structural attributes. The fault zone thickness shows a nonlinear trend with stress,
while cataclasis and compaction intensify with increasing displacement. This work provides
a methodological foundation for future applications in fault seal analysis, fluid flow
modeling, and numerical simulation, offering a practical reference for petroleum systems
studies, hydrogeology, and underground gas storage including CO2 and hydrogen.

1. Introduction
Geological faults play a crucial role in controlling sub-

surface fluid flow and distribution, acting either as barriers
that impede migration or as conduits that enhance flow (An-
tonellini et al., 2014; Wang et al., 2022). Understanding fault
deformation mechanisms is essential for assessing fault sealing
capacity and stability (Fu et al., 2024), which are key issues
in fault seal analysis in a petroleum system and underground
gas storage context (Zhang et al., 2023; Song et al., 2024),

hydrogeology (Bense et al., 2003; Cilona et al., 2015), and
engineering geology (Wibberley et al., 2008; Reches and
, 2010).

Previous studies into fault zone characteristics and con-
trolling factors have largely relied on qualitative observa-
tions of field outcrops or core samples (Rotevatn and Fos-
sen, 2011; Ballas et al., 2015; de Souza et al., 2021). It
is largely impossible to directly observe the continuous de-
formation of fault zones in the field (Du et al., 2023; Liu
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et al., 2025), and laboratory-based physical simulations are
therefore widely used to reproduce faulting processes (Cuisiat
and Skurtveit, 2010; Jiang et al., 2024). Most previous physical
simulations have typically employed unconsolidated sediments
rather than consolidated rocks (Zhang et al., 1999; Cuisiat and
Skurtveit, 2010). Since faults mainly develop in brittle rocks,
using plastic or loose materials cannot accurately reproduce
fault zone formation. A comprehensive experimental protocol
based on consolidated rocks is therefore urgently needed.

Four main types of experiments are commonly employed
in fault analysis: Ring-shear tests, direct shear tests, triaxial
shear tests, and sandbox models. Direct shear tests require
high-quality samples with limited dimensions, otherwise stress
conditions are compromised (Barla et al., 2010; Giger et
al., 2011). Triaxial shear tests are constrained by apparatus
design, limiting displacements to the millimeter scale (Taka-
hashi, 2003; Elkhoury et al., 2011). Sandbox or water-saturated
sandbox experiments can only be applied to unconsolidated
sediments, making them unsuitable for simulating brittle rocks
at depth (Schmatz et al., 2010a; Schmatz et al., 2010b).
In contrast, the ring-shear apparatus enables centimeter- to
decimeter-scale displacement and can simulate faulting in
multilayer sandstone-mudstone sequences or pure sandstones.
Therefore, ring-shear experiments are particularly suited for
investigating small-displacement faults such as those examined
in this study.

Quantitative characterization of fault zone structure and
properties has traditionally relied on microstructural and petro-
physical approaches. Porosity and pore size distribution at
varying scales are commonly obtained using a combination
of helium pycnometry, mercury intrusion capillary porosime-
try, gas adsorption testing, nuclear magnetic resonance spec-
troscopy, etc., i.e. methods based on fluid saturation of acces-
sible pore space under controlled pressure conditions (Ballas
et al., 2015; Fossen and Cavalcante, 2017). These techniques
are particularly effective in the micro-nano pore scale, though
large pores may not be fully resolved. Grain-size distribution
is often analyzed through microscopic techniques combined
with image analysis or by laser diffraction, providing an
indicator of cataclasis intensity and strain localization (Bal-
samo and Storti, 2010). Grain orientation analysis by image
processing quantifies preferred alignment of long axes, which
reflects shear strain accumulation within fault zones (Fossen
et al., 2007). These methods have been widely applied to
natural fault zones and samples resulting from laboratory
experiments, providing a basis for quantitative comparisons of
deformation intensity, fault thickness, and permeability evolu-
tion. In this study, these established techniques and standardize
their application within a unified experimental protocol for
application with faulted sandstones were adopt. Traditional
approaches to characterizing cataclastic fault zones often rely
on qualitative descriptions from thin section observations
(Fossen et al., 2007), with limited quantitative analysis (Pizzati
et al., 2020a; Pizzati et al., 2020b). For example, matrix
generated by cataclasis or preferred grain orientations are
rarely measured systematically. Many previous studies focused
on particle size as the exclusive parameter, neglecting other
key structural variables (Balsamo and Storti, 2010; Wang et

