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Abstract. Changing stress regimes control fracture net-
work geometry and influence porosity and permeability in
carbonate reservoirs. Using outcrop data analysis and a
displacement-based linear elastic finite-element method, we
investigate the impact of stress regime change on fracture
network permeability. The model is based on fracture net-
works, specifically fracture substructures. The Latemar, pre-
dominantly affected by subsidence deformation and Alpine
compression, is taken as an outcrop analogue for an iso-
lated (Mesozoic) carbonate buildup with fracture-dominated
permeability. We apply a novel strategy involving two com-
pressive boundary loading conditions constrained by the
study area’s NW-SE and N-S stress directions. Stress-
dependent heterogeneous apertures and effective permeabil-
ity were computed in the 2D domain by (i) using the local
stress state within the fracture substructure and (ii) running a
single-phase flow analysis considering the fracture apertures
in each fracture substructure. Our results show that the im-
pact of the modelled far-field stresses at (i) subsidence defor-
mation from the NW-SE and (ii) Alpine deformation from

N-S increased the overall fracture aperture and permeability.
In each case, increasing permeability is associated with open
fractures parallel to the orientation of the loading stages and
with fracture densities. The anisotropy of permeability is in-
creased by the density and connectedness of the fracture net-
work and affected by shear dilation. The two far-field stresses
simultaneously acting within the selected fracture substruc-
ture at a different magnitude and orientation do not neces-
sarily cancel each other out in the mechanical deformation
modelling. These stresses affect the overall aperture and per-
meability distributions and the flow patterns. These effects —
potentially ignored in simpler stress-dependent permeability
— can result in significant inaccuracies in permeability esti-
mation.

1 Introduction

Naturally fractured reservoirs accommodate a significant
share of the world’s hydrocarbon resources, especially in car-
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bonates that contain 50 % to 60 % of oil and gas reserves
worldwide (Garland et al., 2012). These reservoirs also play
an essential role in transitioning to a low-carbon energy fu-
ture, especially in producing low- and high-enthalpy geother-
mal heat or sequestering CO, (McNamara et al., 2015). How-
ever, these potentials have not been fully explored, partly
because of the challenge of predicting and quantifying the
contribution of fluid flow through fractures in naturally oc-
curring complex fracture networks (Berkowitz, 2002; Narr et
al., 2006). The challenge is primarily due to the sub-seismic
heterogeneous characteristics of fractures, partially studied
from core data or image logs (Laubach, 2003), and the lack
of an understanding of the structural arrangement of the frac-
ture networks as well as their 3D distribution and geometri-
cal attributes. Given that core data or image logs (capturing
small-scale or local information around a well) lack infor-
mation on the spatial arrangement (Bourbiaux et al., 2005),
outcrop analogues are often used for explicit descriptions
of fracture distributions, including length, orientation, spac-
ing, and aperture (Agosta et al., 2010; Bonnet et al., 2001;
Hooker et al., 2013; Igbokwe et al., 2018, 2020; Wilson et
al., 2011). Integrated and detailed outcrop studies provide
constraints for understanding most fracture geometrical pa-
rameters because analogues have adequate resolution over a
varied length scale of 10~! to 10%* m, even in three dimen-
sions (Rotevatn et al., 2009; Igbokwe et al., 2020). Also, out-
crop analogues can be extrapolated to reservoir-scale fracture
models based on geomechanical relations as long as the data
are accurately captured and corrected for sampling artefacts
(Bisdom et al., 2016a; Narr et al., 2006).

In many natural reservoirs, the fractures act as the princi-
pal pathways for fluid or gas flow, particularly in low-matrix-
permeability rocks. Fracture aperture is one of the main fac-
tors controlling fracture flow, as the aperture delineates frac-
ture porosity and permeability (Bisdom et al., 2016b; Hooker
et al., 2013). Minor variations in aperture have enormous im-
plications on rock flow and transport properties (de Dreuzy
et al., 2002; Matthii, 2003; Matthdi and Belayneh, 2004),
and obtaining a realistic aperture prediction from outcrop-
ping geometries is challenging. At depth, in situ stresses
partly control the aperture, which influences permeability by
either increasing or decreasing their order of magnitude (Lei
et al., 2015, 2017; Zoback, 2007), but pressure relief during
exhumation and meteoric diagenesis (specifically rainwater)
may leach and even dissolve cement-occluded fractures and
change the aperture. Thus, the outcropping aperture cannot
be considered representative, except when these apertures are
generated from veins that have not been reactivated during
exhumation (e.g. Hooker et al., 2013, 2014). That said, pre-
served veins covering a large outcrop scale equivalent to a
reservoir scale are rarely found in nature.

As an alternative, fracture aperture is modelled as a func-
tion of stress (shear-stress-induced dilations) using hydrome-
chanical coupling based on linear elastic fracture mechan-
ics (Bisdom et al., 2017; Lei et al., 2015; Min et al., 2004).
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These models require the local stress state, typically derived
from finite-element (FE) models with explicit fracture repre-
sentations (Bisdom et al., 2016a; Lei et al., 2017). The local
state of stress can change the hydraulic properties and fluid
pressure and vice versa in a rock domain. For stress-induced
changes in hydraulic properties, permeability can be several
orders of magnitude greater and irreversible under perturba-
tions resulting from various natural activities. These natural
activities can cause stress redistribution, such as in geother-
mal energy as well as oil and gas operations, where injec-
tions and extractions of fluids demand significant change in
effective stresses in the subsurface (e.g. Chen and Lawrence,
2001; Min et al., 2004). Thus, investigating the impact of
stress change on permeability becomes fundamental in un-
derstanding reservoirs’ overall aperture distribution and flow
pattern.

The effect of stress on the permeability of fractured rocks
has been widely investigated using synthetic fracture net-
works and 2D fracture network models. For example, differ-
ential stress considerably impacted the magnitude and direc-
tion of rock mass permeability when the stress effects on the
2D permeability tensor of three sampled natural fracture net-
works were analysed (Zhang and Sanderson, 1996). Min et
al. (2004) observed significant stress-induced flow enhance-
ment along with connected shear fractures in a study of the
stress dependency of rock mass permeability with the ef-
fects of nonlinear joint normal deformation and shear dila-
tion. While Bisdom et al. (2016a) investigated the influence
of in situ stress on the permeability of an outcrop-based frac-
ture system, Lei et al. (2014) analysed the stress effect on
the validity of synthetic fracture networks for representing a
naturally fractured rock in terms of geomechanical and hy-
draulic properties.

These previous studies mainly considered the tectonic
stress perturbation based on a single stress regime that scru-
tinizes the magnitude and orientation of principal stresses on
a rock body differently. However, past studies did not nec-
essarily consider the different tectonic episodes that build up
different stress regimes and which may change in geolog-
ical time. In nature, the stress in a rock body can exist in
two forms: (i) the far-field stress impacting the rock from
outside the body and (ii) the local state of stress domiciled
inside the rock body. The far-field stress is of tectonic ori-
gin or related to lateral pressure changes affected by the lat-
eral thickness and density variations (Pascal and Cloetingh,
2009). At the same time, the local state of stress is character-
ized by rotations and changes in principal stress orientations,
magnitude, and other forces acting on the rock body. The lo-
cal state of stress changes is linked to the impact of far-field
stresses and the geometry, distribution, and density of frac-
ture network characteristics. Therefore, investigating stress
perturbation and its effects on the permeability of rock bodies
needs a comprehensive approach that will capture the impact
of the magnitude and orientation of the far-field stresses and
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the associated changes in the local state of stress in different
tectonic episodes.

The difficulty primarily represents (i) the stress regime
changes over time, (ii) the complex fracture system geome-
try having various orientations and lengths, and (iii) the com-
plex mechanical deformation mechanism influencing the in-
teractions between individual fractures in an FE mechanical
model. Until now, a focused study dealing with the superpo-
sition of different magnitudes and directions of the far-field
stresses, representing the major geological tectonic episodes
in a given area in several FE mechanical models, has been
hampered. In complex fractured rock, the interactions be-
tween the rock matrix and fractures present the primary chal-
lenge for FE in solving the hydromechanical coupling prob-
lem. The fractured rocks are generally assumed to be a con-
tinuum medium with dual porosity and permeability, while
the real geometry and hydro-properties cannot be described
accurately (Hoteit and Firooazbadi, 2006; Ren et al., 2017).
This is in addition to the complicated mathematical calcula-
tion. As such, the overall impact of stress regime change on
permeability remains poorly understood.

