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ABSTRACT

Deformation band research has long been hindered by limited understanding of structural character-
istics and physical properties during actual deformation processes. To address these knowledge gaps,
this study systematically reviews experimental simulation methodologies through integrated ap-
proaches. Combining field observations with our newly developed ring shear tests for consolidated
rocks, we investigate: formation mechanisms of deformation bands; key controlling factors including
effective normal stress, shear displacement, clay content, mineral composition, porosity, particle size
distribution, sorting, and cementation; comparative evaluation of experimental techniques (ring shear
vs. direct shear vs. triaxial shear vs. sandbox modeling). Our analysis reveals two critical experimental
parameters: effective normal stress and shear displacement. Notably, the advancement of consolidated
rock-specific ring shear apparatus enables centimeter-scale displacement simulations, significantly
enhancing deformation band experimentation. Current challenges in field measurement, image anal-
ysis, and 3D modeling are discussed with proposed solutions. Future directions emphasize: in-situ
permeability testing, quantitative analysis frameworks, cementation dynamics, and numerical simula-
tion optimization. This work aims to highlight deformation bands' crucial role in fluid migration and
reservoir preservation while providing methodological guidance for designing simulation experiments.
The compiled experimental protocols and analytical techniques offer researchers a systematic reference
for deformation band investigations.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

sandstone in the same layer is formed, and it still has certain
sealing ability due to the impact of cataclasis and compaction

With the gradual refinement and focus of exploration and
development, the impact of small displacement faults on oil-
water-gas separation, and oil-gas driving efficiency has garnered
significant scholarly attention (Aydin, 1978; Aydin and Johnson,
1978; Sigda et al, 1999; Fossen and Hesthammer, 2000;
Skurtveit et al., 2015; Jin et al., 2023; Fu et al., 2024; Gong et al.,
2024; Jiang et al., 2024, 2025). It predominantly occurs within
porous sandstone and carbonate rocks, with throw typically
smaller than the thickness of the sandstone formation (Baud et al.,
2004; Torabi et al., 2007; Ballas et al., 2012; Cheung et al., 2012;
Soliva et al., 2016; Del Sole et al., 2020). The self-juxtaposition of
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(Crawford, 1998; Gibson, 1994; Labaume and Moretti, 2001;
Dewhurst and Jones, 2002; Pei et al., 2015).

Sandstones with varying porosity exhibit distinct types of
subseismic faults (Maerten et al., 2006; Fossen et al., 2007; Fossen
and Cavalcante, 2017; Rotevatn and Fossen, 2011; Balsamo et al.,
2024). Rocks with low or non-porosity (<15%) are often sub-
jected to force-induced fracturing, resulting in the formation of
cracks and joints (Gong et al., 2021a, 2021b, 2023; Zeng et al,,
2022; Du et al., 2023a; Laubach et al., 2023). These faults possess
high porosity and permeability, facilitating fluid flow (Matthai
et al,, 1998; Tindall, 2006, 2014; Tindall and Eckert, 2015; De
Souza et al, 2021). Conversely, rocks with high porosity
(porosity >15%) are more prone to developing deformation bands
through cataclasis under force, which exhibit lower physical
properties compared to the host rock and impede fluid flow (Fisher
et al., 2003; Fossen and Bale, 2007; Ballas et al., 2013; Antonellini
et al,, 2014; Del Sole et al., 2020; Berge et al., 2022). Currently,
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there have been numerous studies internationally on the impact of
fractures and joints formed by low or non-porous rocks on oil and
gas exploration and development (Compton et al., 2017; Fang et al.,
2017; Schultz, 2019; Braathen et al., 2020; Du et al., 2023b; Torabi
et al.,, 2023). However, research on the influence of deformation
bands formed by high-porosity rocks is lacking primarily due to a
dearth of physical simulation experimental methods for studying
their formation and evolution under in-situ geological conditions
(Jiang et al., 2023, 2024). Consequently, there exists an insufficient
systematic understanding regarding the controlling factors influ-
encing deformation bands as well as their sealing ability (Ballas
et al,, 2015; Soliva et al., 2016; Fossen et al., 2018).

The limitations in understanding deformation bands primarily
arise from two issues. Firstly, the actual formation process of
deformation bands is difficult to comprehend due to previous
studies being based on observations and analyses of outcrops or
cores, resulting in characteristics under static conditions without
time continuity (Aydin and Reches, 1982; Lindsay et al., 1992;
Antonellini et al., 1999; Hesthammer and Fossen, 1999; Fossen
and Hesthammer, 2000; Berg and Skar, 2005; Davies et al., 2009;
Childs et al., 2007; Cilona et al.,, 2012; Hennings et al., 2012;
Chemenda et al., 2014; Liu Z. et al.,, 2021; Alkhasli et al., 2022). It
is challenging to describe the continuous change process of
deformation band formation in space. Although there are abun-
dant researches on structural physics simulation experiments that
simulate fault formation at all levels, experimental materials are
mostly unconsolidated sediments (Clausen and Gabrielsen, 2002;
Chuhan et al,, 2003; Fukuoka et al.,, 2006; Torabi et al., 2007;
Cuisiat and Skurtveit, 2010; Kimura et al., 2018, 2020; Zhu et al.,
2022). Secondly, quantitative study of the main influence factors
on the structure and physical properties of deformation bands
remains a challenge. Existing field outcrop data can provide in-
formation about the structure and physical properties of defor-
mation bands as well as other influencing factors (effective normal
stress, shear displacement, etc.), but they result from joint control
under various factors (Cuisiat and Skurtveit, 2010; Scibek, 2020;
Ballas et al., 2015; Alkhasli et al., 2022; Ali et al., 2022; Balsamo
et al.,, 2024). Previous studies only consider directly measurable
single-factor influences such as displacement on cataclastic
deformation band characteristics with defects that structural
characteristics less than 10 pm cannot be measured comprehen-
sively enough for a complete understanding of their formation and
evolution or establishing a quantitative study (Beeler et al., 1996;
Tikoff and Wojtal, 1999; Wibberley et al., 1999; Exner and
Grasemann, 2010; Pizzati et al., 2020; Jiang et al., 2023).

Therefore, in order to effectively address the aforementioned
issues, it is imperative to gain a comprehensive understanding of
the current dynamics and advancements in research on experi-
mental simulation deformation bands, as well as identify areas for
future improvement. Building upon previous field and experi-
mental findings, along with our own conducted ring shear tests
applicable to consolidated rock, this paper primarily focuses on
elucidating the formation mechanism of deformation bands and
examining the existing research status regarding influential fac-
tors such as effective normal stress, shear displacement, clay
content, mineral composition, porosity, particle size and sorting,
as well as cements which impact the structure and physical
properties of deformation bands. Simultaneously, a comparative
analysis is conducted on various methods employed for studying
deformation bands or fault zones including ring shear testing,
direct shear testing triaxial shear testing sandbox experiments.
Furthermore, the paper discusses prevailing challenges associated
with field measurements, image analysis technology, and 3D
model analysis technology used in analyzing deformation bands
while proposing potential solutions. Finally, the study delves into
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future prospects encompassing elevated levels of investigation
such as in-situ permeability testing of consolidated rock, quanti-
tative analysis technology, cement selection and utilization, nu-
merical simulation models, model setting, and application. This
paper aims to highlight the significance of deformation bands and
fault zones in fluid flow and preservation. It also seeks to provide
researchers with clear and practical guidance on experimental
methods and analytical techniques for studying these structures
when designing simulation experiments and analyses. Simulta-
neously, it is anticipated that this study will foster increased in-
terest in fundamental research on the structure and physical
properties of deformation bands, as well as applied research aimed
at enhancing the efficiency of oil and gas exploration and devel-
opment in future endeavors.