al., 2016; Pizzati et al., 2020a). Consequently, a robust quan-
titative framework for analyzing fault zone architecture and
cataclastic processes under controlled experimental conditions
is not yet established. Developing such a framework is critical
for understanding the mechanisms and evolution of fault zones.

To address the existing methodological gaps, a ring-shear
apparatus to simulate the formation of fault zones in con-
solidated rock analogs was designed. Following deformation,
experimental samples are analyzed using multiple techniques,
including porosity and permeability tests under confining
pressure, three-dimensional imaging with micro-computed to-
mography (µ-CT), and statistical quantitative analysis of thin
sections. Together, these approaches provide quantitative two-
and three-dimensional fault zone characteristics.

2. Methods

2.1 Equipment
The ring-shear experiments were conducted using a

custom-built high-pressure, low-speed ring-shear apparatus de-
veloped by the Fault-Controlled Reservoir Laboratory, North-
east Petroleum University (Fig. 1). The system is capable
of achieving a maximum displacement of 471 mm and a
maximum vertical stress of 50 MPa. It consists of four main
components: (i) The main shear unit (Fig. 1(a)), (ii) a servo
control system (Fig. 1(c)), (iii) a hydraulic loading system
(Fig. 1(d)), and (iv) an electronic control system.

The main shear unit comprises: (i) A vertical loading
piston that applies and releases axial stress, (ii) a sample
chamber (Fig. 1(b)), (iii) a bottom rotating shaft connected to
a swing cylinder, and (iv) torque arms with box-type sensors
to measure shear force. The sample chamber is designed with
upper and lower loading plates to ensure uniform stress, eight
L-shaped sidewall holders (four in the upper ring and four in
the downer ring) to confine the sample laterally, and a central
shaft to maintain alignment during shearing.

The servo control system (Fig. 1(c)), driven by an oil-
filled motor, regulates experiment initiation and operation.
The hydraulic loading system (Fig. 1(d)) controls axial stress
and rotation angle, while the electronic system (computer and
software) manages parameter settings and data acquisition.

Samples for the chamber are fan-shaped blocks (Fig. 1(b)).
Each block has an inner diameter of 40 mm, an outer diameter
of 75 mm, and a height of ∼30 mm. The fan angle is adjusted
according to experimental requirements. Before assembly, the
blocks are arranged into a complete 360◦ annulus (Fig. 1(e))
and wrapped at the inner and outer surfaces with polyte-
trafluoroethylene (PTFE) rings of 35 and 80 mm diameter,
respectively. With a friction coefficient of only 0.04 (both static
and dynamic), PTFE can minimize wall friction and ensures
mechanical integrity of the samples during testing.

Stress similarity was achieved by calibrating axial loading
conditions against results from uniaxial and triaxial compres-
sion tests and in situ stress data, thereby ensuring that the
applied axial stress corresponded to the effective normal stress
in natural settings. Geometric similarity was maintained by
scaling the thickness and proportions of sandstone-claystone
sequences to guide the arrangement of fan-shaped blocks
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Fig. 1. Ring-shear apparatus and workflow for fault zone simulation and analysis. The apparatus consists of (a) the main
ring-shear unit, (b) the sample chamber, (c) the servo control system, and (d) the hydraulic loading system. (e) Post-experiment
samples yield whole blocks that can be processed into (f) horizontal and (g) vertical cores. Horizontal cores are used for (h)
CT scanning, (i) thin section preparation, (j) optical microscopy, and (k) quantitative structural analysis. Vertical cores are used
for (l) N2-based testing of (m) porosity and (o) permeability under (m) confining pressure.

and the distribution of layers within the sample chambers.
For instance, fault zones developed in sandstone-claystone
successions can be represented by reducing layer thicknesses
proportionally and reconstructing them in fan-shaped blocks
(Fig. 1(e)), while small-displacement faults in pure sandstone
sequences can be simulated by scaling sandstone thicknesses
accordingly. In this study, the latter approach was adopted
to reproduce the formation of fault zones in consolidated
sandstone.