In this study, we investigate the influence of the superpo-
sition of two orthogonal far-field stresses derived from sig-
nificant tectonic episodes on the permeability of carbonate
rocks with different fracture distributions. The natural frac-
ture geometry was utilized with multiple fracture sets and
intersections from an outcrop analogue at the Latemar car-
bonate buildup. The two major tectonic events at Latemar
are associated with subsidence-related deformation in Late
Triassic and Early Jurassic times, shortly after the fractures
were formed, and later Alpine compression during the Neo-
gene. Although new fractures may have formed during these
tectonic episodes, we assumed that new fractures did not
form and/or grow in the model used in this study. Instead,
already developed fractures were either opened or closed
during these tectonic events. This enables us to study stress
regime change effects on permeability, focusing on those is-
sues related to the complexity of multiple fractures. The de-
velopment of the Latemar fractures and their driving factors,
including their geometries, connectivities, and crosscutting
relationships, is beyond this paper’s scope and has been dis-
cussed in detail in Igbokwe et al. (2022). We aim to draw
general conclusions about the impact of stress regime change
on permeability in complex fractured systems, which repre-
sent an analogue of subsurface reservoirs.

The main objectives of this paper are to (i) analyse the
selected fracture network characteristics of the study area,
(ii) evaluate the impact of stress regime change consider-
ing the overall tectonic episodes, (iii) compute the stress-
induced fracture aperture in a FE model, and (iv) evaluate
the changes in the effective permeability and permeability
anisotropy. The implications of the central assumptions and
the impact of the changing stress orientation and magnitude
on effective permeability are discussed.
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2 Geological background and study area

The Latemar carbonate buildup is one of the pre-volcanic
Middle Triassic isolated carbonate platforms (Goldhammer
and Harris, 1989; Preto et al., 2011) located in the south-
western part of the Dolomite mountain belt (northern Italy;
Fig. 1) and neighboured by the Catinaccio and the Agnello
platforms in the north and south, respectively (Fig. 1a). The
outcrops of the Latemar are built predominantly by the Scil-
iar (Schlern) Formation (Fig. 1b), underlying the Contrin
Formation, which is a regionally important carbonate bank
in the Dolomite mountain belt (Gaetani et al., 1981; Jacque-
myn et al., 2014). Between the late Anisian and late La-
dinian (Middle Triassic), the Latemar buildup formed on
topographic highs. Their buildups were separated by basi-
nal areas where siliceous basinal carbonates were deposited
(Fig. 1; Bosellini, 1984).

The Latemar has a maximum altitude of 2850 m, with high
peaks exposing the platform margin, the slope, and the inte-
rior (Fig. 1c and d). While the preserved portions of the plat-
form margin consist of reefal boundstones, microbial crust,
and marine cement facies, the slope is characterized by mas-
sive breccia flows, including coarse and matrix-poor mate-
rials derived from the platform margin or platform interior
(Egenhoff et al., 1999; Emmerich et al., 2005; Goldham-
mer and Harris, 1989; Harris, 1994; Marangon et al., 2011).
The platform interior is arranged in decimetre- to metre-scale
shallowing-upward cycles (Christ et al., 2012; Goldhammer
et al., 1990), consisting of up to 750 m successions of sub-
tidal and peritidal carbonate lagoonal deposits. The Latemar
buildup was partly dolomitized due to fluid mobilization trig-
gered by the Predazzo Volcanic—Plutonic Complex in the
Middle Triassic. A recent review on the dolomitization and
diagenesis of the Latemar buildup is given by Mueller et
al. (2022).

The considered outcrop in the presented study area is a
large, fractured pavement in the platform interior (Fig. lc
and d). The studied pavement (ca. 7.5 x 10? m?) consists of
limestone and dolostone rock bodies, showing a gentle dip of
less than 5° towards the north. Most structural features ob-
served on the fractured pavements are fractures, veins, and
stylolites, some of which are weathered.

Tectonic setting

The Latemar forms part of the southern Alps, part of the
Mesozoic Adriatic plate, predominantly thrusting southward
during the Alpine collision (e.g. Boro et al., 2013; Doglioni,
1988). Deposition in the Latemar began on a structural high
(horst) generated by extensional tectonics, breaking up the
widespread regional carbonate bank (Contrin Fm.). Subse-
quently, subsidence deformation and extensional synsedi-
mentary tectonics controlled the geometry of the buildup,
leading to faulting. Several fractures and/or faults crosscut
the Latemar buildup, formed in conjugate pairs, and are re-
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Figure 1. (a) Overview of the Latemar and the neighbouring Ladinian carbonate buildups (or platforms) and upper Ladinian intrusions of
the Dolomites (modified after Jacquemyn et al., 2014, 2015). (b) Simplified stratigraphic chart of the Dolomite Mountains, modified after
Jacquemyn et al. (2014). (¢) Drone image showing the general overview of the horseshoe shape of the Latemar buildups. The geometry
and topology of the outcrops pointed out with arrows have been presented in Igbokwe et al. (2022). (d, e) Drone images acquired from the
outcrop pavement at the platform interior. The red arrows show images of a person 2 m tall.

lated to deformation induced by Middle Triassic subsidence.
Preto et al. (2011) documented the ENE-WSW and WNW-
ESE faults linked to the Triassic trans-tensional regime as
the oldest fault direction in the Latemar. The outcome is
a buildup with a horseshoe shape and intraplatform basins
(Fig. 1a and c; Preto et al., 2011). Dextral strike-slip reac-
tivation, observed along magmatic dikes, reflects Neogene
Alpine compressional tectonics in the Latemar.
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Before the Neogene compressional tectonics, a regional
magmatic—tectonic event in the late Ladininan to early Car-
nian triggered intense magmatic activity. These generated the
intrusion of the Predazzo Volcanic—Plutonic Complex and
Mt. Monzoni, which are associated with temporarily halt-
ing carbonate deposition at Latemar (Bellieni et al., 2010;
Bosellini, 1984; Bosellini et al., 2003).
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In the Latemar buildup, two principal far-field stresses
affected the carbonate deposits, representing the two main
phases of deformation, namely NW-SSE (Middle Triassic
extensional or subsidence tectonics) and N-S (Alpine com-
pressional tectonics) (Boro et al., 2013; Hardebol et al., 2015;
Jacquemyn et al., 2015; Preto et al., 2011).

3 Data and methods

The methods applied in this study include a three-phase
workflow: (i) fieldwork, including drone image acquisi-
tion and outcrop interpretation and digitization (Fig. 2a);
(i1) meshing and geomechanical finite-element aperture mod-
elling and calculations (Fig. 2b); and (iii) fluid flow mod-
elling and effective permeability calculations for uncoupled
hydromechanical conditions (Fig. 2c).

3.1 Field data and fracture network geometry

Field investigations of Latemar outcrops show widespread
brittle deformation features with low-strain barren fractures
and veins predominantly with subvertical dip as the dom-
inant structure. These features, including bedding-parallel
and bedding-perpendicular (tectonic) stylolites, were pho-
tographed, mapped, and structurally characterized within the
exposed outcrop stations and, in general, are displayed as
mode I and conjugate hybrid fractures.

By considering the prominent subvertical outcrops ex-
posed at the base of the Latemar (in the Valsorda valley;
Fig. 3) and subhorizontal (pavement) outcrops at the flat-
topped Latemar buildup (Fig. 4), the arrangement orienta-
tions and the stress fields during the development of the frac-
tures are documented. The stress state, constraining the de-
formation, is reconstructed from the fault-slip data, including
the strike and dip of the fault plane, the orientation of the slip
line, and the shear sense on the fault plane. This reconstruc-
tion is based on the assumption that the remote stress tensor
is spatially uniform for the rock mass containing the faults
and temporally constant over the history of faulting in the
given region. The slip on each fault surface has the same di-
rection and sense as the maximum shear stress resolved on
that surface (Bott, 1959; Kaven et al., 2011). The inversion
of these fault-slip data gives the principal stress axis parame-
ters, o1 (maximum compression), o7 (intermediate compres-
sion), and o3 (minimum compression; Delvaux and Sperner,
2003).

