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ARTICLE INFO ABSTRACT

Keywords: Faults are complex structures that substantially influence the mechanical behavior and hydraulic connectivity of
Fault rock formations. Therefore, studying faults is important for a variety of disciplines such as geoscience, civil,
Fracture mechanics geotechnical, reservoir engineering, and material science among others. Researchers from these disciplines have
Ea'rthquake rupture considered different aspects of faults, namely geometry, petrophysical properties and mechanics. Until now,
Seismic data . . e e .
Seismology these studies have evolved separately and at different scales, making it difficult to connect the geometric
Statistical law development of fault structure to its mechanics. The current understanding of fault geometry and growth is based
on fracture mechanics and on many qualitative and quantitative studies on outcrop and seismic reflection sur-
veys among other datasets. The application of fracture mechanics theory is mostly confined to simple geometries:
elliptical models for a single fault plane and uniform properties. These applications predict the maximum
displacement at the center of the fault, which is not in agreement with the new findings from 3D seismic and
outcrop studies. These fracture mechanics models emphasize fault propagation along strike (in 2D). Although
they can include the presence of a process zone at the fault tip, the models fail to explain the development of
cross-fault damage zones and localization within the fault core as well as fault segmentation and displacement
partitioning. Therefore, it is timely to revise the existing applications of fracture mechanics to simple fault ge-
ometries and to develop a data-driven fault mechanics possessing closer agreement with real, observed sub-
surface heterogeneity. This would allow better prediction of fault geometry, propagation, and growth in 3D. We
suggest recent advances in non-destructive numerical characterization of faults and application of Deep Neural
Networks (DNN) to map fault geometry and predict its properties from seismic data enable us for the first time to
extract simultaneously faults’ geometrical and mechanical properties at an unprecedented speed and accuracy,
thus resolving the 3D fault shape and properties in ways that were unthinkable just a decade ago.

1. Introduction

Faults are complex structures, which introduce heterogeneities and
anisotropic properties to their host rock. Understanding fault geometry
(Fig. 1a), petrophysical and mechanical properties, and processes of
faulting are important research areas for many applications such as
earthquake seismology and geological hazard studies (Martel and
Pollard, 1989; Bayart et al., 2015; Klinger et al., 2018; Kearse and
Kaneko, 2020); geothermal energy managements (Loveless et al., 2014);
waste disposal, hydrogen and CO5 storage underground (Rohmer et al.,
2015); petroleum exploration and production (Gabrielsen et al., 1990;
Fisher and Knipe, 2001); hydrogeology (Bense et al., 2013); civil and
structural engineering (Katsanos et al., 2010), geotechnical and mining
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engineering (Wang et al., 2016), and material science (Hutchings and
Shipway, 2017).

Researchers from a variety of disciplines have considered different
aspects of fault geometry, properties and mechanics. However, these
studies have evolved separately and at different scales, making it diffi-
cult to connect the geometric development of fault structure to its me-
chanics. Experimental and theoretical studies concerning strain
localization in rocks in the form of faults and fractures are usually at
small scale and suitable to model the initiation and onset of the locali-
zation process of deformation but not the propagation and growth of
faults (Bésuelle and Rudnicki, 2004; Di Toro et al., 2006; Torabi et al.,
2007; Doan and Gary, 2009; Alikarami et al., 2014; Skurtveit et al.,
2013; Bayart et al., 2015; McBeck et al., 2022). Seismological studies are

E-mail addresses: anita.torabi@geo.uio.no (A. Torabi), jwrudn@northwestern.edu (J. Rudnicki), behzad.alaei@earthanalytics.no (B. Alaei), g-buscarnera@

northwestern.edu (G. Buscarnera).

https://doi.org/10.1016/j.earscirev.2023.104358

Received 25 October 2022; Received in revised form 22 January 2023; Accepted 9 February 2023

Available online 13 February 2023

0012-8252/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:anita.torabi@geo.uio.no
mailto:jwrudn@northwestern.edu
mailto:behzad.alaei@earthanalytics.no
mailto:g-buscarnera@northwestern.edu
mailto:g-buscarnera@northwestern.edu
www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2023.104358
https://doi.org/10.1016/j.earscirev.2023.104358
https://doi.org/10.1016/j.earscirev.2023.104358
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2023.104358&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Torabi et al.

yet to include realistic complex fault structures in their models, although
in recent years, some studies have moved to this direction (e.g. Klinger
et al., 2018; Romanet et al., 2018; Okubo et al., 2019).

The current mechanical models of faulting used to predict fault ge-
ometry and propagation are limited to the applications mentioned above
and originate mostly from fracture mechanics theories (Cowie and
SCholz, 1992; Rice, 1968; Palmer and Rice, 1973; Rudnicki, 1980) that
are applied on restricted simple geometries of faults. Inaccessibility to
3D fault structure and bias in the fault datasets, make it hard to develop
and test more complex fault mechanical models.

