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Mechanics of Fluid-Driven Fracture: Recent Results
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1. Introduction

Modeling of hydraulic fractures has been the subject of intense research in the last 30
years. These efforts, triggered by the seminal paper of Spence and Sharp [1], have led to
new classes of solutions and algorithms, see [2-4] for recent reviews. It has been shown
that the combination of elasticity, lubrication, and leak-off leads to the existence of a
multiscale tip asymptote that account for the shifting nature of the dissipation in the tip
region and to the existence of multiple time scales that are associated with the transition
between different regimes of solution. Here we review recent results obtained by the
author and his collaborators on topics that have so far received limited attention.

2. Receding Hydraulic Fracture: The Sunset Solution

A receding hydraulic fracture, which is closing due to fluid loss to the surrounding
permeable medium, has a linear aperture asymptote W ~ X in the tip region, where X is
the distance from the fracture front [5]. This asymptotic result enables the identification
of a similarity solution for a radial fracture [6], the so-called Sunset Solution, which
emerges close to the ultimate collapse of the fracture. As the fracture approaches
closure, its aperture profile is described by a second-degree polynomial, with the
aperture being proportional to the reverse time t" measured from closure. Furthermore,
the fracture radius recedes in its final gasp as R ~ Vt'. The existence of the Sunset
Solution is due to a fundamental decoupling of the kinematics from the dynamics in the
governing equations, which leads to a robust way to measure the Carter leak-off
coefficient from the rate of change in the fracture aperture at the wellbore.

3. Hydraulic Fracture Induced by Water Injection in Weak Rock

A two-dimensional model of a hydraulic fracture propagating in a weakly consolidated,
highly permeable reservoir rock during a waterflooding operation has been constructed,
by combining equations from linear elastic fracture mechanics, porous media flow, and
lubrication theory [6]. The model recognizes the essential differences that exist between
this class of fractures and conventional hydraulic fracturing treatments of oil and gas
wells, namely: (i) the large scale perturbations of pore pressure and the associated
poroelastic effects caused by extended injection time; (ii) the extremely small volume of
fluid stored in the fracture compared to the injected volume; and (iii) the leakage of
water from both the borehole and the propagating fracture. The solution reveals that the
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injection pressure does not evolve monotonically, as it increases with time in the early-
time radial-flow regime but decreases in the late-time fracture-flow regime. Thus, the
peak injection pressure does not correspond to a breakdown of the formation, as usually
assumed, but rather to a transition between two regimes of porous media flow.

4. Growth Rate of Natural Hydraulic Fracture

Natural hydraulic fractures (NHFs) are tensile fractures that form in fluid-saturated
rocks when in-situ pore pressure exceeds the minimum compressive stress. Their
propagation is controlled by the inflow of pore fluid, which depends on both pore
pressure diffusion in the surrounding rock and the evolving fracture size. However, the
long-term growth behavior of NHFs remains an open question. A recent study [7]
demonstrates that, after an initial transient phase triggered by a perturbation that caused
the fracture to grow, an NHF attains a steady-state propagation rate. An explicit
expression for this rate is derived, linking it to the rock poromechanical properties and
to the difference between in-situ pore pressure and minimum compressive stress. This
result is achieved by recognizing that, over time, fracture growth outpaces diffusion,
effectively confining pore pressure evolution to a one-dimensional diffusion process
within thin layers adjacent to the fracture plane.

5. Near-tip Behavior of a Shallow Hydraulic Fracture with Small Toughness

The coupled problem of steadily moving semi-infinite fractures driven by a viscous
fluid in the proximity of a free surface has been studied recently [9]. A scaling analysis
indicates that the solution depends on a single parameter, which can be interpreted as a
dimensionless toughness k. Because of the existence of a free surface, a sliding zone
emerges at the fracture tip when k is less than a critical value k,. The length of the
sliding zone increases with smaller values of k below k..
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High-Temperature K-Feldspar Dissolution and Lithium Enrichment in
the Cooper Basin: A THMC(E) Perspective
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Abstract:

Building upon a proposed THMC pathway for lithium genesis in the Cooper Basin, this
study explores the significant role of high-temperature (above 250°C) K-feldspar
dissolution, driven by H+ and tectonic stress, in contributing to Li-enrichment. We
emphasise the additional role of electrical processes THMC(E) that can support processes
of micro fracturing [1], feldspar dissolution [2], and lithium enrichment observed in the
recent (<10 Myrs) high-temperature reactivation of the Cooper basin granite due to
tectonic plate collision. The hydrolysis reaction, triggered by the presence of H+ ions is
the main driver of the release of cations such as (potassium and lithium) causing the
breakdown of the feldspar structure. A prominent dissolution reaction is K-Feldspar (K
Al Siz Og) dissolution into Muscovite and aqueous silica:

3K AISizO08 +2H" 2 K AL Siz O10(OH)2> + 2K ™" + 6Si O2(aq.)

Micro-CT  analysis of a  high-
temperature deformation band within
granite, now exposed by the Redbank
shear zone (Australia), reveals creep
fractures formed through coupled
dissolution and tectonic stress at
elevated temperatures (Fig. 1). These
creep  fractures  generate  fresh,
chemically reactive surfaces,
significantly enhancing hydrolysis. The
increased surface area promotes
accelerated feldspar breakdown and
alkali ion release, potentially influenced

Figure 1Micro-tomography results showing ] ; .
microporosity (red) increasing towards a deformation by deformation-induced electrical fields.

band transporting fluids through a creep fracturing A simpliﬁed damage model has been

mechanism [1]. Quartz and Feldspar are transparent,

Mica is blue. used to simulate these processes [3].
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In the present work, we have formulated a Multiphysics THMC(E) model intending to
explicitly consider the following feedbacks: Thermal (T) where high temperatures drive
the dissolution reactions; Hydrological (H) in which released fluids alter pore pressure
and flow, influencing further reactions; Mechanical (M) through the application
of tectonic stress enhancing fracturing and fluid flow; Chemical (C) reactions such as K-
feldspar dissolution that release lithium and other ions; and finally Electrical (E) charge
exchange plays a significant role in high-temperature hydrolysis by influencing ion
mobility, mineral stability, and fluid-rock interactions. To simplify the numerical analysis
a semi-analytical approach based on identifying dynamically stable modes of cross-
coupled Onsager matrix of multiphysics transport coefficients has been developed to
evaluate the dominant feedback mechanism:

Lrr Ly Lrm Lre Ly
Lur Lyw Lum  Luc Lue
Ji=—|Lmr Luw Lum Lmc Lue X;.
Ler Lew Lem Lec Lek
Ler Lew  Lem  Lpgc  Lge

Here, J; refers to the generalised thermodynamic flux and X; to the generalised
thermodynamic force. This model reinstates a linear combination of known laws,
including Fourier's law (thermal Lyp ), Darcy's law (hydraulic Lyy ), Stokes' law
(hydromechanical Ly, ), Fick’s law (chemical L. ), and Ohm’s law (electrical Lgg),
each described by a particular coefficient. Additionally, it sheds light on the interesting
cross-effects among various Thermal-Hydraulic-Mechanical-Electrical THMC(E)
processes through the introduction of crossed coefficients.

Using a simplified version, a steady-state analytical solution has been used to model fluid
release of the sheet silica reactions in the equivalent low-temperature from spacing and
width of deformation bands in overpressured shales [4]. We have also explored the
approach for dynamic GPS observations of episodic-tremor and slip cycles in subduction
zones [5]. A linear stability analysis of the system of equations followed by a subsequent
numerical solution has been successful in deriving the dehydration reaction of
serpentinite minerals in subduction zones. In future work we aim to quantify the unknown
rate of Feldspar dissolution and Li-release reactions using all available geophysical,
geological, and >5km deep drilling data from the Cooper Basin geothermal project.
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1. Introduction

Failure in porous geomaterials has been demonstrated to be characterized by
heterogeneous strain through field and laboratory studies. Identification of the
mechanical processes involved in the formation of strain localization patterns in porous
carbonate rocks is challenging due to the complexity of their microstructure. This is due
to the intricate geologic processes involved in limestone formation, resulting in a wide
variety of carbonate rock facies [1] and observed behaviors.

2. Methodology

We experimentally explore the relationship between initial porosity distribution of the
heterogeneous Saint-Maximin limestone (SML) and its deformation modes at
micrometre scale. From previous work on SML [2], it was established that the
alternation of more porous and denser centimetre-wide zones controls strain localization
at all confining pressures. In the present study, we analyse how these zones individually
accommodate strain.

A series of in situ tests on small, 8§ mm in diameter samples — cored either in the
porous or dense zones of SML — have been conducted, together with high resolution
synchrotron imaging and Digital Volume Correlation (DVC) [3]. The deformation
modes of porous and dense 8 mm samples are then compared with the standard 40 mm
heterogenous samples [2].

3. Main Results

The in situ mechanical data for all tests are summarized in Fig. 1a. Dense 8mm samples
(blue squares) exhibit a significantly larger elastic domain than porous ones (red
circles), despite the relatively small difference in their initial porosity (35-37% vs 42%
respectively). The yield surface obtained on samples of 40 mm in diameter is also
reported and lies between that of the dense and porous samples.

DVC showed that strain is accommodated heterogeneously at all confining pressures,
even under hydrostatic loading (Fig 1b): localized failure at low pressure (LC), diffuse
deformation at high confining pressure (HC). A transition from brittleness to ductility
was observed in dense samples only at intermediate confining pressures (IC). Localized
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bands form in the most porous zone of the sample at LC. At IC, both contractant and
dilatant shear bands develop in porous and dense zones respectively. At HC and in
hydrostatic loading conditions, a multiplicity of small contractant bands close to each
other appear in the most porous zones and propagate progressively in the whole sample
leading to a densification of the sample and a homogenization of the porosity (Fig 1b).

Comparison of global responses under hydrostatic loading of 40mm and 8§ mm
samples showed that the larger sample’s response is governed by that of its porous
zones at a scale of one centimetre.

14 (a) & Smm P samples ® Abhdallah et al. (2021)
B 8mm D samples # Baud el al. 2009, 2017b
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Fig. 1: (a) Yield stresses for porous (red circles) and dense (blue squares) samples in a mean stress versus
deviatoric stress plane, and comparison with existing data (grey circles and x-es). (b) Vertical cross
sections of an initial porosity map (left) and volumetric strain map (right) of a porous sample (Qinitia1 =
42%) brought to g, = 20 MPa. Compaction is positive.

4. Conclusions

Initial porosity exerts a first order control on strain pattern, from the micro to the
centimetre scale. In brittle conditions, strain localises in bands and is accommodated in
the more porous areas, while the denser ones remain almost intact. Heterogeneity
promotes transitional behaviour at intermediate confining pressure with coexistence of
both diffuse and localized deformation. In ductile conditions multiple small contractant
bands progressively saturate the sample and lead to a homogenization of its porosity.

5. References
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1. Introduction

Since the pioneering work of Moulinec and Suquet [1], considerable attention has been
paid to the application of the Fast Fourier Transform (FFT) based homogenization
method to address problems in geomechanics. In this paper we present an FFT-based
solver that includes the framework of thermoporomechanics in porous materials with
direct applications to image-based fast homogenization. We optimize the original
algorithm for the determination of the strain £"*! as:

{ Setup Iterations (n=0)

ol 0 (6 cone ) -clhar] O

From the local value of ¢ it is possible to determine the local values of the Biot’s
tensor b(x), the Biot’s tangent modulus 1/N (x), the dilatancy tensor a(x), the dilatancy

coefficient ay and the heat capacity h according to the equations proposed by Coussy

[2].

2. Methodology

In order to validate our developments, we consider a 2D microstructure consisting of a
circular inclusion embedded into a continuous matrix defined as Q = [0,1]x[1,0]. The
RVE is discretized with a NxN grid with N = 256, and the loading consists of a scalar
pressure and temperature field of 1 MPa and 274.15 K, respectively. The inclusion
radius was fitted within an interval spanning from 0.05 to 0.5. From equation (1) we can
calculate the isotropic operators b'™, 1/Nhom, chom g hom “and Hhom by simply summing
all the values of each local magnitude over the entire volume Q and normalizing the
sum by the total number of pixels. The analytical solutions of micro-poroelasticity and
the homogenization of the poroelastic properties follow the formulation proposed by
Ghabezloo [3].

3. Main results
The input parameters used in the analysis are presented in Table 1. The comparative
results are presented in Fig. 1, where we obtained an accurate agreement between the
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results of our FFT-based homogenization solver and the analytical solutions. Note that
both solutions move in a closed range from the value of the matrix to near the value of
the inclusion when the radius is increased. In terms of time of computation, the solver
requires less than 10 seconds, which is approximatively 0.8 seconds per iteration. In
higher resolutions, with a discretization 1024x1024, i.e., 1 million Fourier points, only
50 second are required.

Table 1. Input parameters for the calculation of homogeneous thermoporoelastic operators.
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Fig. 1: Evolution of homogeneous operators as a function of radius for isotropic case.

4. Conclusions

In this paper, we introduce a numerical tool based on FFT homogenization that can determine
the full thermo-hydro-mechanical coupled matrix for homogeneous porous materials. Through
comparison with analytical solutions derived within the framework of micromechanics, we

successfully validate the numerical results.
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1. Introduction

Rock salt is widely regarded as a potential host formation for underground storage
applications, including CO: sequestration, radioactive waste disposal, and energy storage.
However, fractures, whether preexisting or induced, can undermine the mechanical
strength of the rock, posing risks to the safety, sustainability, and cost effectiveness of
such operations. While solution-assisted fracture healing in rock salt has shown promise
in restoring strength, most studies to date have focused on short-term healing over just
hours to days [1, 2]. To ensure the reliable design and long-term performance of
subsurface projects, a deeper understanding of prolonged healing processes and the
differences in mechanical property evolution between dry and solution conditions is
needed.

2. Methodology

Shear strength recovery in rock salt fractures is investigated through a two-step process.
Samples consist of two separate plates, with the gap in-between representing an artificial
fracture (Fig. 1). The samples are first subjected to static healing under a constant normal
stress of 55 kPa. Healing is carried out either in dry conditions or in the presence of
saturated brine. Healing duration is 192 days in the first case (dry) and 115 days in the
later (saturated). Afterwards, the samples are tested in a direct shear box under an initial
normal stress of 55 kPa and a shear rate of 0.5 mm/min. Healing strength (z;) is defined
as the peak shear stress. Before and after testing, the topography of the sample surface is
investigated using digital microscopy.

(@) 60 mm ,

60 mm

Fig 1: (a) and (b) show the dimensions of the rock salt plates used in the direct shear box test
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3. Results

Healing strength increases under both dry and wet conditions (Fig. 2). Dry and unhealed
sample (D-T000) shows a healing strength of 15 kPa. After 192 days of healing, the
healing strength of the D-T192 sample reaches 31 kPa. However, when exposed to
saturated solution, the unhealed sample (W-T000) shows a healing strength of 51 kPa,
while the sample healed for 115 days (W-T115) reaches 251 kPa. The healing rate in the
wet condition is about 1.7 kPa/day, which is 17 times higher than the 0.1 kPa/day
observed in the dry condition. Digital microscopy shows the presence of post-shear
striations only in dry healed sample, whereas the wet healed sample exhibits signs of
dissolution, precipitation and recrystallization.

80

300

——D-T000 ——D-T192 —W-T000 ——W-T115
| 250 ¢ Tn

ha
o
(=]

180

Shear stress (kPa)
3 -y
(=]

Shear stress (kPa)

f=]
o

501

: . : : 0
0 0.5 1 15 2 25 3 0

Horizontal displacement (mm) Harizontal displacement (mm)

Fig. 2: (a) shows the shear stress versus horizontal displacement for the dry samples D-T000 and D-
T192, while (b) presents the results for the wet samples W-T000 and W-T115.

4. Conclusions

Shear strength recovery depends on both healing duration and environmental conditions
(dry/wet), with saturated solutions promoting greater strength restoration and nearly 20
times faster healing. These results have important implications for subsurface storage,
suggesting that a saturated brine environment can enhance fracture healing. To better
understand the mechanical evolution, additional samples with varying healing durations
will be tested in the future. Furthermore, factors such as normal stress and temperature
during static compaction also influence the healing process and should be considered in
future studies.
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1. Introduction

The intricate interplay between chemical and mechanical processes in soil and rocks has
emerged as a key factor to consider for many engineering applications like underground
storage or geothermal energy or to understand geological processes like diagenesis or
earthquake nucleation. Those reactions lead to mineral dissolution/precipitation that can
modify the different properties of the sample.

2. Methodology
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Fig. 1: framework of the PFDEM

A new coupling (PFDEM) between a Phase-Field (PF) method and a Discrete Element
Model (DEM) has been recently developed to investigate deeper on chemo-mechanical
couplings [1,2]. As depicted in Fig.1, the grains are modeled in the DEM part as polygonal
(2D)/polyhedral (3D) particles to capture their complex shapes as they influence the
macroscopic mechanical behavior of the material. Once a mechanical steady-state is
reached in the DEM part, the transmission of stress can be extracted and employed to
activate chemical reactions. Considering the granular material as a phase, the PF
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description is a good candidate to model with physics-based laws a reduction/addition of
the quantity of material locally. The dissolution/precipitation is controlled by the
introduction of a destabilized chemical potential into the Allen-Cahn formulation on the
phase variables, whereas the diffusion of the solute dissolved and the mass conservation
are verified by a coupled diffusion formulation on the solute concentration.

3. Main Results

This method has been applied to reproduce results from previous works on the pressure-
solution phenomenon. Pressure-solution has a pivotal role in earthquake nucleation and
recurrence or in diagenetic processes, among others. As illustrated in Fig.2, it involves
three chemo-mechanical processes at the micro-scale: dissolution due to stress
concentration at grain contacts, diffusive transport of dissolved mass from the contact to
the pore space, and precipitation of the solute on the less stressed surface of the grains.
Once the formulation has been validated, it is applied to a numerical twin obtained by
computed tomography scans of a granular sample [3].

1 Dissolution on the contact

2 Diffusion out of the contact

3 Precipitation on the pore surface
4 Diffusion to other pores

Fig. 2: scheme of the pressure-solution phenomenon

4. Conclusion

The proposed formulation opens up avenues for further exploration into the influence
of various parameters on the creep behavior and the effect of grains characteristics.
Parameters such as solute diffusivity, grains’ morphology, and chemical/mechanical
energy destabilization factors can now be systematically studied to gain insights into their
impact on the overall behavior. This coupling of Discrete Element Model with Phase-
Field theory provides a useful framework for investigating the mechanical response of
geomaterials undergoing chemical solicitations.
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Stress versus damage-induced permeability anisotropy under true triaxial
stress states in Etna Basalt
Ashley Stanton-Yonge, Thomas Mitchell, Philip Meredith, John Browning, David Healy

Fluids within low-porosity rocks are transported through networks of interconnected microcracks
and fractures. Under crustal conditions, rocks are subjected to true triaxial stress states characterized
by three unequal principal stresses, where 01>02>03. These triaxial stress states can influence the
magnitude and direction of fluid flow in two ways. First, cracks may open, close, and/or slip
depending on their orientation with respect to the anisotropic stress field, and thereby potentially
reducing fluid flow in certain directions while enhancing flow in others. Second, once the magnitude
of differential stresses surpasses the onset of dilatancy in the rock, new cracks form, providing
additional pathways for fluid transport. The geometry of these new fractures, and therefore the
direction of fluid flow enhancement, is also controlled by the anisotropic stress field.