In the Valsorda valley (Fig. 3), carbonate outcrops are af-
fected by minor reverse conjugate faults dipping at a low an-
gle (< 30°) to bedding. These conjugate reverse faults strike
between ca. 238° WSW-ENE and 250° SW-NE, accommo-
dating low-angle SSE- and ENE-dipping fractures with a
horizontal intersection. Their kinematic indicators and move-
ments point to dip-slip motion. Besides the conjugate re-
verse fault, bedding-parallel and bedding-perpendicular sty-
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lolites were observed. The bedding-perpendicular stylolites
are oriented primarily at ca. 230 to 250° NE-SW to ENE-
WSW and strike perpendicular to the maximum subhorizon-
tal stress. These stylolites, coupled with the orientation of
low-angle conjugate reverse faults, determined an approxi-
mate NNW-SSE-trending subhorizontal o stress (Fig. 3).
Overall, the structural configurations documented in the Val-
sorda valley constrain the orientation of the principal stresses
into subhorizontal o1 (NNW-SSE) and o7, as well as subver-
tical o3.

On the other side, at the flat-topped Latemar, on the sub-
horizontal (pavement) outcrops, fractures also form conju-
gate patterns and, in most cases, exhibit dextral and sinis-
tral displacements (Fig. 4). These fractures documented from
the field and drone images highlight the NNW-SSE, NE-
SW, and ENE-WSW orientations as the dominant frac-
ture set and record an approximately NE-SW compression
(Figs. 4 and 5b). The measured bedding-perpendicular stylo-
lites show the primary orientation of WNW-ESE and strike
perpendicular to the bisection planes of the observed conju-
gate systems (Fig. 4a and c). These bedding-perpendicular
stylolites are treated as compressional stress field indicators,
striking perpendicular to the maximum stress.

Lastly, three deformation phases with subhorizontal
o striking in different orientations were observed and doc-
umented in this field area: the reverse fault and strike-slip
stress regimes with subhorizontal o striking approximately
NW-SE to NNW-SSE and NE-SW, respectively (Figs. 3
through 5), and a later compressive deformation stage with
a stress regime showing N-S subhorizontal o. These stress
regimes and orientations correlate well with the far-field sub-
horizontal o7 observed for the Latemar mountains during
the Middle to Late Triassic and Neogene times, representing
the subsidence and Alpine deformation stages, respectively
(Boro et al., 2013, 2014; Hardebol et al., 2015; Igbokwe
et al., 2022). The orientations of these stress regimes, ap-
proximately NW-SE and N-S, were applied as the boundary
loading directions defined in the modelling work presented
here. The magnitudes of these stress regimes were assumed
(i.e. idealistic; see Sect. 3.4 for the rationale) to describe the
impact of stress on the permeability of the carbonate rocks.
Also, during the modelling, we assumed that fractures did
not grow, no new fractures were formed, and all fractures,
including stylolites, could be re-used as fluid flow conduits.
The observations in Figs. 3¢ and 4 show reactivated stylo-
lites, which acted as a fluid flow conduit. We refer the reader
to Igbokwe et al. (2022), another paper as part of this project,
where fractures and the stylolites were analysed for their ge-
ometry, kinematics, and topology to delineate crosscutting
relationships and the accompanying stress directions at the
Latemar Carbonate Platform (northern Italy).

Solid Earth, 15, 763-787, 2024
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Figure 2. Workflow for obtaining flow-base effective permeability using acquired drone images from outcropping fracture networks.
(a) Drone imagery, photogrammetry (Phase 1.1), and (Phase 1.2) fracture interpretation and digitization (the illustration shown is a frac-
ture substructure — FSS — with ~ 2 x 2 m dimension). (b) Simplifying and converting the interpreted fracture network geometry to element
geometry (Phase 2.1) and then meshing, (Phase 2.2) local stress modelling, (Phase 2.21) loading and boundary conditions, and (Phase 2.3)
geomechanical finite-element fracture aperture modelling and calculations. (c¢) Fluid flow modelling, considering “uncoupled” conditions

(Phase 3.1) and (Phase 3.2) effective permeability calculations.

Outcrop acquisition and digitization

Fracture network patterns were acquired from the out-
cropping carbonate rocks, focussing on the subhorizon-
tal pavements of the flat-topped Latemar interior (Figs. 4
and 5a). The acquired images were processed using Agisoft
Metashape® and converted into georeferenced digital out-
crop models using photogrammetry.

The observed fractures were interpreted and digitized us-
ing ArcGIS 10.5™ software, where fractures were traced
and digitized with a polyline interpretation tool. Structural
data such as length, orientation, and spacing were computed
for each polyline. The high quality of the drone images al-
lows interpretation of thousands of potential fractures. Over
2000 fractures were documented, albeit with limited sam-
pling and truncation artefacts.

Within the 2D digitized fracture network of the subhori-
zontal outcrop, five representative fracture network areas, re-
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ferred to as fracture substructures (or samples; FSSs), were
selected and used to model stress heterogeneity and perme-
ability. The dimensions of the individual FSSs are approxi-
mately 2 x2 m. For each FSS, the fracture length distributions
and frequencies were fetched from the digitized fractures
and plotted in a histogram chart. The FSS areas are located
in the same structural domain but display fracture networks
with different spatial distributions. Further, fracture networks
were commonly subvertical, splaying, curving, intersecting,
and tipping adjacent to other fractures. Locally, the fractures
are orthogonal and/or in a conjugate pattern with a small con-
jugate angle.

3.2 Deformation of the fractured rock

In the following, the equilibrium equation for modelling the
deformation of the rock matrix and fractures is presented as
follows:

https://doi.org/10.5194/se-15-763-2024
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Figure 3. Subvertical outcrops exposed at the base of the Latemar. Panels (a), (b), and (c¢) show a reverse conjugate fault with low-angle
SSE- and ENE-dipping fractures and a horizontal intersection. In addition, panel (c2) shows reactivated stylolites, which acted as a fluid
flow conduit. The stereoplots show bedding-perpendicular stylolites and o striking approximately WSW-ENE and NW-SE to NNW-SSE,

respectively.

Dolostone™
pavement

L1
e A

Dolostone
pavement

ZEF7S Conjugate System (CS2)
Conductive tectonic stylolites = Fractures/veins 1
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Figure 4. Subhorizontal (pavement) outcrop exposed at the flat-topped Latemar. Panels (a) and (b) show high-resolution 2D outcrop or-
thorectified photographs and digitized (interpreted) fracture maps showing reactivated stylolites, which acted as a fluid flow conduit. (¢) The

stereoplots show o striking approximately NW-SE to NNW-SSE.

Vo +b=0, ey

where o is the stress tensor and b is the body force vector.
In the 2D computational domain, the rock matrix is dis-
cretized with unstructured triangular elements. Using the lin-
ear elastic model, the deformation of the rock matrix is cal-
culated. To capture the variation of the separation and slip of

https://doi.org/10.5194/se-15-763-2024

the fracture, a zero-thickness interface element is introduced
to represent the displacement gap on the fracture (Fig. 6a).

Taking into account the closure and frictional behaviour
of fractures, the contact condition is imposed on the fracture
surfaces by satisfying the standard Karush—Kuhn-Tucker
condition in the normal direction (Oliver et al., 2008) as fol-
lows:

Solid Earth, 15, 763-787, 2024
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— NNW-SSE 1.8m 0.4m 0.8 m 0.3m 0.6 m
— NE-SW 0.5m 1.5m 0.4m 0.7 m 0.5m
—ENE-WSW 0.8m 0.4m 0.4m 03m 0.4m

Figure 5. Original outcrop model with interpreted fractures, from which the five FSSs were extracted. (a) High-resolution 2D outcrop
orthorectified photograph. (b) Digitized subhorizontal (pavement) in the Latemar with the position of the five outcrop windows, including
the stereoplot of more than 2000 fracture orientations. (¢) The five fracture models. (d) Length distribution of the five fracture models.
(e) Fracture geometry, including density and spacing values of the five outcrop models.

o { 0 [[n]] = 0
N7 Kallundl [lunl] <0,

where tﬁ, is the normal closure traction and [[u,,]] is the sep-
arated normal displacement of two nodes of the interface el-
ement, which could also be regarded as the aperture of the
fracture.