2.2 Sample preparation
Artificial sandstones were utilized in this study to evaluate

faulting mechanisms systematically. To guarantee uniformity
in mechanical and physical properties, all samples used in the
ring-shear experiments were produced from the same precursor
sediment. Before preparing the samples, the mineralogical
composition and grain size distribution of the target strata
were analyzed, and these parameters were used to fabricate
equivalent artificial cores with comparable composition. Arti-
ficial sandstone blocks were prepared using a hydraulic press,
producing slabs with typical dimensions of 30 cm×30 cm×3

cm (Fig. 2(a)). The synthetic material consisted of quartz
grains, clay mineral aggregates, and cementing agents. The
physical properties of the artificial sandstone and experimental
conditions employed in this study are listed in Jiang et
al. (2024). For the natural outcrop samples, large slabs of
equivalent dimensions were first cut from bulk rock using a
high-power saw to facilitate subsequent shaping.

Slabs were sectioned into fan-shaped blocks using a high-
speed diamond wire saw (Fig. 2(b)). Each block had fixed
inner and outer diameters (Fig. 2(c)), while the fan angle was
adjusted according to the experimental design. In this study,
blocks were prepared with fan angles of 90◦.

Prior to testing, holes were drilled into the outer edges
of the blocks to accommodate bolts used for fixation during
shearing (Fig. 2(d)). Drilling between adjacent blocks would
minimize the loss of strength. In contrast, drilling through
central portions significantly reduced compressive strength and
was therefore avoided. After drilling, blocks were systemati-
cally labeled for traceability (Fig. 2(e)).

To characterize the baseline strength of the experimental
material, cylindrical cores were prepared from the same batch
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Fig. 2. Workflow of the fault zone physical simulation experiment. (a) Preparation of slab samples, (b) wire-saw cutting,
(c) fan-shaped blocks, (d) samples drilling, (e) sample marking, (f) stress testing, (g) placement of samples in the apparatus,
(h) experiment initiation under set conditions, (i) epoxy impregnation under confining pressure after shearing, (j) preparation
for post-experiment cutting, (k) coring at designated positions, (l) clamping of cores to maintain confining pressure and (m)
secondary epoxy impregnation under confining pressure.

of synthetic sandstone or from the same field samples (Fig.
2(f)). Compressive strength tests showed that the average
uniaxial compressive strength of three representative cores
was 16.96 MPa. Because drilling reduces overall strength,
preliminary experiments indicated that applied stresses should
not exceed one-third of the compressive strength in order to
maintain sample integrity and minimize experimental bias.

2.3 Experimental workflow
Blocks were carefully arranged in the sample chamber

(Fig. 2(g)), surrounded by the L-shaped holders, and secured
with the upper loading plate. Bolts were tightened to fix the
samples, after which the torque arms were aligned and axial
load applied. Sensors were connected to record shear force
and displacement throughout the experiment.

To ensure consistency, external factors such as shear rate
(0.05 mm/s) and laboratory temperature (18 ◦C) were strictly
controlled. The primary variables investigated were effective
normal stress, shear displacement, and clay content (Fig. 2(h)).

Before initiating shear, axial stress was applied to stabilize
the setup and protect the highly sensitive sensors. Shearing was
then induced by rotating the downer ring. At the end of each
experiment, data were immediately saved. Axial stress was
first released, followed by removal of the L-shaped holders
and PTFE rings. Finally, axial stress was reapplied to ensure
tight closure of the fault zones.

After deformation, blocks were coated with epoxy resin
to stabilize both the exterior and the fault surfaces (Fig.
2(i)). Once cured, the entire block was encapsulated in resin,
protecting the internal structures from accidental breakage

while preserving a fresh, intact fault surface for subsequent
analyses.