Despite the fundamental role of triaxial stresses in controlling the magnitude and direction of fluid
flow through the crust, very little is known regarding the anisotropy of permeability under true
triaxial stress states. This knowledge gap exists primarily because experimental permeability
measurements are typically conducted under axisymmetric stress states (01>02=03) with fluid flow
and permeability usually measured only parallel to the o1-direction. To address this, we have
developed a new True Triaxial Apparatus (TTA) at UCL equipped with a pore fluid system to
deform cubic, saturated rock samples under true triaxial loading while contemporaneously measuring
permeability along all three loading axes and recording the output of acoustic emissions (AEs) hits.
Results from tests conducted on 50 mm isotropic cubes of initially isotropic Etna basalt under true
triaxial loading indicate that, under relatively low differential stresses (<180 MPa), fluid flow is
reduced by over one order of magnitude in the direction parallel to o1. Increasing the magnitude of
stresses along the 02 axis also results in a decrease in permeability along the same axis, although less
pronounced. The increase of differential stresses eventually leads to an increase in AE hits, which
further coincides with a sharp increase in permeability along the 62-axis of one order of magnitude
and, to a lesser extent, along the 03-axis.

We have recognised a key differentiation in the magnitudes and orientations of permeability
anisotropy before and after the onset of dilatancy. One stage is stress-controlled (involving the
closing and slipping of pre-existing cracks), while the other is damage-induced (with the formation
of new cracks or damage), resulting in entirely different permeability behaviours in these two stages.
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1. Introduction

The appearance of shear bands is a pervasive failure mode in geomaterials, whether at
the laboratory scale of triaxial tests, or at field scales as large as the faults responsible
for catastrophic earthquakes. Modelling shear band formation is thus a pressing
challenge in both interpreting the results of calibration tests and making useful
predictions, and to do so requires an accurate account of the width of the shear band.
However, classical rate-independent models predict infinitely thin bands, and numerical
simulations with tools such as the finite element method are unable to produce mesh-
independent results. The origin of this pathology is the absence of an internal length
scale [1], which can be rectified by recourse to a higher-order continuum such as a
nonlocal, second-gradient or Cosserat continuum.

While previous works in the geomechanics community have successfully used the
Cosserat continuum to predict shear band widths, they have systematically taken the
internal length scale to be a fixed internal parameter related to the mean grain size.
However, shear bands in the field reveal that the grain size distribution is radically
different from that of the host rock, having undergone a process of grain crushing that
produces a very wide spectrum of grain sizes, making the assumption of a fixed internal
length unsustainable. To rectify this problem, in a previous work [2] we coupled the
Cosserat continuum with the Breakage Mechanics theory [3] to derive a theory that was
capable of predicting shear bands in crushable granular media. However, this model was
not able to adequately account for pore-related phenomena, such as dilation orpore-
collapse necessitating further refinement to address challenges such as fault modelling.

2. Methodology
We suppose that the internal energy of the system depends on a set of five state
variables:

U=U(y .,k p,¢,B), (1)
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where 7 © is the elastic (Cosserat) strain tensor, x ° is the elastic curvature tensor, o the
density, ¢ the solid fraction and B the breakage index. The (Cosserat) stresses, couple
stresses, chemical potential and breakage energy are derived from this potential. We also
specify a pseudo-potential of dissipation that depends on the plastic rates:
o=d(x’,¢’,B) @)

The evolution laws of the system are obtained from this dissipation pseudo-potential.

Having derived a model, we carry out a linear stability analysis by first integrating a
single element, and then perturbing the system with a variety of different wavelengths.
We interpret the half-wavelength of the perturbation with the largest positive real
Lyapunov exponent (if any) as the width of the shear band predicted by the material
model. As the linear stability analysis is only strictly valid up until the moment that the
shear band appears, we also conduct a finite element analysis to confirm our post-
localisation predictions.

3. Main results

Fig 1: Plot of the breakage index over space in a one-dimensional finite element simulation.

As seen in Figure 1, our model is able to predict finite thickness shear bands, in this
case in a system calibrated against Bentheim sandstone, and submitted to constant
volume shear at an initial confining stress of 200 MPa.

4. Conclusions

By combining the Cosserat continuum with Breakage Mechanics, we are able to model
the processes of grain crushing and pore collapse within a shear band of finite thickness.
Access to these microstructural properties also allows us to make predictions of
permeability reduction on the order of 10 to 10, which has important implications for
hydro-thermally coupled models that can more accurately model all of the processes
involved in faulting.
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1. Introduction

Fluid injections related to industrial activities and subsurface energy production can
modify the regional stress field within the Earth's crust, often leading to induced
microseismicity, which, in certain cases, may exceed safety thresholds triggering large
earthquakes (Mignan et al., 2017). Furthermore, such induced seismic events can occur
at greater distances from the injection site than initially anticipated and may manifest over
a wide range of timescales, spanning from days to months or even years (Keranen &
Weingarten, 2018). These characteristics underscore the inherent variability and
complexity of injection-induced seismicity evolution across spatiotemporal scales. To
effectively mitigate the associated seismic hazard, a comprehensive understanding of the
spatiotemporal evolution of induced seismicity, alongside the development of robust
modeling approaches, is essential.

2. Methodology

We consider a 2D fractured reservoir with a domain size of L = 100 m situated at a depth
of 3600 m below the ground surface. The material properties of rock matrix and pre-
existing fractures, and in-situ stresses resemble those of the Fenton Hill geothermal test
site (Norbeck et al., 2018). In the 2D square domain, we generate a series of fracture
networks with the location of fractures assumed purely random and fracture lengths obey
the power law scaling with different length exponents a and density values d. We study
the injection-induced microseismic responses of each fracture network due to 1-hour fluid
injection at the center of the domain. The fully coupled hydromechanical model considers
fracture activation and damage growth, and calculates seismicity based on energy
released from brittle failure of intact rock and activation of pre-existing fractures.

3. Main Results

We study the influence of the fracture network structure (such as density, length
exponent, and percolation parameters) on the emergence and development of injection-
induced seismicity (Fig. 1). The results show that the networks with less connected
fractures (higher power law length exponent @) are prone to an enhanced hydraulic
stimulation leading to better connectivity improvement and potentially more effective
resource extraction. In contrast, well connected networks show less improvement in the
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fracture system connectivity and exhibit a propensity for increased seismic activity due
to the efficient transmission of pore pressure and elastic stresses across interconnected
fractures. Furthermore, we observe hat poroelastic effects drive heterogeneous
connectivity evolution during fluid injection, consistent with previous studies on fluid
injection-induced fracture activation and seismicity occurrence in naturally fractured
rocks (Lei et al., 2021).

a) Pressure distribution (MPa) - b) Damage distribution ¢) Shear displacement (At, mm)

10 o Jdo

Fig. 1: Spatial distribution of pressure (a), damage (b), and shear displacement difference (c) in a model

with power law length exponent a=2, fracture density d=0.4, and percolation parameter p=13.07. Here,
we show just one discrete fracture network as illustration.

4. Conclusion

Our study highlights the influence of fracture network structure on the spatiotemporal
characteristics of injection-induced seismicity. The insights underscore the importance of
considering fracture network distribution in the assessment of seismic risks associated
with subsurface fluid injections.
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1. Introduction

Deep geothermal energy, carbon capture and storage, and hydrogen storage involve
injecting fluids into the Earth's crust, potentially inducing or triggering earthquakes [1].
Effective mitigation strategies require simulating fault dynamics and fluid injection
from wells, typically through computationally demanding poroelastic dynamic
equations. To efficiently address this challenge, we propose combining nonsmooth
friction laws and model order reduction techniques. Specifically, nonsmooth friction
ensures accurate adherence to Coulomb friction criteria and allows efficient implicit
time integration [2]. At the same time, model order reduction intelligently decreases
spatial degrees of freedom, significantly enhancing computational speed without
compromising accuracy [3]. This approach provides a practical, accurate framework for
exploring earthquake controllability and optimizing seismic risk management.

2. Methodology

Traditional poroelastodynamic earthquake simulations typically involve solving
equations in complex 3D domains. Here, we simplify the computational challenge by
focusing solely on the fault interfaces, disregarding elastic wave propagation into the
bulk. Adopting the approach from previous works [4,5], we solve a reduced-order
interface model governed by linear momentum expressed in a compact state-space

representation:

M 0 0 —-H K 01[V Hv,, — Kvy + E-(t,s,|V])

!0 I 0] =1 0 0|6+ 0 , (1)
0 0 I o o Illvl 0

Here K € RY*N represents the elastic stiffness matrix, H € R¥*V is the viscosi
1Y

matrix, v, € RY is the far-field loading velocity, § € R"is the fault displacement, and
E. € RY denotes frictional resistance. Coulomb friction constraints form a nonsmooth,
convex set:

¢ ={(F. @) eRY x RY||E| < g}, @)
where q = u(t, s, |v|)Aa,with friction coefficient u(t, s, |v|) defined by a slip-
weakening law [6]:

u(t,s, [vl) = pg + Aue %, (3)
with 4 being the dynamic friction, Au the friction drop, s the time-integrated absolute
value of velocity (slip), and d. the characteristic slip distance. As an additional layer of
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complexity, we generate gaussian random fields of Ay and d,. to induce spatial
heterogeneities. In this work, numerical integration is efficiently achieved using
variational inequality solvers that robustly handle the nonmsooth friction conditions, a
novel application in earthquake modelling that greatly enhances computational speed.
3. Results

In Fig. 1, we display the results of the simulation of the scenario discussed in the
previous section from the point of instability. Notably, this implementation accurately
simulates the true stick-slip behavior of earthquake faults, as demonstrated in Fig. 1 (a)
and (c). Furthermore, after a large slipping event, the entire system clearly returns to
sticking, as indicated by the plateau in Fig. 1 (b). Moreover, despite the spatial
complexity of such a problem the variational inequality solution yields a solution that
can produce up to a 5x speed improvement over an equivalent regularized formulation.
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Fig. I1: Results from nonsmooth a simulation. (a) Velocities against time, (b) slip against time, (c) velocity
contours and (d) slip contours in space at time = 7.3 s.

4. Conclusions

Herein, we introduced a streamlined computational framework combining nonsmooth
frictional mechanics with model order reduction for earthquake simulations. By
focusing computations directly on the fault interface and leveraging variational
inequalities for friction dynamics, we achieve significant computational efficiency
gains. The presented approach paves the way for practical, high-speed simulations
making it particularly useful for real-time control applications [5].
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Hysteresis and Strain Memory in Deformable Porous Media under
External Stress
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Abstract

Hysteresis in porous media critically influences the mechanical stability and efficiency of subsurface
operations such as CO, sequestration, hydrogen storage, and geothermal energy extraction. Yet, conven-
tional models often treat hysteresis as an emergent bulk property, neglecting the microscale deformation
processes that govern it. Our study aims to establish a systematic link between local-scale deformation
mechanisms—such as localized shear failure and compaction bands—and global stress-strain responses
observed during fluid pressurization cycles. Rather than treating hysteresis loops as phenomenologi-
cal curves, we develop a mapping between loop characteristics (shape, asymmetry, memory) and the
physical mechanisms that drive them.

In this work, we develop a transparent rock-like synthetic medium to directly observe the origin of
hysteresis in fluid-induced deformation. The sample is formed by sintering Poly-Methyl-Methacrylate
(PMMA) beads of sand-grain size, mimicking the mechanical behavior of sandstone at lower pressures.
To enable internal strain tracking, approximately 1% of the particles are replaced with fluorescent mi-
crospheres, which are solidified into the structure during sintering. The sample is saturated with an
index-matched oil, rendering the bulk material optically transparent while preserving the visibility of the
fluorescent tracers. Fluid is then injected cyclically using the same oil, allowing precise control over pore
pressure. The embedded fluorescent particles move with the solid matrix and are tracked using a high-
speed camera, capturing real-time deformation during each pressure cycle. Particle Image Velocimetry
(PIV) is used to analyze these displacements and extract spatially resolved strain fields. This experimen-
tal approach enables us to connect microscale deformation processes to macroscopic hysteresis behavior,
providing detailed insight into the rate- and history-dependent response of porous media.

We systematically explore how hysteresis characteristics—such as loop shape, width, and memory
effects—depend on pressure sweep rate and hold time. Our experiments reveal that faster sweep rates
widen the hysteresis loops in accordance with power-law scaling. In addition to sweep-rate dependence,
we study different kinds of memory effects, such as return point memory and the Kovacs effect, which
manifest during cyclic loading and encode the system’s response history. These memory effects serve
as diagnostic markers for the evolution of metastable configurations and localized deformation zones
within the medium. Moreover, we study how strain relaxes under constant effective stress by hold-
ing the pressure at selected intermediate levels. In many viscoelastic or poroelastic systems, constant
stress does not ensure constant strain. Instead, the strain exhibits time-dependent relaxation governed by
material-specific timescales. In our experiments, the relaxation behavior follows exponential or power-
law decay, providing insight into how the material responds to long-term loading and how it distributes
and dissipates stress over time.

Understanding how pore-scale deformation mechanisms give rise to macroscopic hysteresis behav-
ior allows us to build a predictive framework that moves beyond empirical observations. This multi-
scale perspective reveals key features such as energy dissipation, strain localization, and failure pre-
cursors—elements that are essential for modeling the coupled Thermo-Hydro-Mechanical-Chemical
(THMC) processes that govern subsurface systems.

*Civil and Environmental Engineering, Technion — Israel Institute of Technology, Haifa 32000, Israel. kun-
dusatyaki@campus.technion.ac.il, yanivedery @technion.ac.il
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Abstract

New energy applications, such as CCS, hydrogen storage, and geothermal energy, can greatly
benefit from the oil and gas industry's expertise in subsurface measurements, characterization,
and modelling. However, there are many fields of investigation and methodologies in
subsurface modelling, including thermo-hydro-mechanical-chemical (THMC) coupling, that
are unfamiliar to traditional oil and gas approaches. Siloed domains schemes are among the
main factors that have often hindered the adoption process, slowing down integration.
Additionally, the intrinsic difficulty in finding a balance between complexity, typical of
science driven activities, and straightforwardness, typical of business-driven activities, has
also substantially contributed to increase the gap between theories and applications.

Simulations-driven approaches are ubiquitous nowadays. Examples of applications in science
and engineering are numerous in domains like physics, biology, chemistry, civil engineering,
mechanical engineering, environmental science. Adoption of numerical analyses to solve
multiphysical processes is also a vital part of subsurface geoscience. For all these fields of
applications, in recent years, artificial intelligence and more specifically deep learning
advancements have resulted in remarkable accomplishments.

Embracing these new methodologies is crucial for advancing current practices of the energy
industry into more sophisticated and efficient solutions. It is essential for future simulation
systems to integrate both classical numerical techniques and Al methods. Moreover, Al
introduces stimulating new opportunities in areas that have been difficult for traditional
numerical methods, such as handling complex distributions and uncertainty in simulations.
These areas are often the “black hole” where the above quoted balance between complexity
and straightforwardness gets loss, widen the divide between theories and applications.

This keynote lecture will showcase some examples from CCS and discuss how the energy
transition also represents a shift in the mindset of geoscientists and engineers.



8™ International Conference on Coupled THMC Processes:
Geomechanics for Energy and Environmental Applications

Geologic storage of carbon in serpentinized ultramafics:
advances and setbacks

Pouyan Asem', Bojan Guzina', Joseph Labuz!, Juerg Matter?, John
Rudnicki®, Vaughan Voller', Emmanuel Detournay'

'Department of Civil, Environmental, and Geo- Engineering, University of Minnesota, MN
55455, USA; % School of Ocean and Earth Science, University of Southampton, SO14 3ZH,
UK; *Department of Civil and Environmental Engineering, Northwestern University, IL 60208,
USA

Keywords: Infiltration; Diffusion; Geochemical-hydromechanical processes

1. Introduction

Storage of anthropogenic carbon dioxide as thermodynamically stable carbonate minerals
[1] or by carbonate alkalinity production has gained interest in recent years. In short, the
process consists of injection of low pH, carbon-bearing fluids in ultramafic formations.
As the matrix of most ultramafics has undergone serpentinization to various degrees, with
nanodarcy permeability and low reactive surface area, fluid access to reactive sites and
evolution of fluid composition allowing for mineralization or alkalinity production are
the rate limiting processes. Therefore, the fractures that serve as fluid pathways are also
credited for most of the evolution in water chemical composition.

As carbon-bearing fluids interact with fracture walls, their chemical composition evolves
to Type I waters that are characterized by their Mg-HCO3!" signature. This fluid continues
to react with fracture walls or possibly infiltrates into cavities residing in the porous
matrix of a polymineralic serpentinized rock, characterized by poromechanical and
geochemical signatures (Fig. 1) and eventually evolve into Type II, Ca-OH!" waters. The
infiltration stage will create an interconnected fluid phase allowing for diffusion of
chemical species within the matrix and between the matrix and fracture network. These
hydromechanical-geochemical processes constitute a feedback loop and are coupled [2],
with an increase concentration of alkaline earth metals and carbonate alkalinity. The
combination of these two factors will solubilize CO; and under ideal conditions result in
precipitation of carbonate or hydrated carbonate minerals, as observed in ultramafic
formations around the world. In this paper, we provide an overview of work that aims to
understand parameters that will lead to, or limit, carbon storage in ultramafic rocks.

2. Methodology

The experimental framework consists of intact specimens of serpentinized harzburgite
interacting, under closed conditions, with a fluid based on Type I waters. The specimens
are instrumented with strain gages to monitor volumetric changes if and when
mineralization takes place. Frequent water sampling affords tracking chemical
composition, carbonate alkalinity, and fluid pH. Analysis of the rock itself using
wavelength dispersive spectroscopy (WDS) allows for determining mineral chemical
compositions and solid solutions in evolution of fluid composition. Analysis of fluid
chemical composition using geochemical codes provides an evolution of saturation
indices with respect to carbonate and phyllosilicate minerals.
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Fig. 1: Approach to understanding hydromechanical-geochemical couplings in serpentinized rock.

3. Main results

Experiments on interactions of intact matrix and the reactive fluid demonstrated (i) pH
increased from 5.9 to 7.5 over 31 weeks; (ii) carbonate alkalinity remained constant
pointing to the ability of the rock to maintain pH > pKal of the carbonate system and to
solubilize COg; (iii) dissolution was incongruent with respect to Mg and Si, favoring Si
release at pH > 6; (iv) increased reactive surface area creates improved dissolution and
facilitated carbonate alkalinity production; and (v) aqueous phase was undersaturated
with respect to carbonate and hydrous minerals due to low reactive surface area of the
matrix caused by precursor serpentinization reactions.

4. Conclusions

While much has been learned in recent years about the hydromechanical-geochemical
couplings in serpentinized rocks, critical aspects of their behavior remain unknown. A
thorough understanding of these processes is needed before the feasibility of carbon
storage by mineralization can be assessed. What is clear from the results presented is that
the rate limiting parameter is the low reactive surface area associated with the matrix. The
existence of fractures will increase the reactive surface area and reaction rates, which can
facilitate faster carbonate and total alkalinity production. Therefore, the focus will be on
the creation of new fractures and development of engineered mechanisms (e.g. fluid
compositions) that prevent passivation effects of the fracture walls and hence allow for
sustainable geological host formations for storage of CO».
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1. Introduction

Geological CO, storage (GCS) is an efficient way to store large volumes of captured
CO; to meet the stringent climate goals. GCS involves a broad range of coupled THM
phenomena that manifest differently depending on the spatial and temporal scales and
geomaterials. Current efforts for representative modelling are hindered by the sparse
data from field-scale measurements, limited spatial resolution from well-logging
techniques and the relevance of representative elementary volumes and time scales in
lab testing [1]. This work aims to contribute to upscaling of GCS by introducing a novel
intermediate scale of observation that will serve as a missing link between the lab and
the field.

2. Methodology

A metre-scale physical model of the entire reservoir/caprock system has been designed
to simulate field conditions for CO, storage (Fig. 1a). This original testbed aims to
enable high resolution measurements while taking into account spatial variability and
distribution. The hydromechanical setup consists of a cylindrical cell in which a
synthetic reservoir layer (cemented sand) at the bottom and a synthetic caprock layer
(recompacted shale) above will be compacted and saturated with water at stress and
pore pressure levels representative of 800 m depth (180 bar and 80 bar, respectively),
before CO; injection in the reservoir layer.