When the fracture is in a closure condition and sufficient
loading is acting in the tangential direction, the fracture may
slip. The slip and stick conditions of the fracture are deter-

@
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mined based on the classical Coulomb friction law (Oliver et
al., 2008):

=0
<0

slipping
sticking,

f=Ht£H—|u~r§|{ ©)
where t% is the tangential frictional traction and w is the
Coulomb friction coefficient.

Here, fractures are regarded as frictionless with the fric-
tional coefficient equal to zero (Wei and De Bremaecker,
1995). f < 0 implies that a stick situation governs the rel-
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Figure 6. (a) Representation of a fractured rock using triangle elements and embedded zero-thickness interface elements in the solid model.
(b) Calculation model of the effective permeability. Note: P! and p? represent fluid pressure, whereas ¢ is the fluid flow rate.

ative displacement between two contacting bodies and a slip
situation between the two bodies in contact where the shear
stress is restricted to the value satisfying f = 0. The slip cri-
terion dictates the dependency of the contact shear force on
the contact normal force when the slip condition is satisfied.

3.3 Effective permeability of the fractured rock

The effective permeability ks for a fractured rock was es-
timated by conducting a single-phase flow simulation in
two perpendicular directions using a computational homog-
enization (Leonhart et al., 2017) for an unperturbed and a
perturbed fracture state in uncoupled hydromechanics pro-
cesses. The permeability tensors of the deformed carbonates
were obtained as

4
= Zq @

P! and p? are fluid pressure (P! # P?). q is the fluid flow rate
through the fractured rock. m is the number of Gauss points.
L is the length of the domain of the numerical model. The
dynamic viscosity is i = 1 x 107" MPas~!. When the pres-
sures p! and P are applied at the left and right boundaries
and zero fluid flow conditions (g = 0) are applied at the top
and bottom boundaries, the ke in the x direction (Fig. 6b)

keff =
P

https://doi.org/10.5194/se-15-763-2024

is expressed as ky, and the ke in the y direction as kyy. In
contrast, when p' and p? are applied at the top and bottom
boundaries and zero fluid flow conditions (g = 0) are applied
at the left and right boundaries, kefr in the y direction is con-
sidered to be kyy.

The fluid flow is assumed to be in a steady-state condition
for calculating the effective permeability. The flow in frac-
tures and the rock matrix are both considered. To simulate
and model the fluid flow, the unified pipe-interface-element
model proposed by Yan et al. (2021) and Yan and Yu (2022)
and Darcy’s law were employed (Fig. 7), respectively. For
a steady saturated incompressible fluid flow, the mass con-
servation equation in each node is expressed as (Ren et al.,
2017)

Ni
Z Kn,-Apni =ds;- (5)

ni=1

Here, the subscript N; denotes the number of pipes connect-
ing to the node.

gs; is the source term of the node i, and K is the con-
ductance coefficient of the pipe. The detailed derivation of
the conductance coefficient for fracture pipe and rock matrix
pipe can be found in Yan et al. (2020).

Solid Earth, 15, 763-787, 2024
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Figure 7. (a) Scheme of matrix pipes for fluid flow; 2D computational model discretized with three-node triangular elements and six-node
interface elements (points a—e are node nomenclature). (b) Pipe equivalence of rock matrix and fracture.

For the fracture with an aperture [[u,]], the conductance
coefficient K, jy could be calculated as

D [[un ]l

Kipii,j) = 2ul;’ (6

where /;; is the length of the fracture segments.

As shown in Fig. 7a and b, each line between two nodes
represents a pipe approximating the fluid flow through the
rock matrix. The circumcentre of the triangle is used to derive
the parameters of pipes forming a triangular mesh. The line
linking the circumcentre and the mid-point of each edge is
perpendicular to the edge, and these perpendicular bisectors
divide the triangle into three parts. The matrix pipe ij rep-
resents the fluid transfer between domain 0 —c —i —a and
domain 0 —a — j — b through their common face oa, and its
flow rate is denoted as g,,. By making the flow rate ¢;; in
pipe mp(i, j) equivalent to the flow rate in the matrix qoq,
the conductance coefficient Ky (;, j) could be calculated as

2D Loakm

Koo = 1o )

We have adopted the matrix permeability value of 2 x
10~ m? in Whitaker et al. (2014) drawn from the forward-

Solid Earth, 15, 763-787, 2024

coupled modelling of the sedimentary and diagenetic evo-
lution in the Latemar carbonate buildup. We acknowledge
that in some places, due to diverse (diagenetic) alterations
(dissolution/precipitation), the matrix permeability of differ-
ent lithologies of carbonate rocks can be very high, reach-
ing up to 5D, as noted in the simulated permeability val-
ues in some carbonate lithologies in Latemar (Whitaker et
al., 2014). Also, previous studies in Latemar recorded ma-
trix permeability in the Latemar margin and interior of the
order of 1-30 mD for low-permeability end-members and up
to 300 mD for high-permeability members (Whitaker et al.,
2014; Hardebol et al., 2015). But, because carbonate rocks, in
general, have very low matrix permeability with average val-
ues ranging from 1 to 4 x 10~ 15 m? (Hardebol et al., 2015),
we have constrained our values to 2 mD, which is only an
indicative approximation, meaning that changing the matrix
permeability value will impact the final result. However, such
a sensitivity analysis is beyond the scope of this study.

3.4 Boundary conditions
The boundary conditions are defined by two stages of far-

field subhorizontal o; (stress) loading scenarios (Fig. 8) as-
sumed to have acted on the studied carbonates forming the

https://doi.org/10.5194/se-15-763-2024



0. A. Igbokwe et al.: Impact of stress regime change on the permeability of fractured Latemar carbonate buildup 773

a] b |

N a 81

[c]

Quasi-static loading senarios ***

Load vs PseudoTime Step (PTS)
180

f
160
/

160 MPa

7

140
120
100
80
Sp—- -5, &0 - <
40 S <
20
a
00 05 04 06 08 10 1.2 14 16 18 20 22
Pseudo Time Step (PTS; seconds)

Load (MPa)

50 MPa

Yl

50 MPa \
Sk

160 MPa

Su

—— Loading during subsidence stage (NW-SE)
Loading during Alpine compression (N-S)

*%% Spy Maximum horizontal stress
S}, Minimum horizontal stress = 0

Figure 8. Quasi-static loading scenarios of the two tectonic stresses. (a) The first stage loading reflects the subsidence deformation stress
from the NW-SE direction and has a maximum load of 50 MPa. (b) The second stage loading, representing the Alpine deformation stress
from the N-S direction, is applied (added), while the loading of 50 MPa is maintained until a maximum of 160 MPa is reached. (c¢) The plot
of loads increased in discrete pseudo-time steps (PTSs). The first stage loading of 50 MPa corresponds to line a—b—c (blue curve), whereas
the second stage loading of 160 MPa corresponds to line d—e—f (orange curve). The grey bar indicates that some stresses during the first
loading were still active and became more significant during the second loading scenario.

Latemar buildup during the subsidence-related and Alpine
deformation stages. These tectonic episodes are constrained
to the NW-SE and N-S shortening (compressive) directions,
which is parallel to the current-day stress orientation that has
been estimated from seismic and active fault data in Italy
and the central Mediterranean (Pierdominic and Heidbach,
2012; Heidbach et al., 2018). The applied differential stresses
are set at 50 MPa (Sg = 50MPa, §; = 0MPa; maximum
magnitude) for the subsidence-related deformation stage in
the NW-SE direction and 160 MPa (Sg = 160 MPa, S, =
0 MPa; maximum magnitude) for the Alpine deformation
stage in the N-S direction. These values are close in range to
the magnitude values for modelling compressive settings in
carbonate platforms within similar geodynamic settings (e.g.
Boresma et al. 2019). Further, we implement Poisson’s ra-
tio (v) of 0.30 and Young’s modulus (E) of 25 GPa (see Ta-
ble 1 for detailed parameters). These values are achievable
for carbonate rocks under subsurface conditions (Bertotti et
al., 2017). It should be noted that the influence of the over-
burden stresses was not taken into account, as the numerical
modelling is in 2D, thus limiting the ability to consider the
impact of lateral expansion on the fracture domain. In addi-
tion, the applied current-day stress orientation could be dif-
ferent to the palaeostress field during the formation of most
parts of the Latemar platform. Therefore, we acknowledge
that changing the applied stress directions and magnitudes
will alter the modelled apertures and the final calculation
of the effective permeability. Nevertheless, such a sensitiv-
ity analysis is outside the purview of this study.

https://doi.org/10.5194/se-15-763-2024

Table 1. Essential model parameters applied for stress calculations.
Adapted from Bertotti et al. (2017).