In structural geology, a fault is usually identified by a principal fault
plane (main slip surface) and its surrounding architectural components,
fault core and damage zone (Caine et al., 1996; Torabi and Berg, 2011;
Fig. 1a). Fault damage zone may include minor faults, drag folds, frac-
tures or deformation bands depending on the initial porosity of host rock
(Torabi et al., 2020). Fault core includes higher strained features than
damage zone and involves fault gouge, strained lenses of host rock and
diagenetic features and sometimes clay smear (Braathen et al., 2009;
Torabi et al., 2019b). Fault geometric attributes are displacement,
length, height, number of fault segments (Fig. 1a, Cowie and SCholz,
1992; Torabi and Berg, 2011; Torabi et al., 2019a), fault core thickness
and damage zone width around the fault plane (Fig. 1a, Caine et al.,
1996, Childs et al., 2009; Choi et al., 2016; De Rosa et al., 2018; Torabi
etal., 2019b). These geometric attributes have been used to characterize
the fault geometry and predict the fault growth and mechanics through
fault scaling laws (Fig. 1b).

The fault geometric data are principally derived from different
sources such as outcrop geology, earthquake statistics, reflection seismic
data, well data, and satellite imagery (Camanni et al., 2019; Delogkos
et al., 2020; Roche et al., 2021; Antoine et al., 2022). However,
depending on the resolution of the measuring methods and the fault
accessibility, fault geometric characteristics could be constrained and
biased (Torabi and Berg, 2011). The fault plane 3D shape is usually
reconstructed from interpretation of 2D horizontal and vertical sections
of seismic and outcrop data. Lateral and vertical segmentations in 3D
affect both fault length and displacement (Roche et al., 2021) but
because of the limitation of the methods used to study faults, this effect
has not been sufficiently acknowledged for a single (a fault with its in-
ternal segments) as well as interacting neighboring fault planes. Details
of fault damage zone and core could be mainly studied in 1D, 2D, or
more recently 2,5D datasets from outcrops (Torabi et al., 2020; Torabi
et al., 2019b; and Delogkos et al., 2020). A fault can change its orien-
tation, type, and kinematics; however, these changes cannot be truly
captured through 1D or 2D measurements of a fault. Based on the
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current state of the art and considering different disciplines, we have
identified several challenges related to the fault studies in understanding
fault mechanics: (i) inaccessibility to fault 3D structure; (ii) low reso-
lution images of subsurface faults; (iii) method-related constraints and
uncertainties; (iv) lack of sufficient fault data from different scales; (v)
mixing data of different origins e.g. seismically active faults with
non-active faults, syn-sedimentary faults with post-sedimentary faults;
(vi) neglecting the effect of pre-existing geological structures; (vii)
non-integration of fault geometric and mechanical properties; (viii)
overly idealized mechanical models of fault structures.

In this contribution, we address the current state of the art on fault
geometry and architecture (section 2); earthquake ruptures (section 3),
fault scaling laws (section 4), and numerical modeling (section 5) in
light of these challenges and discuss them with regard to fracture me-
chanics limitations. Our main objective is to introduce a new interdis-
ciplinary vision of fault mechanics by providing a critical view on
present fault growth and statistical models in order to bridge the gaps
between different disciplines and feed the future research direction on
this topic. We argue that simple fracture mechanics models are not
adequate to describe the complexity of fault systems revealed by recent
observations. At a minimum, models which go beyond simple shapes
(circular or elliptical) with uniform frictional resistance and small
cohesive zones at the fault tip are needed. These will require numerical
calculations. Currently, with the new and improved fault 3D data
available through application of seismic attributes and machine learning
on seismic data (e.g. Torabi et al., 2019a, Roche et al., 2021; Michie
etal., 2021; Torabi and Alaei, 2022), and detailed observations of faults
in outcrops using advanced imaging techniques such as lidar and sat-
ellite imagery (Helton et al., 2022; Marple et al., 2020; Petricca et al.,
2021) the development of more complex fault models would be needed
in the future.

Recent advances in non-destructive numerical characterization of
faults (e.g. Shahin et al., 2021) and application of Deep Neural Networks
(DNN) to map fault geometry (e.g. Ahmed, 2021; Michie et al., 2021;
Bonke, 2022; Torabi and Alaei, 2022) and predict its properties from
seismic data (e.g. Wu et al., 2021; Torabi and Alaei, 2022) enable us for
the first time to extract simultaneously faults geometrical and mechan-
ical properties at an unprecedented speed and accuracy, thus resolving
the 3D fault shape and properties in ways that were unthinkable just a
decade ago. In this regard, we have carried out a pilot test on large
normal faults from the Norwegian North Sea using high quality 3D
seismic and well data with good coverage and quality. Utilizing DNN, we
extracted and integrated the geometry and a mechanical property
(Poisson’s ratio) of faults in order to better constrain the fault 3D

Fig. 1. a) Schematic illustration of a fault showing
fault plane geometric attributes such as fault length
and height as well as fault architectural components
including fault core and cross-fault damage zones and
process zone (modified after Torabi et al., 2020). b) D-
L (displacement-length) as an example of fault scaling
laws, for faults of different sizes and earthquake rup-
tures based on the state-of-the-art. c¢) Propagating
fault segments in 2D based on the current under-
standing from fracture mechanics.
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structure. We argue that these advances can be the cornerstone of a
comprehensive revisit of fault mechanics theories in order to cover fault

complexity and growth process respecting its size and the level of
maturity.