CO, recompacted

1000 mm
(a)
Fig. 1: (a) Physical model for GCS, (b) hydraulic properties of the recompacted synthetic geomaterials

= shale cemented sand
50 mm | HO overburden - porosity 6% | 28 %
150 mm '_‘_-_; caprock =il permeability | 1310 m* | 2.1-10" m?
~ HO ; ’ HO
350mm | T eeervoir y -
(b)

3. Results

The hydromechanical behaviour of the used geomaterials (Fig. 1b) has been studied in
the lab and the main hydraulic properties, such as porosity, water permeability and CO,
entry pressure, have been acquired. High porosity and permeability were measured for
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the reservoir material (see Fig. 1b), with values relevant to natural reservoir materials
such as sandstones [2]. In the case of the caprock material, of particular importance is
the sealing capacity. The preliminary results showed low permeability values (in the
order of 10" m2) and high CO, breakthrough pressure (1-2 MPa), comparable to those
of a natural caprock [3].

Based on the acquired experimental results, the metre-scale campaign has been designed
with numerical simulations. Different resaturation and CO, injection strategies (e.g.
injection pressure and duration) were evaluated with the aid of a fully coupled FE
hydromechanical model, aiming to reproduce boundary conditions relevant to the field,
and optimise the duration of the campaign. Water saturation was performed from
bottom to top (Fig. 2a) and the results suggested an optimised 2 month duration for
compaction and water saturation of the entire system (reservoir and caprock) before
CO; injection. Simulations of gaseous CO; injection at different constant rates revealed
that at this scale CO, propagation is dominated by diffusion phenomena, thus injection
under constant pressure (Fig. 2b) shall be preferred to study multi-phase flow as

expected in the field.
1000 mm : : 1000 mm

caprock

S, (lig)

reservoir

— (a) - (b)
Fig. 2: Liquid saturation after (a) 26h of water resaturation, (b) 24h of CO; injection at constant pressure

4. Conclusions

An original metre-scale physical model has been designed to study the coupled
processes in GCS. The setup considers the entire reservoir/caprock system and targets
CO; injection under conditions similar to the field. Lab-scale results showed that the
hydromechanical properties of the used geomaterials are comparable to natural caprock
and reservoir materials. Numerical modelling of the metre-scale campaign suggested
CO; injection under constant pressure to priviledge advection-dominated CO, flow.
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1. Introduction

The increasing demand for sustainable energy solutions has led to a growing interest in
subsurface storage technologies, including nuclear waste disposal, CO2 and hydrogen H2
storage, and deep geothermal energy systems. These applications often involve deep clay
formations, commonly referred to as host rocks, which are selected for their low
permeability and hydro-mechanical properties. Among the various host rocks studied in
this context, Opalinus Clay Shale (OPA) is a well-characterized claystone, primarily
associated with nuclear waste disposal. Its mechanical and hydraulic features make it a
relevant case study for understanding the hydro-mechanical behaviour of compacted clay-
rich formations under subsurface conditions. Experimental observations [1-2] suggest
that intact OPA is characterized by a single dominant porosity, associated with the voids
between clay particles (microporosity), with characteristic sizes of approximately 10-30
nm. However, when subjected to loading/unloading or imbibition/drying cycles, an
additional macroporosity may develop along bedding planes, with larger pores in the
range of tens to hundreds of micrometers. These complex porosity interactions are not
unique to OPA but are observed in several host rocks, especially under THMC conditions.
This study presents a double-structured hydro-mechanical model based on the Barcelona
Expansive Model (BExM) [3], adapted to capture the porosity evolution in clayey host
rocks. The model is validated against experimental tests, demonstrating its capability to
reproduce the stress-dependent swelling behaviour observed in laboratory conditions.

2. Model

To accurately describe the swelling behaviour of clayey host rocks, a double-structured
hydro-mechanical model has been developed. The constitutive relationships are
formulated using a separate stress variable approach, distinguishing the effects of net
stress and suction. Regarding the elastic behaviour, in this model it is attributed
exclusively to the microstructure, meaning that the evolution of induced macroporosity
is treated as a purely plastic deformation. For the plastic response, the model follows the
classical framework of the BExXM model with three main yield surfaces defined in the p
—s plane: (i) the Suction Decrease (SD), (ii) the Suction Increase (SI) and (iii) the Loading
Collapse (LC) yield surfaces. The model parameters were calibrated using experimental
results from oedometer swelling tests conducted on specimens of Opalinus Clay Shale,
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considered here as a representative clayey host rock. Two of these tests, in which
resaturation was performed under constant load, are shown in Fig. 1, along with the
corresponding model predictions.

0.26 0.26
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Fig. 1: Oedometric tests with (a) a swelling phase under a constant stress of 0.004 MPa and (b) 0.1 MPa.

From Fig. 1, it can be observed that swelling deformations are significantly influenced by
the applied load, leading to a constitutive response that is highly dependent on the stress
path. Moreover, the amount of swelling allowed during the resaturation phase has a direct
impact on the preconsolidation stress during the subsequent reloading phase. In particular,
greater swelling leads to a more pronounced reduction in preconsolidation stress, which
may be attributed to the development of induced macroporosity along the bedding planes.
These aspects, the stress-path dependency of swelling behaviour and the evolution of
yield stress due to plastic swelling, are successfully captured by the elasto-plastic
constitutive model developed in this study.

3. Conclusion

This study investigates the swelling behaviour of clayey host rocks through a double-
structured hydro-mechanical model based on the BExM. By providing a framework
capable of predicting stress-dependent swelling in deep clayey formations, the proposed
model contributes to a better understanding of the hydro-mechanical response of these
geomaterials. These insights are valuable for applications such as underground energy
storage and waste disposal, where the behaviour of expansive clay formations is a key
factor in system performance. Ongoing work is focused on enhancing this version of the
model to account for the influence of temperature and aqueous solution composition, thus
developing a THMC model.
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1. Introduction

Geological carbon storage in porous reservoirs, as a promising large-scale carbon
reduction technique, has been playing a crucial role in the Climate Change mitigation
efforts. Carbonate minerals (e.g., calcite) are ubiquitously presented in candidate
formations suitable for geological Carbon Capture and Storage (CCS). The dynamic
process of chemically induced alteration on carbonate-rich reservoirs due to the injection
of supercritical CO> holds paramount importance for achieving an economic injectivity,
an overall structural integrity, as well as the long-term safety of the subsurface process.
How the carbonate rock undergoes chemical deterioration in the presence of CO; has its
roots in how microcracks interact with the reactive environment, which remains largely
unknown. In this study [1], we employ a powerful tool of reactive force field (ReaxFF)
molecular dynamics (MD) simulation, investigating into the impact of representative CO»
environments on Mode [ tensile crack propagation in calcite at micro-scale. Our
simulation results provide new insights on the process of subcritical calcite cracking
induced by a reactive environment via carbon dioxide injection and hence sheds light also
on the future integration of the “Utilization” aspect into CCS.

2. Methodology

The ReaxFF MD simulations were performed using the large atomic/molecular
massively parallel simulator (LAMMPS) [2]. Calcite samples with dimensions of 100 A
x 12 A x 196 A were created. Mode I loading was applied perpendicular to the calcite
(104) cleavage plane. A representative CO> condition was examined to illustrate the
influence of reactive environments on crack propagation in calcite. In the base case, the
pre-notched calcite sample was placed in a vacuum condition. In the second scenario, a
“C0»2-H,0 Mixture” bath with dimensions of 40 A x 12 A x 196 A was created by evenly
mixing CO2 and H20 molecules, with each component occupying half of the total volume
of the reservoir. The reservoir was connected to the calcite sample under the same
mechanical loading condition. The density of liquid-like CO, was set to 0.6 g/cm?,
simulating a supercritical state. During the process of crack propagation, fluid molecules
from the reservoir diffused into the calcite matrix from the crack lips, interacting with the
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stressed solid. The fluid reservoir was enclosed by reflective walls to prevent molecules
from escaping and to maintain the initial density and volume.

3. Main Results

With a constant strain rate, the stress of calcite increases linearly with the strain in
both scenarios. Calcite loaded in a vacuum environment achieves a higher yield stress of
5.66 GPa. In comparison, the yield stress of calcite in the CO2-H>O mixture significantly
decreases to 4.98 GPa, indicating a pronounced chemo-mechanical weakening effect due
to the presence of both H-O and CO2 molecules in the subcritical regime. Furthermore,
calcite samples experience catastrophic failure earlier in CO»-H>O condition at a strain of
6.22 %, while the failure in the vacuum condition occurs at a strain of 7.45 %. This
observation supports the argument that the combined action of chemical and mechanical
loads accelerates calcite failure more than the pure mechanical load setting. Our
simulation results also indicate that the calcite loaded in the vacuum environment exhibits
a fracture toughness of 0.75 MPa - m*/2. However, in a mixed CO»-H,O environment,
the fracture toughness of calcite decreases to 0.66 MPa - m'/?, which is 12 % lower than
the reference case. Additionally, we observe a slow crack propagation characterizing a
subcritical growth phase, followed by a fracturing phase where the crack velocity surges
by orders of magnitude. In the subcritical-growth regime, the crack tip advances slowly
although the stress intensity factor is below the critical value. In the presence of a mixed
CO;2-H»0 environment, this critical value is reached earlier than in the vacuum case due
to the significant reduction in fracture toughness of calcite caused by the crack-fluid
interaction. It is noted that in the subcritical-growth regime, the calcite sample in the CO»-
H>O condition propagates faster with a sharper shape than the vacuum case.

4. Conclusion

This study provides an atomistic-scale investigation into the influence of
environmental conditions on the subcritical crack propagation in calcite, with a focus on
the scenarios at the near-wellbore region in CO> geological storage. Utilizing ReaxFF
MD simulations, we examined the complex interactions between Mode I crack
propagation in calcite and its surrounding chemical environment. The main findings are
listed as follows: (a) Calcite sample exposed to CO2-H>O mixture exhibits a significant
reduction in the yield stress with a lower accumulated strain at yield. (b) In mixed CO»-
H>O environment, a lower fracture toughness of calcite is obtained at 0.66 MPa - m*/2,
which is 12 % lower than that in the vacuum condition. (c) Analysis of the crack length
and tip radius propagation suggests that the pre-existing crack extends faster and with a
smaller radius of curvature in the CO2-H>O environments than in vacuum.
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1. Introduction

A major challenge in Carbon Capture and Storage (CCS) is assessing the risk of induced
seismicity from underground CO: storage since, currently, there is no established
technology that can accurately predict earthquakes. This study simulates geological CO2
storage using a hydro-mechanical model to assess fault stability and propose a structured
approach to injection-induced seismic risk assessment.

2. Methodology

This study presents a three-dimensional poroelastic finite element model with joint
elements [1] to calculate fault slip displacement. CO: injection into a reservoir is
simulated using a commercial flow simulator, providing saturation and pore pressure
distributions as inputs for stress analysis (i.e., one-way coupling). Pre-existing strain
distribution in formations is established based on initial stress and pore pressure gradients.
Fault stability is assessed, and mechanical parameters are adjusted if instability occurs.
After force equilibrium is achieved, pore pressure changes from CO: injection are applied,
and resulting stress variations, slip displacement, and seismic moment are calculated for
seismic risk assessment.

3. Main Results

Assuming that CO: is injected into a relatively shallow aquifer, a geological model is
constructed with layers representing the surface, seal, reservoir, and deep basement rock.
The fault plane is modeled as extending from the surface layer to the basement rock and
is set to a critically stressed state. Additionally, this study assumes no hydraulic
connectivity between the reservoir and the fault. When the pore pressure in the reservoir
was increased by 1 MPa, calculations of Coulomb stress change and seismic moment
upon fault failure indicated that larger seismic moments occurred in the upper part of the
basement rock rather than at the reservoir depth (Fig. 1). This finding aligns with induced
seismic characteristics observed in some field studies [2, 3, 4].
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£
Reservoir (Ap= 1 MPa)

Fig. 1: a) Location of the fault and reservoir, b) Coulomb stress change, and c) seismic moment intensity
for assessing seismic risk of the known fault.

In some cases [3, 4], earthquakes have been reported on previously unidentified faults.
This study assessed the seismic risk of such faults using elastic strain energy density and
Formation Robustness Index (FRI). The simulation results showed that regions with
negative FRI change and high elastic strain energy density near the CO- injection area
had a higher likelihood of induced-seismic activity.

Fig. 2: a) Vertical displacement, b) Elastic strain energy density, and c) formation robustness index for
assessing seismic risk of unmapped faults.

4. Conclusion

The study highlights that rock strength variations, initial stress, and pore pressure
significantly influence induced-seismicity risk during CO: injection. Observed events in
unidentified faults suggest the need for formation stability indicators to assess seismic
risks beyond known faults. These insights help engineers define monitoring requirements
and improve CCS project safety.
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1. Introduction

The Callovo-Oxfordian (COx) claystone, serving as the host rock for the potential deep
geological repository for the disposal of the most highly radioactive waste in France, is
expected to experience thermal loading up to 90 °C due to the decay heat of radioactive
nuclides [1]. This study investigates the transversely isotropic poro-elasto-visco-plastic
properties of COx claystone after thermal loading. In this study, the rock behavior is
characterized experimentally and modelled through a combination of constitutive
features. The model is readily implemented in a finite element simulation framework
allowing for parameter calibration and site-scale simulation.

2. Methodology

Samples of COx claystone, previously subjected to in-situ heating tests at the Andra
Underground Research Laboratory in Meuse / Haute-Marne, were extracted for
laboratory investigation. These samples were resaturated under stress conditions close
to in-situ state, and deviatoric stress was applied either parallel or perpendicular to the
bedding planes, following different stress paths until failure. Additionally, an isotropic
compression test was conducted. The drained and undrained behaviors of the samples
were investigated by pseudo-undrained rapid loading and drainage phases. Drained
elastic and plastic strains were decomposed through mechanical loading cycles,
allowing the determination of a set of drained elastic parameters and identifying the
plasticity onset. The constitutive law was implemented in the finite element solver
FEniCSx [2] using the MFront tool [3].

3. Main Results and Conclusions

The measured failure characteristics of the samples were similar to non-heated samples,
and different stress paths showed no significant effect of the temperature on their critical
state. The experimental results were used to develop and calibrate a poro-elasto-visco-
plastic constitutive law. Asymmetric Cam Clay (ACC) model was used, coupled with a
non-uniform scaling method to account for anisotropic plasticity, and the overstress
model was incorporated for visco-plastic behavior. This numerical simulation tool can
be used to analyse the thermo-hydromechanical response of the COx at various scales.
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Finally, 2D and 3D simulations of tested samples under various loading conditions were
conducted to successfully calibrate constitutive parameters.
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1. Introduction

Mineral carbonation is a carbon capture and storage (CCS) technology that was initially
proposed by Seifritz [1]. This includes the reaction of CO; with rocks containing Ca-
and/or Mg-silicate minerals to form stable carbonate minerals, such as calcite (CaCO3),
dolomite (CaMg(COs3)2) and magnesite (MgCO3).

Ultramafic and mafic lithologies are amongst the most promising rocks for the
mineralization of COz. Such lithologies are abundant globally and respective quarries
produce aggregates for the construction industry. These quarries, however, also produce
considerable fine waste material that may be used as feedstock for mineral carbonation.

This paper discusses the potential of using waste material (quarry fines) from mafic
rock quarries for the safe storage of CO». This is achieved through the addition of such a
waste material in lime-based composite building materials that may be used to sequester
COz directly from the atmosphere during their lifetime.

2. Methodology

A dolerite quarry waste sampled from the outskirts of the Troodos ophiolite complex in
Cyprus, which is one of the most well-preserved ophiolite complexes in the world, was
used in this study. The sample was first subjected to XRD analysis to determine its
mineralogical composition. It was then ball-milled in wet conditions to reduce its size to
the nanoscale and thus enhance its reactivity with CO,. The ball-milled material (NW)
was used at either 5% or 15% w/w in partial replacement to CL80-S hydrated lime binder
to produce renders in the laboratory. Unmilled waste material (UMW) from the same
quarry was also used for comparison purposes. The renders were designed with a constant
binder/aggregate ratio (1/3) and workability (165+5 mm). Their physico-mechanical
properties in the hardened state were determined after 7, 28 and 90 days of curing.
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3. Results

The mineralogical composition of the dolerite quarry waste sample included augite,
anorthite, chlorite, actinolite, epidote, albite, quartz, calcite and magnetite. Among these
minerals, augite and anorthite are rich in the divalent cations Ca’" Mg?* and Fe*", which
are essential for mineral carbonation [2]. Ball milling did not alter the mineralogical
composition of the sample; nevertheless, XRD demonstrated a structural disordering of
the constituent silicate minerals, which is important for the enhancement of carbonation
reactions [3].

The results of the experiments for the determination of the physical properties of the
hardened end-products clearly showed an enhancement of the carbonation process in the
composites with the waste material, compared to the reference composite. This was
quantified using the ratio of calcium hydroxide (Ca(OH)>) to calcite (CaCO3), estimated
via thermal analyses.

Besides the enhancement of the carbonation reaction kinetics, the addition of the ball-
milled dolerite quarry waste material to the lime composites also led to a denser and more
homogeneous microstructure. This was confirmed through SEM observations.

Regarding the mechanical properties, an enhancement of both the compressive
strength and dynamic modulus of elasticity was observed in the composites with the ball-
milled dolerite quarry waste. This was attributed to a filler effect and the enhancement of
carbonation reactions. On the other hand, a generally inferior mechanical performance
was observed in the composites with the unmilled dolerite.

4. Conclusions

The results revealed that the mafic rock quarry waste may be successfully used by the
construction industry as additive, in replacement to the binder, to produce
environmentally friendly composite materials. The enhancement of the carbonation
reactions in the latter could contribute to the sequestration of CO> at ambient conditions,
as well as to the development of building materials with improved engineering properties.
It is important to note that mafic rocks are abundant worldwide. In addition, it should be
underlined that similar applications could be proposed for quarry fines generated from
ultramafic rock quarries, which also show global abundance and contain higher contents
of Mg-silicate minerals. Hence, the proposed approach could have a considerable impact
on the decarbonization of the construction sector, along with a great positive economic
and environmental impact on the quarrying and building industries worldwide.
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1. Introduction

As the energy sector intensifies efforts to reduce greenhouse gas emissions, carbon
capture and storage and, particularly, the injection of CO; into subsurface geological
formations, has emerged as a fundamental component of decarbonization strategies.

However, accurately modeling CO: behavior in the subsurface requires more than
conventional geomechanical modeling techniques. The injection process involves
intricate multiphase flow dynamics, thermal variations, geochemical reactions, and all its
potential geomechanical impacts. These factors demand the use of specialized numerical
models capable of capturing the coupled processes that govern CO: injection, migration
and long-term storage integrity.

Thus, this article presents a thermo-hydro-mechanical fully coupled numerical model
with CO2 dissolution and Joule-Thomson effects, in a context of a dual-porosity system,
where fractures (natural and induced) are explicitly represented by means of zero-
thickness interface elements.

2. Methodology

A fully coupled thermo-hydro-mechanical (THM) multiphase numerical model has been
developed to simulate both continuum and zero-thickness interface elements. The model
captures the behaviour of supercritical CO: flow within a deformable porous medium,
including the presence of discontinuities, under non-isothermal conditions.

The model incorporates mechanical deformation, thermal processes (advective and
conductive heat transport), and multiphase flow in porous media. It accounts for key
physical phenomena such as the Joule-Thomson effect, CO- dissolution, and fracture
mechanics. The governing equations for the deformable porous medium are based on the
formulations proposed by [1,2]. Additionally, the thermodynamic behaviour of COs: is
described using the Peng—Robinson equation of state [3].
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The methodology is based on a dual-porosity approach that accounts for fluid flow
within both the fracture network and the continuous pore matrix. To accurately represent
fracture propagation —whether naturally or induced— zero-thickness interface elements
are incorporated. These elements are governed by a mechanical constitutive law based in
fracture mechanics and fracture energies [4].