Average data  Data range
Surface tension (J m_z) Y 0.27 0.27
Young’s modulus (GPa) E 25 15-45
Poisson’s ratio v 0.30 0.25-0.30
Rock density (kg m~3) P 2200  2000-2700
Tectonic stress (MPa) 10 0-35
Frictional coefficient 0 0

KRATOS, open-source multi-physic finite-element soft-
ware (Dadvand et al., 2013), was used to conduct the 2D lin-
ear elastic mechanical modelling by applying loads and/or
displacement boundary conditions to the models (Fig. 2b;
Phase 2.2). Due to the highly nonlinear behaviour of the frac-
ture model, a linear elastic 2D plane-strain constitutive model
was used for the rock matrix to keep simplicity in the simula-
tion. A 2D plane-strain linear elastic isotropic matrix was as-
sumed and used to treat all modelled fracture planes equally,
especially on the z axis.

The stress distributions were analysed using triangular and
interface elements corresponding to the rock matrix and frac-
tures. The effects of the far-field stresses on the overall model
and the relative displacement of the deformed and unde-
formed element geometries were stimulated. Given that all
the representative FSSs are subhorizontal, the origin of the
x and y axis is placed at the plane’s centre. In other words,

Solid Earth, 15, 763-787, 2024
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the centre of the FSS is to be fixed in both the x and the y axis
so that translation and rotation are prevented. The loads are
applied on the outer boundaries of FSS, as shown in Figs. 2
and 8.

The loading of the first tectonic episode, subsidence defor-
mation, represented as first-stage loading, was applied from
the NW-SE direction. This loading was increased in load
steps, representing pseudo-time steps (PTSs), analogues to
quasi-static loading, until a maximum magnitude of 50 MPa
was reached at PTS 1 (Fig. 8a and c). After that, the load-
ing of the second tectonic stage, Alpine compression, known
as second-stage loading, was added (or applied) from the N—
S direction, while the compressive loading corresponding to
the first stage was active and/or maintained at 50 MPa. Anal-
ogous to stage 1 loading, the load values were increased in
loading steps until a maximum value of 160 MPa in PTS 2
was attained (Figs. 2b and 8; Phase 2.2.1). Lines a—b—c (blue
curve) and d—e—f (orange curve) depict these loading stages,
and the grey bar in the graph of the load (MPa) in pseudo-
time steps (Fig. 8c) represents the transition zone between
the two loading scenarios. These applied boundary loadings
are analogous to in situ stresses.

The essential model parameters are listed in Table 1. The
modelled local state stresses and slips were used to calculate
the local stress-induced aperture and their distributions, even
as individual fractures open differently.

4 Numerical results

Figure 2 depicts the workflow used to model the aperture and
permeability distributions through an outcropping network
of fractures. Extracting five selected outcrops (e.g. FSS 1-
FSS 5) from the fractured pavement, the outcrop models de-
veloped demonstrate in more detail the impact of the me-
chanical deformation (loading), change in stress regimes, and
fracture geometry on modelled aperture and effective perme-
ability. In addition, the flow anisotropy function is evaluated
in response to the loading scenarios and orientation.

Figure 5b shows embedded five representative FSSs, each
containing sufficient fracture heterogeneities to provide a
representative value for properties such as fracture densities,
spacing, and connectivity. Geometrical analysis of the out-
crops indicates a varied average fracture length and density
among the FSSs. For example, the average length of the se-
lected FSS ranged from 0.5 to 3.5 m, whereas fracture den-
sity (P2) was comparable in FSS 1, FSS 2, and FSS 3 (10.5,
21, 13.3 m_z) but dissimilar in FSS 4 and FSS 5 (62.3 and
42.5m~2; Fig. 5d, and e). The average fracture spacing (in
each FSS) for each fracture orientation ranges between 0.7,
0.72, and 0.4 m for NNW-SSE, NE-SW, and ENE-WSW,
respectively (Fig. Se). The dihedral angles between the dif-
ferent fracture orientations measure between 18 and 60°.

Solid Earth, 15, 763-787, 2024

4.1 Stress orientation effects and aperture distributions

The local distributions of stresses and the computed aper-
ture distributions from the local state of stress are presented.
The effects of changing stress regimes, from NW-SE- and
N-S-directed stress cases, for each FSS domain are shown in
Fig. 9, demonstrating the distributions of von Mises stress in
all the FSSs due to applied loading conditions. At the onset
of the subsidence stage, a uniform distribution of the local
stress state at PTS 0.01 is observed. This uniform distribu-
tion of local stress increases gradually in discrete steps until
PTS 1 is reached. At PTS 2 (Alpine deformation stage), the
increasing loading in the N-S direction shows the dispersion
of the uniform stress distribution with noticeable fluctuations
in magnitudes, pointing to the varied change in the local state
of stress caused by the heterogeneity of fractures (Fig. 9).

Figure 10 depicts the displacement magnitude distribu-
tion in each FSS when the loading conditions are at PTS 2.
The observations in Figs. 9 and 10 show how changes in
the magnitude of subhorizontal far-field stresses cause varied
deformation and/or influence the individual fractured rock
domain, the FSS. These changes, particularly in Fig. 10,
are, however, quantified for each FSS, ranging from 0-
0.012m (FSS 1), 0-0.079 m (FSS 2), 0-0.080m (FSS 3),
0-0.034m (FSS 4), and 0-0.015m (FSS 5). It is observed
that the total displacement magnitude in the model increases
with increased fracture density and connectivity. For exam-
ple, FSS 2 and FSS 3 show a slight increase in the displace-
ment magnitude due to increased fracture density and inter-
section (Figs. 5e and 10).

Depending on the magnitude and orientation of the loading
scenarios, fractures open, close, and/or shear. The fracture
openings (apertures) are constrained in varied sizes, varying
between 2 and 60 mm, and their overall distributions against
the number of fractures are shown in Fig. 11a. For each FSS,
the numbers of fractures are plotted against their aperture
values. These plots show distinct heterogeneous apertures of
variable sizes within each FSS (Fig. 11a). Quantifying the
changes in aperture as a function of increasing stress and
changing stress orientations for each FSS, Fig. 11b shows
the general trend of an average aperture, which is chang-
ing with the changing loading condition, inside each FSS.
For instance, in each FSS, a rapid increase in aperture value
was observed as the first loading in the NW-SE direction in-
creased, and this value peaked at PTS 1 (at 50 MPa). The
trend of aperture values changes at the second loading stage
in the N-S direction. For example, in this case, FSS 1, 4,
and 5, the aperture values initially decrease rapidly until
PTS 1.3 is reached. After that, aperture trends remained con-
stant for FSS 4 and 5, whereas FSS 1, 2, and 3 aperture values
gradually increased until reaching their peak values at PTS 2
(160 MPa; Fig. 11b).
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Figure 9. Von Mises stress distribution (Pa) in the fractured rock domain (FSS 1 through FSS 5) under different loading conditions and
orientations at pseudo-time steps (0.01, 1.0, and 2.0). Note that the deformation scale is x 10. The stress colour spectra are the same for all

figures.
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Figure 10. Distribution of actual displacement magnitude under the two tectonic stress conditions for FSS 1 through FSS 5 when the pseudo-
time step is 2. Units are in metres, and deformations are slightly magnified. Notice the varied displacements across the FSSs.

4.2 Effective permeability as a function of loading

The effective permeability in each FSS is presented as a
function of the NW-SE and N-S loading scenarios. Fracture
apertures mechanically generated were applied to the finite-
element models, and by running the single-phase flow sim-
ulations, the effective permeabilities for each loading condi-
tion (stress orientation) were obtained. For a 2 x 10~ m?