2. Overview of the deformation mechanisms of deformation
bands

Deformation bands are small-scale structures of influencing
fluid flow in sandstone reservoirs (Fossen and Bale, 2007; Rotevatn
et al., 2013; Tindall, 2014; Del Sole et al., 2020; De Souza et al.,
2022; Berge et al., 2022). As a type of small displacement fault
(subseismic fault, recessive fault) (Fisher et al., 2003; Parnell et al.,
2004; Fossen and Bale, 2007; Ballas et al., 2012; Tueckmantel et al.,
2012; Fossen et al., 2018), deformation bands can impede fluid
flow both during geological history and in the development period
of geological storage and its modeling (Fisher and Knipe, 2001;
Flodin et al., 2003; Ballas et al., 2015). Deformation band refers
to a distinctive banded structure that forms within porous sand-
stone through processes of compaction, expansion, and shearing,
involving the rolling, rotation, and crushing of particles (Oda and
Kazama, 1998; Baud et al.,, 2004; Fossen, 2010; Klimczak and
Schultz, 2013; Ballas et al., 2015; Fossen et al., 2018; Brandes
et al.,, 2022). Depending on variations in clay content and burial
depth conditions, the deformation band can be categorized into
three bands: disaggregation bands (clay content <15% and buried
depth <1 km) (Fig. 1(a)), cataclastic bands (clay content <15% and
buried depth 1-3 km) (Fig. 1(b)), and phyllosilicate bands (clay
content 15%-40%) (Fig. 1(c)) (Fossen, 2010; Fossen et al., 2018).

Before the concept of deformation bands was defined, they
were also referred to as fault zones or shear zones (Mandl et al.,
1977; Caine et al., 1996; Childs et al., 1997; Mair et al., 2002;
Wafid Agung et al., 2004; Fukuoka et al., 2006; Fossen and
Cavalcante, 2017; Kimura et al., 2018). Previous experiments
focused on loose sediment as the research object (Chuhan et al.,
2003; Torabi et al., 2007; Cuisiat and Skurtveit, 2010). When the
scale of the experiment is relatively small, such as in ring shear
experiments, it is more commonly referred to as a shear zone
(Mandl et al., 1977; Torabi et al., 2007; Cuisiat and Skurtveit, 2010).
However, when the scale of the experiment is larger, such as in
sand box experiments, it is more commonly called a fault zone
(Childs et al., 2009; Balsamo and Storti, 2010; Scibek, 2020; De
Souza et al., 2021). Therefore, although most experiments study
fault zones and shear zones separately, they are essentially
composed of the same type of material from a deformation
mechanism perspective. In other words, a shear zone represents
one type of deformation band while a deformation band repre-
sents one type of fault zone; another type being clay smear zones.

Cataclastic deformation bands are commonly observed in
various regions, including the Songliao Basin (Meng et al., 2014;
Liu B. et al.,, 2021), Bohai Bay Basin (Liu Z. et al., 2021; Jin et al.,
2023; Gong et al., 2024), Qaidam Basin (Liu and Sun, 2020; Pei
et al., 2020), and Jianghan Basin in China; the Crotone Basin in
Italy (Balsamo and Storti, 2010; Pizzati et al., 2020); the Vienna
Basin in Austria (Exner et al., 2013; Lommatzsch et al., 2015); and
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Fig. 1. Major classification of deformation bands. (a) Disaggregation bands, (b) cataclastic bands, and (c) phyllosilicate bands are macroscopic features. (d) Disaggregation bands,
(e) cataclastic bands, and (f) phyllosilicate bands are microscopic features. Modified from Ballas et al. (2015) and Fossen (2010).

the Rio do Peixe Basin in Brazil (Araujo et al., 2018; Nicchio et al.,
2018; De Souza et al., 2021; Oliveira et al., 2022; Silva et al., 2022).
These bands typically form under different tectonic stress fields.
For instance, cataclastic deformation bands developed within the
Youshashan structural belts of the Qaidam Basin are formed
within reverse fault zones under compressional environments. On
the other hand, those within the Xicaogu structural belts of Bohai
Bay Basin form within normal fault zones under extensional en-
vironments (Liu and Sun, 2020; Liu Z. et al., 2021). Generally,
cataclastic deformation bands formed by normal faulting exhibit a
more significant reduction in permeability compared to those
formed by reverse faulting (Ballas et al., 2015). Furthermore,
cataclastic deformation bands tend to be more prevalent at me-
dium burial depths (<1 km), where permeability reduction is
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greater than that observed at shallow burial depths (1-3 km) or
deep burial depths (>3 km) (Ballas et al., 2015).

3. Main factors affecting the deformation bands

The structure and physical properties of deformation bands
formed under different conditions exhibit variations (Fossen et al.,
2007, 2018; Ballas et al., 2015; Ali et al., 2022; Jiang et al., 2022,
2023, 2024). This can be attributed to the influence of external
geological factors, such as stress and displacement, as well as in-
ternal factors related to the host rock, including clay content,
mineral composition, porosity, particle size distribution, and
cementation (Ballas et al., 2015; Soliva et al., 2016; Fossen et al.,
2018; Pizzati et al., 2020; Jiang et al., 2023, 2024).
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3.1. Effective normal stress

The effective normal stress is a crucial factor directly influ-
encing rock deformation (Fossen et al., 2007, 2018; Ballas et al.,
2015). At low stress levels, particle deformation occurs through
edge spalling, while at high stress levels, it takes place via particle
cataclasis. In other words, as the effective normal stress increases,
the shear stress experienced by the sliding shear plane of the fault
intensifies and cataclasis becomes more pronounced (Torabi et al.,
2007; Kimura et al., 2018). This will be a reduction in particle size
and sorting (Engelder, 1974; Takahashi, 2003; Fossen et al., 2007,
2018; Fukuoka et al., 2007), accompanied by an increase in the
thickness of the deformation band (Torabi et al., 2007; Kimura
et al.,, 2018, 2020; De Souza et al., 2021). Consequently, there will
be a decrease in both porosity and permeability (Kaproth et al.,
2016; Fisher et al., 2018). When all other factors remain con-
stant, an increase in stress exhibits a positive correlation with
cataclasis intensity (Fig. 2). However, permeability may not always
decrease accordingly. Notably, when stress reaches 2-3 MPa, both
cataclasis and permeability undergo significant changes (Kimura
et al, 2014, 2018, 2020; Jiang et al., 2023). When the stress
increased by 8 MPa, there was an observed increase in cataclasis,
accompanied by a simultaneous decrease in permeability (Kimura
et al., 2018, 2020). Furthermore, when all other factors remain
unchanged, the impact of stress on physical properties may have
one or multiple critical values. Considering that permeability is
highly sensitive to stress and that cataclastic deformation bands
form under shallow burial conditions (Fossen et al., 2018), it is
generally advisable to avoid excessively high stresses. The
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distinction between stresses above or below critical values
regarding their influence on the structure and physical properties
of cataclastic deformation bands should not be overlooked.