3. Main results

The described model has been applied in multiple CO- injection studies, with a specific
focus on 2D near-wellbore simulations. Figure 1 presents the results of a thermally
induced fracture generated during the injection process, after 20 and 60 days of injection.
As shown in the figure 1, a cooling effect is induced by the Joule-Thomson mechanism,
which leads to the opening of the fracture in the direction of the maximum principal stress.
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Fig. 1: Cooling effect and fracture aperture after 20 and 60 days of injection.

4. Conclusions

One of key strengths of the presented numerical model is the ability to detect the onset of
thermal fractures and assess their potential impact on reservoir containment, caprock
integrity, and nearby fault systems —which is critical for minimizing the risk of induced
seismicity—, enhancing the safety and effectiveness of CCS operations.

This modeling approach supports strategic decision-making by improving well
placement based on predicted fracture behavior in a discrete manner, tracking changes in
injectivity over time, and simulating the temporal evolution of fractures. Overall, it is a
powerful tool for optimizing injection strategies and ensuring long-term storage integrity.
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The process of fault frictional healing, which refers to a fault's capacity to restore its
strength over time between seismic events, is a critical factor influencing the seismic
cycle [1]. After a fault experiences rupture during an earthquake, this frictional healing
enables the surrounding rocks to accumulate elastic energy, which will subsequently be
released in the following earthquake.

It is widely accepted that fault frictional healing (or static friction) increases over
time and is influenced by the specific rock type or mineralogy of the fault. Nevertheless,
the majority of existing research on frictional healing has been conducted under
conditions that do not accurately reproduce the environment found at seismogenic
depths. In these deeper settings, deformation—whether resulting from natural processes
or human activities—occurs in the presence of hot and pressurized hydrothermal fluids.
These fluids significantly affect the strength and frictional characteristics of faults by
promoting or inhibiting various chemical reactions [2].
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Fig. 1. Detailed schemes of the experimental set-up. (a) Rotary Shear Apparatus (ROSA). (b) the
hydrothermal pressure vessel (HYDROS).

In this study, we present the findings derived from an innovative experimental setup
(Fig. 1) that consists of a rotary shear apparatus (ROSA; Fig. 1a) and a specialized
hydrothermal vessel (HYDROS; Fig. 1b). The integration of these two systems
facilitates the simulation of the loading conditions and large slip displacements
characteristic of natural faults, along with environmental parameters representative of
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seismogenic depths, featuring hot and pressurized fluids. The natural case study pertains
to an ancient seismogenic fault within the Atacama Fault System in Chile, comprised of
altered rock types (specifically chlorite- and epidote-rich cataclasites) situated within a
continental crystalline basement of non-altered granodiorite (Fig. 2a). Experimental
results from week-long experiments on powdered samples reveal that, in the non-altered
granodiorite, fault frictional healing does not increase over time as typically expected
and observed in the cataclasites. Instead, granodiorite exhibits a decrease with time.
However, initial fluid chemistry plays a fundamental role in the fault frictional healing
response, showing a dramatic change in the non-altered rocks in the presence of
equilibrated fluids with a different chemistry (Fig. 2b).

This decrease in fault frictional healing and how fluids change during the evolution
of faults, can have significant implications for the recurrence intervals of earthquakes
and magnitude (increasing and decreasing, respectively) and the dynamics of the
seismic cycle for both natural and human-induced earthquakes.
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Fig. 2: (a) Samples locations within the Atacama Fault System, outlined areas in red are the fault-core,
and thin sections of the granodiorite and cataclasite. (b) Dependence of fault frictional healing with hold
time for non-altered granodiorite and the cataclasite with both pure Milli-Q water and in equilibrium
with the cataclasite. Best fitting curves for the average values (standard error shown); shaded areas 95%
best fitting curves confidence band.
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1. Introduction
The large-scale deployment of geothermal energy can assist with the transition away from
fossil fuels. Two promising designs for expanding geothermal capacity are hydraulic
fracture-enhanced geothermal systems (Fig. 1) and closed-loop multi-well systems.
However, several technical challenges remain, including reducing the uncertainties
associated with multistage hydraulic fracturing, ensuring high flow rates as well as
distribution, and minimizing the risk of induced seismicity and well mechanical failure.
This paper explores how heat depletion impacts reservoir geomechanics.
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Fig. 1: Schematic of an Enhanced Geothermal System (EGS) and possible geomechanical implications:
fault reactivation, thermal short-circuits (flow and plane channeling)

2. Methodology

We solve 3D coupled solid equilibrium, mass balance, and energy balance equations to
capture the bulk reservoir response to non-isothermal fluid injection. The methodology
employs coupled thermo-mechanical-hydraulic (THM) numerical simulation solved with
the Finite Element Method (FEM) under the Fenicsx platform [1]. The main novelty of
our approach is including mass balance in wellbores and multiple fractures and rock
effective nonlinear and inelastic response [2,3]. Hydraulic fractures and wellbores are
simplified to 2D and 1D elements embedded in a 3D domain. Unlike most geothermal
work, we also considered undrained thermo-poromechanical response.
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3. Results

The results indicate that the response of EGS and closed-loop multi-well systems can be
significantly affected by thermal de-stressing. EGS systems can develop flow and plane
channeling due to thermal de-stressing and fracture opening [2-3]. Figure 2 shows an
example comparison of EGS fracture response to cooling considering linear elastic and
elasto-plastic responses. The likelihood of short-circuiting depends on rock nonlinear
elastic properties, strength, initial effective stress and temperature change. Closed-loop
designs can also develop geomechanical risks. Aggressive heat extraction combined with
high rock mass stiffness can cause the reservoir rock to reach its yield surface near wells
[4]. Rock properties are highly influenced by pre-existing natural fractures, hence, these
should thoroughly characterized and incorporated in models through effective rock
models or discrete fracture networks if computational cost is available.

(a) Linear Elastic (b) Nonlinear elasto-plastic (effective model)
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Fig. 2: Results of flow channeling in an EGS fracture considering different constitutive models.

4. Conclusions

Geomechanical events can limit the geothermal heat recovery factor. This recovery factor
depends on the system's geometric configuration, temperature variations, rock stiffness
and strength, and the local stress field.
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1. Introduction

The Cooper Basin, a prime target for lithium extraction, presents a striking anomaly:
While volcano-sedimentary and crystalline basins in hydrothermal settings normally
drive high Na-release (Fig. 1), the low salinity of the Cooper Basin presents an extreme
endmember. Na/Li thermometry [1]indicates low-temperature Li release. We attribute this
to the fast uplift of the granite shortly after its emplacement 300 Myrs [2], juxtaposed
with evidence of relatively recent reactivation in a high-temperature (230°C+) regime.
This reactivation, indicated by geothermal well data and high lithium concentrations
(200+ ppm), suggests that the previously established fluid pathways are now being
influenced by a new, hotter fluid flow. We hypothesise that tectonic stress during the
basin's initial uplift released lithium from granite sheet silicates, creating these pathways
via hydro-mechano-chemical instabilities (Fig. 2c). The preservation of these fluids
through subsequent burial, coupled with this recent high-temperature reactivation, by
plate collision less than 10 Myrs ago, potentially explains the persistent Na/Li ratios,
which may reflect ongoing fluid-rock interactions under the current thermal conditions.
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(integrated data from Cooper basin and Sanjuan et al. [1])

Na-Li (Kharaka et al., 1982) -
Na-K (Fournier, 1979)



aa

sess
F—
e R

GeoProc

g

g

& 2025 8™ International Conference on Coupled THMC Processes:
e Geomechanics for Energy and Environmental Applications

2. Methodology and Expected Results
A deformation band enabled by chemical fluid release [3] is proposed here for the
breakdown of granite (Fig. 2): (a) schematic process of mechano-geochemical fluid
release and deformation band generation; (b) mechano-geochemical fluids migrating
through the grain-boundary network; (c) the critical situation for fluid focussing into
deformation band is reached when the matrix compacts faster than fluid percolation.
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Fig. 2. llustration for two Li migration scenarios in tight granite.

The following is a reaction-cross-diffusion model to characterise fluid generation and
rock deformation under stress. Eq. 1 describes the diffusion of rock deformation. Eq. 2
describes the diffusion of internal fluid in rock. The relative evolution rates between these
two processes control the generation of deformation bands. pg and py are stress on solid
and fluid. dy;, Dy, Dy, and dy are the diffusion coefficients. R; and R, are the reaction
terms for stress and fluid releasing, respectively.

ops _  0°ps 0ps
at — DM 6x2 + dH axz + R1 Eq 1
opf _ 5 9°ps 9%py
at — dM 92 + DH x> + Rz Eq 2
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1. Introduction

Infrastructure development in cold regions presents significant geotechnical challenges
due to freeze-thaw cycles [1, 2]. The frost zone gradually develops at the walls of the
tunnel that is open to the surface as the tunnel temperature drops below freezing, with
water influx towards the tunnel accelerating ice formation and contributing to tunnel wall
failure. The present study employs a 2D coupled thermo-hydro (TH) model to investigate
the low-temperature zone propagation around the tunnel.

2. Methodology
The coupled TH model is solved using the finite element method. Fluid flow is governed
by mass balance equations formulated separately for the rock matrix and fractures:

15} 0
pw(Sma_f-i_aB ;VJ_V.(pwum)zo’ um :_%(vp_pg) (1)
op ob K;
bpwsfa—}_pw E_VT '(bpwuf)=pw (-ﬁlp +f;30tt0m )’ U, :_Z(Vrp_pg) (2)

where, p is the density, S is the storage coefficient, u is the dynamic viscosity of water, p
is the pressure, ¢ is time, &, is the volumetric strain, u is the velocity vector, b is aperture,
f 1s the fluid exchange term between fractures and matrix, with subscripts ‘up’ and
‘bottom’ denoting the up or bottom matrix block at either side of the fracture, and « is the
permeability; the subscripts w, m, and f denote water, matrix, and fractures, respectively.
Notably, permeability is assumed invariant under freeze-thaw cycles, as this study focuses
on fluid-thermal interactions rather than mechanical deformation.

Similarly, heat transfer is described by energy balance equations for both domains:

(pC)eﬁ(Z_f+prwum VT—V(/ILGHVT)ZO (3)
oT ; ~
prCw 5 " bpwquWVTT a VT ) (b WVTT) - eup + ebottom (4)

where, C is the specific heat capacity, A is the thermal conductivity, 7 is the temperature,
and e is the energy exchange term between fractures and matrix.
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In this study, we develop a model to simulate water inflow and temperature variations
around a 4 m-diameter circular tunnel within a 16 m % 16 m square domain. The fracture
network follows a power-law distribution with the fracture intensity P>1 = 2.5 m™'. The
water table is fixed at the top boundary, while the initial domain temperature is uniformly
10°C. All other outer boundaries are impermeable and adiabatic. The tunnel boundary is
at atmospheric pressure and experiences diurnal sinusoidal temperature fluctuations
between -2°C and 2°C over three months. A stationary hydraulic analysis is initially
conducted, followed by time-dependent TH coupling to assess temperature effects.

3. Preliminary Results and Discussion

The hydraulic head distribution exhibits significant spatial variations due to the presence
of fractures (Fig. 1a), with interconnected fractures dominating the fluid flow (Fig. 1b).
The low-temperature zone initiates at the tunnel wall and gradually propagates into the
fractured rock (Fig. 1c). In regions with closely spaced fractures, heat transfer is
enhanced, accelerating thermal advection. The frost zone is found to progress at a slower
rate within fractures compared to the matrix.

.ot () Temperature after 3 months (°C)

Hydraulic head (m)

Fig. 1: Spatial distribution of (a) hydraulic head, (b) flow velocity, and (c) temperature

To sum up, this study shows that cyclic thermal variation could drive the gradual
expansion of the frost zone, with significant implications for assessing frost risks to
underground infrastructure in cold regions. Further studies are underway to include
additional factors and arrive at quantitative estimate of frost zone growth and
development.
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1. Introduction
The GeoLaB (Geothermal Laboratory in the Crystalline Basement) is a planned
research infrastructure in Germany funded by the Helmholtz Association with the aim
of researching the use of geothermal resources at the meso-scale. It is a collaboration
between the GFZ Potsdam, Karlsruhe Institute of Technology, TU Darmstadt, UFZ
Leipzig and the German Federal Company for Radioactive Waste Disposal (BGE).
The aim of the project are scientific findings to develop utilization strategies for
geothermal energy production from crystalline rocks. Experiments are to be carried out
directly on the rock formation, forcing fluids into the rock under high pressure. The
underground laboratory is to be excavated in fissured, crystalline rock with defined
overburden at some suitable site. GeoLaB is currently in the planning and exploration
phase. Potential targets are the crystalline basement rocks in the Black Forest or
Odenwald whereas for the Odenwald, the area around the so called Tromm is of great
relevance.

2. Methodology

To support the permitting process of the planned laboratory, potential environmental
effects of water-rock interactions need to be investigated. For this purpose, natural water
sampled from local springs was pumped through rock samples of Tromm granite
collected from the Streitsdoll quarry for seven days at temperatures of 50 °C, 100 °C
and 150 °C using a flow-through apparatus. Before, the cylindrical rock samples were
submitted to a Brazilian Disc Test to obtain one single fracture along the flow direction.
The fluid used was analyzed for its cationic and anionic hydro-chemical components
before and after the experiment using ion chromatography (IC) and mass spectroscopy
(ICP-MS). The granite samples were examined geochemically using X-ray diffraction
(XRD) and X-ray fluorescence (XRF) analysis.

3. Results

In order to investigate the dissolution behavior of the rock and water samples, the
substance concentrations of the input and output fluids were compared with each other.
No general dependence on temperature was found. Calcium was the only element
whose dissolution behavior was dependent on temperature in all test series. It was also
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found that magnesium, strontium and bromine tend to adsorb to the rock, while
potassium and fluorine, chromium, manganese, nickel, copper, arsenic, rubidium,
molybdenum, silver, tin, cesium and lead tend to dissolve. The numerical modeling of a
cation exchange using PhreeqC did not provide any reliable information on the
dissolution behavior of the chemical components, so that several simultaneous
processes, such as surface complexation, can be assumed to control the dissolution
behavior.

4. Conclusions

Possible environmental effects were examined to determine whether the dissolved
chemical components could have an impact on groundwater quality during future use of
the Tromm site. The limit values of the German Drinking Water Ordinance were
compared with the values of the fluids that flowed through the rock sample. The limit
values for arsenic and chromium were exceeded but only in one sample each and only
slightly. Within the experimental limits it can thus be assumed that water-rock
interactions would likely not yield groundwater contamination.
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The slip behavior of faults in subsurface reservoirs is critically controlled by the
multiscale, coupled Thermo-Hydro-Mechanical (THM) processes that govern frictional
weakening during seismic slip. One key mechanism is thermal pressurization (TP), where
frictional heating causes pore fluid expansion, reducing effective stress and promoting
slip. The efficiency of TP is highly dependent on the thermal and hydraulic properties of
the in-situ pore fluid [1, 2]. While previous experiments on water-saturated faults
containing Groningen gas reservoir sandstone gouges have demonstrated significant
weakening [3, 4], the in-situ pore fluid is more complex, comprising brine or brine-gas
mixtures (mostly methane and nitrogen) with distinct viscosity (r) and thermal
pressurization factor (A) where the latter is defined by [1] as:

_’1f_/1n (1
B .Bf +ﬁn

where A; and A,, are the thermal expansivities of the fluid and pores, respectively, and B

A

and B, are the compressibilities of the fluid and pores, respectively.

To investigate the role of pore fluid properties on induced seismicity, we conducted
rotary-shear friction experiments at medium slip velocity (5 cm/s) on simulated
Slochteren sandstone fault gouges, systematically varying pore fluid composition (DI
water, in-situ brine, 1 ¢St, and 5 ¢St silicone oil) under drained and undrained conditions.
Our results confirm that TP is the dominant weakening mechanism across all fluids, yet
brine-saturated gouges exhibit the least effective TP (Figure 1). Additionally,
microstructural analyses shows that fluids with higher viscosity limit grain size
refinement within the principal slip zone, leading to higher frictional heating. Grain size
refinement and localization affect permeability and this permeability evolution needs to
be incorporate into the slip-on-plane model [1] to yield stress drop and temperature
predictions more consistent with our experimental data.
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By improving our understanding of coupled THMC processes in faulted reservoir rocks,
this work contributes to refining rupture models and constraining the maximum potential
moment magnitude of future induced earthquakes.
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Fig. 1: Experimental data of apparent peak friction ui (defined as vy / (64— P;), where P; is the initial fluid
pressure), apparent minimum friction Wmin (defined as tmin / (0n — Pi)), and true minimum friction tmin_iue
(defined as tmin / (00 — Py, where Py is the instantaneous fluid pressure change) for all four pore fluids.
Panels (a) and (b) correspond to experiments conducted at P; = 1 MPa and P; = 2 MPa, respectively.
Overnight experiments refer to tests with a holding time (the duration between the end of the conditioning
stage and the start of the main slip stage) exceeding 15 hours, whereas the remaining tests had a holding
time of less than 2 hours.
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Seismological observations show that earthquakes produce significant changes in the elastic and transport
properties of active fault zones, with co-seismic drops in seismic wave velocities consistently followed by a slow
post-seismic recovery, over months to few years. This suggests the existence of a damage-recovery cycle with the
recovery phase possibly driven by a range of fluid-assisted re-strengthening (healing-sealing) mechanisms in the
fractured medium and/or stress relaxation. The mechanical-chemical processes of fault zone healing-sealing are
therefore crucial in understanding many aspects of fault zones behavior, such as earthquake recurrence and rupture
dynamics. Such processes do not only play an important role in understanding unconventional seismicity, such as
‘slow and low frequency earthquakes’ as observed at active plate boundaries, but are also pivotal for the
application of deep geothermal energy, CO, sequestration and the underground storage of radioactive waste. In
the upper crust, fractures are dominantly sealed through mineral precipitation from supersaturated fluids that are
chemically out of equilibrium with the host rock. Fracture sealing through mineral precipitation can either occur
under high fluid availability during advective transport or can be controlled at small-scale by self-sealing diffusive
processes (e.g., dissolution-precipitation). In order to improve the understanding of the damage-recovery cycle of
fractured rocks we investigate how transport mechanisms (advection vs. diffusion) and fracture sealing rates are
coupled. To do so, we use a “percolation cell” apparatus recently installed at Department of Geosciences of the

University of Padua (Fig. 1).

The “percolation cell” apparatus was designed to run long-term fluid flow experiments under hydrostatic
conditions up to 100 MPa confinement, 100 MPa pore fluid pressure and 250°C temperature. It is equipped with
two syringe pumps and a back-pressure regulator that allow to monitor permeability evolution through time and
a set of high-temperature P- and S- piezoelectric transducers to track changes of rock elastic properties in-situ. In
addition, the pore fluid inlet circuit can flow into a stirred autoclave to pump solutions with controlled chemistry
up to 20 MPa pore pressure and 200°C temperature through an externally heated pipe. Such an experimental setup
allows to study both diffusion- and advection-dominated regimes within conditions representative for the upper
crust. In order to quantitatively document the sealing process, the selected rock samples are analyzed by X-ray
microtomography before and after the experiments. In addition, optical as well as scanning electron microscopy
is applied to document the mechanical-chemical processes of fracture sealing. To study the fluid chemistry over

time, fluids are analysed through ICP-MS.

A first series of experiments has been started to investigate the mechano-chemical recovery of fractures in
carbonates at upper crustal conditions. Two preliminary long-term flow tests were performed with de-ionized
water at 25°C through rock cylinders of micritic limestones with mated and non-mated single fractures under 20
MPa confining pressure and 5 MPa pore pressure. Time evolution of permeability were monitored together with
the fluid-chemistry at the outlet. In addition, X-ray microtomography and SEM analyses were performed. Further
experiments will be conducted on pre-fractured carbonates containing (i) a single un-mated fracture (e.g. saw-cut

or displaced tensile fracture) and (ii) multiple microfractures with preferred vertical orientation produced in

52



dynamic loading experiments with a Split Hopkinson Pressure Bar (SHPB) (Aben et al., 2017a, b). This approach
will allow us to investigate the role of the initial (micro)fracture network, the effect of the initial chemistry of the

injected fluid and the effect of temperature on the sealing processes.

