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Abstract

To reduce the impact of human activities on climate change, engineering applications
envision the injection of fluid into underground reservoirs, resulting in a modification of the
chemical composition of the pore water. This destabilization can instigate an evolution of
the microstructure of the host material through local dissolution/precipitation reactions,
impacting the mechanical parameters at the sample scale. The development and applica-
tion of numerical models, which explicitly describe the microstructure, have emerged as a
promising method for enhancing our comprehension of the interactions between mechanics
and chemistry along the different scales involved. Indeed, the local addition/removal of
mass (chemistry) occurs at the scale of the microstructure. Subsequently, the mechanical
properties at the sample scale evolve while the morphology of the grains and the microstruc-
ture are modified.

This study focuses on three phenomena involving chemo-mechanical couplings: the
debonding of sedimentary rocks, the hydration of a cement-based material, and the pressure-
solution phenomenon. In these investigations, the chemistry is captured with a Phase-Field
description, while the mechanics are modeled with a Discrete Element or Finite Element
Model. Furthermore, these formulations have been coupled to develop the Phase-Field
Discrete Element Model, a formulation available to capture (i) granular reorganization,
(ii) irregular grain shape, (iii) force transmitted at the contacts, (iv) heterogeneous dis-
solution /precipitation, (v) diffusion of the solute in the pore space and (vi) rate-limiting
processes.

This thesis depicts the pivotal impact of chemistry on the mechanical characteristics
of a geomaterial. Notably, the state of stress of a cemented granular material appears
impacted by the dissolution of bonds. In a similar vein, the mechanical properties of a
cement-based material can be deduced from the evolution of the microstructure modeled
explicitly during the hydration process. Finally, the novel Phase-Field Discrete Element
Method has been calibrated and validated with experimental data available in the literature

for the pressure-solution phenomenon. Furthermore, the impact of the precipitation and

iv



granular reorganization, which have been frequently neglected in the literature, on creep

behavior due to pressure-solution has been emphasized.
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1. Introduction

The Paris Agreement, established in 2016, delineated the objective of curtailing the
rise in global surface temperature to well below2°C, with a preference for a1.5°C limit
(UNFCCC secretariat, 2015). However, 2023 and 2024 were two record-breaking years in
terms of global temperatures, with 2024 surpassing th&.5°C above the preindustrial level
(Copernicus, 2024). The consequences of climate change are numerous, with a multitude
of recent notable events, including oods, heatwaves, and wild res (Charalampous et al.,
2025; Los Angeles Times, 2024; Ravindra et al., 2024; Smith, 2024).

To diminish the impact of human activity on climate evolution, one approach involves
the utilization of renewable energy sources, such as wind and solar power, to generate elec-
tricity. However, these energy sources are characterized by variability of energy production,
necessitating the development of strategies for energy storage and utilization. A promising
approach involves the transformation of excess energy intél,. The challenge, however,
lies in identifying suitable methods to store the producedH,, which must be subsequently
extracted and consumed during periods of energy de ciency. It has been posited that un-
derground storage and salt caverns hold considerable promise for this purpose, o ering a
greater storage capacity than conventional aboveground infrastructure such as pipelines or
tanks (Heinemann et al., 2023; Ramesh Kumar et al., 2023). Likewise, geothermal energy
appears as an e cient method to produce energy, and it is de ned as the injection of a
uid underground to extract the thermal energy of the Earth (Barbier, 2002; McCartney
et al., 2016). Furthermore, deep aquifers have emerged as a promising medium for the
sequestration of greenhouse gases, includingO, (Kanin et al., 2024). This engineering
application, added to the emergence of renewable energy production, participates in the re-
duction of the impact of human activities on climate change. IfH, storage and geothermal
energy production involve a uid injection and extraction, CO, sequestration implies only
injection, necessitating underground retention. To assess the viability of théH, storage and
COs, sequestration techniques, various pilot projects have been initiated (CarbFix2, 2007;