3.2. Shear displacement

In the field of structural geology, extensive research has been
conducted on the impact of displacement, also known as fault
throw or shear displacement, on the formation and evolution of
deformation bands (Pickering et al., 1997; Exner and Grasemann,
2010; Choi et al., 2016; Pizzati et al., 2020). These bands can be
directly observed and measured in outcrop studies. Early experi-
ments revealed that an increase in displacement along the shear
direction leads to a decrease in particle size and sorting of cata-
clastic particles (Engelder, 1974; Torabi et al., 2007). The subse-
quent experiments and field outcrop observations revealed that
displacement led to an intensified cataclasis of particles, resulting
in a reduction in permeability and an increase in the thickness of
deformation bands (Du Bernard et al., 2002; Balsamo and Storti,
2010; Kaproth et al., 2016; Kimura et al., 2018; Pizzati et al.,
2020). However, once a certain degree of displacement is
reached, there will be no further changes in particle size, perme-
ability, and thickness of deformation bands (Fig. 3) (Childs et al.,
2009; Sadrekarimi and Olson, 2010; Nicol and Childs, 2018). The
subsequent variations will be contingent upon the magnitude of
the applied stress (Kimura et al., 2014, 2018). When displacement
is small, particles undergo reorientation with minimal cataclastic
intensity. On the other hand, when displacement is large, fault core
develop within the inner zone of cataclastic deformation bands

Fig. 2. Microstructures of cataclasis under different stress conditions. Modified from Jiang et al. (2023). Experimental conditions with effective normal stress of (a) 1 MPa, (b)
1.5 MPa, (c) 2 MPa, (d) 2.5 MPa, and (e) 3 MPa and rotational angels of 90°. Experimental details (including instrumentation, procedures, and testing methods) are provided in the

Supplementary material.

Fig. 3. Microstructural evolution of cataclasis with varying displacement. Modified from Jiang et al. (2023). Experimental conditions with rotational angels of (a) 30°, (b) 60°, (c)
90°, (d) 120°, (e) 150°, and (f) 190° and effective normal stress of 2 MPa. Experimental details (including instrumentation, procedures, and testing methods) are provided in the

Supplementary material.
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resulting in a dark matrix appearance (Pizzati et al., 2020). And
particle size reduction is not significant in the outer zone. Addi-
tionally, tensile cracks parallel or inclined to the shear direction
may appear. In a general sense, increasing displacement leads to
increased shear strain which affects deformed structures and re-
duces permeability, and the influence on permeability due to shear
strain remains limited (Kaproth et al., 2016; Kimura et al., 2018).
Therefore, it is crucial to understand how different shallow burial
stress conditions affect increases in displacement without
impacting structure and physical properties of cataclastic defor-
mation bands; this aspect currently lacks clarity.

3.3. Clay content

The clay content in the host rock will influence the frictional
strength during deformation and play a regulatory role in shear
forces, inhibiting cataclasis (Takahashi et al., 2007; Cuisiat and
Skurtveit, 2010; Dimitrova and Yanful, 2012; Tesei et al., 2017;
Nicol and Childs, 2018; Zhang et al., 2019). Experimental findings
indicate that when the clay content ranges from 0% to 50%, the
measured permeability value decreases by 2-6 orders of magni-
tude (Fig. 4). Moreover, with an increase in clay content and shear
strain, the corresponding permeability also decreases or stabilizes
(Crawford et al., 2001, 2008). Various experiments conducted by
scholars have identified different critical points for changes in
permeability or frictional strength at either 25% (Takahashi et al.,
2007) or 15% (Zhang et al., 2019) clay content due to variations
in experimental methods and conditions. The permeability is
highly sensitive to the clay content (Kaproth et al., 2016). It is
worth noting that a significant number of field outcrop studies
define a clay content range of 0%-15% as critical for cataclastic
deformation band formation (Fossen et al., 2007, 2018). However,
further research is required to understand the differential impact
of changing clay content within this specific interval on structural
and physical properties.

These findings highlight the necessity for careful control of clay
content in experimental design. As demonstrated by Crawford
et al. (2008), systematic variation of kaolinite content in quartz-
rich gouge mixtures, combined with triaxial shear testing and
pore pressure oscillation techniques, allowed for high-resolution
monitoring of permeability changes across a broad composi-
tional spectrum. Their use of well-mixed synthetic gouge layers,
precise loading paths, and fluid substitution protocols (e.g.,
switching from water to argon) illustrates a robust experimental
framework for assessing how clay content regulates fault zone
hydromechanical properties. Inspired by this approach, future
deformation band experiments should incorporate similar

Clay content, wt%
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[ 40%
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Fig. 4. Relationship between permeability of fault rocks and shear strain under
different clay contents. Modified from Crawford et al. (2008, 2001).
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compositional gradients and instrumentation to accurately cap-
ture permeability thresholds and mechanical transitions driven by
clay content.

3.4. Mineral composition of the host rock

The mineral composition and particle strength of the host rock
exert influence on the mechanism of particle cataclasis within
deformation bands (Rawling and Goodwin, 2003; Fossen et al.,
2007; Cooke et al., 2018). Quartz and feldspar are significant
constituents in porous sandstone, but their deformation behaviors
differ substantially. Quartz exhibits higher grain strength
compared to feldspar, undergoing grain edge spalling while
transgranular fracture is rarely observed (Fig. 5(a)). Conversely,
feldspar readily undergoes cleavage-induced transgranular frac-
ture, resulting in the formation of smaller clastic particles
(Fig. 5(b)) (Rawling and Goodwin, 2003; Pizzati et al., 2020). Ring
shear experiments have revealed that mineral crystal shape also
impacts fault permeability. Single crystal quartz-feldspathic par-
ticles exhibit a rounded shape, with increasing displacement
leading to enhanced cataclasis and shear localization, ultimately
developing distinct layered structures characterized by low
permeability layers juxtaposed with high permeability layers
within the deformation band (Fig. 6(a)). On the other hand, single
crystal muscovite particles possess a platy morphology. As
displacement increases, initially oriented muscovite particles
begin rotating extensively and numerous P and R fractures develop
between them (Fig. 6(b)). Consequently, the permeability anisot-
ropy of the deformation band formed by muscovite is lower than
that of quartz-feldspar gouge (Zhang et al., 1999). While both
quartz-dominated and feldspar-dominated sandstones can
generate cataclastic deformation bands through cataclasis pro-
cesses, specific differences in structure and physical properties
after deformation remain to be determined.