Previous understanding of fault shape

a)

Circular Elliptical

New understanding of fault shape and 3D structure

Close to fault upper tip-line

Irregular

Earth-Science Reviews 238 (2023) 104358

2. Fault geometry and fracture mechanics
2.1. Fault plane geometry

Consistent with fracture mechanics theories, faults are described as
having circular tip lines in homogeneous layers with a cone-shape
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Fig. 2. a) Fault plane shapes based on previous studies as explained in the text; note that maximum displacement is located in the center of fault plane circular and
elliptical shapes. b) Throw distribution along fault length based on the previous studies showing cone-shapes and M-shape. c¢) Internal segments of a fault at different
depths directly extracted from seismic data using seismic attributes. The dots with different colors indicate displacement measurements on each fault segment. d)
Displacement distribution with irregular and asymmetric shapes along two main segments of the fault within the fault 3D structure as extracted from seismic in c.
Note that the maximum displacement is not located on the longest segment. e) Displacement map (in meters) draped on 3D geometry of a fault obtained from 3D
seismic data showing semi-elliptical shape, f) Displacement map (in meters) draped on 3D geometry of a fault obtained from 3D seismic data showing rectangular

shape. Modified after Torabi et al. (2019a).
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displacement (throw) distribution (Figs. 2a and b) and elliptical tip lines
when crossing layers of different properties and thickness with a M-
shape throw distribution in segmented faults (Figs. 2a and b, Barnett
et al.,, 1987; Nicol et al., 1996; Torabi et al., 2019a). Maximum
displacement occurs at the center of an isolated fault that has no inter-
action with any other surfaces (Figs. 2a and b). These simple fault shapes
are currently used for modeling faults and predicting their behavior in
the subsurface (Harris et al., 2003; Di Carli et al., 2010; Madariaga and
Ruiz, 2016; Treffeisen and Henk, 2020). Utilizing 3D seismic data,
Marchal et al. (2003) suggested an irregular fault plane with several
bifurcated tip lines (Fig. 2a).

Recent results using direct fault imaging on forty 3D seismic surveys
from the Barents Sea indicate that the long faults with maximum length
or Lmax >1000 m can have a variety of shapes such as irregular, ellip-
tical, and rectangular (Fig. 2e and f), while medium size faults 1 < Lmax
<1000 m have irregular shapes (Torabi et al., 2019a). In addition,
Torabi et al. (2019a) found a large aspect ratio (maximum length/height
is up to 16) for these faults and that the maximum displacement for a
single fault could be located anywhere in the 3D structure of a fault and
not necessarily in its center (Table 1 in Torabi et al., 2019a). The
displacement data measured on individual segments of faults of different
sizes (at different depths, Figs. 2¢, and d) shows no similarity to the
current models presented in Figs. 2a and b (Torabi et al., 2019a). This is
a very important data driven finding that encourages delving more into
the link between fault geometry and mechanics. This implies that the
fault plane resistance (friction) is not uniform, which could be caused by
the fault internal segmentation (Roche et al., 2021) or the interaction
with any other (neighboring) fault or free surfaces.

2.2. Fault architectural components

The simplest fracture mechanics models such as the Linear Elastic
Fracture Mechanics criteria (LEFM) (Griffith Criterion, e.g. Rice, 1968)
used to explain fault growth assume that faults are shear fractures with
uniform friction, propagating at their tips (Fig. 1c). Although LEFM
predicts a stress singularity at the fault tip, it is a good model when any
inelastic behavior occurs in a region with a length scale smaller than any
other in the problem. Propagation of the fault is predicted to occur when
the coefficient of that singularity (stress intensity factor) reaches a
critical value (or, equivalently, that the energy released by an increment
of growth reaches a critical value). Cohesive zone models (Barenblatt,
1959, 1962, Palmer and Rice, 1973; Rudnicki, 1980) take explicit ac-
count of inelastic behavior in a narrow zone extending from the fault tip.
When the length of this zone is small compared to other length scales in
the problem, the cohesive zone model is equivalent to LEFM but pro-
vides an interpretation of the critical stress intensity factor or energy
release rate. If the cohesive zone is not small, the model departs from
LEFM. Although cohesive zone models are an improvement in taking
account of inelastic processes at the tip, they are restricted to narrow
regions ahead of the tip. More generally, models need to account for
inelastic deformation or the presence of small faults and fractures off of
the main fault plane.