Solid Earth, 15, 763-787, 2024

matrix permeability, the flow is calculated based on the frac-
ture densities and orientations in all the FSSs. The flow paths
are linked to the areas where there is a high number of
fractures. Figure 12 shows a nearly homogenous long-term
steady-state fluid pressure distribution and gradients over the
fractured rock domain (FSS) at the quasi-static loading at
PTS 2 in the x and y directions. This result points to the
steady-state condition of the pressure field, serving as the
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Figure 11. (a) Distribution of fracture aperture under the two horizontal stress orientations. (b) The relationship between aperture and
mechanical loading conditions. Note that the time is analogous to quasi-static loading conditions.

base from which the effective permeabilities of all the se-
lected FSSs were computed.

In addition, using the parameters in Table 1 and consid-
ering the initial fracture aperture to be zero, Fig. 13 shows
the computed effective permeabilities in both x and y direc-
tions (the red curve is ky, and the black curve is kyy). Also,
the components of the permeability tensor for each loading
condition are shown in Table 2.

The results from the first loading stage (PTS 1, represent-
ing the subsidence deformation stage from the NW-SE di-
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rection) show a gradual increase in permeability beyond the
matrix permeability within each FSS (Fig. 13). The increased
permeability values correspond to increased aperture values
in Fig. 11b, pointing to the initial opening of most fractures
parallel to the NW-SE direction. On the other side, for the
second loading stage (PTS 2), for which the loading is ap-
plied from the N-S while the first loading stage is active,
the permeability values are seen to increase to varying de-
grees. While the close fractures have reduced aperture and
permeability values, opened fractures exhibit increased per-
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Figure 12. Contours of the fluid pressure gradient (Pa), obtained for a fluid pore pressure p at time step 2 (see Fig. 9 for the loading

conditions), in the x and y directions. The matrix permeability is given as 2.00 x 10-5m

Table 2. Effective permeabilities, including the permeability tensor
obtained in different loading scenarios.

Effective permeability (Kegr)
K x 10715 (m?)
Matrix permeability = 2.00

Pseudo- Kyx Kyy Kxx/Kyy

time

steps

(PTS)
FSS 1 1 2.14 220 0.98
FSS 2 1 230 2.18 1.05
FSS 3 1 3.10 2.60 1.19
FSS 4 1 340 3.70 0.92
FSS 5 1 280 2.54 1.10
Average 1 275 2.64 1.04
FSS 1 2 228 270 0.84
FSS 2 2 242  2.56 0.95
FSS 3 2 328 3.90 0.84
FSS 4 2 3.50 4.20 0.83
FSS 5 2 236 2.84 0.83
Average 2 277 3.24 0.85
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2-

meability values (Figs. 11b and 13). Further, in both loading
scenarios, a general observation shows that the permeabil-
ity values are variable in each FSS, pointing to the random
distribution of fractures, varied densities (Fig. 5), and varied
aperture values (Fig. 11a). For instance, in loading stage 1
from the NW-SE orientation, the results in the permeability
plots show that both the vertical and horizontal permeabili-
ties increase gradually in FSS 1 through FSS 5 (Fig. 13).

Although FSS 1, FSS 2, and FSS 5 have their permeability
values (in both x and y direction) close to the matrix per-
meability, FSS 3 and FSS 4 only show permeability values
increased by 55 % and 70 % in comparison to the matrix per-
meability (Table 2). Nevertheless, with the second loading
scenario from the NS orientation, kx, and ky, maintained a
relatively steady permeability value with a slight increase in
FSS 3 through FSS 5. This is unlike FSS 1 and FSS 2, which
recorded a sharp increase (a jump) in both k,, and ky,.

Quantitatively, the average permeability for all the FSSs is
given as 2.75 x 1071 and 2.64 x 10~ m? in the x and y di-
rection for PTS 1 and 2.77 x 10~!% and 3.24 x 10~ m? in the
x and y direction for PTS 2, respectively. When compared
to the matrix permeability, these average permeability val-
ues, Ky and kyy, increased by 37.5 % and 32 % for PTS 1 (at
the maximum magnitude of 50 MPa in the subsidence stage)
and 38.5 % and 62 % for PTS 2 (at the maximum magnitude
of 160 MPa during the Alpine deformation stage).

https://doi.org/10.5194/se-15-763-2024



0. A. Igbokwe et al.: Impact of stress regime change on the permeability of fractured Latemar carbonate buildup 779

FSS1
2.70x107"3 15 F882
2.60x10
2.56x10""° 15
2.48x10
2.42x10""% -15
< & 2.36x10
£ £
£ 15 £
2.28x10 9
2 < 224x10"°
-15
2.14x10
2.12x107"%
2.00x10"¥ ——t——— sl
0 0204 06 08 1 12 1.4 16 1.8 2 2.00x10
0 0204 06 08 1 1.2 1.4 1.6 1.8 2
Pseudo Time Steps (Quasi-static loadin . . . .
ps(Q 9) FSS 3 Pseudo Time Steps (Quasi-static loading)
4.00x10™"3
3.60x10°"%
3.20x10"%
E
£ i
S 280x10"°
2.40x107"%
2.00x1071% —— —
0 02040608 1 12 14 1.6 1.8 2
Pseudo Time Steps (Quasi-static loading)
FSS 4 FSS S
.50x10°5 2.90x107"%
a.00x10°"5 | 2.72x107"%
35001015 | _ 25ax10™”
z T
& = _15
¥ zoox10 [l —— K, 2 236010
Kyy
2.50x10°15 2.18x107"%
-15 L L L L L L L L L
15 e 2.00x10
2.00x10 0 0204 0608 1 12 14 16 1.8 2

0 02 04 06 08 1 1.2 14 16 1.8 2

Psuedo Time Steps (Quasi-static loading)

Pseudo Time Steps (Quasi-static loading)

Figure 13. The effective permeability values are plotted against the loading conditions for FSS 1 through FSS 5. The FSSs 1 through 3 show
a significant “jump in permeability values” at pseudo-time step 1 when the second quasi-static loading commences.

5 Interpretation and discussion

The results of the structural analysis and geomechanical (nu-
merical) simulations show how stress regime change can im-
pact the permeability of a naturally fractured carbonate rock.
It also highlights the effect of changing stress magnitude and
orientation on apertures at the fracture network scale quanti-
fied in the two-dimensional network. In addition, this process
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can be the first step toward using fractures (and faults) as a
flow medium. This is especially true for the upscaling and
larger-scale numerical simulations important for fluid flow
in geothermal and hydrocarbon systems.
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5.1 Subsidence and Alpine deformation: establishing a
realistic loading condition for the Latemar buildup

Deformation in the carbonates of the Latemar buildup caused
the development of different sets of fracture networks,
including veins. As documented, these fracture networks
formed during syn-sedimentary extension tectonics in the
Middle Triassic, characterized by wholesale subsidence de-
formation and faulting tectonics (Boro et al., 2013; Preto et
al., 2011). Other studies (e.g. Goldhammer and Harris, 1989;
Emmerich et al., 2005) suggest that the subsidence deforma-
tion in Latemar may have continued until Late Triassic or
Early Jurassic times. Subsequently, the Latemar buildup was
affected by Alpine deformation between late Paleogene and
early Neogene times. These tectonic episodes significantly
impacted the hydraulic properties of fracture networks at the
Latemar.

Given the complexities of the modelling work presented
here, the studied fracture networks were assumed to have
formed earlier, prior to the major tectonic episodes, as docu-
mented in Preto et al. (2011). Although both tectonic events
may have developed new fractures, the modelled tectonic
stresses in this study did not allow for further development
of fractures but for fractures to open, shear, and/or close, de-
pending on the magnitude and orientation of the stresses.