This work will advance our knowledge about the damage-recovery cycle in fractured carbonates through the

investigation of sealing processes active at different timescales using a unique experimental approach.
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Figure 1. Fluid percolation cell as is currently installed at the University of Padova. Two samples types

will be used (saw cut and SHPB fractured).
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1. Introduction

Underground hydrogen storage (UHS) has emerged as a promising solution to address
the intermittency of energy supply and demand, playing a crucial role in the transition to
a sustainable energy system [1, 2]. The effectiveness of UHS depends on the integrity of
the overlying caprock [3], which acts as a natural barrier to prevent hydrogen migration
and ensure long-term containment. Clay minerals are fundamental components of low-
permeability caprocks such as shales, mudstones, and claystones, contributing
significantly to their sealing capacity [4]. The primary clay minerals, including illite,
smectite, and chlorite, exhibit distinct micromechanical properties that may be altered
upon exposure to hydrogen [5]. Therefore, investigating the micromechanical behavior
of clay minerals before and after hydrogen exposure is essential. A deeper understanding
of these changes will provide valuable insights into the mechanical stability of clay-rich
caprocks, ultimately supporting the safe and efficient implementation of UHS.

2. Methodology

To gain a comprehensive understanding of the behavior of clay minerals in UHS, a
high-pressure and high-temperature (HPHT) cell is utilized to simulate subsurface
conditions. The experimental design incorporates a range of pressures, temperatures, clay
mineral types, and treatment fluids to systematically evaluate their influence on clay
behavior under hydrogen exposure.

This study focuses on three key aspects of clay mineral alteration: mineralogical
composition, pore system characteristics, and micromechanical properties. To achieve a
thorough assessment, a suite of advanced analytical techniques is employed. X-ray
powder diffraction (XRD) is used to analyze mineralogical changes, while low-pressure
gas adsorption (LGA) characterizes pore structure and surface area. Scanning electron
microscopy (SEM) provides high-resolution imaging of microstructural modifications,
and nanoindentation quantifies micromechanical properties at the microscale. These
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investigations will offer critical insights into the mechanical behavior of clay minerals
and the fundamental mechanisms governing their response to hydrogen exposure,
ultimately contributing to a deeper understanding of caprock integrity in UHS
applications.
3. Main Results
While our experiments are currently ongoing, we expect the following results:
(1) Mineralogical changes
Hydrogen exposure is expected to cause minimal changes in illite, with possible
swelling in smectite, particularly in water or brine. Chlorite may undergo slight
alterations due to redox reactions in hydrogen-rich environments. These changes could
impact the long-term stability of clay-rich caprocks in UHS.
(i1) Pore system modifications
Hydrogen exposure is anticipated to increase smectite porosity and surface area,
especially in water-H> or brine-H> conditions. Illite is expected to remain stable in pore
structure, while chlorite may show minor pore changes due to redox effects. These
modifications may affect the sealing efficiency of caprocks.
(iii)  Micromechanical property variations
Hydrogen exposure may weaken smectite mechanically, particularly in water or brine,
due to swelling. Illite should retain its mechanical strength, while chlorite may
experience slight weakening from redox reactions. These changes could influence the
caprock’s long-term sealing capacity.
4. Conclusion
The combined effects of mineralogical, pore system, and micromechanical changes
are expected to directly influence the integrity of clay-rich caprocks in UHS. A
comprehensive understanding of these responses is crucial for assessing the safety and
effectiveness of hydrogen storage in subsurface formations.
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1. Introduction

Frost heave is a major concern in cold-region geotechnics, driven by coupled thermo-
hydro-mechanical (THM) processes where water migration to freezing fronts forms ice
lenses, causing ground displacement. Its severity depends on soil properties like
permeability and water retention, as well as boundary conditions such as overburden
pressure and thermal gradients. While advances in numerical modelling have improved
understanding of frozen ground behaviour, predictive capabilities for transient effects
under complex conditions remain limited. This study evaluates a THM model's
performance against experimental data for a Kaolin clay — LBS fraction E sand mixture
under controlled thermal, hydraulic and mechanical conditions ///.
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Fig. 1: a) FHA cross section diagram showing the cold and warm bath fluid direction [1], b) Kaolin -
Sand soil sample ready to be tested in the FHA [1], c) Mesh and boundary conditions of the numerical
model, d) Variation in temperature after 40 hours of freezing.
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2. Methodology

This study investigates frost heave mechanisms through a combination of
experimental and numerical analysis under a vertical stress of 50 kPa and 100 kPa. The
experimental tests were conducted using a Frost Heave Apparatus (FHA) (Fig. 1a-b). The
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apparatus maintained a temperature of -10°C at the top
using a chilled metal plate, while the base was kept at
2°C with a continuous water supply, creating a one-
dimensional freezing front that allows water to migrate
from the warm end to the cold end. Displacements of
the top plate were measured to capture the frost heave
response. A two-stress variable constitutive model by
[2], implemented in CODE BRIGHT, was used in the ot
numerical analysis. The finite element model accounts R rREESSBNEE
for the various THM boundary conditions in the

experimental setup (Fig. 1c). Calibration was
performed through parametric studies, confirming 0000
mesh independence by systematically refining material
parameters and boundary conditions (Fig. 1d).
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3. Main Results

The results demonstrate an agreement between g v/ 0,= 100kPa
experimental and numerical predictions of frost heave i PO T T N, g A N
at 50 kPa and 100 kPa (Fig. 2a-b). As the vertical stress e
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increases, both volume change and water influx w0
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Fig. 2: Frost-heave responses of
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1. Introduction
Partially molten rocks, crucial in Earth's dynamics, show complex melt migration patterns
through high-pressure melt bands (Fig. 1). Traditional models suggest melt (Leucosomes
in Fig. 1) moves via filter pressing through grain boundaries [1,2] while melt
: accumulation in ductile compaction
== Melanosome - hands under high pressure remains not
fully explained [3]. In this study, we
propose a novel framework that relaxes
the local equilibrium assumption from
previous works. This framework not
only provides a compelling explanation
for enigmatic melt band patterns but
also illuminates the crucial role of high

, S melt pressures in shaping melt
Figure 1 Melt segregation into light- (Leucosomes) and . . L . .
dark-coloured (Melanosomes) bands in granitic rocks [1]. migration within the Earth's interior.

2. Reaction-cross-diffusion formulation for hydro-mechanical system
To model the behaviours of a hydro-mechanically coupled system, we relax the restriction
of local equilibrium conditions between melt and matrix implicit in the concept of
effective pressure, deriving a minimum set of two reaction-cross-diffusion (RXD)
equations in terms of the normalised solid viscous-plastic overstress Ps = Ps/Prer and
pore fluid pressure P = p¢/Pres, together with the normalisation X = x/1,, t = &4t

0Ps

~ ~ ~ _ o o . . 1
Frin Dy V?ps + dyV?Pe + G115 + 81,55 + G13P5 + G14Ps (1)

R T 2
Frin dmV?Ps + DyuV2Pr + dy1Ps + Gz Ps 2)

The nonlinear terms in Eq. (1) are associated with the rheological behaviours of the solid
matrix (3rd order power law adopted here) while the linear reaction terms represent the
fluid/solid pressure source.

3. Stability analysis and numerical simulation results

Based on the linear stability analysis, various instabilities can be revealed for the RXD
system [4]. This study primarily investigates the quasi-static Turing instability by
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numerically solving Eqgs. (1-2) with the Fourier spectral method. The simulation results
in Fig. 1 demonstrate that although the system initially starts in a disordered state,
spatially ordered patterns spontaneously emerge over time, leading to localised channels
within both the solid matrix and fluid melt. This temporal-spatial evolution indicates that
the RXD model can create a positive feedback loop: pressure waves in the solid rock
matrix expel melt, which then gathers in high-pressure bands and further elevates during
melt channelling instabilities.
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Fig. 1: 2D Numerical simulation of Turing instability: (a)lnitial state with random perturbations
(b)Localized channels induced by Turing instability

4. Conclusion

This work presents a reaction-cross-diffusion approach to model melt segregation
processes in partially molten rocks. The theoretical and numerical analysis shows that the
compaction of the rock matrix, coupled with its nonlinear viscosity, can lead to an
instability that increases fluid pressure and expels the melt into adjacent channels. The
finding highlights the complex interplay between melt, matrix, and viscosity in
controlling fluid dynamics on Earth. It opens new avenues for understanding geological
processes, potentially shifting the focus towards internal instabilities as a driver for high
melt pressures.
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1. Introduction

Numerous applications in hydrogeology, geo-environmental and geo-energy engineering
require the injection of a fluid into the formation. The interaction between the soil or rock
matrix and the selected fluids is pivotal for each application, and relevant parameters in
the design must be adjusted accordingly. Such designs must also prioritize safety,
operational effectiveness, and the minimization of potential environmental impacts and
infrastructure failure risks. Given that these weak materials have different hydraulic and
mechanical properties compared to competent rocks, their infiltration and fracturing
response remains largely unknown. This study focuses on modelling the results of a series
of experimental tests that were carried out on artificially cemented porous media which
were generated via microbially induced carbonate precipitation (MICP), a process that
results in the cementation of silica particles [1]. The cores were subjected to an anisotropic
triaxial stress state, and a prescribed fluid injection along a central small-diameter axial
perforation. Depending on the flow rate, degree of cementation and stress intensity and
anisotropy, the fluid caused radial fractures of various configurations in the samples.

2. Methodology

The modelling has been undertaken with the FE code DRAC, based on the FEM with
multi-phase multi-physics features and zero-thickness interface elements (also known as
cohesive elements). These elements are inserted in between standard continuum elements
to represent the effect of existing or potential fractures, not only in the mechanical
behavior but also flow or diffusion-wise. From the mechanical viewpoint, these elements
are equipped with constitutive laws incorporating fracture mechanics principles including
fracturing parameter Gy. For the numerical simulation of the lab tests, the sample
geometry includes the representation of individual grains generated randomly by Voronoi
Tesselation, separated from each other by interface elements. The anisotropic
confinement stresses are applied on the outer boundary while the injection is applied on
a central circle (experimental perforation). The fracture parameters are adjusted to the
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cementation level, and the fluid flow along inter-grain interfaces follows the cubic law. A
summary of the approach can be found in [2].

3. Main Results

The paper presents a sample of the results obtained, illustrated in Fig. 1. The figure shows
a comparable fracture pattern between the experimental and numerical simulations. The
displayed images correspond to an intermediate cementation level case (6%-7%) [1]
conducted under low confining stress conditions (oy = 400 kPa and o;, = 300 kPa) and
fluid flow at a rate of 100 ml/min. Both figures display the primary cracks, which are
aligned approximately with the maximum principal stress direction (y-axis). Additionally,
the numerical model reveals a significant zone of micro-cracking, which correlates with
the important leak-off observed in the experimental tests.

Fig.1: Comparison between experimental and numerical simulation results. Left) Microphotograph
captured at the end of the experiment. Right) Numerical simulation result showing fracture energy
dissipation (Wer/Gfl) at the end of the simulation (60s injection) displayed on the deformed mesh (x5).

4. Conclusions

The results obtained exhibit realistic fracture values and fracture patterns as compared to
experiments. The conclusion is that the approach used seems to be a valid approach to
model the fracture of weakly consolidated sandstone samples subjected to fluid injection.
The developed micro-scale model can be used in applications where fluid flow in porous
media serves as the underlying mechanism.
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1. Introduction

Borehole Thermal Energy Storage (BTES) technology employs subsurface soil and rock
formations as medium for storage of excess thermal energy and recovery of the same
during the period of high demand. Thermal energy storage in compacted soil is
advantageous to reduce thermal losses [1]. Coupled thermo-hydro-mechanical (THM)
disturbances in soil surrounding a thermally active borehole (BH) may potentially
compromise borehole stability and operational life of a BTES facility. This research
employed an anisotropic thermoplastic soil constitutive model [2] in finite element
analyses (FEAs) that investigate ground response during borehole-soil heat exchange and
quantify thermal performance of a borehole heat exchanger. FEAs account for the
influence of heating on generation of excess pore-water pressure (PWP) and subsequent
soil deformation during dissipation of thermally induced PWP.

2. Finite Element Analysis

Figure la shows a finite element model developed to examine short-term (one year)
response of a BHE with length L = 40m and diameter D = 0.15m. Material properties of
the soil domain (Kaolin) were adopted from Shah et al. [3]. Fluid (water) injection into
the borehole at a constant mass flow rate of 0.3 kg/sec was simulated. The representative
inlet fluid temperature [Figure 1b] is average monthly ambient temperature of Rajasthan,
India, as recorded in 2024 [4].
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heat exchanger. Rajasthan, India in year 2024
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3. Results and Discussion

Figure 2 shows power output and average BH surface temperature over one-year
operational cycle (May to April). The maximum power output (=13.5 W/m) occurred in
the peak of summer in May, followed by a steady decline until October. From October to
mid of January, BH extracts thermal energy from soil formation. However, energy is
stored during the remaining months for extraction during peak demand period. Figure 3
demonstrates temperature and excess PWP distribution within the soil domain during
BHE operation. The plots were derived at six normalized distances d/D (=0, 4, 6, 8, 10)
from the borehole surface. Heat gradually dissipates into the ground and heat storage
concentrates within a narrow zone within 10D from the borehole center. Due to THM
coupling, PWP develops as a response to thermal loading. Such response results in the
drop of mean effective stresses in the soil domain. For the temperature profile used in this
study, the maximum evolution of excess PWP was observed at the BH-soil interface with
values ranging between +1.5 and —0.5 kPa.
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Fig. 2: Power output and average Fig. 3: Distribution of temperature and excess pore
temperature of borehole water pressure in soil during borehole operation

4. Conclusions

This study investigated ground response to short-term BHE operation in India. An
anisotropic thermoplastic material model was used to simulate the soil behaviour. A peak
power output of 13.5 W/m was recorded in May. Heat transfer in the soil resulted in the
evolution of excess PWP (du) and a corresponding drop in mean effective stress (dp’).
The du/dp' ratio was observed to peak at the borehole-soil interface reaching a maximum
value of 0.16 in the month of May. However, peak ground heave occurred in October,
with a value of 2mm recorded to the top surface of the model. Due to the THM coupling,
the peak in excess PWP did not align with the peak in ground deformation.
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1. Introduction

Many undergrounds and surface rock engineering structures (e.g., tunnels, dams,
underground energy storage sites, and mines) have long service life, spanning decades.
Stability of these structures is very important to ensure their sustainable and safe operation
over a long period [1, 2]. Deformation of such structures may last for decades, and failure
of surrounding rocks subjected to long-term loading may occur after several years or
decades. This can compromise integrity of structures on or within rock masses leading to
high maintenance costs [3, 4].

This study introduces a comprehensive constitutive model designed to predict the time-
dependent mechanical behaviour of brittle and quasi-brittle rocks under prolonged
loading conditions. The model was experimentally validated using Gosford sandstone
samples, with creep tests performed under various stress ratios. Material parameters for
each model component were calibrated using iterative optimization methods.

2. Methodology

The proposed model incorporates elastic, viscoelastic, viscoplastic, and damage
components to characterize rock deformation across all three creep stages: primary,
secondary, and tertiary. The elastic response models immediate, reversible deformation
using Hooke’s law, based on isotropic linear elasticity. The primary creep stage is
captured by the Kelvin-Voigt viscoelastic model, which combines spring and dashpot
elements to describe time-dependent, reversible deformation under constant loading. The
secondary stage, defined by a steady deformation rate, is modelled using the Norton creep
law, a power-law formulation calibrated with a stress exponent and fluidity parameter to
reflect long-term creep behaviour. Viscoplastic behaviour is incorporated through the
Perzyna model with a non-associated flow rule, enabling realistic simulation of
irreversible strain under prolonged or high stress. To capture the accelerating deformation
of'the tertiary creep stage, the model includes a damage evolution law originally proposed
by Kachanov, accounting for microcrack development and its effect on rock integrity.

3. Main Results
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Comparison between the experimental data and the model outputs shows in Figure 1 at
various creep stress ratios, where the experimental data represented by continuous lines
and the model’s results are represented by the dashed lines. The alignment between the
model outputs and experimental data is remarkably precise, underlining the robustness
and relevance of the proposed model. Additionally, the results highlight that the model
accurately predicts the tertiary creep region.
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Fig. 1: An example figure showing the conference logo
4. Conclusion

The findings from this study indicate that the proposed model provides a significant
improvement in predicting the long-term strength and failure of rock materials under high
stress conditions. By accurately depicting the entire creep curve and recognizing the
critical transitions between different creep stages, the model offers substantial
advancements over existing models. These improvements have practical implications for
the design and safety evaluations of rock structures, enabling more accurate assessments
of their long-term stability and integrity.
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1. Introduction

Sensible seasonal thermal energy storage (STES) technologies consisting of insulated
storage tanks filled with water, sand, or rock are finding applications in water and space
heating in residential communities. There is a need for experimental and numerical
investigations to understand the performance of these systems with respect to the impact
of tank size, filler material, and heat transfer fluid (HTF) characteristics on efficiency
and cost. A laboratory-scale testing program is implemented to investigate the thermal
performance of a storage tank where the nature and porosity of the filler and HTF type
are varied. The experimental data is used to calibrate a numerical finite element model
in COMSOL to be used in future work to predict heat transfer mechanisms and
efficiency in full scale STES tanks. This research contributes to a deeper understanding
of STES systems, enabling their optimization for specific heating demands.

2. Methodology

The storage tank is shown in Figure 1. The tank (diameter = 30cm, height = 135cm)
includes silica sand as the main storage filler and oil as the heat transfer fluid (HTF). Oil
circulates through 55 steel pipes (diameter = 16mm) to inject and extract thermal energy
from the tank, with the oil temperature controlled with a thermal control unit. The
Thermal Energy Storage (TES) unit is designed to accommodate a storage capacity of 3
kWh of thermal energy. The instrumentation consists of 16 thermocouples connected to
the center and edge pipes at different depths, within the sand at adjacent locations, and
at the top and bottom oil collectors to measure the inlet and outlet temperature. The TES
unit is insulated with two layers of S5cm rockwool with a density of 65 kg/m?. Table 1
summarizes the parameters that were varied in different experiments. In parallel to the
lab experiments, a numerical 3D model of the tank was built in COMSOL as shown in
Figure 1. The model was used to compare experimental and numerical results.

Table 2. Efficiency of TES unit for different operational conditions

Experiment | HTF Flow Rate | Filler Density (kg/m?) | HTF Type | Tu(°C) | To(°C) | Efficiency
1 200 g/min 1450 Texatherm 130 20 67.4%
2 400 g/min 1450 Texatherm 130 20 44.0%
3 200 g/min 1450 Sunflower 130 20 68.1%
4 200 g/min 1550 Sunflower 130 20 67.7%
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Fig. 1. Experimental and numerical models with results for temperature variation (charge and discharge)

3. Main Results

The thermal efficiencies (Li et al. 2012) of the TES units are presented in Table 1 and
reached a high value of 68% for a flow rate of 200 g/min (irrespective of filler density
and oil type), and 44% for a flow rate of 400 g/min. Results from the COMSOL
simulation (Fig. 1) indicate an ability to accurately predict the temperature variations
observed during the charging and discharging phases of the experimental tests.

4. Conclusions

The experimental and numerical results presented in this paper for a laboratory-scale
thermal energy storage tank are promising and pave the way for a realistic investigation
of the thermal performance of full-scale thermal energy storage tanks in future studies.

5. References

Li, W, Van Lew, J., Chan, L., Karaki, W., Stephens, J., O Brien, E., ‘Similarity and
generalized analysis of efficiencies of thermal energy storage systems’, Renewable
Energy, 39, 388—402, (2012).



GeoProc
2025 8™ International Conference on Coupled THMC Processes:
= Geomechanics for Energy and Environmental Applications

Geomechanics at extreme conditions: how do we model tightly coupled
process across the scales?