Experimental studies of shear fracture propagation (Moore and
Lockner, 1995) confirm inelastic deformation around the fracture tip,
where the fault forms by breaking through the process zone after a
critical crack density happens in the fracture tip. Geological observa-
tions confirm the presence of a process zone or cohesive zone (Perrin
et al., 2016) usually with fan shape off-fault splays at the fault tip, which
encompasses both tensile fractures and minor fault segments based on
outcrop and seismic studies (e.g. Vermilye and Scholz, 1998; Kim et al.,
2004; Perrin et al., 2016; Alaei and Torabi, 2017). However, in geology,
the damage zone is also laterally classified into cross-fault damage zones
along fault length and height (Torabi et al., 2020, Fig. 1a) in addition to
around the fault tip damage zone (process zone), which can be a com-
plex product of fault segments and relay zones (Camanni et al., 2021).
The physical source and mechanism for cross-fault damage zones with
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distributed deformation and minor fault segments in 3D (both along the
fault length and height in Fig. 1a) is not explained by present fracture
mechanics theories.

Theoretically, when the crack density reaches a critical point of
saturation at the fault tip, a fault gouge forms as part of fault core, where
eventually the fault center/core (main slip surface or fault plane) would
be located (in 2D). With further fault propagation and increasing the
displacement at fault center, the fault gouge (core) thickness increases at
the center, while the width of the process zone increases at the fault tip
(Cowie and SCholz, 1992). However, currently there is no geological
data to support these theories for faults and to indicate how the process
zone can contribute to the development of cross-fault damage zones.

3. Earthquake ruptures

Faults and earthquake ruptures are two inseparable parts of the same
system (Fig. 1c). The characteristics of ruptures are dictated and influ-
enced by the fault structural maturity and complexity as strain is accu-
mulated (Wechsler et al., 2010; Perrin et al., 2015). Regional stress
configuration, fault geometry and its preexisting deformation patterns,
and orientation of ruptures affect the on- and off-fault damage during
earthquakes, which can create complex patterns of ruptures with
involvement of new and pre-existing fault segments (Vallage et al.,
2016; Klinger et al., 2018). Hence, studying the geometry and mecha-
nisms of the initiation and growth of ruptures and faults, would be
mutually beneficial to understand the fault structural complexity.

Distinguishing between the seismic and aseismic (identified by cu-
mulative long-term slip) parts of fault growth in the exhumed and
subsurface faults is still challenging and under research despite the new
advances in image correlation to study earthquake ruptures on optical
satellite images (Klinger et al., 2006; Vallage et al., 2016; Klinger et al.,
2018). Recent findings from InSAR (Interferometric Synthetic Aperture
Radar) data on active faults provide even more valuable information on
the size and shape of the epicentral area, which changes with the type of
faulting in different tectonic settings (Petricca et al., 2021). Much of the
current research on seismicity of faults has focused on the dynamics and
mechanics of earthquake ruptures in order to better predict the future
earthquakes (e.g. Aben et al., 2020; Brantut, 2020; Petricca et al., 2021;
Antoine et al., 2022; Ulrich et al., 2022; Zaccagnino et al., 2022). This is
due to the importance of this topic for its societal and economic impacts.

Seismic moment or Mpyis a linear measure of an earthquake that is
measured from seismic radiation or geodetic data (Lay and Wallace,
1995) and has the following relationship with slip, Au, area of the
rupture, A, and shear modulus of rocks, u.

The rupture area is estimated by inversion of seismic or geodetic
data, aftershock area, corner frequency of body wave spectrum, rupture
length and therefore the characteristic length scale of the rupture or L
could be estimated as A2 AT is usually estimated from My and A,
although it can also be estimated from the correlation of satellite images
before and after the earthquakes with some associated errors (Klinger
et al., 2006; Petricca et al., 2021). In seismology, there is discrepancy
between the estimated and observed length of ruptures due to un-
certainties related to the fault models, inversion techniques for the
recorded earthquake data and the measuring methods (Manighetti et al.,
2007).

Compiled slip data from earthquake ruptures (both from surface and
depth using inversion), and mature faults with accumulated slip (for any
fault kinematic type), fit an asymmetric triangular distribution (Man-
ighetti et al., 2005) rather than a cone-shaped symmetrical distribution
as suggested by theoretical fault models (Figs. 2a and b) inspired by
fracture mechanics (Barnett et al., 1987; Nicol et al., 1996). This
observation suggests that the rupture might nucleate wherever the rock
strength is low, for example, in the intersection between fault segments
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or where the pre-stress on the fault is high (Manighetti et al., 2005),
Fig. 1c. Further, the slip asymmetry on ruptures could be influenced by
the fault plane roughness and geometry, and the evolution of the off-
fault damage zone or process zone (Perrin et al., 2016). The gradient
of slip data tapers off toward the rupture tips or where the ruptures reach
barriers (Manighetti et al., 2005).