3.5. Porosity of the host rock

The stress at the contact point between particles increases with
porosity, promoting cataclasis and reducing permeability (Flodin
et al., 2003; Kimura et al., 2014, 2018; Cooke et al., 2018). How-
ever, in the absence of faults and shallow burial depths, high-
porosity sandstone experiences less reduction in permeability
than medium-porosity sandstone within deformation bands
(Fossen et al., 2007; Ballas et al., 2015). In other words, the role of
porosity in sandstone deformation is fundamentally influenced by
structural mechanisms and burial depth. Thus, porosity only
serves as a secondary factor affecting cataclastic deformation band
formation.

3.6. Particle size and sorting of the host rock

Particle size and sorting of the host rock are also factors that
influence the formation of deformation bands and their perme-
ability (Ballas et al., 2015; Cooke et al., 2018; Oliveira et al., 2022).
The cataclasis intensity of particles depends on the original par-
ticle size of the host rock. Coarse sandstone exhibits a relatively
higher cataclasis intensity compared to fine sandstone, resulting in
a higher proportion of deformation bands with a decrease in
permeability by more than two orders of magnitude (Fig. 7(a) and
(b)). The impact of cataclasis intensity and permeability becomes
more pronounced as particle size increases (Balsamo and Storti,
2010, 2011). However, when considering burial depth and tec-
tonic mechanisms, there is no significant difference in perme-
ability values between deformation bands formed in coarse and
fine sandstone (Ballas et al., 2015). Therefore, it can be considered
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Fig. 5. Cataclastic mechanisms of different minerals. (a) Quartz, (b) feldspar.

Small displacement

(a)

Small displacement

(b)

Forcing
block
Permeability isotropic Permeability higher parallel to micas
Large displacement High Large displacement
permeability
ayer

Permeability isotropic

Low
permeability
layer

Permeability anisotropy reduced

Fig. 6. Shear evolution models of fault gouge with different mineral compositions. (a) Quartz-feldspar gouge. (b) Muscovite gouge. Modified from Zhang et al. (1999).

as a secondary factor influencing the formation of cataclastic
deformation bands.

The occurrence of cataclasis is more likely in particles of similar
size, and the degree of sorting plays a crucial role in promoting
cataclasis (Sammis et al., 1987; Cheung et al., 2012). Poor sorting
will promote particle rearrangement, and cataclasis will prefer-
entially occur in small particles (Fig. 7(c) and (d)) (Solum et al.,
2010; Cheung et al., 2012; Ballas et al., 2015). This is because
angular particles possess a higher internal friction angle compared
to rounder particles, which significantly influences the shearing
and friction processes (Klinkmiiller et al., 2016). Consequently,
good sorting has a greater impact on permeability within the
cataclastic structure; however, this effect still depends on the
presence of large faults or their burial depth conditions. The
magnitude of stress amplifies this effect, leading to the formation
of cataclastic deformation bands in shallowly buried regions
(Ballas et al., 2015). It should be noted that while sorting does have
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some influence on the development of cataclastic deformation
bands, its significance remains relatively minor.

3.7. Cementation

Cementation generally occurs under two conditions. One con-
dition is the presence of carbonate minerals, such as calcite and
dolomite, in the host rock with a high content (Exner et al., 2013;
Skurtveit et al., 2015; Pizzati et al., 2020). The other is influenced
by groundwater, hydrocarbons, and various fluid substances
(Mozley and Goodwin, 1995; Parnell et al., 2004). This process may
occur concurrently or after deformation (Hodson et al., 2016), and
its complex physicochemical nature necessitates comprehensive
analysis by integrating burial history and thermal evolution his-
tory (Fossen et al., 2007). However, based on international case
studies from field outcrop studies, there is limited evidence of
cementation during the formation of cataclastic deformation
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(>0.375 mm)

Fine grain

(b)

Cataclasis

(<0.375 mm)

Fault core

e

Grain rearrangement

o

Fault core

Thrust-fault regime

- Intense permeability contrast (4-6 orders of magnitude)

High permeability contrast (3—4 orders of magnitude)

-

Cataclasis

Normal-fault regime

- Moderate permeability contrast (2-3 orders of magnitude)
- Low permeability contrast (< 2 orders of magnitude)

Fig. 7. Schematic diagram of permeability variation in cataclastic deformation bands influenced by particle size and sorting of host rocks. The particle size of the host rock is (a)
coarse and (b) fine, respectively. The particle size sorting of the host rock was (c) poor and (d) good, respectively. Modified from Ballas et al. (2015).

bands (Del Sole et al., 2020; Skurtveit et al., 2015). The hindered
cementation is attributed to the small pore volume resulting from
significant cataclasis (Hodson et al., 2016).

In general, a significant number of outcrops and experimental
studies pertaining to deformation bands indicate that the primary
factors influencing their formation, structure, and physical prop-
erties are effective normal stress, shear displacement, strain rate,
clay content, and mineral composition of the host rock within
similar geological backgrounds (including lithology, particle size
distribution, sorting characteristics, and porosity) (Figs. 8 and 9).
Among these factors, effective normal stress and shear displace-
ment emerge as the two most crucial determinants.
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4. Experimental simulation methods

Currently, the international methods for simulating shear
physics experiments include three types (Table 1): ring shear
(Fig. 10(a)) (Cuisiat and Skurtveit, 2010; Kimura et al., 2020; Jiang
et al,, 2023, 2024), triaxial shear (Fig. 10(b)) (Crawford B. et al.,
2002; Elkhoury et al., 2011), and direct shear (Fig. 10(c)) (Barla
et al., 2010; Giger et al., 2013). Additionally, there is a saturated
water sand box physical simulation experiment available.
Numerous experimental studies can effectively correspond to
outcrop phenomena and seismic data. During the process of con-
ducting shear experiments, clay smear and other fault sealing
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types are investigated through forward modeling of fault forma-
tion processes. By adjusting experimental parameters, it is
possible to simulate the formation of fault zones and even repli-
cate in-situ conditions during fault formation.

4.1. Ring shear experiment

The advantage of the ring shear experimental device (Fig. 10(a))
lies in its capability to simulate centimeter-level displacements,
multi-layer system conditions, and pure sandstone fault rocks
(Cuisiat and Skurtveit, 2010). In this study, consolidated rock
specimens were prepared from artificial sandstone (quartz 88.8%,
clay minerals 11.2%, porosity 30.86%, permeability 1118.5 mD,
uniaxial compressive strength 16.96 MPa) to ensure uniform host
rock properties. The custom-built high-pressure, low-velocity
ring-shear apparatus employed an annular sample cell (inner
diameter 40 mm, outer diameter 75 mm, height 30 mm) accom-
modating fan-shaped specimens. Axial load was applied in
constant-stress mode via a servo-controlled actuator, while rota-
tional displacement was incrementally imposed by mechanical
turning of the specimen sectors. Torque and axial force were
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monitored with a resolution of 0.01 N-m. PTFE liners minimized
boundary friction and preserved sample integrity during shearing.
Experimental control conditions included a shear rate of 50 pm/s
and room temperature (18 °C), with variable effective normal
stress (1-3 MPa) and rotation angle corresponding to shear dis-
placements up to ~249 mm. Currently, research on ring shear ex-
periments primarily focuses on loose sediments, investigating
cataclasis intensity (Kimura et al., 2018, 2020), changes in physical
properties (Jiang et al., 2024), and soil shear resistance (Ma et al.,
2019; Zhu et al., 2022). However, there is a lack of design for
consolidated rock specimens in these experiments, requiring more
time and effort compared to other physical simulation studies.
Although some experiments have been conducted on consolidated
rock samples, further research is needed in the future.