Manolis Veveakis'

! Department of Civil and Environmental Engineering, Duke University, USA
E-mail: manolis.veveakis@duke.edu

Keywords: Coupled processes, Porous Microstructure, Minkowski functionals

1. Introduction

Human Civilization is facing the challenges of ensuring sustainability of water and
energy resources, handling environmental concerns through safe disposal of energy waste
(nuclear, CO2 storage etc), as well as safety of the urban areas with respect to natural
hazards (earthquakes, landslides). Suggested solutions include engineering at extreme
conditions of temperature, pressure, fluid composition, chemical reactions, and involve
understanding their interaction and influence on the mechanical response of geomaterials
at loadings that can span several time scales, from a few seconds to millions of years.
However, the response of materials in any of these conditions is not deeply understood,
making the engineering design in such conditions a formidable challenge.

2. Methodology

A key element in meeting these challenges is to develop a modeling framework that is
able to incorporate a variety of physical processes typically met in these conditions
(Thermal-Mechanical-Hydraulic-Chemical), incorporate info that can be constrained at
laboratory conditions and factor in the geometric and mineralogical complexity of the
porous microstructures that geomaterials commonly exhibit. To do so, we rely on
concepts of integral geometry expressed through Hadwiger’s theorem [1] to have a
mathematically complete description of the porous microstructure through Minkowski
functionals that can be selected as the primary geometric morphometers Mi. Hadwiger’s
theorem states that d + 1 Minkowski functionals can effectively characterize the
geometric shape and composition of a microstructure, with d representing the dimension
of the geometric system. All other descriptors that are additive, motion-invariant and
conditionally continuous are a linear combination of the above functionals. In the case of
a 3D system, the four Minkowski functionals of the domain formed by the grains of the
microstructure € are the total volume of grains (i.e. porosity), the total grain surface area,
their mean curvature (mean grain size) and their Gaussian curvature. When the
mechanical laws are homogenized over these morphometers, the hypothesis is that they
are able to capture a mathematically complete description of the mechanical evolution of
the microstructure and link together the different physical processes affecting the various
morphometers independently.

3. Main Results
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We have utilized a variety of approaches to test different aspects of how coupled
processes and geometry can be homogenized together. Through coupled chemo-
mechanical degradation, modelled via phase field directly on digitized CT-scan samples
[2], we can obtain the yield stress of the material to scale exponentially with the
morphometers as oy = g,eZ %M. When this is generalized to triaxial loading [3], we can
recover the entire yield envelope commonly met at geomaterials and assess the effect of
processes like cementation on the strength of the material (Fig. 1). These results can be
further used to inform machine-learning frameworks to be able to forecast the response
of geomaterials given their microstructure under certain mechano-physical loading [4],
but also to design optimal porous microstructures for desired performance under a given
required strength [5].
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4. Conclusion

Based on the results of this work, tightly coupled processes across the scales can be
homogenized at the porous microstructure level, resulting into a non-additive dissipative
expression with respect to the morphometers. This in turn allows predicting and designing
the response of geomaterials under coupled processes and loadings.
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1. Introduction

Within the Earth’s upper crust, rock fractures are important structural features as they
permit effective fluid transport. Fluid-rock interactions proceeding therein may provoke
time-dependent deformation associated with permeability changes. Mechanistically and
in the presence of fluids, changes in fracture aperture are mainly governed by three
grain-scale processes, i.e., pressure solution, free face dissolution (and/or precipitation),
and stress corrosion cracking, which constitute a complex coupling of hydraulic,
thermal, mechanical, and chemical (HTMC) mechanisms.

2. Methodology

The purpose of this contribution is to report on the outcome of a continuous long-term
flow-through experiment conducted on a single-fractured pure quartz sandstone
(Fontainebleau) at 60 °C. Changes in effective pressure (1, 17, and 29 MPa) and pore
fluid composition (deionized water and Si-rich solution) were sequentially imposed to
investigate their respective effect on time-dependent fracture closure. Complementary
analyses of the effluent Si concentration (ICP-OES) and microstructure (fracture surface
scanning, LCT, SEM) were performed.

3. Results
The results of this experiment evidence that even at comparatively low temperatures and
effective pressures fractures in dense quartz-rich sandstones can undergo substantial
closure (i.e., by 50 % in hydraulic aperture) within 4 months (Fig. 1, open squares), with
strong implications for fracture permeability. Compared to natural settings, this may
have been favored by the use of deionized water as the pore fluid, but a significant
contribution to the overall aperture decline was also observed when the pore fluid was
close to saturation with respect to Si during stage III.

Concurrent effluent analyses for Si concentration evidence transients with reaction
time as well as trapping of Si-enriched fluid within asperity contacts (Fig. 1, blue
triangles). SEM-imaging reveals both dissolution features and brittle processes at
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asperities. pnCT-imaging clearly demonstrates an increase in total contact area of the two
fracture halves after the experiment.
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Fig. 1: Hydraulic aperture (open squares) and effluent Si concentration (blue triangles) measured as a
function of time for the full duration of the experiment. Stages II to VII relate to specific effective pressure
and fluid conditions aiming to decipher their relative effect on hydraulic aperture evolution.

4. Conclusions

In combination with the chemical and microstructural investigations performed it is
suggested that, depending on the imposed conditions and the evolutionary state of
fracture morphology, overall fracture deformation is controlled by a complex succession
and/or combination of pressure solution, stress corrosion cracking, and free face
dissolution. To become activated, stress corrosion cracking appears to require a higher
effective pressure than pressure solution at a comparable contact area ratio.

At some point, as both the total contact area and the diffusion path length within the
asperity interfaces increase with time, both pressure solution and stress corrosion
cracking halt and the dynamics of fracture closure then is controlled exclusively by free
face dissolution without signs of reactivation of the former mechanisms within the
experimental effective pressure limits. This implies that the deformation mechanisms
that are driven by diffusion and/or stress (i.e., pressure solution and stress corrosion
cracking) may deactivate, yielding a significant decrease in the fracture closure rate.
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1. Introduction

Interaction between neighboring cracks is essential to the understanding of crack
network formation. While fluid-driven crack interaction is ubiquitous in nature and
frequently encountered in geo-engineering applications, the process remains largely
unknown due to its inherent complexity when fluid is involved [1]. In particular for a
pair of fluid-driven cracks, how the injected fluid infiltrates into the rock matrix from
the near-tip region of one crack, meanwhile being affected by the dynamic infiltration
occurring around the other crack tip, remains barely explored.

Here we investigate into this process with 2-D analogue experiments [2] using a Hele-
Shaw cell. By probing the system behavior in response to fluid injection, a repulsion-
attraction relationship during different phases of macroscopic crack pair interaction is
revealed. Meanwhile, we illustrate the dynamic interplay between the infiltrating fluid
and the deforming hydrogel around the propagating crack tips where stress concentrates.
2. Experimental setup

A Hele-Shaw cell with fixed external boundaries was constructed for examining the
dynamic interaction between an EP crack pair [3,4] driven by fluid injection under plane
strain conditions (Figure.la). The transparent alginate hydrogel was used as an analogue
for low-permeability host formation [2] confined in the cell. Two acrylic tubes were
symmetrically mounted into the cell, each featuring a perforation hole (diameter of
approximately 1 mm) in the side walls to direct the flow direction of the injected fluid
(Figure.la), such that two hydro-cracks approach to each other towards the center
(Figure.1b). A constant flow rate of 10 ml/min was applied to drive the water injection
via a dual-channel syringe pump. And Rhodamine 6G was selected as the fluorescent
dye for injection to visualize the interacting fluid-infiltration zones.

3. Repulsion-attraction of fluid-driven crack pair

The experimental results demonstrate an archetypal three-stage behavior as shown in
Figure.1b. The fluid-driven crack pair first advance along their initial colinear path
when relatively far apart, after which they undergo a repulsive growth. Upon the two tip
points approaching the horizontal separation of Ax~3 mm, their vertical distance Ay
reaches the maximum value, after which the growth of the crack pair switches to a
mutual attraction. Besides, the uncertainty arises in the fringe patterns of the fluid-
infiltration zones around the propagating tips (Figure.1d-f) indicating a tight coupling
between the fluid motion and matrix deformation during the crack interaction. The
moment when the two fluid-infiltrating zones undergo initial coalescence (Figure.le)
corresponds to point “'c" in Figure.1c where the interacting cracks transit to slow down
their repulsion and prepare for a mutual attraction.
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Fig. 1: Repulsion-attraction behavior of a pair of fluid-driven crack (a)Experimental setup; (b) Fluid-
driven crack in the analogue rock material; (c)Crack pair trajectory,; (d-f) Evolution of fluid-infiltration
zones around the crack tips

4. Conclusion
This work presents an experimental investigation into the interacting behavior of a fluid-
driven crack pair using a Hele-Shaw setup. The growth path of the crack pair undergoes
a remarkable transition from an initial repulsion to mutual attraction upon a critical
proximity. By illuminating the evolution of the fluid-infiltration zones around the
advancing crack tips, we show that this repulsion-attraction transition is enabled by the
coalescence of the two fluid-infiltrating process zones, where the important role of fluid
pressurization and its tight coupling with the deforming solid matrix is highlighted,
characterizing the dynamic interplay of the crack pair system. The presented study
advances the understanding of adjacent crack interaction and probes the dynamics of
crack network formation, which is of paramount importance to a wide range of industrial
practices concerning fluid injection into the subsurface.
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1. Introduction

A significant challenge in CO: storage operations is managing and predicting vertical
fracture growth caused by COs: injection. This is crucial because uncontrolled vertical
fractures can extend into overlying rock layers (caprocks), leading to serious operational
issues and potential irreversible damage to the storage formation. The orientation of
hydraulic fractures depends on the in-situ stress regime and propagate perpendicular to
the direction of the minimum principal stress or in a parallel direction with the maximum
principal stress. If the vertical stress is larger than the plane horizontal stresses, fractures
are expected to grow vertically into the caprock unless adequately contained. Geological
formations consist of layered rocks with varying mechanical properties and anisotropic
stress fields, creating stress contrasts between layers. When a hydraulic fracture
encounters a formation with varying fracture toughness, either weaker or stronger, the
propagation behavior is influenced by the non-local characteristics of the hydraulic
fracture, affecting pressure distribution and fracture geometry. These unwanted frac tures
pose a significant risk to caprock integrity in CO: sequestration applications [1-3].

2. Methodology

In this study, we utilize the Extended Finite Element Model (XFEM) within a fully
coupled hydro-mechanical framework to analyze fluid-driven vertical fractures. These
fractures propagate through two-layered permeable formations by injecting an
incompressible viscous fluid at the fracture inlet, assuming plane strain conditions. Fluid
flow within the fracture is modeled using lubrication theory ignoring leak -off effects,
while pore fluid movement in the porous formation is governed by Darcy’s law. The
coupling is based on Biot’s theory, and fracture propagation is modeled using a fracture
criterion in the spirit of cohesive based damage mechanics. Numerical simulations with
FEM are conducted to evaluate fracture opening, length, and propagation pressure over
time but also as a function of length [3-5].
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3. Results

The focus ofthe study was to examine fracture containment within reservoirs, particularly
when fractures propagate through layered formations. The computational model’s
accuracy was validated againstthe toughness-dominatedregime parametric space without
leak-off. Numerical results are presented for layered formations with heterogeneous stress
conditions and varying mechanical properties, ranging from hard (shale) to soft
(evaporite) caprock formations, to assess fracture containment as shown in fig.1
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Fig. 1: Numerical solution of the fluid driven fracture. (a) aperture at onset point with time and (b)
pressure at onset point with time. Fracture breaches the caprock at 2250 sec

4. Conclusions

The numerical simulations revealed that caprock breach results in wider fractures in soft
evaporites and narrower ones in hard shales, with pressure profiles remaining the same at
the initiation point Stress anisotropy was found to affect the apertures and the pressure at
initiation point. Finally, the formation pressure was found to also affect the aperture and
pressure. With increasing formation pressure, wider fractures are created with larger
pressure.
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1. Introduction

Depleted chalk reservoirs in the North Sea may experience a decline in permeability
during waterflooding for pressure maintenance. In this work we look at the permeability
decline due to pore collapse of the weak and water sensitive reservoir chalk. An
elastoplastic model was developed to model the mechanical behavior of the chalk and
was coupled to a stress-dependent permeability model to approximate the permeability
decline during pore collapse. Results from waterflooding simulations are presented for a
reservoir element that is subjected to depletion and waterflooding.

2. Chalk mechanical model for pore collapse and water sensitivity

Chalk exhibits high porosity ¢ but low permeability k. For example, ¢ = 41-46% and k =
2-3 mD for the Mons chalk we studied which is an analogue of the high porosity
sections of North Sea chalk reservoirs. Chalk is also susceptible to pore collapse and
shows water/brine sensitivity of its strength and stiffness. The elastoplastic behavior of
chalk was modeled through a water sensitive single yield surface modified Drucker-
Prager model to include a pressure cap. It addresses both shear and compaction failure
with one yield and one plastic potential surface. In the past, a single yield surface model
was used to model the Pietra Leccese chalk [1], [2], and the model was later enhanced
to include destructured chalk as well [3]. Here a modified version of this model is used.
The process of rock destructuration builds on ideas introduced by Lagioia and Nova [4]
for the case of mechanical destructuration of a calcarenite. The chalk model was
calibrated on triaxial and hydrostatic tests on oil and brine saturated specimens of Mons.

3. Stress-dependent permeability model

Permeability results from hydrostatic and oedometric compression tests in Mons show
that until pore collapse permeability decreases slowly with increasing stress due to
volumetric compaction and porosity reduction. The experiments also show that pore
collapse fundamentally changes the rock structure by destructuration which causes a
sharp decrease in permeability [5]. This requires a post pore collapse modification of the
porosity dependent Kozeny-Carman formula for the permeability. The proposed
modification includes a stress-dependent pore collapse term to account for the
permeability decline due to pore destructuration.
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5. Conclusions

Pore collapse in chalk is a mechanism that causes a sharp decline in permeability. The
permeability decline at pore collapse was modeled with a modified Kozeny-Carman
model that is not only porosity dependent but it is coupled to the stresses. The
simulation of depletion and water injection and the permeability decline was
demonstrated by representing the reservoir as a single element under initially in situ
stresses and pore pressure followed by depletion, and then repressurization and water
flooding.
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1. Introduction

Gas hydrates are a promising alternate unconventional energy resource due to their
abundant existence, high energy density, and relatively low carbon footprint. However,
methane extraction from hydrate-bearing sediments (HBS) poses significant geohazards
due to phase transitions occurring within sediment pores [1]. Thus, understanding the
geomechanical characteristics of HBS is crucial. The current study experimentally
investigates the strength, stiffness and volumetric deformations of HBS accounting for
variations in hydrate saturation and effective confinement pressure. The volumetric
fraction of hydrates (hydrate saturation) influences the geomechanical response by
binding sediment grains, bridging gaps between them, or filling pores. Additionally, the
confining pressure is examined as it indirectly represents the depth at which HBS occurs,
influencing its mechanical response. The experimental analysis of the coupled effect of
hydrate saturation and effective confinement pressure carried out in the present study
revealed their combined influence on the mechanical behaviour of HBS, aiding in the
realistic assessment of reservoir stability and response under in-situ conditions.
Additionally, a recent and advanced gas hydrate hypoplastic constitutive model [2] is
calibrated using the current experimental results. Following the model validation, several
numerical experiments are conducted for various hydrate saturations (0, 5, 10, 15, 20, 30,
35, 40 %) and confining pressures (0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25 MPa), offering a
cost-effective and time-efficient alternative to extensive experimental testing.

2. Methodology

The experiments were conducted using an advanced high-pressure, temperature and gas-
controlled triaxial apparatus. The hydrates were formed in host sand via the excess gas
method [3], targeting hydrate saturation (Sp) levels: 0%, 20%, and 40%. Triaxial
experiments were performed under effective confining pressures (c3") of 1, 2, and 3 MPa.
The obtained experimental data were used to calibrate and validate the recent hypoplastic
constitutive model [2]. The model predictions were compared with experimental results
to assess its efficacy.

Results
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The series of consolidated drained triaxial compression experiments (Fig. 1) suggest that
the maximum deviatoric stress (qmax) increases with o3’ across all hydrate saturations (S
= 0%, 20%, 40%). Further, for a given 63’, qmax also rises with Sy, however the increase is
negligible upto Sn=20% at 63’ =2 and 3 MPa. Stress-strain analysis indicates a transition
from strain-softening to hardening and volumetric response shifts from dilation to
contraction with higher o3, especially at higher Sy. Further, the stress-strain response
obtained from the calibrated hypoplastic model was compared with experimental results
(Fig. 2) and the model closely matched with the observed data.
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Fig. 1: Maximum deviatoric stress obtained for the Fig. 2: Comparison of model prediction with
specimens at different 03’ experimental findings at 03" = 1 MPa

3. Conclusion

The experimental study on HBS revealed that at greater depths, lower hydrate volume
fractions contribute less to the geomechanical strength. In contrast, higher hydrate
fractions significantly improve strength even at deeper sediment layers. Additionally, the
study confirmed that an advanced hypoplastic constitutive model effectively captures the
geomechanical response of HBS with reasonable accuracy.
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1. Introduction

For carbonate-rich reservoirs, acidizing treatment is often incorporated as it assists
effectively in promoting the crack propagation in a subcritical regime!!!. How a crack
propagates in a stressed geomaterial susceptible to mineral mass removal in an acidic
environment remains an open question>’]. Meanwhile, the chemically induced
“ductillization” by reactive environments and its interaction with rock inhomogeneities
on crack propagation has rarely been explored. Here, we investigate using a reactive
chemo-visco-plasticity model considering the effect of micro-fracturing enhanced
chemical reaction and shrinkage. Numerical studies on a single blunt-tip crack
propagating into a stressed medium with crack surface subject to fluid pressurization and
a long-lasting acid exposure are presented.

2. Reactive chemo-visco-plasticity for carbonate rocks in a reactive environment

For the irreversible portion of the deformation, we follow the strategy proposed by
Tang and Hul*, where the magnitude of the plastic strain rate A is expressed through
deviatoric and volumetric components,

. e (1)
N A

where ég ‘and &b ! represent the deviatoric and volumetric invariants of the plastic strain
rate, respectively. Both components are assumed to follow Perzyna’s overstress model of

viscoplasticity:
.pl — ¢ q_yq m 2
Sq 5ref< Uref> ( )
pl __ . P'=YVpr\m
&, = €&
v ref< Oref )

The effect of chemical mass removal on the irreversible component of the rock
mechanical behaviour is expressed through a REV-averaged variable, EREV | defined as

EREV = fot(l + né)élocdt (3)

The following expression is adopted for describing the effect of chemical degradation
on the yield limits

yp',q = Yp’,q(1 - ,Bp’,q EREV) (4)
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3. Subcritical growth of a single crack subject to chemically reactive environment
Numerical results based on the reactive chemo-visco-plasticity model on subcritical
growth of a single fracture subject to fluid pressurization and a chemically reactive
environment are illustrated in Fig. 1. The effect of material heterogeneity is considered
by imposing a randomly distributed local mass removal, e.g. within the range of [0, 0.05]
on the entire process zone as the initial conditions. Compared to the homogeneous case
(64°¢ = 0) where the initial mechanical properties are uniformly distributed within the
process zone, the crack in rocks with initial defects propagate significantly faster under
the same chemical environment. It is evident that a pronounced localization of deviatoric
strain develops in proximity to the advancing crack tip, and that the nucleation of micro-
bands from initial heterogeneities corresponds to where the crack propagation accelerates.
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Fig. 1: (@) Numerical setup of mode-I crack propagation in acidic environment. (b) Time evolution of the
crack propagation for cases with various degrees of preset heterogeneity. Patterns of deviatoric strain (total
strain) near the crack tip at a timestep of 650 hours’ acid exposure are depicted.