The final parameter that is calculated from all measured or estimated
parameters of an earthquake rupture mentioned above is stress drop Ao,
that is related to strain drop, where C is a geometric constant of order
one.

A6, = CMyAT = CMoL™> )

Analysis of dynamic rupture models imply that the rupture slip and
velocity are linearly scaled with the dynamic stress drop, which is the
most important scaling parameter in earthquakes (Scholz, 2019). The
stress drop is considered constant within a method but in fact can change
over several orders of magnitudes (Allmann and Shearer, 2009) because
it is an average over a region of fault obtained from inversions with
integral average values (Scholz, 2019). Another issue is that thermal
weakening during earthquakes might be associated with an increase in
stress drop. These contradict the previous assumption that the stress
drop of an earthquake is scale invariant.

Despite the general acceptance of a self-similar or fractal behavior
for faults and earthquake ruptures, stress drop varies along ruptures of
different size, revealing the importance of heterogeneities, and pre-
existing fault structures (fault segments and their interaction) at the
time of rupturing (Manighetti et al., 2007). Therefore, through a
parameterization approach and statistical model fitting, Manighetti
et al. (2007) suggested differentiating between small (young) and
mature faults that produce shorter and longer ruptures, respectively,
when dealing with seismic hazard studies and scaling laws. In addition,
comparison of the scaling relation between seismic moment and rupture
length as well as between seismic moment and seismic source duration
reveals different scaling laws for small and large (mature) earthquakes
both in crustal and oceanic (subduction zones) faults (Denolle and
Shearer, 2016). Furthermore, a new study by Zaccagnino et al. (2022)
shows that the type of fault and tectonic setting affect the scaling laws of
earthquakes (Gutenberg-Richter and Omori laws), meaning that normal
faults in extensional regimes create smaller (both in term of magnitude
and length of event or L) and more frequent seismic events than reverse
and strike slip faults. This might imply that the type of fault and tectonic
setting, the width of seismogenic layer in addition to the fault hetero-
geneities, off-fault damage zone, segmentation, and presence of asper-
ities play an important role in the propagation of ruptures and hence
their scaling laws. This would affect the aspect ratio of rupture length
and width (height), and therefore influences the seismic moment that is
proportional to these two parameters (Scholz, 2019).

4. Utilizing scaling laws to predict fault geometry and growth
process

Commonly, fault theoretical and numerical models are based on the
assumption that faults are planar, granular, and fractal (scale-invariant)
phenomena (Ben-Zion and Sammis, 2003). These assumptions are used
to explain the geometric-mechanical-mathematical essence of faults
(Fung, 1977; Ben-Zion and Sammis, 2003). On one hand, mature (large
displacement) faults are considered planar zones in a continuum solid
that have been localized due to strain softening. On the other hand,
smaller faults or distributed damage around the mature faults are related
to strain hardening process resulting in granulation of rocks. However,
the strain softening and hardening processes might work interchange-
ably during the entire faulting process, depending on the slip rate.
Despite these two different views for mature and small faults, the pro-
cess of faulting (including the earthquake ruptures) and distributions of
faults and ruptures’ geometric data are considered fractal and scale-
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invariant (Ben-Zion and Sammis, 2003; Manighetti et al., 2005)
repeating themselves at different scales, Fig. 1b.

In the last two decades, structural geologists working on normal
faults in extensional systems (mainly syn-sedimentary faults through
growth strata) have suggested two models of fault growth, an isolated
and a coherent fault model (Rotevatn et al., 2019). The isolated fault
model (e.g., Walsh et al., 2003; Cowie et al., 2000) better explains the
propagation at fault tip and fits the fractal concept of fault growth, by
predicting a mutual increase in fault length and displacement similar to
the prediction by the fracture mechanics. Conversely, the coherent fault
model considers the fault segments as a coherent part of the fault from
the initial stage toward a mature fault, causing a constant fault length
while accommodating displacement (e.g., Walsh et al., 2002, Giba et al.,
2012). This could also be described by a simple fracture mechanics
model with pinned ends and increasing loading stress. However, recent
studies show that the fault growth mechanism could change over the
time and with respect to the underlying structures and therefore a
combination of these two models could better explain the fault growth at
different stages and scales (Rotevatn et al., 2019; Torabi et al., 2019a;
Bramham et al., 2021).

Despite the uncertainty in geological conceptual models on how and
when cross-fault and tip-damage zones (process zone) form, fault dam-
age zone development (damage zone width, W) is directly correlated
with fault displacement (D — W scaling-law) in order to predict the fault
growth at different scales (Beach et al., 1999; Shipton et al., 2006;
Savage and Brodsky, 2011; Torabi and Berg, 2011).

Furthermore, the scaling relationships between fault displacement,
D, and other fault geometric attributes such as length (L), (e.g. Cowie
and SCholz, 1992; Kim and Sanderson, 2005; Torabi et al., 2019a) and
fault core thickness, T and spacing of the fault segments (Childs et al.,
2009) have been used to predict the fault geometry, growth and evo-
lution and to explain the faulting process by fracture mechanics (Scholz,
2007).