Cured blocks were sectioned into cylindrical cores (25 mm
diameter) (Fig. 2(k)) using a diamond wire saw (Fig. 2(b))
under confining pressure (Fig. 2(j)). During wire saw cutting,
a custom-designed holder was employed to maintain closure
of the fault plane and minimize disturbance.

The extracted cores were gently released from the holder
and stabilized with clamps until surface moisture evaporated,
after which a second epoxy coating (Fig. 2(m)) was applied
to reinforce integrity under confining pressure (Fig. 2(l)). Two
orientations of cores were prepared: (i) horizontal cores, cut
perpendicular to the ring plane and parallel to the fault surface
(Fig. 1(f)), and (ii) vertical cores, cut parallel to the ring
plane and perpendicular to the fault surface (Fig. 1(g)). Both
orientations were used for a full characterization of the faulting
process and to ensure consistency among datasets.

Horizontal cores were primarily used for microstructural
analysis. These samples underwent µ-CT scanning (Fig. 1(h)),
and both standard and casting thin sections were prepared
(Fig. 1(i)). Then, high-definition photos of these sections were
taken using a Zeiss Axio Image Z1 polarizing microscope (Fig.
1(j)). Thin sections were analyzed for fault zone morphology,
mineral composition, thickness and grain size distributions of
fault zones, grain orientation, pore size, and particle area ratios
(Fig. 1(k)), with results cross-validated against µ-CT data. For
each horizontal core, five casting thin sections were prepared
at equally spaced intervals along the core length, enabling dis-
placement calibration based on predefined conversion formulas
(Jiang et al., 2024).
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Fig. 3. Schematic of quantitative characterization of fault zone structures. (a) Thickness, (b) particle size, (c) arrangement
orientation, (d) pore size and (e) particle size area were measured.

Vertical cores were primarily used for petrophysical testing,
including porosity (Fig. 1(n)) and permeability (Fig. 1(o))
under confining pressure (Fig. 1(m)). Additional tests, such
as two-phase permeability, breakthrough pressure, or cyclic
stress experiments, could be conducted to further evaluate fault
sealing capacity.

2.4 Post-experimental analysis
Porosity measurements under confining pressure were first

performed on both intact host rock and post-experiment cores
containing fault zones. These measurements provided direct
insight into porosity reduction associated with fault zone
development under varying experimental conditions.

In addition to direct porosity tests, horizontal cores were
analyzed using a Phoenix Nanotom S nano-CT system. Three-
dimensional reconstructions were processed with Volume
Graphics Studio Max and Avizo 8.0 software to extract poros-
ity distributions. For instance, porosity was quantified follow-
ing a workflow of secondary slicing, filtering, binarization,
and pore labeling (Fig. A1 in the supplemental materials).
Unlike conventional approaches that measure bulk porosity
across an entire slice, this method involved targeted extraction
from host rock and fault zone regions. Filtered slices were
calibrated against porosity values obtained from confining-
pressure tests to improve accuracy. This approach yielded
reproducible results with high confidence.

The conventional approach for porosity extraction is to
measure bulk porosity from an entire CT slice. In this study,
however, to obtain more accurate values for both the host rock
and the fault zone, secondary slicing of selected regions within
each slice were performed. The secondary slices were then
processed by filtering to enhance the contrast between pores
and grains, followed by binarization and pore filling to derive
measured porosity values. Importantly, each extraction was
carried out from the original CT dataset, and the corresponding
porosity-extraction regions were automatically marked within
the slice (Fig. A1 in the supplemental materials, host-rock
positions 1-5). During filtering, porosity values obtained under
confining pressure were used to calibrate the CT-derived
porosity of the host rock, which in turn allowed accurate
calculation of fault zone porosity. This workflow ensured
not only high accuracy but also excellent reproducibility and
confidence in the results.

Permeability was determined using a steady-state gas flow
method, in which constant stress was applied to both ends of
the core. This technique is nondestructive and insensitive to
residual gas in the pore space, ensuring reliable results.