4. Conclusion

The current study presents a numerical investigation on the propagation of a single
macroscopic crack in chemical environment, employing a reactive-visco-plasticity model.
Our results show that the propagation of the macroscopic crack is significantly
accelerated when an initial imperfection in the rock considered. Subcritical growth of the
crack accelerates when a network of micro-bands self-organizes inside the chemically
enabled plasticity zone in front of the macroscopic crack-tip.
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1. Introduction

Fluid injection in reservoirs is crucial in geo-energy applications such as hydraulic
fracturing—used to stimulate tight reservoirs and control sand production—and water
flooding, where avoiding fracturing is key to ensuring a uniform reservoir sweep. In
weakly cemented reservoirs, however, the shift between hydraulic fracturing and fluid
infiltration is not well defined, as classical fracture mechanics do not fully apply; instead,
fluid diffusion may dominate, influenced by in-situ stresses, rock strength, and injection
parameters. In shallower ground, lower in-situ stresses allow for volume changes that lead
to cavity formation rather than fractures, which is important for applications like managed
aquifer recharge, hydraulic barriers, and groundwater decontamination. These principles
also underpin emerging unconventional uses such as CO: and hydrogen storage. This
study analyzes fluid flow experiments on weakly cemented sandstones to identify key
parameters affecting the transition from infiltration to fracturing, with a particular focus
on hydraulic fracturing behavior as indicated by pressure responses.

2. Methodology

Fluid injection and hydraulic fracturing tests were conducted on artificially created
cemented weak rocks that simulated poorly consolidated sands. These experiments
examined how applied stresses, rock strength, and pumping parameters influenced the
outcomes. A custom-designed fracture capture apparatus was used specifically for
conducting hydraulic fracturing in highly porous media. The artificially cemented
sandstones are developed using microbially induced calcium carbonate precipitation
(MICP), a bio-cementation method that introduces calcium carbonate within the porous
network [1]. These specimens have various cementation levels which define the strength
of the material and the hydraulic properties (hydraulic conductivity and porosity). The
apparatus is designed for highly porous media where infiltration is the primary process.
In this setup, a cylindrical specimen—150 mm in diameter and 40 mm thick—is subjected
to three independent stresses [2]. A Perspex window at the base allows for real-time
observation and recording of infiltration as well as fracture initiation and propagation.

3. Main Results

Figure 1 shows the fracture patterns observed during selected tests. With low cementation,
the specimens exhibit widespread damage, featuring irregular fractures and grain-scale
disaggregation that form a cavity near the injection point. In contrast, higher cementation
leads to more localized damage with fractures oriented perpendicular to the minimum
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horizontal stress, a behavior typical of brittle materials. Increasing the mean stress
amplifies the damage: low cementation specimens collapse completely under high stress,
while those with higher cementation, though still significantly damaged, fare better. The
fracture modes shift from shear failure at low cementation to mixed shear-tensile failure
at higher cementation. Additionally, pressure profiles reveal that generating fractures
requires much higher pressures compared to tests with passive boundaries or those using
strongly consolidated sandstones. The findings show that applied mean stress and flow
rate are key in determining whether a specimen forms distinct, crack-like fractures (at
higher cementation) or experiences cavity formation and disaggregation (at lower
cementation). A Support Vector Machine regression model, which used variables like
stress, flow rate, viscosity, permeability, and unconfined compressive strength, confirmed
these results by accurately predicting peak pressure.

-

Low cementation Heavy cementation
Stress State (ov/on/on) Stress State (ov/on/on)
500/400/300 800/650/500

Fig. 1: Selected infiltration and fracturing patterns derived from
the fluid flow experiments.
4. Conclusions
This study highlights the intricate relationship between mechanical and hydraulic
properties in weakly cemented sandstones during fluid injection, offering valuable
insights for optimizing geo-energy practices such as hydraulic fracturing, reservoir
management, wellbore strengthening, and other subsurface hydrological applications
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1. Introduction

In matrix acidizing in carbonate reservoirs, high-permeability flow channels known as
wormholes are formed. However, many aspects of the complex branching and extension
behavior of wormholes remain unclear. In this study, we developed a hydro-chemical
coupled numerical model that considers the mineral composition of rocks to evaluate the
impact of acid-insoluble minerals on the wormhole geometry and efficiency.

2. Methodology

The numerical model in this study incorporates equations for phase-field evolution, acid
advection-diffusion, and single-phase fluid flow in porous medium [1, 2]. Rock particles
consist of dissolvable carbonate minerals and insoluble silica-based minerals, with
dissolution represented by the phase-field variable. A linear relationship between porosity
and phase-field variable is assumed, and permeability is computed using the Carman-
Kozeny equation.

In the numerical experiment, a square domain of 0.5 mx0.5 m with a 1 m thick block
is assumed. The acid (28 wt% HCI) is injected from the center hole at a constant rate of
2.4x1072 m3/s creating radially extending wormholes. Case studies were performed for
rocks with various carbonate contents and permeability fields to assess the effects of rock
heterogeneity on well injectivities.

3. Main Results

For the homogeneous porosity and permeability rock that consists of pure calcite (100%
carbonate mineral content), Initially, eight wormholes formed, but four dominant ones
emerged, growing symmetrically (Fig. 1a). When carbonate mineral fractions were
randomly distributed, increased branching reduced the lengths of dominant wormholes
(Fig. 1b). For the rock with low-carbonate content, wormholes failed to form, and the
borehole expanded as face dissolution (Fig. 1c). On the other hand, when the rock has
high-carbonate content with some small variation, reduced leak-off resulted in smaller
but longer wormholes (Fig. 1d).
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Fig. 1: Wormhole simulations in isotropic rocks with varying calcium carbonate content: (a) pure calcite
(1.0), (b) random distribution (0.0-1.0), (c) low content (0.0-0.1), (d) high content (0.9 — 1.0). The top row
shows calcium carbonate content while the bottom row shows phase-field values indicating liquid (-1)
and solid (1) phases.

For heterogeneous permeability distribution, dominant wormholes developed but became
asymmetric (Fig. 2a). Fewer dominant wormholes formed, but they grew longer. When
carbonate content varied significantly, frequent branching hindered dominant wormhole
formation (Fig. 2b).

Fig. 2: Wormhole simulations in anisotropic rocks with varying calcium carbonate content: (a) pure
calcite (1.0), (b) random distribution (0.0-1.0). The top row shows permeability values while the bottom
row shows phase-field values.

4. Conclusion

A small presence of insoluble minerals may improve the wormhole efficiency. However,

as the amount of insoluble minerals increases, it becomes an obstacle to wormhole growth,
impairing stimulation results. Furthermore, permeability heterogeneity can either enhance

or diminish wormhole efficiency, requiring careful consideration.
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This work investigates the behavior of salt as caprock of a reservoir under fluid
injection for Enhanced Oil Recovery and fluid storage/disposal. Specifically, we model
the time-dependent response of salt layers when exposed to an underlying reservoir with
increased pressure and decreased temperature for an extended period. This investigation
is relevant for fluid injection in deep reservoirs, for example, where salt is the sealing
caprock, the temperature contrast between the injected fluid and the in-situ rock is high
(> 50°C), and maximizing the injection rate is a practical objective.

We employ an in-house multi-physics finite element simulator, that uses iterative
coupling to model the interaction between temperature, flow, and mechanics. The
mathematical formulation of the simulator covers linear porothermoelasticity for the
reservoir and thermoviscoplasticity for the salt layers. The simulator is validated to known
analytical solutions in simple geometries.

We investigate the transient stress response of a salt layer under thermal stress,
emulating the temperature around an injector well after a long-term cold-water injection
(Figure 1). We observe an instantaneous (elastic) rotation in the direction of the principal
stresses due to the arching effect caused by the thermal contraction of the reservoir. This
effect is partially compensated by the reservoir dilation due to increased pore pressure.
The arching effect protects the caprock from vertical fracture propagation within the
cooled rock volume. We also observe significant transients in Von Mises stress around
the cylindrical injection hole across a thick salt layer over short periods of time (Figure
2).

Finally, we present a parametric sensitivity investigation to estimate the characteristic
time for the deviatoric destressing of the salt under uncertainties. Our results indicate that,
unlike brittle rock, the transient-state response salt bodies act to significantly dissipate
deviatoric transient states, so that, in steady-state, deviatoric stresses of the rock are small
(<10MPa). The time constant of the system strongly depends on the model parameters
and heterogeneities of the salt layers. Aside from extreme scenarios, our results show that
significant deviatoric destressing is still expected inside the operational timeframe, lasting
in the weeks-to-month range before approaching the steady-state asymptote.
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These numerical estimates of the residual deviatoric stresses within the salt caprock
suggest that EOR projects cannot rely on a steady isotropic state of stresses but can expect
aresidual constant in the short term. Although we build our parametric study on salt layers
representing reservoir caprocks, we can extend our observation to broader cases, such as
the deviatoric destressing of salt caverns subjected to seasonal loading and unloading.
Our findings can also benefit well design through salt bodies and help mitigate risks
associated with drilling in salt systems.

TVDSS (m)
—2000

—5000
—5150 hae
=5300

Underburden

r (m)

—8000 -
—10.000 —500 0 500 10,000

Figure 1 — The model used as a reference. The overburden caprock is a viscoplastic salt layer, and the
reservoir is a brittle poroelastic carbonate.

Figure 2 — Evolution of Von Mises stress around a cylindrical hole in a salt layer under asymmetric load.
(a) Instantaneous elastic stress response; (b) Stress after 3 days. Comparison between the 2 illustrates the
substantial Von Mises stress evolution despite that short time interval.
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1. Introduction

Soil-plant-atmosphere interaction (SPAI) significantly affects slope’s mechanical and
hydraulic behavior. Therefore, rendering modelling this Boundary Condition (BC)
important, for present and future years. Recently fully coupled hydro mechanical analysis
have implemented SPAI as an infiltration BC [1]. However, this BC has generally been
applied only at the soil surface. Whereas transpiration happens within the root zone.

In this paper, a typical cut slope in the UK has been chosen and assumed to be covered
by trees. The analysis has been run with only surface BC and with surface and internal
BCs. The Factors of Safety (FoS) for both analysis for the present and future are
compared, to examine the effect of internal BCs.

2. Methodology

A cut slope, 8 m high and 28 m wide, is assumed to be covered by trees with a root depth
of 2 m. The soil profile consists of 3 m of Weathered London Clay (WLC), 45 m of Intact
London Clay (ILC) and 23 m of Lambeth Group Clay (LGC). SPAI is modelled using an
ecohydrological model (T&C [2]) coupled with a geotechnical model (PLAXIS 2D [3])
using two approaches: A) only a surface BC, B) a surface BC for all hydraulic fluxes
except transpiration and internal BCs for transpiration, positioned along the root zone.

A 2D plane-strain model, and all soil layers were modelled with Mohr-Coulomb failure
criterion with isotropic small strain stiffness [4]. Permeability varied anisotropically with
mean effective stress [5]. WLC was allowed to desaturate using a Van-Genuchten Soil
Water Retention Curve [6], [7]. ILC and LGC were set to saturated. The analysis was run
from 1997 to 2008 for initialization, and then from 2021 to 2040. For the future climate,
data from UKCP18 for the worst-case scenario (RCP8.5) was used [8, 9].

3. Main Results

Fig. 1 (a) shows the FoS for both analysis from 1997 to 2008 and Fig. 1 (b) shows the
FoS for the climate projection years, 2021 to 2040. As shown in Fig. 1 (a), FoS values are
similar with instances with analysis B occasionally being slightly higher. The maximum
difference is around 0.16 in Aug 2001. In future years, these differences are more visible,
where the maximum difference in FoS is around 0.38 in November 2031.

4. Conclusion

Two modelling approaches were compared to investigate its effect on slope safety for
present and future years: A) all hydraulic fluxes implemented at the soil surface and B)
all hydraulic fluxes excluding transpiration applied at the surface and transpiration
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applied at different depths of the root zone to mimic plant’s behavior. During initial years,
differences between approaches were minimal. As years passed, with the effect of climate
change, these differences became more visible. However, they were not substantial
enough to effect engineering decisions, meaning that for the considered cut slope,
modeling SPAI at the soil surface appears to give adequate results.

25

= = = Analysis A surface BC

Analysis B:surface and intemal BC
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Fig. 1: FoS for the (a) initial years (1998 to 2008), and (b) Future years (2021 to 2040)
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1. Introduction

Soils and sedimentary rocks with significant clay content exhibit large tendency for
development of volumetric strain due to changes in moisture content, often causing
various degrees of damages to infrastructure that is in contact with them. More
specifically, clays increase their volume upon wetting and shrink upon drying, This is
because of changes in the effective stress and the hydration of the clay particles, with
the latter being the main mechanism. As such, modeling these volume changes cannot
be done by relying solely on a definition of effective stress for partially saturated soils.
Moreover, under high vertical stresses, soil wetting may lead to a collapse of its matrix,
i.e. development of contractive strains instead of swelling.

Herein, we present a simple effective stress model for the prediction of the clay
heave and settlement due to changes in moisture content. To achieve this, the model
combines an elastic effective stress law with a mechanism of development of additional
inelastic strains. The model is calibrated for marls of various plasticity using swelling
/collapse tests performed in the oedometer.

2. Effective stress model
The constitutive model uses the Bishop’s effective stress definition [1]:

&) =6, +(19)9, (M

where o';; and oy are the effective and total stresses, s is the soil suction, and 9j; is the
Kronecker’s delta. It is assumed that the variable y is equal to the degree of saturation S;.
The elastic part of the model follows the Hooke’s law:

O-; = Dijk/éel,kl = Dz'jkl G épl,k/) (2)

where &1 and &p1 are the tensors of elastic and plastic strains, respectively, and Dijx is the
1sotropic elastic stiffness matrix defined in terms of Young’s modulus £ and Poisson’s
ratio v. The E is set to vary according to the following power law:

E=A4c"p,™" 3)

where ¢’y is the effective vertical stress, 4 and » are model parameters and p. =100kPa.
The plastic volumetric strain, which is assumed to be distributed evenly in the three
normal strains, is computed through the following equation:
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&y =—(asy-(-a)(=s) 1)/ D,, (4)

where o is a model parameter, <*> denote Macaulay brackets, and Dypi is a plastic
modulus, which is set to be a decreasing function of the total vertical stress:

D, =p, /3+[c1 /(1+¢, (o, /pa))+c2]a;mpa‘-m (5)

where c1, ¢z and ¢3 are model parameters.

3. Oedoemeter test simulations

Fig. 1 compares the experimental data from swelling/collapse tests performed in a
classical oedometer [2] with the model’s predictions for medium expansive Nicosia
marl (plasticity index PI=23, clay content 20%) with an initial degree of saturation 52%.
It can be seen in Fig. 1a that the constitutive model has the ability to predict soil
collapse for vertical stress greater than the swelling pressure (90 kPa). If the mechanism
that predicts inelastic volumetric strains (eq. 4) is ignored, the constitutive model
predicts only swelling behavior which is practically independent of the applied vertical
stress. The model predictions for very highly expansive marl (PI=43-50, clay content
43%-45%) with initial degree of saturation 85% are compared with experimental data in
Fig. 1b. The model is able to predict the high free swelling strain of about 9%, which is
twice as much what would be predicted in the absence of eq. (4).
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Fig. 1: Vertical strain upon inundation: a) medium expansive and b) very highly expansive marl

4. Conclusions

A simple one-dimensional constitutive model was presented for simulating the volumetric
response of clays to moisture changes. Using a mechanism that predicts additional strains
due to changes in suction, the model captures the experimentally observed behavior.
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1. Abstract

Renewable electricity generation, through solar and wind power, is increasing every year.
However, the intermittent nature of renewable energy means that energy storage is
becoming increasingly more important. Green hydrogen, generated using renewable
energy, is considered to be an attractive low-carbon energy carrier, for the decarbonisation
of the transport, power and heating sectors, as well as for fuel-energy intensive industries,
such as the chemical and steel industries. While surface storage of hydrogen in tanks and
pipelines offers limited storage and discharge capacity, subsurface storage in depleted
oil/gas fields or salt caverns is able to cover GWh-energy supply.

Energy storage, in the form of natural gas, compressed air or oil, has already been proven
successful. However, the small molecular size of hydrogen, its low viscosity and
reactivity makes it a challenging fluid to contain. Though a handful of projects
successfully storing hydrogen in salt caverns exist, the potential for reservoir storage is
still largely unexplored. This form of energy storage will not only disturb the physical
environment of the storage system, i.e. through changes in pore fluid pressure and
effective stress, but also the chemical environment, by introducing a previously foreign
fluid. In this keynote, I will outline the main thermal, hydrological, mechanical and
chemical scientific challenges that exist when temporarily storing hydrogen fuel in
depleted oil/gas fields and salt caverns.
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1. Introduction

Fairy circles are natural circular surface depressions, devoid of vegetation, found in places
such as Namibia, Brazil, Russia, Australia, and the U.S. [1]. They have been associated
with hydrogen seeping to the surface, and recent prospections for green energy have
revealed that they may be signs of renewable hydrogen reserves underground.

Hydrogen is known to form underground when iron-rich rocks interact with water
through a process called serpentinization [2]. It is envisioned that hydrogen seeps
through fractures in the gas-generating basement and is released in localized sources at
the contact with the overlying sedimentary layer [3]. Although little is known about the
formation of the fairy circles, the speculation is that this natural gas reserve amounts to
a considerable source of clean energy. This provides a strong incentive for further
investigation on the topic.

2. Methodology

The paper explores the formation of fairy circles and their potential for hydrogen
production using the fluid-mechanical commercial code FLAC [4]. The axi-symmetric
model represents a 200 m thick layer of water-saturated sedimentary rock with a point
source of gas at the base. Simultaneous flow of gas and water is simulated using
Darcy’s laws embedded in the two-phase flow logic. Buoyancy is accounted for via the
density term in these laws. Capillary pressure and relative permeabilities are related to
water saturation using Van Genuchten laws. Fluid-mechanical coupling is done in the
extended framework of Biot poro-elasto-plastic theory. It relies on Bishop effective
stress in which fluid pore pressure is taken as the average of water and gas pressures
weighted by their respective saturation.

3. Main Results

The simulation results in Fig.1 show that the rock volume invaded by the gas is an
inverted cone with circular footprint, a shape that is attributed to buoyancy. The
simulations predict a larger gas flux near the centre of the fairy circle. The
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measurements are in the range of published field data. The main parameters influencing
the size of the fairy circle and the surface production are the source depth and intensity.
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Fig.1: Gas saturation contours and flow vectors (top),
gas production at the surface in m*/m’ over 3 years (bottom).

Numerical experiments are a valid tool to explore fairy circle formation. However, the
findings must be sustained by field monitoring and laboratory experiments.
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1. Introduction

The study aims to advance the technological readiness of green hydrogen storage in
deep saline aquifers by comprehensively characterizing the thermo-hydro-mechanical-
chemical-biological (THMCB) process controlling parameters. The Ketzin site, with its
well-documented geological history and previous town gas and CO: storage operations at
TRL levels 8 and 6, respectively, is an ideal prospective demonstration site for validating
our integrated approach. By combining numerical simulations with targeted laboratory
experiments, the study provides a scientific basis for operational decision-making,
guiding the design of a prospective pilot demonstration at Ketzin. Figure 1 highlights 25
key operational parameters that govern hydrogen injection, storage, and recovery
processes. Current work addresses both near-term operational challenges and long-term
reservoir behavior, including the dynamic interactions among thermal gradients, two-
phase fluid flow, rock deformation, geochemical reactions, and microbial hydrogen
consumption, ensuring precise guidelines for injection protocols and overall reservoir
management.
2. Methodology

We perform reservoir-scale multiphase flow simulations (COMSOL Multiphysics,
and CMG GEM) and reactive transport modeling (PhreeqC, and Geochemist’s
Workbench) to capture THMCB interactions. The governing equations enforce mass and
momentum balance [1], account for poroelastic stress-strain behavior, and incorporate
kinetic rate laws for mineral dissolution - precipitation and microbial metabolism [2].
Laboratory experiments and data from literature supply growth rates and half-saturation
constants for hydrogenotrophic microorganisms, and relative permeability-saturation
relationships. Full coupling inside THM processes as well as in CB processes are adopted
due to involved spatial and time scales.
3. Results

A comprehensive sensitivity analysis was conducted using numerical simulations and
targeted laboratory experiments to assess the influence of key operational parameters on
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reservoir performance. All 25 parameters were evaluated to determine their roles in
driving pressure changes, plume migration, and fluid composition. Injection rate governs
reservoir pressurization, while temperature variations affect fluid rheology and reaction
kinetics. Permeability and porosity heterogeneities influence gas flow pathways, with
wellbore design and completion procedures further shaping injection capacity. Chemical
composition affects corrosion effects and mineral precipitation - dissolution, whereas
microbial activity can consume hydrogen or generate secondary gases, altering local
petrophysical conditions. Notably, our analysis reveals that small deviations in these
parameters can initiate complex, non-linear feedback loops across thermal, hydraulic,
mechanical, chemical, and biological domains, emphasizing the interdependent nature of
these processes. Temperature fluctuations may accelerate or inhibit specific reactions,
guiding injection strategies. Additional aspects, such as controlled overpressure limits,
withdrawal protocols, and chemical additive injection, ensure storage integrity and
longevity.