In addition, fault scaling laws are used to populate faults in geolog-
ical models in order to simulate subsurface reservoirs (Harris et al.,
2003). This is despite the fact that there are still uncertainties in the
measured fault geometric attributes, the fault 3D shape and displace-
ment distribution, as well as in constraining the extent of fault core and
damage zone.

Most of the fracture mechanics theories including LEFM (Eq. 3),
result in a linear scaling law (fractal) between Dj,q, and L, where Ao is
the stress drop, d is Poisson’s ratio, y is friction with assuming an
elliptical D distribution (Scholz, 2007).

2(1—9)
Il

This is consistent with the scaling law suggested for D-L relation (Eq.
4) in most geological literature (e.g. Cowie and SCholz, 1992, 2007;
Schultz and Fossen, 2002; Kim and Sanderson, 2005; Scholz, 2007),
where n = 1 and only y (intercept with the Y—axis) can change
depending on the lithology, tectonic setting and depth of faulting.

Dyux = Ao L 3)

D=yL" “

Walsh and Watterson (1988); Marrett and Allmendinger (1991) re-
ported higher values than 1 for n, whereas, Cowie and SCholz (1992)
argue that by mixing of data of different sources, the previous studies
concluded higher n values than 1. They further claimed that separating
data based on lithology and tectonic setting, only affects y and the
power-law exponent remains constant equal to one (Cowie and SCholz,
1992). For values of n > 1, the stress drop has to increase with fault
length and therefore the fault cannot grow in length (Scholz, 2007).
Manighetti et al. (2007) argue that the stress drop and the width of
rupture is influenced by the maturity of fault and its pre-existing
structures (including asperities), therefore affecting the rupture length
and the scaling law between D and L.

However, detailed analysis of a compilation of all available fault and
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rupture datasets and separating data based on rock type and tectonic
setting in a review study by Torabi and Berg (2011), shows that there is
no global scale-invariant or fractal relationship between fault geometric
attributes. In contrast to the previous studies, this study further indicates
that the power-law exponent in D — L, D — T, D — W can in fact change
with the size and maturity of fault. Utilizing advanced statistical analysis
on the same datasets in Torabi and Berg (2011) and acknowledging the
effect of lithology and type of faulting, Kolyukhin and Torabi (2012)
suggested a two-slope power-law relation for scaling of fault displace-
ment versus other fault geometric attributes, where in some cases n > 2.
This finding is inconsistent with the fractal view of faults. In addition,
Kolyukhin and Torabi (2013) suggested that truncated power laws
better fit to the univariate geometric fault data such as fault length,
reflecting the importance of the size and maturity of fault. This is
inconsistent with the previous studies that suggested power-law uni-
variate distributions for smaller faults (involving low strain) and expo-
nential distribution for larger faults (involving high strain) (Scholz and
Cowie, 1990).

5. Fault numerical models and fracture mechanics

While modern sensing enables us to characterize the 3D structure of
faults in ways that were unthinkable a few decades ago, the formulation
of geomechanical models able to harness such extensive data streams is
increasingly becoming an essential element to explain the history of
faults and predict their current and future functioning mechanisms.

Rock friction has traditionally been described as stick-slip, but ob-
servations by (Dieterich, 1979; Ruina, 1983) nearly 40 years ago and
subsequently by many others (e.g. Marone et al., 1990) have shown that
rate and state friction is a more robust description. In this formulation,
the coefficient of friction depends on the velocity of sliding and one or
more state parameters that characterize the evolution of the sliding
surface. This description incorporates healing of asperity contacts and,
consequently, can exhibit repeated events and both stable (slow, aseis-
mic) and unstable (rapid, seismic) slip. Implementation of these into
models of earthquake ruptures has motivated the development of
boundary integral methods for dynamic ruptures (Day et al., 2005;
Kaneko et al., 2008; Lapusta and Liu, 2009). Simulations have illumi-
nated the conditions for many kinds of earthquake behavior, e.g.
whether slip is crack-like or pulse- like (Liu, 2009). Recent theoretical
and numerical works have addressed the crack-like behavior of fric-
tional slip along the earthquake ruptures through some modification to
the fracture mechanics energy balance equations. The main suggested
modification is the deviation related to non-edge-localized dissipation,
which highlights the importance of the residual shear strength along the
ruptures (Barras et al., 2019; Brener and Bouchbinder, 2021).