Measurements were performed on both intact host rock
(i.e., pure sandstone) and vertical cores containing fault zones.
Fault zone permeability was calculated using an equivalent
permeability algorithm (Deng et al., 2015), where the average
fault zone thickness was assumed as 380 µm. By substituting
measured permeability values of the composite cores into
the equation, the intrinsic permeability of fault zones under
different experimental conditions was derived.

Fault zone thickness was measured on impregnated thin
sections at a length scale of 200-500 µm. For each sec-
tion, 30 evenly spaced lines were drawn perpendicular to
the fault boundaries (Fig. 3(a)). Average values from these
measurements were used to quantify thickness variations under
different stress and displacement conditions.

To assess differences in grain size between the host rock
and fault zone, particle diameters were measured. For each thin
section, 10 quartz grains were sampled from the host rock on
either side of the fault, and 20 grains were sampled within
the fault zone. Measurements were taken along the long axis
of each grain (Fig. 3(b)). Grains within the fault zone were
further categorized into “larger” and “smaller” fractions for
statistical comparison.

In the Fig. 4, white areas represent quartz grains, while
dark-blue regions between grains indicate pores. Dark-blue
zones with significant continuity or large areal extent are
interpreted as fractures. The horizontal, dark-cyan zone corre-
sponds to the fault zone.

To evaluate differences in grain size between the fault
zone and the host rock, particle diameters were statistically
analyzed. At a scale of 200 µm, it was used to measure grain
sizes within both domains. Ten quartz grains were selected
from the host rock on each side of the fault zone, and twenty
grains were selected from within the fault zone itself. Grain
size was determined along the long axis of each particle (Fig.
3(b)).

The orientation of grains was analyzed to evaluate
deformation-induced fabric. Long-axis orientations of quartz
grains were measured in the host rock, within the fault zone,
and in adjacent margins. Rose diagrams were constructed
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Fig. 4. Post-experimental thin sections of fault zone structure under varying stress conditions, modified from Jiang et al. (2023).
The displacements of (a)-(e) are all 90◦ and the stresses are: (a) 1 MPa, (b) 1.5 MPa, (c) 2 MPa, (d) 2.5 MPa, and (e) 3 MPa,
respectively. The stresses of (f)-(j) are all 2 MPa and the displacements are: (f) 30◦, (g) 60◦, (h) 120◦, (i) 150◦, and (j) 190◦,
respectively. The region between the two red lines represents the fault zones, while the area between the outer red line and
the orange line corresponds to the damage zones.

to illustrate preferred orientations under different structural
domains (Fig. 3(c)).

Grain orientations were characterized by measuring the
dominant long-axis direction and length of individual quartz
grains. Within the fault zone, only large grains visible under
the microscope were analyzed. For the areas immediately
outside the fault zone, measurements were taken from regions
adjacent to both boundaries with widths equal to the fault
zone thickness. Host-rock orientations were obtained from all
remaining areas beyond the fault zone and its margins (Fig.
3(c)).

To determine grain size distributions under different con-
ditions, fault zone grains were classified based on whether
their areas were larger or smaller than the mean particle area.
The cumulative areas of both groups were normalized by total
grain area, and their ratios compared. Image J was used to
process thin section images following a workflow of boundary
definition, background removal, grayscale conversion, pore
infilling, threshold adjustment, grain segmentation, and area
calculation (Fig. 3(e)). This method, adapted from biological
cell-counting techniques, provided a robust and repeatable
measure of grain size variability.

Grain areas within the fault zone were extracted using Im-
ageJ software following a standardized workflow (Fig. 3(e)).
First, the boundary between the host rock and the fault zone
was delineated, and only the fault zone region was retained.
The background was then reset, and the fault zone converted to
grayscale. The background removal sometimes left incomplete
gaps between grains, so these voids were filled to reduce
error. A threshold was adjusted to highlight all grains, which
were then sequentially labeled and their areas calculated and
summed. This approach was adapted from biological cell-

counting techniques under fluorescence microscopy, in which
grains were treated analogously to stained cells. By extending
this method, each grain was quantified in terms of both
individual and cumulative area.