Thermal

Mechanical
* Injection averpressure limit
* Wellbore comgletion design
» Controlled fracture propagation
= Injection-induced siress management
« Fault reactivation mitigation strategy

Figure 1: Operational or engineering parameters related to underground hydrogen storage in a deep
saline aquifer.

4. Conclusions

Within GeoZeit/HyPrepare, this integrated framework systematically addresses the 25
important operational parameters that control hydrogen storage in deep saline aquifers for
Ketzin site. Results emphasize the complex interaction of injection conditions, reservoir
heterogeneity, geomechanical stability, chemical transformations, and biological
processes. The coupled numerical modeling, and experimental data provide a scientific
foundation for optimizing injection rates, temperature settings, well design, and injection
fluid composition prior to a pilot demonstration at Ketzin.
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1. Introduction

Green hydrogen is increasingly recognized as an effective energy storage medium,
addressing intermittency challenges in renewable systems [1]. Large-scale hydrogen
supply can only be achieved through underground storage. Currently, little is known about
the changes in the hydraulic and mechanical properties of host rocks in the presence of
hydrogen. This study assesses these changes in permeability and porosity using a data-
driven approach on published experimental datasets. For example, an increase in porosity
not only has important implications for hydrogen storage in depleted oil and gas reservoirs
but also raises questions about the mechanical stability and integrity of the reservoir rocks
[2]. These effects are analyzed in detail using machine learning (ML) algorithms.

2. Methodology

Data has been collected from the literature which relates to porosity and permeability
changes of rock formations exposed to hydrogen. The input variables were the initial
porosity and permeability, the different type of rocks (Sandstone/Siltstone,
Carbonates/Limestone and Claystone/Mudstone), the temperature, pressure and the
exposed time in hydrogen. The degree of saturation with brine along with hydrogen purity
and the presence of natural gas or other gases (air, helium, or CO2) were considered. A
causality analysis was performed to identify the parameters with the most significant
impact on fluid pressures. This analysis employed the random forest (RF) algorithm, an
ensemble learning method that constructs multiple decision trees. In regression tasks,
each decision tree generates a continuous prediction, and the final output is obtained by
averaging the predictions from all trees. Beyond evaluating model accuracy, the
importance of individual parameters was analyzed to determine their influence.

3. Results

For porosity changes, data have been collected from the literature, comprising 22 studies
with a total of 194 data points. The output parameter for porosity changes is binary: 0
indicates no significant change in porosity (<10%), while 1 represents a change in
porosity (>10%). Random forests (RF) were used, with the model trained on 70% of the
input data and tested on the remaining 30%. The RF model’s accuracy is presented in the
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form of a confusion matrix (Table 1). As shown, the model correctly predicts 47 out of 58
values, while classifying 5 values as significant porosity changes when, in reality, they
were not. Additionally, it misclassifies 6 values as showing no change in porosity when
they actually exhibited significant changes based on the collected data. The overall
accuracy of the model is 0.8103, and the F1-score is 0.857.

Table 1. Confusion matrix

Prediction/Reference 0 1
0 33 6
1 5 14

Beyond evaluating model accuracy, the importance of individual parameters was
analyzed to determine their influence on the outcome. As shown in Fig 1, the most
important parameter for this classification task is the initial porosity, which is closely
related to the type of rock (e.g., shales have very low porosity compared to sandstones).
This is followed by environmental conditions—temperature, pressure, and experiment
duration—which also play a significant role. The degree of specimen saturation has a
lesser influence. Temperature and applied pressure are particularly important as they can
induce changes in the porous medium's skeleton, facilitate chemical reactions, and affect
hydrogen volume based on the pressure-temperature-volume relationship.
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1. Introduction

Underground hydrogen storage in porous formations (UHSP) provides a large-scale and
long-term solution to balance the seasonal supply-demand mismatch of renewable
energy [1]. UHSP involves repeated stress cycling from seasonal hydrogen injection
and withdrawal, affecting the reservoir’s porosity and permeability, which are key
factors controlling its storage capacity and injectivity. Therefore, understanding their
evolution under cyclic loading is essential to ensure the efficiency and safety of UHSP
operations. Current studies on porous carbonate rocks under cyclic loading-unloading
remain limited, often involving too few cycles to represent the lifespan of UHSP
operations [2]. In this study, multi-cycle hydrostatic triaxial tests accompanied by
permeability measurements were conducted to characterize the hydro-mechanical
property evolution of the Saint-Maximin limestone (SML), a typical highly permeable
reservoir rock with a highly heterogeneous microstructure [3], aiming at addressing this
knowledge gap.

2. Methodology

Triaxial tests were performed at 25 °C on saturated SML samples under fully drained
conditions. The hydrostatic load was applied by varying the confining pressure at a
loading and unloading rate of 0.6 MPa/min. The change in pore volume was quantified
by measuring the displacement of the pore fluid pressure generator with an angular
encoder. In addition, permeability measurements along the axial direction of samples
were performed using the steady-state technique. A pore pressure difference of 200 kPa
was imposed between the top and bottom of the SML sample to continuously measure
the permeability during selected loading-unloading cycles.

3. Main Results

Fig. 1 compares porosity and permeability changes over tens of cycles within the elastic
stage and at the onset of inelastic stage. In the elastic stage, cyclic loading causes a
noticeable ratcheting deformation, indicated by hysteresis loops shifting progressively
with the accumulation of strain. After 1000 cycles, a reduction of 0.45% is observed for
the porosity whereas the permeability decreases slightly from 4.1 x 10-'%to 3.5 x 104
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m?. The limited damage accumulation may result from grain rearrangement or frictional
sliding, though the precise mechanisms remain unclear. In contrast, once the plastic
onset P" is reached, significant irreversible porosity reduction occurs rapidly and
accumulates with cycling, despite the maximum imposed confining pressure exceeding
P’ by less than 1 MPa. Cyclic loading may lead to the development of interconnected
microcrack networks, resulting in an increase of permeability (test IE30 in Fig.1(d)), or
may induce the formation of localized compactive deformation bands, causing a
monotonic decrease in permeability (IE300 in Fig.1(d)).
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Fig. 1: Porosity and permeability evolution in the elastic stage (a &b, tests E50 and E1000 with 50 and
1000 cycles respectively below P*) and inelastic stage (c &d, tests I[E30, IE70 and IE300 with 30, 70 and
300 cycles respectively above P*)

4. Conclusion

The experimental findings demonstrate that during cyclic loading, the maximum
imposed stress dictates the activation of damage processes. The porosity heterogeneity
of SML influences the evolution of permeability by affecting the propagation patterns
of microcracks. Therefore, it is necessary to extend the permeability models that
distinguish between pores and cracks to account for cyclic loading paths.

5. References

[1] Thiyagarajan, S. R., Emadi, H., Hussain, A., Patange, P., Watson, M., ‘A
comprehensive review of the mechanisms and efficiency of underground hydrogen
storage’, Journal of Energy Storage, 51, 104490 (2022).

[2] Zhou, J., Deng, G., Tian, S., Xian, X., Yang, K., Zhang, C., Dong, Z., ‘Experimental
study on the permeability variation of sandstone at cyclic stress: Implication for
underground gas storage’, Journal of Energy Storage, 60, 106677 (2023).

[3] Abdallah, Y., Sulem, J., Bornert, M., Ghabezloo, S., Stefanou, 1., ‘Compaction
Banding in High-Porosity Carbonate Rocks: 1. Experimental Observations’, Journal of
Geophysical Research: Solid Earth, 126(1), e2020JB020538 (2020).



8™ International Conference on Coupled THMC Processes:
Geomechanics for Energy and Environmental Applications

Stress-induced non-Fickian transport in 3D fractured rock
Chuanyin Jiang and Qinghua Let

Department of Earth Sciences, Uppsala University, Uppsala, Sweden
E-mail: Chuanyin.jiang@geo.uu.se, Qinghua.lei@geo.uu.se

Keywords: 3D DFN; mesh quality; stress-flow-transport coupling; non-Fickian transport

1. Introduction

Non-Fickian transport is ubiquitous in fractured rock due to multi-scale heterogeneity
— from single fracture-scale aperture variability to network-scale structural complexity.
Characterized by early solute breakthrough and heavy tailing, it plays a key role in many
geoengineering applications involving mass/heat transport.

Fractured rock is inevitably subjected to in-situ stress, leading to fracture closure and
shear-induced dilation. 2D studies have observed stress-induced non-Fickian transport [1,
2], but due to simplified geomechanical boundary conditions and geometric topologies,
2D findings require further validation by 3D modeling. A few existing 3D insights relied
on simplified assumptions, omitting fracture-fracture and fracture-matrix interactions as
well as Coulomb’s friction failure [3]. Thus, a high-fidelity understanding of non-Fickian
transport in 3D fractured rock remains lacking.

This study introduces FracLab, a 3D discrete fracture network (DFN) generator that
optimizes DFN geometry (Fig. 1a), enabling the computational efficiency of subsequent
high-fidelity 3D coupled stress-flow-transport modeling. Using the FracLab-generated
DFNs, we capture stress-induced non-Fickian transport phenomena in 3D fractured rock.
2. Methodology

We model a 10 m cubic domain with a DFN (~1600 fractures) generated by FracLab
(Fig. 1b). Fracture radii follow a power-law distribution, while the orientations are purely
random. FracLab’s geometry control algorithm ensures high-quality meshing in both
fracture and matrix domains (Fig. 1¢). The coupled stress-flow-transport modeling is
solved using the finite element method, incorporating nonlinear normal closure, shear slip,
and dilatancy of fractures. We explored a differential stress condition (Sy = Sz = 1 MPa
and Sx = 5 MPa) (Fig. 1d) with flow directed along the negative x-axis (Fig. 1f).

3. Main Results

Under the applied differential stresses, significant shear dilation emerges along the
preferentially oriented long fractures (Fig. 1e), which simultaneously leads to pronounced
shear deformation and stress concentration in the surrounding rock matrix (Fig. 1d).
These highly dilated fractures form dominant flow pathways, channeling most of the fluid
passing through the system. As a result, the breakthrough curve (BTC), represented by
the probability density function (PDF) of average outlet concentration, exhibits strongly
non-Fickian characteristics, i.e., a positively skewed, non-Gaussian-shaped BTC. In
contrast, under the zero-stress condition with a uniform initial aperture, the BTC follows
a Gaussian shape, indicating Fickian transport behavior.
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4. Conclusion
We developed FracLab, a 3D DFN generator enabling coupled stress-flow-transport

modeling in 3D fractured rock. We demonstrated that differential stress may greatly
change transport dynamics, shifting Fickian transport under the unstressed condition to
strongly non-Fickian behavior through shear-induced dilation and flow channeling.
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Fig. 1: Workflow for the stress-flow-transport modeling in 3D fractured rock
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1. General instructions

The injection of pressurized fluids into the underground, commonly utilized in industrial
processes such as carbon storage, geothermal energy production, and hydraulic
fracturing, can induce seismic activity and deform the porous structure of the
underground rocks. While pore pressure typically induces expansion, experimental
studies suggest that under confined conditions—relevant to many injection operations
into aquifers—fluid injection may lead to compaction of the porous medium. However,
the coupling of flow and deformation exhibits a rich, dynamic range for the deformation
type that has not been previously explored in porous structures, ranging from localized
compaction to dilation and fracturing.

This study investigates injection-induced compaction localizations in a granular porous
medium by tracking both the global and local deformation and monitoring the applied
pressure and flux. For that, we developed a method to chemically sintered Poly(methyl
methacrylate) (PMMA) grains so to simulate rock-like conditions. We employ refractive
index-matching fluids to track the deformation by fluorescent imaging of fluorescently
labeled beads that are embedded in the porous structure during the pressurized flow [1].
The results demonstrate continuous elasto-plastic compaction at the global scale, which
follows the mean effective stress (Fig 1.). Surprisingly, this global compaction is
punctuated by abrupt strain localizations that couple compaction and shear. These
localizations are triggered by sudden pore collapses, followed by the shearing and
rearrangement of adjacent regions, primarily upstream, due to stress gradients imposed
by fluid flow (Fig 2.). This shear-induced rearrangement temporarily reduces stiffness,
driving further compaction and stiffness recovery over time. Furthermore, while the
flow condition should induce 1D compaction, we observe considerable dilation
transverse to the flow (Fig 2.b.), which moderates the measured permeability reduction,
producing a discrepancy between the stress-strain hysteresis and the stress-permeability
hysteresis. We also show that under radial conditions, these compaction-dilation events
may result in tensile fractures [2]. Our findings underscore the complexity and rich
physical dynamics of injection-induced compaction localization, revealing the
emergence of non-axial strains in what initially appears to be a one-dimensional
problem.
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Fig. 1: a) Averaged strain-stress relation for three different samples: 'S1°,’S2’ and ’S3’. The normal
strain in the el direction (€) is measured locally and averaged over both x1 and x2. The normal effective
stress in the same direction (¢') is calculated through the concept effective stress using the measured
injection pressure, and is averaged over x1. The elastic compression curve (marked by a dashed line) is
calculated by assuming linear strain-stress relations and using the measured confined elastic modulus of
the medium. The other dashed curve in the inset was calculated by using Hendron s mathematical model
for confined compaction of a face-centered cubic array of equi-radi elastic spheres. (b) Internal
distribution of €, averaged over x2 only, plotted against the medium s normalized length (x1/L), for three
different over-all averaged (over x1 and x2) strains (€ = —0.15, —0.45, —0.75%), for the loading path
only. Note the increasing compaction along x1 which is in-line with the compression gradient, expected
by the concept of effective stress.
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Fig. 2: a) A 5-second window around the average strain drops (i-iii). Under this time window, the
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strain drops are not completely sharp but rather have some tail’, most clearly seen between time=1 to
time=2 seconds, with the strain rate gradually decreasing. The inset shows a finer strain analysis on an
even smaller time window of 0.1 seconds (which can be traced to the red shaded patch) with 0.01 seconds
interval between the measurements. (b) 2D displacement gradient maps, calculated relative to time=0, to
isolate the localization signal from the continuous deformation prior to its initiation. Note the appearance
of several components of Hij at t* and the continuous intensification of H1l at later times in ’i’and in ’ii’.

2. Acknowledgments

A.B. acknowledges The Nancy and Stephen Grand Technion Energy Program (GTEP)
for supporting this research. YE and AB acknowledge the support of the MOST-RIF
Cyprus-Israel Scientific Research Program (grant no. 0007592). YE and ES
acknowledge the support of the Israel Science Foundation (grant no. 3774/24).

3. References

[1] Arnold Bachrach and Yaniv Edery. Technique for studying in high resolution
poromechanical deformation of a rocklike medium. Phys. Rev. E, 108(2):L022901,
August 2023.

[2] Shaimaa Sulieman, Martin Stolar, Ludmila Abezgauz, Shouceng Tian, and Yaniv
Edery. Investigating the permeability evolution of artificial rock during ductile and
brittle deformation under pressurized flow. arXiv preprint arXiv:2309.02231, 2023.



SR S

T
= GeoProc
& 2025 8™ International Conference on Coupled THMC Processes:
- Geomechanics for Energy and Environmental Applications

Applicability of equations of state across a range of pressure and
temperature conditions for underground hydrogen storage

Konstantinos Charalampous'-?, Charalampos Konstantinou', Panos
Papanastasiou'-?

IDepartment of Civil and Environmental Engineering, University of Cyprus, Cyprus
’PHAETHON Centre of Excellence for Intelligent, Efficient and Sustainable Energy
Solutions
E-mail: charalampous.konstantinos@ucy.ac.cy, konstantinou.charalampos@ucy.ac.cy,
papanastasiou.panos@ucy.ac.cy
Keywords: hydrogen storage, equations of state, thermodynamic properties, gas deviation

factor, renewable energy

1. Introduction

The transition to renewable energy highlights hydrogen as a sustainable energy carrier,
but its storage requires understanding thermodynamic behavior under various conditions.
This study evaluates eleven equations of state (EoS) for predicting the gas deviation factor
(Z) of hydrogen across different storage applications, including salt caverns and depleted
reservoirs. Using an extensive experimental dataset, the accuracy of these EoS was
assessed with error metrics. The findings emphasize the suitability of EoS for specific
storage applications, while regression models and contour plots provide insights for
optimizing hydrogen storage systems, supporting its adoption in sustainable energy.

2. Methodology

Data from 16 studies (1973 data points with ranges of pressure and temperature 0.1MPa-
2250MPa and 23K-873K, respectively.) have been analyzed to determine the accuracy of
various equations of state (EoS) using error metrics such as the Root Mean Square Error
and the Mean Absolute Errors. The study covers data acquisition, EoS analysis, and error
metric evaluation. Experimental studies included hydrogen volume/mass measurements
across varying temperatures and pressures. The dataset spans a wide range of conditions,
providing valuable insights into hydrogen behavior. a collection of studies that have
contributed significantly to the understanding of thermodynamic properties of hydrogen
under various conditions. Various equations of state (EoS) are used to describe the
thermodynamic properties of hydrogen based on the work by [1]. These models are
essential for accurately predicting the behavior of hydrogen under various conditions,
which is crucial for its applications across energy systems.

3. Main Results

A comparison of various EoS models highlights their modifications and impact on
hydrogen thermodynamic predictions. The underground storage of hydrogen, similar to
natural gas, is increasingly seen as a viable large-scale energy storage solutions [2]. Salt
caverns and depleted reservoirs are common storage types, with operating pressures of
10 to 30 MPa and temperatures between 18 to 80°C for salt caverns, and 10 to 80 MPa
with temperatures from 40 to 140°C for depleted reservoirs. The RKS equation of state
(EoS) is found to be the most suitable for both storage types based on temperature and
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pressure conditions, followed by NB for temperature and PTV for pressure. RKS is
highlighted for its accuracy in predicting the gas deviation factor, with contour plots
provided for estimation in Fig. 1. The gridfit function was used to create the contour plot
for interpreting the data, with predictions trusted only where experimental data is
available. This study evaluates the suitability of various EoS for predicting hydrogen’s
gas deviation factor under different storage conditions. For underground storage, RKS
emerged as the most reliable for salt caverns and depleted reservoirs. Empirical equations
and surface plots derived from this study offer practical solutions for hydrogen volume
estimations, supporting the optimization of hydrogen storage systems in the transition to
sustainable energy.
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Fig. 1 Contour plots for Z-factor against the pseudoreduced pressures and temperatures for salt caverns
(a) storage and depleted reservoir storage (b)

4. Conclusions

This study evaluates the suitability of various equations of state (EoS) for predicting

hydrogen’s gas deviation factor under different storage conditions. For underground

storage, RKS emerged as the most reliable for both salt caverns and depleted reservoirs.

Empirical equations and surface plots derived in this study offer practical tools for

estimating the gas deviation factor (Z) while balancing complexity and accuracy. The

findings emphasize the importance of selecting tailored EoS based on storage conditions
to optimize hydrogen storage design and support the transition to sustainable energy
solutions.
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