Numerical studies of active faults that are affected by slow slip, creep
and seismic rupturing show the importance of fault complex geometry
including the fault segmentation and roughness in the interplay between
the three above-mentioned mechanisms, and the need for more
advanced models beyond simple elastic models to include viscoelasticity
(Romanet et al., 2018; Shahin et al., 2021). Furthermore, numerical
works on earthquakes using visco-elasto-plastic layers subjected to an
invariant rate-and-state-dependent friction and inspired by fault outcrop
data and experiments reveal the importance of including both dynamic
earthquake ruptures and aseismic deformation contributing to localized
deformation and the evolution of fault damage zone (Preuss et al.,
2020). In addition to local stress changes, the fault interactions between
different segments was found to be one of the main contributors to the
dynamic changes in the fault geometry and orientation, which is pro-
gressively optimized (Preuss et al., 2020).

In this context, the integration of established interpretation frame-
works based on fracture mechanics with advances in the modeling of
rock inelasticity is one of the primary challenges. In particular, few
methods currently recognize that the deformation of rocks in the vicinity
of an advancing fault tips possesses non-negligible viscoplastic
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components, able to dissipate the elastic stored energy through both
homogeneous and inhomogenous deformation (Rudnicki and Rice,
1975; Buscarnera and Laverack, 2014; Shahin et al., 2021). Given the
complexity and lack of symmetry of the stress field around the tip of
shear fractures, this attribute is likely to play a key role in explaining the
complex geometry of faults disclosed by subsurface structural mapping
on seismic data. Most importantly, disclosing the impact of near-tip rock
inelasticity is likely to play a crucial role to examine the role of pore
fluids on the dynamics of fault growth. In fact, the transition from
dilative to contractive inelastic regimes, combined with the stress-path
dependence of near-fault materials, can be expected to alter the pres-
sure conditions of subsurface fluids by creating short-lived pressure
pulses which may expand the size of the inelastic zone in front of a fault,
thus influencing its shape and rate of growth (Garagash and Rudnicki,
2003).

Another open question that can benefit from the synergistic use of
geomechanical modeling and subsurface characterization is the analysis
of frictional constraints behind fault tips. In fact, frictional slip and fault
growth are inextricably coupled, thus requiring development and use of
computational models equipped with interface laws able to capture the
heterogeneous shear mechanisms controlled by the competition be-
tween volume change in the fault gouge and asperity damage (Marone
et al., 1990).

Future integration between high-resolution 3D fault characterization
and geomechanics will also require numerical models able to effectively
simulate advancing fault zones. In fact, as shear fractures progress, they
will leave a damaged zone behind the tip that depends on the parameters
of the inelastic deformation. Resolving this complex process requires
sophisticated numerical tools, such as Extended Finite Element Methods
(Moes et al., 1999), as well as suitable slip localization and growth
criteria embedded into the finite elements.

Although finite element methods can be used, boundary element
methods (Cruse, 1998; Cheng and Cheng, 2005), dislocation solutions
(Jeyakumaran et al., 1992; Wu et al., 1990) or methods based on inte-
gral equations (Viesca and Garagash, 2018) are more efficient because
they require discretizing only crack surfaces or boundaries.

Models with these features may enable unbiased simulations of fault
growth patterns, thus elucidating if the initial and evolving stress field
around the tip of a propagating fault is sufficient to explain the complex
geometry of faults observed in natural settings.

The success of such modeling advances will also depend on our
ability to convert complex subsurface architectures into realistic, yet
tractable, simulated fault networks. This step can benefit from recent
progress in mapping measurements of spatial heterogeneity into nu-
merical replicas of geophysical systems at laboratory scale (Shahin et al.,
2020). Such capabilities, however, are still hardly deployed beyond the
scale of rock cores. The extensive data streams of subsurface heteroge-
neity detailed in the previous section (section 2.1), therefore offer un-
precedented opportunities to constrain the initial conditions of the 3D
numerical models with rich, abundant, spatially heterogeneous data of
location, geometry, and intersection between different families of faults
in a fault system.

Advancement of the current standards of geomechanical modeling
based on the directions outlined in this section have future potential to
open the way for improved data-driven simulation strategies enabling
the geoscience community to examine the past and current data under a
new light, thus setting the stage to move beyond the current simplified
geometric/mechanical theories of fault activation, growth and coales-
cence which often hinder our ability to explain the complexity of nature.

6. Synthesis and future works

Despite great progress in earthquake modeling, simulations have
been largely confined to the propagation of planar surfaces. There is a
need for efficient numerical methods to address the development of
complex fracture systems representative of outcrop and seismic
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observations. Although there has been some work in modeling off fault
damage (Viesca et al., 2008; Templeton and Rice, 2008; DeDontney
et al., 2011) there remains much to be done in this area. Modeling has
been confined to inelastic behavior near the fault surface. Recent work
(Shahin et al., 2021) has shown that fully nonlinear behavior in the bulk
can precipitate the initiation and evolution of localized deformation
having features of natural faults. The role of fully non-linear behavior on
the development of fault systems is in its early stages.