Because host rock compaction varies with effective stress,
pore sizes on both sides of the fault zone were measured. For
each thin section, 20 pores were selected from each side, and
long-axis diameters were recorded. Histograms of pore size
distributions were generated to quantify compaction effects
and assess property changes under different experimental
conditions (Fig. 3(d)). The number of grains measured for
orientation analysis was not less than 50 within the central
fault zone, 20 in the transitional zone, and 10 in the unfaulted
host rock.

3. Results

3.1 Faulting at variable stress conditions
At a constant displacement of 90◦, fault zone thick-

ness generally increases with effective normal stress, peaking
around 2.5 MPa before decreasing again (Figs. 4-6). Grain size
and shape do not show a consistent relationship with stress,
although larger grains appear at 2.5 MPa where fault zones
are thickest, while compaction-induced porosity decrease is
strongest at 3 MPa. Overall, fault zone thickness first increases
and then stabilizes (Fig. 7(a)).

Particle orientation exhibits distinct trends. At low effective
normal stress, grains within damage zones display towards
30◦-60◦ pattern, while grains within fault zones form towards
80◦-100◦ distribution. At higher stress, outer grains lose a
dominant orientation, whereas inner grains align more con-
sistently with the shear direction (Fig. 5). These results imply
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Fig. 5. Post-experimental particle orientations of fault zone structure under varying stress conditions, modified from Jiang et
al. (2023). The displacements of (a)-(e) are all 90◦ and the stresses are: (a) 1 MPa, (b) 1.5 MPa, (c) 2 MPa, (d) 2.5 MPa, and
(e) 3 MPa, respectively. The stresses of (f)-(j) are all 2 MPa and the displacements are: (f) 30◦, (g) 60◦, (h) 120◦, (i) 150◦,
and (j) 190◦, respectively.

Fig. 6. Post-experimental µ-CT pore-throat models of fault zone generated under varying stress conditions, modified from
Jiang et al. (2023). The displacements of (a)-(e) are all 90◦ and the stresses are: (a) 1 MPa, (b) 1.5 MPa, (c) 2 MPa, (d) 2.5
MPa, and (e) 3 MPa, respectively. The stresses of (f)-(j) are all 2 MPa and the displacement angles are: (f) 30◦, (g) 60◦, (h)
120◦, (i) 150◦, and (j) 190◦, respectively.

that effective normal stress magnitude influences orientation
only indirectly and is not the primary control.

Thickness and stress statistics show a nonlinear relation-
ship, with a turning point at ∼2.5 MPa (Fig. 7(a)). After
this threshold, thickness decreases, likely reflecting enhanced
compaction under higher stresses. Although thin section obser-
vations reveal variability and measurement errors, the overall
trend remains consistent.

Grain size analyses indicate that cataclasis intensifies with
effective normal stress. At 3 MPa, the number of grains
exceeds that at 1 MPa, and the mean particle sizes are 160.39
and 276.69 µm, respectively (Figs. 8 and 9). Thus, higher
stress generates a greater frequency of smaller particles, with
sizes 2-3 orders of magnitude below those of the host rock,
confirming that normal effective stress is a primary factor
controlling cataclasis intensity.

Pore size statistics further show that higher stress reduces
pore diameters in both host rock and fault zones (Fig. 10(a)).
This reduction decreases porosity, promotes compaction, and

limits the relocation of fine cataclastic particles into pore space
in the host rock, thereby restricting fault zone thickening and
expansion. Although outliers exist, the overall downward trend
is robust.

3.2 Influence of displacement intensity
At 2 MPa stress, fault zone thickness increases with rota-

tion angle, showing clear growth below 90◦ and stabilization
beyond this point (Figs. 4-6). As displacement increases,
fault zones thicken, visible grains decrease, and roundness
improves.