Our structural analysis results (Figs. 3 and 4) reveal the
orientation of the principal stress fields affecting the frac-
tures at the subsidence and extension tectonic stage, which
is roughly NW-SE- to NNW-SSE-trending subhorizontal o
and a subvertical o3. This compression is believed to have oc-
curred relatively shallow or at an intermediate burial depth.
Indirect evidence for this notion comes from the understand-
ing that, in the presence of subhorizontal tectonic stress, a
subvertical position of o3 is compatible with low-angle re-
verse faults (or structures), forming at shallow to intermedi-
ate burial depth (e.g. Fig. 3; Bisdom et al., 2016¢; Bertotti
et al., 2020). This means that the overburden stress is the
resultant far-field stress at the subsidence stage with an ap-
proximate NW—-SE orientation and an assumed magnitude of
50 MPa.

On the other side, the main Alpine deformation in the
Dolomite mountain belt (including the study area) involved
maximum compressive stress (o) oriented approximately
N-S with a magnitude estimated at 160 MPa (Peacock, 2009;
Abbaet al., 2018). Because the observed correlation between
the fractures (and their networks) and stress fields is largely
clear, the magnitude of the two subhorizontal o served as
the input parameters for the numerical mechanical modelling
phases, i.e. the mechanical loads used during the mechan-
ical FE model setup. These mechanical loads captured the
realistic compressive boundary condition, reflecting the tec-
tonic episodes of the study area, unlike previous studies (e.g.
Zhang and Sanderson, 1996), and are essential for the realis-
tic computation of effective permeabilities, even at the sub-
surface.
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Figure 8c reveals that the deformation caused by the
first stress field (NW-SE shortening direction at subsidence
stage) was still active as the second stress field (N—S subhori-
zontal o1; Alpine deformation) was added. The gap (the grey
bar Fig. 8c) between the two stresses in our model signifies
that some stresses in the horizontal dimension due to subsi-
dence deformation are present (active) at the Alpine defor-
mation stage when they increase and become more extensive
in the N-S direction. This is in contrast with previous stud-
ies, for example Stephansson et al. (1991) and Yale (2003),
where modelling results (or model setup) utilize a homoge-
nous stress regime that does not account for all other stress
impacts around the fracture network. Each effect remains in-
dependent when all the stress regime changes are considered
(Agheshlui et al., 2018; Bisdom et al., 2017). That is, the im-
pact of the first or second stress field, as the case may be, is
not kept active when the third or fourth stress field is imple-
mented. Unique to our study, the orientation and magnitude
of all the stress regimes, reflecting the major tectonic event
over a geological period, are kept active and accounted for
during the geomechanical modelling. Therefore, this makes
the impact of stress irreversible in a given rock domain, and
the consequence of the absence of these stresses can intro-
duce considerable error when calculating the effective per-
meability, especially at the subsurface reservoir scale. This
argument follows the proponent of representing realistic tec-
tonic events affecting fracture networks in the geomechanical
models, thus proposing that modelling the impact of differ-
ent tectonic episodes (in our case, the subsidence and Alpine
deformation) on a given rock domain (FSS, in the Latemar
buildup) over geologic time (Triassic to Neogene) will signif-
icantly reduce uncertainties in computing the apertures and
permeabilities, even at the reservoir scale.

Based on this, the loading conditions and the calculated
permeabilities presented in Figs. 8 and 13 may reflect close
occurrences of what is obtainable at the subsurface of a nat-
ural carbonate reservoir.

5.2 The link between heterogeneous aperture, fracture
geometry, and the impact of stress and effective
permeability

As a rule, the geomechanical models and flow simulations in
fractured rocks have always depended on (i) the subsurface
datasets, which are typically expensive, albeit with uncer-
tainty ranges (Bourbiaux et al., 2002, 2005), and (ii) stochas-
tic datasets (Khodaei et al., 2021; Timothy and Meschke,
2016), which are not realistic when considering the be-
haviour of a fracture network in a natural reservoir. In con-
trast to these studies, the presented investigation solely uses
the outcropping network geometry as input for geomechan-
ical and flow models, not considering the outcropping aper-
tures. Instead, the geomechanical aperture sizes were mod-
elled in a representative outcrop fracture network using com-
putational homogenization (FE mechanical modelling) for
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unperturbed and perturbed fracture states. The natural frac-
ture system is perturbed by applying mechanical load, anal-
ogous to in situ stress.

The combination of outcrop fracture geometries, mechan-
ical loading, and aperture distribution results in models that
are more representative of fractured reservoir permeability
compared to analogue studies that use apertures of exhumed
barren fractures or assume a constant aperture for the whole
fracture network (Bisdom et al., 2017; Makedonska et al.,
2016). Like most fractured reservoir models, the aperture is
assumed to be constant per fracture or even per fracture set
because generating a reservoir-scale 3D fracture model with
mechanically controlled heterogeneous aperture distributions
can be complex (Geiger and Matthii, 2014). However, stud-
ies by Jonoud and Jackson (2008) and Cottereau et al. (2010)
have given an upscaling alternative through arithmetic or har-
monic averaging of the explicit fracture permeability model
calculated per fracture node. That is, the mechanically con-
trolled heterogeneous aperture, like the mechanically gener-
ated aperture in Fig. 11, can easily be upscaled to serve a
more representative reservoir-scale fracture model.

Further, fracture networks, including intensely fractured
zones, are believed to significantly influence the effective
permeability and fluid flow patterns in a naturally fractured
reservoir, particularly in tight carbonate reservoirs. These
network areas show high porosities and permeabilities rela-
tive to the surrounding host rock (Bruhn et al., 2017; Matthi,
2003). It is a widely held view that the extent to which the
fracture networks impact flow lies in the fracture’s struc-
tural arrangement and geometry, such as fracture orienta-
tions, spacing, and length (Bisdom et al., 2016a, c; Harde-
bol et al., 2015; Olson, 2003; Scholz, 2010). However, these
views are limited to models that quantify aperture based on
fracture length and spacing relations (Olson, 2003; Scholz,
2010). The results from our models (Figs. 11 and 13) indi-
cate that aperture and effective permeability are not easily
related to fracture geometrical parameters such as length or
spacing. This is especially true because the linear functions
of fracture lengths and spacing have little or no effect on the
mechanically generated aperture distribution (Bisdom et al.,
2016c¢), controlled by fracture orientation and the impact of
stress.

Given these results, we suggest that the distribution of
aperture and permeability (in the presented models) is in-
fluenced by the impact, magnitude, and direction of the
stresses, as well as fracture orientation and shear displace-
ment (Figs. 11 and 13). For the stress-induced aperture, the
mechanical load opens individual fractures orthogonal to the
direction of loading at different rates and simultaneously
closes the fractures parallel to the loading direction (Heffer
and Koutsabeloulis, 1995). Therefore, in a favourable orien-
tation, i.e., the direction with significant stress components
(of mechanical loading), which in our case is NW-SE for the
subsidence deformation, the results show a considerable in-
crease in permeability as the load increases (Fig. 11) before
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reaching a peak at PTS 1. The increased permeability — in
both the x and y direction — exceeds the matrix permeability
within all the FSSs by 37.5 % and 32 %, indicating a struc-
tural change. On the other side, permeability continues in an
upward trajectory with varying degrees of increased values
(Fig. 13) in the direction of more significant stress compo-
nents (N=S) at the Alpine deformation stage for all the FSSs
until a maximum loading value is reached. In this case, the
average increased permeability is beyond the matrix perme-
ability by up to 62 % in some of the FSSs, especially in the y
direction. This suggests a substantial structural change in the
fractures within the fracture network, further indicated by the
varied aperture distribution.

The evolution of permeability values in x and y directions
within the FSS indicates that the values of the permeability
distribution are variable. These variabilities are linked to the
varied fracture densities and aperture values (Fig. 5). In frac-
tured reservoirs, apertures of natural fractures are highly het-
erogeneous and can contribute to the induced anisotropy in
the permeability (Makedonska et al., 2016). In our case, for
instance, FSS 1, FSS 3, and FSS 5 significantly differ in the
evolution of the permeability values in the x and y directions
and distinctly show induced anisotropy in the permeability
within their rock domains (Fig. 13). This is demonstrated by
the differences in the permeability values in x and y direc-
tions. The higher the difference in the permeability values
of the x and y direction, the more significant the induced
anisotropy. These differences are linked to the fracture con-
nectivity and/or distributions (Fig. Sc and d) within each FSS.