4.2. Direct shear experiment

The advantage of a direct shear device (Fig. 10(c)) lies in its
capability to achieve high stress loading on porous or composite
rock masses, as well as conduct permeability measurements under
fluid-sealed conditions. Based on different stress loading methods,
it can be categorized into three types: vertical thrust type
(Karakouzian and Hudyma, 2002), lateral compression double
shear type (Main et al., 2001; Barla et al., 2010), and vertical
compression type (Giger et al., 2011, 2013). The lateral compres-
sion double shear type is more commonly used. However, it is
limited by the observation of local strain rather than overall
changes in rock mechanics. The vertical compression type is a
direct shear device suitable for large sample sizes that allows for
fluid injection to study permeability changes and apply significant
stresses. Nevertheless, there may be a deviation of 1-5 orders of
magnitude (Giger et al., 2013). One limitation remains the inability
to achieve centimeter-level displacements.

4.3. Triaxial shear experiment

The triaxial shear experiment (Fig. 10(b)) remains a cornerstone
of laboratory-based fault zone research due to its ability to impose
realistic stress conditions and monitor hydromechanical proper-
ties under controlled deformation (Crawford et al., 2008;
Takahashi et al.,, 2007; Samuelson et al., 2009; Elkhoury et al.,
2011). Its primary advantage lies in the simultaneous application
of confining and pore pressures, allowing simulation of burial
depth, pore-fluid presence, and effective stress evolution. Addi-
tionally, modern triaxial systems enable real-time measurement of
parameters such as frictional strength, permeability, and volu-
metric strain, making them highly suitable for studying the for-
mation and evolution of deformation bands. However, despite its
strengths, the method faces several limitations. Shear displace-
ment is often restricted to less than 20 mm, limiting its ability to
simulate long-term strain localization or mature fault architec-
tures. The simplified geometry of specimens and fixed loading
configurations also constrain the replication of complex natural
stress fields, such as true triaxial or anisotropic tectonic stresses.

Moreover, variations in experimental setups, such as differ-
ences in drainage conditions, pore fluid types, sample aspect ra-
tios, and strain rates, can lead to significant discrepancies in
measured permeability and mechanical thresholds, hindering
result comparability across studies. For instance, undrained con-
ditions may suppress compaction effects, whereas constant pore
pressure conditions can obscure the impact of fluid diffusion on
sealing efficiency. Similarly, strain rate sensitivity in clay-rich
gouges can introduce nonlinear behavior not captured under
faster displacement rates.
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Table 1
Experimental equipment for shear physical simulation of fault rock.
Experimental Reference Institution/ Sample size & Max normal Shear Drainage/pore fluid Shear rate/ Permeability ~ Strengths Limitations
device developer geometry stress, MPa displacement, system control measurement
mm method
Loose sediment Karakouzian and  University of Cylindrical, Low Up to 50 Undrained; video 1.6 mm/min None reported Simple, low-cost Cannot handle lithified
direct shear Hudyma (2002) Nevada D = 50.8 mm, observation motor drive analog model rocks
H =102 mm
Triaxial shear  Takahashi (2003) Japan National Oil Cylindrical, Upto300 8 mm Water; Oscillatory Servo control, Real-time High stress/ Limited displacement,
apparatus Corporation D = 40 mm, pressure method 1.0 pm/s permeability ~ temperature complex setup
H =95 mm
High-pressure Torabi et al. (2007) Norwegian Annular, Up to 20 Unlimited Drainage valves top/ Rotation under  None reported Simulates deep burial; Direct observation
ring shear Geotechnical W = 25.4 mm, bottom constant on/2°/ residual strength limited
Institute & H =45 mm min analysis
University of
Bergen
True-triaxial [kari et al. (2009)  Pennsylvania State Layered, 4-5 mm 12-59 1.2-25 Deionized water; Servo-controlled, Real-time Controls Pc, Pp, slip Complex assembly; not
shear University thickness pressure gradient +0.02 mm permeability  velocity precisely real-time flow
High-pressure Barla et al. (2010) Polytechnic Cylindrical, D = 50/ Up to 10 Max 18 Back pressure via Servo-controlled None reported Accurate force/ Small displacement
direct shear University of Turin 100 mm, H = 50 mm servo-controlled motors displacement tracking
actuator system
Loose sediment Sadrekarimi and University of Annular; variable Low Unlimited Global drainage Variable via None reported Large displacement; No internal pore
ring shear Olson (2010) Illinois motor control shear band dynamics; pressure data
partially observed
Loose sediment Cuisiat and Norwegian Annular; variable Upto 10.5 Upto 20 Unlimited Drainage valves Real-time Simulates deep burial; Direct observation
ring shear Skurtveit (2010) Geotechnical top/bottom permeability  residual strength limited
Institute analysis
Large-scale Giger et al. (2011) CSIRO, Australia Up to Up to tens ~100+ Sealant-based dual- 0.26 mm/min to Real-time flux Large rock samples, Complicated sealant
direct shear 600 x 300 x 300 mm fluid system 2.2 x 10° m/s tracking long displacement, calibration
sealing control
High-pressure Jiang et al. (2023) Northeast Fan-shaped, Up to 50 ~416 None Up to 1 mm/min After Large displacement, Direct observation
ring shear Petroleum D = 40-75 mm, experiments full-circle shear, limited; Fluid sealing
(new) University H =30 mm programmable remains challenging
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Fig. 10. Internationally representative shear simulation apparatus. (a) Ring shear apparatus, modified from Cuisiat and Skurtveit (2010). (b) Triaxial shear apparatus, modified
from Crawford et al. (2002). (c) Direct shear apparatus, modified from Giger et al. (2013).
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These limitations suggest that future triaxial experiments
should prioritize modular designs that allow for flexible control of
loading paths (e.g., independent c1-62-63 paths), variable shear
displacement capacity, and standardized sample geometries.
Integration with permeability monitoring techniques, such as pore
pressure oscillation or pulse decay methods, under well-defined
flow directions (e.g., parallel versus perpendicular to shear) will
also enhance the reliability of data. By refining these aspects,
triaxial shear experiments can more faithfully replicate the
coupled mechanical and hydraulic processes occurring in natural
deformation bands.

4.4. Sandbox experiment

In addition to the aforementioned physical simulation experi-
ment on shear, there exists an alternative method for structural
physical simulation that satisfies the similarity principle and sets
boundary conditions to simulate basin structures and local tec-
tonic deformation processes (Noorsalehi-Garakani et al., 2013).
The direct observation of structural deformation makes this
method highly applicable in the study of hydrocarbon accumula-
tion and migration (Yan et al., 2021). However, this method also
exhibits certain limitations, such as the utilization of loose quartz
sand, microglass beads, and other materials that differ signifi-
cantly from consolidated rock in experimental settings. Conse-
quently, various factors may restrict the accuracy of experiments
and produce errors.