The host rocks, prepared from homogeneous synthetic
sandstone, show uniformly poor roundness and lack a domi-
nant orientation, since they have not undergone natural trans-
port or depositional processes. Within fault zones, however,
grains progressively align with the shear direction. Rose dia-
grams illustrate this evolution from a pattern towards 30◦-60◦

in the damage zone to a pattern towards 80◦-100◦ inside the
fault zones (Fig. 5).
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Fig. 7. Experimental results of fault zone thickness trends under varying (a) stress and (b) displacement conditions, modified
from Jiang et al. (2023).
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Fig. 8. Experimental results of grain size comparison under
varying stress conditions.

Statistical analyses further confirm that fault zone thickness
increases exponentially with shear displacement, stabilizing
after ∼90 mm (Fig. 7(b)). Although variability in individual
fault zones introduces scatter, the overall trend is a gradual
increase. Grain size distributions also indicate that cataclasis
strengthens with displacement: Samples at 190◦ contain more
grains and a higher area ratio than those at 30◦, particularly
for particles larger than 0.02 mm (Figs. 8 and 9). Particle
diameters remain 2-3 orders of magnitude smaller than those
of the host rock, with size reduction most pronounced at early
displacement stages.

Pore size analysis shows that host-rock porosity is largely
unaffected by displacement (Fig. 10(b)). While shear stress
rises with increasing displacement, pore diameters remain
essentially constant, indicating no direct relationship between
host-rock pore size and applied shear.

4. Discussion

4.1 Experimental challenges and limitations
4.1.1 Sample preparation and fixation

When inserting anti-slip bolts into pre-drilled holes, stress
cracks may form. Upon noticeable drilling resistance, opera-
tions should be stopped immediately and the bolt position
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Fig. 9. Experimental results of grain-size area ratios under
different conditions, data from Jiang et al. (2023).

adjusted slightly. Misalignment of ∼5 mm between drilled
holes and bolt positions can significantly reduce sample
strength, amplifying the risk of irregular cracks. When coring
with a wire saw, pre-damaged domains in the host rock should
be avoided to ensure that extracted cores remain intact for
analysis. Generally, the influence of alteration on mechanical
behavior should be considered particularly when working with
natural core material (Bensing et al., 2023).

4.1.2 Preparation of sections for fault zone analysis

Although epoxy impregnation under confining pressure
improves closure of fault planes, vibrations during cutting
can still induce partial opening. Consequently, some casted
thin sections may display artificial cracks along the fault zone
(Fig. 4). In such cases, “effective fault zone thickness” should
be measured on the intact portion excluding open cracks.
For the data set presented here, the impregnation procedure
was consistent across all samples, so this systematic bias was
considered negligible.

4.1.3 Image-based microstructural characterization

Most image-based methods including CT or SEM have
their specific analytical limitations that need to be considered
when analyzing image-based data (Shi et al., 2023). The
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Fig. 10. Experimental results of pore size variation under different (a) stress and (b) displacement conditions, data from Jiang
et al. (2023).

quality of CT scans usually decreases towards sample edges.
To minimize bias, microstructural analyses should therefore
be conducted preferentially on the central part of a scan, and
features of interest should be positioned accordingly when
preparing samples for imaging.

4.1.4 Influence of sample variability and experimental
conditions

Since porosity has only a minor influence on the formation
of cataclastic fault zones (Ballas et al., 2015), it was not
considered as a key variable in this experimental design.
However, other aspects of sample variability and experimental
setup may also introduce potential bias. Differences in grain-
size distribution, degree of cementation, or the presence of
bedding and microfractures could affect particle breakage,
deformation localization, and permeability evolution. Simi-
larly, experimental conditions such as shear rate, loading path,
effective confining stress, and sample geometry may influence
fault zone architecture. For example, higher shear rates could
promote more intense cataclasis, while larger sample sizes
may help reduce boundary effects. Although these factors were
not systematically varied in the present protocol, their poten-
tial impact should not be overlooked. Future studies should
therefore aim to systematically investigate these variables in
order to further refine the reliability and applicability of the
experimental approach on fault zone development.