We suggest that any fault mechanical model in the future should
respect the subsurface heterogeneities and fault 3D structure and length
scale. The current fault mechanical models should be revised for friction
non-uniformity, fault segments, fault shape, and displacement distri-
bution. This means revising the assumptions of planar cracks with uni-
form friction as well as the simple elliptical geometry of the fault in these
models. The revised models should address the importance of fault
segmentation, cross-fault damage zone and growth in addition to the
propagation at the fault tip. These are very important topics that need
higher resolution data from further investigation of faults at different
scales through 3D seismic studies, borehole data, outcrop studies using
drone and lidar images and in-situ measurements of fault rock proper-
ties, as well as gathering data from active faults prior, during and after
earthquakes using advanced techniques such as InSAR (e.g. Torabi et al.,
2019a, 2020; Torabi et al., 2019b; Brodsky, 2020; Michie et al., 2021;
Petricca et al., 2021; Tibaldi et al., 2021; Ybanez et al., 2021).

The challenges described earlier clearly show that integrating data
from different scales of both geometry and fault rock properties is one of
solutions (if not the only one) to unlock some of the unresolved issues of
faulting that we have presented in this paper. Such integration of fault
geometry and corresponding fault rock properties will also enable us to
fill in the remaining gaps in fault data from different scales, which would
improve the fault scaling laws.

New developments in fault imaging and fault rock property predic-
tion (e.g. elastic properties) utilizing DNN on 3D seismic and 1D well
data, respectively, would certainly improve and accelerate these studies.

6.1. A pilot study utilizing DNN

Integrating fault geometry and mechanical properties, provide a
better constraint on 3D fault structure. As the first study in this direction,
we have integrated and correlated fault geometric attributes with fault
mechanical properties (e.g. Poisson’s ratio) in order to better charac-
terize and constrain the fault structure in 3D. We suggest this could be
one of advanced methods allowing us to connect the development of
fault geometry and architecture to its mechanical growth (Fig. 3). Our
case study involves large faults on 3D seismic data from the Norwegian
North Sea. The applied approach has two steps, fault geometric mapping
followed by predicting fault rock mechanical properties, both using
supervised DNN (Torabi and Alaei, 2022). In our first attempt in this
path, we have used EarthNet (Oikonomou et al., 2019) to carry out the
two steps study of fault geometry and properties using DNN. For seismic
interpretation of faults (step 1) different DNN networks have been tested
and combined including light Unet (modified from Ronneberger et al.,
2015), efficient Unet (modified from Tan and Le, 2019), and TransUnet
(modified from Chen et al., 2021). The training data for this step are
labels of faults (versus host rock) and full stack seismic data. Application
of different DNN architectures enable us to create final fault probability
volumes using ensemble models. For the 3D property prediction of
mechanical properties (step 2 of the study) we used Unet++ network
(modified from Yang et al., 2020). The training data for this step could
be any mechanical properties at well locations derived from wireline
logs (as labels) and the same seismic data used for obtaining the ge-
ometry at the first step. The seismic data are quality controlled or QCed
angle stacks plus background low frequency model. Well tie and
upscaling using Backus averaging and window-based methods have
been performed prior to model training. Blind testing has been used to
verify the quality of the predictions away from the wells in addition to
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Fig. 3. Combined results from the two-step approach, utilizing DNN to capture
the fault geometry (fault traces probability) and fault rock property (Poisson’s
ratio). The 3D volume is Poisson’s ratio distributed around the geometry.

machine learning usual QC (monitoring loss function behavior as well as
metrics).

This two steps approach allows us to quantitatively measure the
accuracy of the predictions for both fault geometry and fault rock
properties. For fault geometry mapping, we generated fault probability
volumes out of machine learning fault prediction volumes. An example
is given in Fig. 3, where the colors representing faults correspond to
different probability. For the step 2 of the approach (seismic scale pre-
diction of fault rock properties e.g. Poisson’s ratio in Fig. 3), we
addressed the uncertainty by using ensemble approach. This enables us
to get predictions and standard deviation at each depth sample. The 3D
volumes of mechanical properties derived from our DNN approach will
be used to construct different scanlines along and across faults at
different depth levels to study the possible effect of faulting on me-
chanical properties of host rock. In addition, we will link the variations
of mechanical properties to certain stratigraphic interfaces (where faults
have displaced) by mapping the properties at those stratigraphic levels.

Using the DNN for both fault geometric and fault rock properties
prediction, we will be able to generate large amount of data from
different tectonic settings (and scale) in a very short time and eliminate
some of the uncertainties related to conventional seismic interpretation
of faults. Such a database is essential to study mechanical models gov-
erning fault growth with a data driven link to their 3D shape in order
overcome the challenges given in the introduction.

This study reveals that not only new data (e.g., 3D fault structure
characterization) would enable us to improve the theory, but also ad-
vances in fracture or fault mechanics from other domains (e.g., earth-
quake seismology) can inspire new ways of looking at the data. This is a
vision piece stressing that the times are mature to go beyond standard
theories based on simple models, but also welcoming new theories that
enable us to look at past (and current) data under a new light.
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