In general, over time, scholars have successfully addressed
various challenges such as direct observation of clay smear, stress
loading control, millimeter displacement control, mechanical and
permeability testing, fluid sealing, etc. However, there has been
limited progress in enhancing experimental instruments for shear
physical simulation in the past decade. Particularly lacking is
experimental research on centimeter-level displacement of
consolidated rock.

4.5. Comparison of experimental parameters

To systematically evaluate methodological trends and
parameter-space coverage in laboratory studies of deformation
band formation, a comparative summary of key experimental
parameters is presented in Table 2. This synthesis includes effec-
tive normal stress, shear displacement, clay content, shear strain

Table 2
Experimental methods for shear physical simulation of fault rock.
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rate (in pum/s), and the associated permeability measurement
techniques across representative studies. The effective normal
stress applied in these experiments spans from sub-megapascal
levels (e.g., Cuisiat and Skurtveit (2010): 0.7-10.5 MPa) to as high
as 80 MPa (Takahashi et al., 2007), reflecting attempts to simulate
near-surface to intermediate burial conditions. Shear displace-
ment varies widely, from just a few millimeters to over 200 mm,
depending on device design and material cohesion. Clay content, a
critical factor in mechanical localization and sealing behavior,
ranges from 0% to over 50%, though relatively few studies explore
values beyond 30%.

Strain rate settings range from quasi-static (~0.2 pm/s) to
relatively fast shearing (up to 100 pm/s), with most experiments
conducted at constant displacement rates. Permeability mea-
surement methods differ significantly, from real-time monitoring
using pore pressure oscillation or steady-state flow (e.g., Crawford
et al. (2008)) to post-deformation imaging or porosity analysis.
These variations introduce limitations in direct cross-comparison
and highlight the need for methodological standardization.
Notably, while most experiments confirm that deformation bands
tend to reduce permeability and often act as baffles or seals, the
structural style (e.g., compaction vs. cataclasis vs. clay smear) and
timing of localization (early vs. late during shearing) remain
underexplored in high-clay-content or long-duration settings. This
integrated dataset serves to identify key experimental trends,
while also revealing gaps—particularly the lack of high-resolution,
real-time permeability data under large displacement and
elevated clay content scenarios.

5. Analytical methods
5.1. Measurements in field

The geological survey is the fundamental and pivotal task of
geological exploration, wherein a significant portion of invaluable
data is acquired through direct measurements of geological phe-
nomena in the field. The methods primarily encompass measuring
the dimensions (length and width) of deformation bands, deter-
mining the strike, dip, and inclination angle of faults associated
with these deformation bands, quantifying their porosity and
permeability characteristics, as well as documenting their macro
distribution patterns and growth environments. Instruments
employed for these measurements typically include small or large

Reference Rock type/material Effective Shear Clay content, % Strain rate Permeability Notes on band
normal stress, displacement, mm measurement formation
MPa
Crawford et al. (2008) Synthetic gouge 5-50 ~3 0-50 0.3 pm/s During experiments Band sealing behavior
(quartz + kaolinite) observed
Takahashi et al. (2007) Berea sandstone + clay 80 ~2.5 0-100 1.0 pm/s During experiments Strong permeability
drop with shear
Torabi et al. (2007) Reservoir analog 5-20 109.75-1097.6 0 81 pm/s After experiments by  Anisotropic strain
sandstone analysis thin sections  localization
(porosity)
Cuisiat and Baskarp sand and Troll 0.7-10.5 ~220 Sand-clay None reported  During experiments Clay smear and sealing
Skurtveit (2010) field offshore clay interbed behavior observed
Kimura et al. (2020)  Tohoku silica sand 0.5-8.0 None reported 0-9.2 0.2-100 mm/min After experiments Analyze shearing
velocity and effective
normal stress
Zhang et al. (2019) Sand-clay mixtures 10-40 ~17 ~4-26 0.3-100 pm/s None reported Critical threshold near
15% clay
Jiang et al. (2024) Artificially cemented  0-3 20.94-248.71 10 50 pm/s After experiments by  Band-permeability

siltstone

tests

coupling and
evolutionary process
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tape measures, compasses, cameras, portable permeability meters
or permeameters. While it may be reasonable to conduct macro-
scale measurements for assessing the dimensions of deformation
bands (especially with advancements in UAV measurement tech-
nology), measuring their physical properties directly in the field
could introduce substantial errors. Hence, sampling these defor-
mation bands for subsequent laboratory analysis might be
considered. Although this approach may exhibit elements of
random sampling when dealing with widely distributed defor-
mation bands, it represents an optimal alternative to experimental
simulation.

5.2. Measurements of petrophysical properties

Measurements of petrophysical properties of deformation
bands in the field are less accurate, whereas measurements of
geological samples in the laboratory are more reliable. Specifically,
conducting tests on samples under confining and pore pressures
enhances accuracy. The regular measurement of porosity and
permeability data for the shear zone in ring shear experiments
represents significant progress. However, experiments conducted
on loose sediments saturated with water may be overly idealistic
and not commonly observed in field or underground core studies.
Similarly, performing ring shear experiments on consolidated rock
simulates deformation bands and allows for coring operations to
test the porosity and permeability of individual deformation
bands, which is crucial for observing and analyzing variations in
physical properties resulting from different conditions.

5.3. Image analysis technique

The description and analysis of deformation bands at the
microscopic level primarily rely on thin sections and SEM image
analysis. However, due to the extinction effect of quartz and
feldspar, thin sections are less effective for observation compared
to cast thin sections. Additionally, the cost of SEM is higher than
that of producing cast thin sections. Nevertheless, both SEM and
thin sections have a production flaw in which wear can occur
during sample preparation, resulting in missing particles and
matrix within the deformation band as well as cracks around it.
These factors can significantly impact the analysis and description
of deformation bands, particularly when working with a limited
number of samples. For instance, cracks may be mistakenly asso-
ciated with deformation bands. Therefore, ensuring the integrity
of both thin sections and SEM images is crucial for accurate
deformation band analysis.