4.2 Analysis of experimental errors
Fine particles created during faulting can approach the

resolution limits of the imaging technique depending on the
selected imaging system. The post-experimental image analy-
sis routine should therefore be tailored to the initial grain size
spectrum of the host rock, as well as the expected outcome
of grain size distribution after the shear experiment. In case
of the data set presented here, a practical resolution of 0.5
µm particle size was achieved. Since the synthetic sandstone
was prepared from sediments with a heterogeneous size dis-
tribution, the grain size distribution of host rock domains was
measured in every thin section for calibration.

Besides a size detection limit controlled by the physical
measurement principle of a respective imaging tool, sub-
jectivity in particle selection and software limitations may
introduce further bias to grain size statistics. The grain size
area detection method (Heilbronner, 2000; Smilgies, 2009),
adapted from biological cell-counting protocols, reduces such
errors and shortens analysis time. Additionally, this method
compensates for uncertainties introduced during sample im-
pregnation. Without applying confining pressure, resin may
penetrate small gaps between the fault plane and the host
rock, which could otherwise lead to artificial widening of the
measured fault zone thickness.

4.3 Potential for future application and
methodological improvement

The presented analytical protocol can be broadly applied
in geoenergy studies, including the assessment of fault seal ca-
pacity, fault-related reservoir compartmentalization, and con-
tainment risks associated with CO2 sequestration and other
subsurface storage projects (e.g., underground hydrogen stor-
age). Despite its advantages in comparison to traditional - often
at best semi-quantitative - fault seal characterization methods,
the new approach still has its limitations. The current protocol
uses a fixed shear rate of 0.05 mm/s and artificial sandstone
with uniform porosity as host rock material. Future work
should focus on modifying the apparatus to enable experiments
at variable shear rates, thereby assessing the influence of
deformation rate on fault evolution. Expanding the range of
experimental materials to artificial sandstones with different
porosities, and natural rock samples, will help to understand
fault zone generation at varying boundary conditions. The
conditions should be selected to best-possible reflect the
actual geological scenario, including stresses introduced by
secondary storage operations. Integrating experimental results
with numerical models will help to upscale laboratory findings
to reservoir and basin scales, yielding generally applicable
concepts for fault generation mechanisms under varying geo-
logical conditions. Any progress in these directions will extend
the applicability of the protocol and provide stronger links
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between laboratory-scale experiments and field-scale faulting
processes.

5. Conclusions
This paper presents a newly developed experimental design

for standardized ring-shear experiments to investigate fault
zone formation in consolidated sediments. The established
protocol integrates the physical simulation and quantitative
assessment of fault zones using a custom-built ring-shear appa-
ratus. It comprises artificial sandstone preparation, controlled
shear deformation under varying stress and displacement,
and a suite of post-experimental analyses including computed
tomography imaging, thin section analysis, and porosity-
permeability testing under confining pressure. This integrated
workflow provides quantitative information on changes in fault
zone thickness, particle and grain size distributions, as well
as grain orientations depending on shear parameters. The
following conclusions on fault development could be drawn
for the presented test data set:

1) Fault zone thickness shows a nonlinear dependence on
effective normal stress, reaching a maximum under mod-
erate stress conditions (∼2-2.5 MPa). Increasing shear
displacement promotes progressive fault zone thickening
and enhanced cataclasis intensity.

2) Shear deformation results in systematic particle size re-
duction and rearrangement. Grain orientation within the
generated fault zones becomes increasingly aligned with
the shear direction, reflecting the cumulative effect of
strain localization.

3) Effective normal stress and resulting grain displacement
jointly reduce porosity within the fault zone through
compaction and brittle deformation. The analyses confirm
a significant shift towards smaller pore sizes as the
induced effective stress increases.

The developed ring-shear experimental protocol provides
the option to reproducibly quantify structural (thickness, grain
size and orientation) and petrophysical (porosity, permeability)
parameters of fault zones in consolidated rocks, providing a
robust basis for the up-scaling of laboratory observations to
field scale. This study validates the ring-shear approach as
an effective method to simulate brittle faulting in consolidated
sediments and establishes a quantitative framework for linking
fault zone evolution to fluid flow properties relevant to fault
seal analysis.
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