Conversely, FSS 2 and FSS 4 show isotropy in permeabil-
ity, as the differences in the permeability values of x and y
directions are relatively small compared to those in FSS 1,
FSS 3, and FSS 5. These behaviours can be explained as fol-
lows: initially, during the subsidence stage, when the far-field
stress (or compressive loading) is in the NW-SE direction,
the fractures parallel to this direction open while the frac-
tures orthogonal to the NW-SE direction close. The opening
of the NW-SE-directed parallel fractures increases the over-
all permeability in all FSSs (Fig. 13). However, at PTS 1,
the second set of loading scenarios is gradually applied from
the N-S direction at the onset of Alpine deformation. While
the loading from the first stage is kept constant, the overall
permeability at this stage continues with varying degrees of
increase until PTS 2. This implies that the new loading opens
the fractures parallel to the N-S direction and closes the frac-
ture orientation in the E-W direction (Fig. 13). Hence, the
second loading stage, in principle, opens the fractures that
were previously closed by the first loading stage. This means
that many fractures opened, resulting in larger permeability
values. There is also a documented sharp jump (kink-style
structure) in permeability values plotted for FSS 1, FSS 2,
and FSS 3 (Fig. 13) at the beginning of the second loading
stage. This sharp increase in the permeabilities may imply
that fractures oriented slightly in the NE-SW and/or NW-
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SE directions (Fig. 5c) may have been opened by the N-S
loading condition.

In addition, fracture density and/or the number of fractures
in each rock domain, or FSS, may have played a considerable
role in the sharp spike in permeability values. For example, in
FSS 1 and FSS 2, where the quick jump in permeability val-
ues is predominant, fracture density is relatively lower than
in FSS 4 and FSS 5, with high fracture density and no vis-
ible sharp increase. This explains the jump and the increase
in permeability during the second loading stage. Recent stud-
ies have linked the fracture density, the number of fractures,
and the stress orientation with an overall increase in the per-
meability values (e.g. Bisdom et al., 2016b, c; Furtado et al.,
2022). Although some fractures may have been sheared and
eventually opened during loading, we believe that the shear-
ing of these fractures has minimal or no impact on the overall
permeability of the rock domains.

One interesting observation in this research investigation
is that the two far-field stresses acting within a rock domain
simultaneously with different magnitude and orientation (for
example, at PTS 2, in our case) anisotropically stressed the
fracture network, which do not necessarily cancel each other
out in the mechanical FE modelling phases. However, these
stresses create new effects on the overall aperture and per-
meability distributions linked to fracture geometry, connec-
tivity, and density. In our case, there is a general increase
in the overall aperture and permeability values, respectively
(Figs. 11b and 13), contingent on subsurface energy storage
in carbonates.

5.3 Implications

All modelled features are assumed to be reactivated fractures
that control the fluid flow in the presented numerical work-
flow. Because of the effects of weathering and exhumation,
the distinction between open fractures, veins, stylolites, and
shear fractures was not made. Although this assumption is
widely used in reservoir modelling, complex features such
as subvertical (tectonic) stylolites or partly cemented frac-
tures can inhibit or enhance fluid flow (Bruna et al., 2019).
Cemented fractures strongly constrain fluid flow, as cemen-
tation reduces the aperture of a fracture plane (Gale et al.,
2010; Olson, 2007).

Although our study permits investigating the impact of
stress regime change in detail, the results will broadly dif-
fer in complex and large-scale reservoirs since our model
is orders of magnitude smaller than a subsurface reservoir.
The studied fracture networks have relatively simple geome-
tries on a small scale compared to what is usually observed
in large-scale reservoirs. However, Matthii and Nick (2009)
and Bisdom et al. (2016a) upscaled heterogeneous aperture
distribution to a single averaged aperture, which provided the
same permeability distribution. This means that averaging
and upscaling the permeability of small-scale fracture mod-
els can accurately describe permeability when most fracture
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contributes to flow. Otherwise, the small-scale models may
not be representative.

Another issue is ignoring the influence of the overburden
stress (pointed out in Sect. 3.4) on fracture aperture. Over-
burden stresses result in lateral expansion of rock layers, and
in addition to the horizontal stresses, fracture apertures are
strongly dependent on overburden stresses due to Poisson’s
effect (Agheshlui et al., 2018). Therefore, the numerical anal-
ysis in 2D constrains the effects of lateral expansion of the
fractured rock domain, which can displace the rock body and
increase the fracture aperture. This means that the results pre-
sented in our model may only provide indicative approxima-
tions.

Further, better knowledge of stress conditions and elas-
tic parameters aids in predicting realistic aperture descrip-
tions for reservoir models. Studies have noted the impact of
these parameters on modelled stress-induced aperture such
that stress orientations and the magnitude of differential
stress largely influenced the resulting aperture distribution
(Agheshlui et al., 2018; Bisdom et al., 2016a). The presented
model assumed the magnitudes of the two stress regimes fol-
lowing the calculated palaeostress in other field areas with
the same geodynamic conditions. The values of these mag-
nitudes are debatable and subjective. In addition, the arbi-
trary choice of the 2 x 2 m FSS may not guarantee that this is
an actual representative sample for calculating permeability.
Therefore, changing the magnitude of these stress values and
increasing the FSS size can affect this study’s overall aper-
ture and permeability distributions. Still, the workability of
the model remains stable and can compute any given matter.

Lastly, the off-diagonal components of the permeability
tensor were not calculated, and multi-field coupling meth-
ods, such as flipping the order of applied stresses, were not
considered in this study. These, when considered, may af-
fect the overall results and will be considered in detail in a
forthcoming paper looking at the three-dimensional fracture
network.

6 Conclusions

A detailed workflow is presented that applies a displacement-
based linear elastic finite-element method (FEM) to model
the impact of stress regime change on the permeability of car-
bonate rock. Considering the tectonic episodes (subsidence
and Alpine deformations) and outcropping fracture network
at the Latemar, the stress-induced heterogeneous aperture
distribution was generated in the selected fracture substruc-
ture (or sample; FSS). The impact of stress regime change on
flow was quantified regarding varied aperture and effective
permeability. Although the studied fracture networks have
relatively simple geometries compared to what is ordinar-
ily observed at the reservoir scale, this permits investigating
the impact of individual stress magnitude and stress regime
change on permeability.
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First, we presented the structural analysis and interpreta-
tion of fracture network geometry in the study area, consider-
ing the two major tectonic episodes: subsidence and Alpine
deformation. Their stresses were considered far-field stresses
(compressive loading), which informed the boundary con-
ditions (two loading stages) in the geomechanical FE mod-
elling. The first stage of loading acts from the NW-SE direc-
tion, representing the subsidence deformation, and gradually
reaches a maximum loading condition at 50 MPa in pseudo-
time steps (PTS 1), representing the load increment. In con-
trast, the second loading stage, the Alpine deformation, was
superimposed on the first and gradually reached a maximum
value of 160 MPa in PTS 2.

Second, it was shown that in the directions with less sig-
nificant stress components (of mechanical loading), NW-SE,
the overall permeability increased gradually, exceeding the
matrix permeability in both the x and y direction, within all
the FSSs by 37.5 % and 32 %, respectively, as the load in-
creased before reaching a peak at PTS 1. In addition, the
increase in permeability continues with the upward trajec-
tory in the direction of more significant stress components
(N=S) for all the FSSs as the load increases. The average
increased permeability is beyond the matrix permeability by
up to 62 %, especially in the y direction. Fracture density, the
number of fractures, and the stress orientation play a critical
role in the overall increase in the permeability values.

Finally, we conclude that the two superimposed mechani-
cal loadings, simultaneously acting within a rock domain at a
different magnitude and orientation, anisotropically stressed
the fracture network. These mechanical loadings do not nec-
essarily cancel each other out in the mechanical FE mod-
elling phases. However, these mechanical loads create new
effects in the overall aperture and permeability distributions.
The new effects include, but are not limited to, average in-
creased permeability values beyond the matrix permeability
by up to 62 %, especially in the y direction. With these in-
creased average permeability values, fracture geometry, con-
nectivity, and density are implicated, and these can be com-
plicated, depending on other numerous factors, including
temperature and fluid pressure, in large subsurface reservoirs.
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able. However, detailed descriptions of the algorithms and method-
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