The conventional analysis of images primarily focuses on the
structural characteristics, such as size, morphology, boundary
width (i.e., deformation band thickness), and the cataclastic par-
ticles surrounding the deformation band or shear zone. Qualitative
analysis remains a key component alongside measurements of
particle thickness and size. However, with advancements in
interdisciplinary technology, tools like Image ] are now employed
to quantitatively analyze parameters including particle size,
roundness, arrangement direction, and porosity within the
deformation band. This integration has significantly enhanced the
accuracy of image analysis. Notably, comparing these character-
istics with those of the host rock can effectively highlight changes
in both structure and physical properties within the deformation
band. Given that ring shear experiments can simulate formation
processes for such bands, this analytical approach holds great
significance in comprehending their formation and development
under various experimental conditions.
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5.4. 3D model analysis technique

3D model analysis technique is concurrently advancing along-
side the development of 2D model image analysis techniques. This
advancement is evident in two aspects: firstly, the utilization of 3D
models to comprehend the structural and morphological charac-
teristics of deformation bands; secondly, the application of 3D
models to assess the impact of deformation bands on fluid flow.
The first model proves highly beneficial in comprehending the
spatial distribution of deformation bands (Fig. 11(a) and (b)),
which cannot be observed through outcrops or thin sections alone.
It aids in constructing a comprehensive stereoscopic conceptual
model. To enhance the accuracy and credibility of the conceptual
3D modeling (Fig. 11(a) and (b)), high-resolution, non-destructive
imaging was employed to reconstruct the internal pore and throat
structures of deformation band samples. Core samples collected
from field exposures or experimental deformation setups were
scanned using a Phoenix Nanotom S nano-CT system (GE Mea-
surement & Control, Germany). The acquired CT datasets were
subsequently processed using Volume Graphics Studio Max and
Avizo 8.0 software for image segmentation, visualization, and
pore-scale modeling. Unlike conventional methods such as mer-
cury intrusion porosimetry, nano-CT imaging causes no physical
damage to the sample and preserves the microstructure, which is
essential for accurately capturing the pore-throat geometry within
deformation bands. The scanning principle is analogous to math-
ematical integration, in which the cylindrical rock sample is
virtually sliced into thousands of cross-sectional images. However,
due to the fixed beam geometry and scanning from center to edge,
the outermost slices are subject to geometric distortion (e.g.,
elliptical deformation), which can introduce some edge-related
bias in quantitative analysis. Following image acquisition, a stan-
dardized workflow was applied: (1) subvolume selection targeting

Deformation bands

Fig. 11. Numerical models of deformation bands. (a) Pore-connected body model
between deformation bands and host rock. (b) Pore-stick body model between
deformation bands and host rock. (c¢) Distribution model of deformation bands and
host rock, modified from Antonellini et al. (2014).
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porous zones, (2) noise reduction via spatial filtering, (3) binary
segmentation of solid and void phases, (4) pore space recon-
struction through voxel filling, and (5) generation of a stereoscopic
digital rock model. These models serve as the basis for further
quantification of pore-throat network connectivity and morpho-
logical parameters within deformation bands. The second model
integrates actual reservoir parameters and simulates how defor-
mation bands influence fluid flow (Fig. 11(c)). While numerous
studies have explored the effects of fractures on fluid flow through
3D modeling, few have considered the influence exerted by
deformation bands. In most cases, these bands impede fluid flow
and can even act as seals for oil and gas accumulations. Therefore,
it is crucial to pay sufficient attention to and conduct thorough
research on reservoir models that account for deformation band
impacts. In the previous study (Antonellini et al., 2014), conceptual
representations of deformation bands were translated into volu-
metric flow models by assigning distinct permeability and porosity
attributes to grid cells intersected by these structures. To realisti-
cally capture their impact, a stochastic geometry-based approach
was employed to populate the model domain with representative
deformation band parameters, including orientation, aperture,
intensity, and aspect ratio, calibrated from outcrop observations
and literature-based analogues.

The geo-cellular model was discretized using a uniform mesh
with a cell size of 0.2 m x 0.2 m x 0.5 m, consistent with the
structural resolution required to resolve narrow, high-aspect-ratio
bands. Flow simulations were performed using the MODFLOW
2005 engine, interfaced through ModelMuse, with flow governed
by Darcy’s law under steady-state conditions. Boundary conditions
included fixed head on one side and no-flow boundaries on the
lateral and basal surfaces. The solver was finite-difference-based,
which ensures computational efficiency in large-scale models.
Hydraulic properties such as anisotropic permeability tensors
were assigned to different structural elements based on upscaled
field measurements and analog permeability datasets. Although
full experimental validation was beyond the scope of this con-
ceptual demonstration, the results align with empirical observa-
tions of flow compartmentalization in band-rich sandstones.
Future work should incorporate core-scale permeability mea-
surements and tracer tests to calibrate and validate model outputs,
thereby improving prediction accuracy for hydrocarbon recovery
or CO, injection performance in deformation-band-influenced
reservoirs.

In general, the measurement of deformation bands has transi-
tioned from the field exploration stage to the laboratory research
stage. However, in experiments, the analysis technology for
deformation bands should not be limited to microscopic qualita-
tive descriptions but should gradually incorporate interdisci-
plinary techniques such as Image] for quantitative analysis of
particle size, circularity, arrangement direction, and porosity
within the deformation band. Making full use of experimental
results is crucial for comprehending various characteristics
exhibited by deformation bands under different experimental
conditions.

In developing these 3D numerical models, several simplifying
assumptions were adopted to balance computational feasibility
with structural resolution. Boundary conditions were fixed-head
on one side and no-flow on the lateral and basal surfaces, which
idealize reservoir-scale heterogeneity and may underrepresent
cross-boundary fluid exchange. Fluid properties (e.g., density and
viscosity) were assumed constant, neglecting potential tempera-
ture- or pressure-induced variations during subsurface flow. The
rock matrix was treated as mechanically static during flow simu-
lation, without accounting for possible deformation-permeability
feedbacks. While these assumptions facilitate model convergence
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and permit clear isolation of deformation band effects, they also
imply that the results should be interpreted as first-order trends
rather than precise field predictions. Future work integrating
variable fluid properties, more complex boundary conditions, and
coupled hydro-mechanical processes would enhance model
realism.

6. Future prospects

6.1. Challenges in experiments: In-situ permeability testing for
consolidated rocks

The main experimental materials used in physical simulation
experiments are loose sediments (Cuisiat and Skurtveit, 2010;
Kimura et al., 2020). In the past, direct shear experiments with
consolidated rock as the research object have been able to achieve
in-situ permeability testing. However, due to instrument
complexity, ring shear experiments can only be conducted with
loose sediment as the object and not with consolidated rock
(Fig. 12(a) and (b)). Currently, there is a lack of physical simulation
experiments on deformation bands formed by consolidated rocks,
and no reference exists on how to preserve these bands for anal-
ysis and testing purposes. Meanwhile, the existing apparatus
cannot take the heating situation into account like the heated duct
experiment (Al-Dulaimi and Hamad, 2023). Considering that
various factors control the formation and evolution of cataclastic
deformation bands under actual geological conditions (such as
effective normal stress, shear displacement, clay content, mineral
composition of host rock), further discussion is needed on con-
ducting in-situ porosity and permeability characteristics analysis
under different influencing factors or sample groups in order to
establish a quantitative model for deformation characteristics and
sealing ability.

6.2. Challenges in analysis: quantitative analysis technique

The traditional method of characterizing deformation bands
only considers a single factor and mainly describes the structure
from the perspective of thin section observation or particle size,
shape, etc (Fig. 12(c) and (d)) (Pizzati et al., 2020). It fails to provide
a complete quantitative analysis of the structure, such as quanti-
fying the matrix formed by cataclasis or particle orientation.
Therefore, solving how to quantitatively analyze structural char-
acteristics under different influencing factors is crucial for
analyzing formation and evolution.

6.3. Challenges in cementation: selection and utilization of
cements

Previous physical simulation experiments did not take into
account the presence of cement, which can significantly affect the
deformation process depending on the amount and type of cement
present in the host rock (Fig. 12(e) and (f)). The multi-stage or late
cementation process and other diagenetic processes in clastic or
carbonate rocks may greatly influence the structure and physical
properties of deformation bands, but there is a lack of corre-
sponding experimental studies to explore this phenomenon.
Choosing an appropriate cementing agent is a complex matter that
has not been addressed in previous experiments. The focus should
be on whether the chosen cement will react with minerals from
which deformation bands are formed. If no reaction occurs, epoxy
resin appears to be one of the best choices based on pilot experi-
ments; however, if a reaction does occur, determining an appro-
priate ratio and type of cement becomes challenging.
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(a) (b)

—
Damage zone Fault core Damage zone

Fig. 12. Challenges in deformation band research. (a) Stratigraphic model and its corresponding (b) ring-shear test model, modified from Jiang et al. (2024). (c) Thin section and
(d) its quantitative structural analysis, modified from Jiang et al. (2023). (e) Deformation band with complete cement infilling, modified from Jiang et al. (2026). (f) Deformation
band with partial cement infilling, modified from Jiang et al. (2026). (g) Numerical simulation model of deformation bands, modified from Freitas et al. (2023).
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6.4. Challenges in modeling: numerical simulation model

Although physical simulation experiments are a valuable
method for studying deformation bands, they come with high
material and economic costs. The parameters and results obtained
from these experiments can be utilized to construct numerical
simulation models (Fig. 12(g)). In the past, there has been exten-
sive research on the correlation between fractures and faults in
reservoir modeling, resulting in abundant data on their properties.
However, when it comes to modeling deformation bands, the
available data is not comprehensive enough and lacks necessary
parameters. In other words, until the structural and physical
properties of deformation bands are thoroughly quantitatively
evaluated and the corresponding formation conditions are clearly
understood, accurate numerical simulation modeling of defor-
mation bands cannot be achieved.

6.5. Challenges in application: setting and application of the model

Physical simulation experiments are an essential approach for
systematically studying the structure and physical properties of
deformation bands. However, it is crucial not to confine the
experimentation of deformation bands solely to a theoretical level.
When designing experimental models, integrating conceptual
models with simulated target strata to conduct comprehensive
experiments can be considered. Additionally, it is necessary to
contemplate how to obtain or carry out actual rock samples from
different clay contents, host rock minerals, and stratifications in
conjunction with artificial core samples for relevant physical
simulations. While analyzing the results of experimental models,
attention must be given to the fact that experimental simulations
cannot be simply extrapolated for practical applications. It is
imperative to elucidate both commonalities and differences be-
tween ring shear experiments and actual faulting processes while
comparing sedimentary tectonic environments. Subsequently,
based on this analysis, one can explain the application of experi-
mental results.

The methodological advances synthesized in this review,
particularly the development of a ring shear apparatus capable of
testing consolidated rocks at centimeter-scale displacements, the
integration of quantitative image analysis techniques, and the
refinement of parameter control for key factors such as effective
normal stress and shear displacement, provide a robust experi-
mental foundation for addressing the future research directions
outlined above. These advances establish a direct technical basis
for tackling the identified challenges in in-situ permeability
measurement, cementation simulation, and coupled hydro-
mechanical modeling. By explicitly linking the proposed research
avenues to demonstrated experimental capabilities, the future
work envisioned in this study is anchored in proven methodo-
logical feasibility, thereby ensuring that subsequent investigations
can build on existing laboratory achievements to generate insights
with direct relevance to field applications.

In general, future research on deformation bands holds signif-
icant value and warrants further exploration. How can in-situ
permeability testing be realized in physical simulation experi-
ments using consolidated rock as the experimental object? How
can all characteristics of deformation bands be quantitatively
analyzed? How should cement be selected and utilized to simulate
the formation process of deformation bands? How can an accurate
numerical simulation model incorporating deformation bands be
constructed? How can the deformation band model be correlated
with actual formations to predict reservoir physical properties and
fault sealing? These questions form the foundation for further
investigation into the influence of deformation bands on fluid flow.
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In addition to the key technical and methodological challenges
discussed above, future research should also aim to integrate
deformation band studies with broader geoscientific and energy-
related applications. For example, the coupling of deformation
band evolution with basin-scale hydrocarbon migration models,
CO, geological storage feasibility assessments, and induced seis-
micity prediction frameworks will greatly enhance the applied
relevance of this field. Furthermore, collaborative efforts
combining experimental work, field data acquisition, machine
learning analysis, and high-resolution geophysical imaging could
offer a holistic perspective on fault-related heterogeneities. These
interdisciplinary approaches will not only deepen the under-
standing of deformation mechanisms, but also extend the appli-
cability of deformation band research to subsurface resource
development, carbon neutrality strategies, and geohazard
mitigation.

7. Concluding remarks

In the past, limited understanding of the qualitative structural
and physical characteristics derived from actual deforming pro-
cesses and key influencing factors has hindered progress in
deformation bands research. A clearer understanding of the cur-
rent status and advances in experimental simulation is therefore
essential to address these challenges effectively. This paper aims to
analyze the influence of key influencing factors on the structure
and physical properties of deformation bands, compare the ad-
vantages and disadvantages of common experimental methods,
identify issues existing in deformation band analysis methods, as
well as discuss future challenges and potential improvements. The
main points are outlined below:

(1) A significant number of outcrops and experimental studies
on deformation bands indicate that, in terms of the forma-
tion, structure, and physical properties of these bands under
similar geological conditions (including lithology, particle
size, sorting, and porosity), the primary factors influencing
their structure and physical properties are effective normal
stress, shear displacement, strain rate, clay content, and host
rock mineral composition. Among these factors, effective
normal stress and shear displacement are the two most
crucial considerations that should be taken into account
during experimentation.

(2) Through the course of time, scholars have successfully
addressed various challenges in the field, including but not
limited to clay smear observation, stress loading control,
millimeter displacement control, mechanical and perme-
ability testing, as well as fluid sealing. The advent of ring
shear experimental instruments specifically designed for
consolidated rocks has facilitated experimental research on
deformation bands with centimeter-scale displacement.
Consequently, this advancement effectively resolves issues
that have persisted over the past decade.

(3) The analytical technology for studying deformation bands in
the laboratory should not be limited to qualitative de-
scriptions at the micro level, but rather gradually incorpo-
rate interdisciplinary techniques such as Image] for
quantitative analysis of particle size, circularity, arrange-
ment direction, and porosity within the deformation band.
Making optimal use of experimental results is crucial for
comprehending the diverse characteristics exhibited by
deformation bands under varying experimental conditions.

We Carry out physical simulation experiments using consoli-
dated rock as the experimental subject, in order to investigate the
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quantitative analysis of various factors on the structure and
physical properties of deformation bands. Additionally, we restore
and analyze the actual formation process of deformation bands,
which serves as a fundamental basis for further research on their
impact on fluid flow. Deformation bands find extensive applica-
tions in remaining oil development, fault sealing, reserve evalua-
tion, gas storage site selection and operation, CO, geological
storage, among others. Therefore, future research on deformation
bands holds significant value and is worthy of exploration.
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