Gunnarsson et al., 2018; HyPSTER, 2021; ligen et al., 2019).
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As depicted in Figure 1.1, the injection of the uid into a geomaterial reservoir induces a
modi cation of the uid chemical composition, and thus its reactivity with the surrounding
solid phases, activating or enhancing chemical processes (Liteanu et al., 2012). The conse-
guences are numerous: settlement at the surface (Brzesowsky et al., 2014; Le Guen et al.,
2007), modi cations of the mechanical (Ramesh Kumar et al., 2023; W. Wang et al., 2016)
and hydraulic (Hueckel, 2005; Lesueur et al., 2020a; Vallin et al., 2013) properties or threat
to the stability of the caprock (Manceau & Rohmer, 2016; Rohmer et al., 2016). It has even
been correlated to earthquake nucleation (Blécher et al., 2018; Lengliné et al., 2023; Rattez
& Veveakis, 2020; Rattez et al., 2021). These phenomena and consequences observed in the
context of the previously described engineering applications are similar to the numerous
examples in nature where geomechanics and chemistry appear deeply intertwined, such as
weathering (Palmer & Rice, 1973; Vaughan & Kwan, 1984), cementation (Dvorkin et al.,
1991; Potyondy & Cundall, 2004), and pressure-solution (Bjgrlykke et al., 1989; Tada &
Siever, 1989). Even if the kinetics of the natural processes is much slower than the kinetics
of the engineering-induced consequenceserzaghi pointed out that long-term phenomena
are the main causes of the instabilities rather than single events (Terzaghi, 1950), requiring
investigation.

The correlation between chemistry and mechanics is not the sole coupling in geomechan-
ics. Numerous other physical phenomena, such as the temperature e ect (Jacquey et al.,
2016; Song et al., 2023; Vincent-Dospital et al., 2020, 2021; Y. Wang et al., 2024) or the
impact of the uid pressure (Abbasov et al., 2024; Aochi et al., 2014; Corman et al., 2024;
Sequi et al., 2020; Yevugah et al., 2025), can be incorporated into the analysis. A compre-
hensible review of the role of the multiphysics phenomena in instabilities in geomaterials
has been published byHueckel in 2021 (Hueckel, 2021). However, the ensuing discussion
will center on chemo-mechanical couplings and investigate how they can be considered in
numerical models.

The chemo-mechanical couplings involve along several scales a multitude of processes,

such as dissolution, precipitation, di usion, or granular reorganization for example, (Bus-

2



FIGURE 1.1: Underground storages are envisioned by engineering applications to reduce
the impact of human activities on global warming.

carnera & Das, 2016; Gajo et al., 2015; L. B. Hu & Hueckel, 2007; Lesueur et al., 2020a;
Lesueur et al., 2022). For instance, chemical reactions occur at the grain scale, thereby
a ecting the mechanical properties of the sample, and potentially inducing mechanical fail-
ure at a larger scale. Consequently, the initial scale of this study is the grain scale, where
mass removal/addition and microstructure reorganization occur. Subsequently, the prop-
erties are upscaled to the macroscopic scale, allowing the simulations and the predictions
of engineering applications.

While experimental campaigns remain the optimal strategy for identifying novel phe-
nomena in geomechanics, a comprehensive understanding is predicated on the model of
diverse physics. In this regard, the numerical laboratory o ers a safer, more economical,
and more expeditious tool with which to explore phenomena. As depicted in the follow-
ing with several examples, it appears di cult to reproduce the temperature, pressure, and
time exposure conditions involved at the depth of the underground reservoir. Furthermore,
classical mechanical tests often restrict access to the sample, and the acquisition of data
appears limited.

For an example of this approach, seelarmon et al., who have developed a digital twin of



a 160-meter multiblock tower to predict its behavior during seismic events (Harmon et al.,
2023). Even if the physics at stake is mechanics only, this investigation remains a relevant
illustration of the power of numerical analog. While experiments could have been conducted
to achieve similar outcomes, they would necessitate a substantial spatial commitment for
setup and execution. Moreover, conducting simulations appears considerably more econom-
ical than producing the necessary 7144 concrete blocks (measuridg36 2.82 4.25m).
This numerical approach also appears to be safer than an experimental con guration. In
the context of chemo-mechanical problems, where hazardous chemical products can be em-
ployed, the development of numerical analogs is favored. For instance, a lot of experimental
research is conducted on concrete material to optimize notably its formulation, see Section
1.2 and Chapter 3. However, it is important to note that concrete is a product that can
induce chemical burns, and the development of numerical models o ers a safer alternative
for exploration (Bentz et al., 2006).

Likewise, Wang et al. developed a numerical model for the fragmentation of zeolite
granules under compression based on XCT observations (P. Wang et al., 2019). While
these experiments might be considered easier to conduct than constructing a 160-meter
tower, the particle breakage inherent in the experiments does result in material loss. The
development of a numerical analog facilitates the exploration of di erent con gurations
without material constraints. This numerical approach is particularly advantageous in the
context of chemo-mechanical couplings, where material changes occur by dissolution/pre-
cipitation. This inherent nature of chemical reactions is often irreversible. In the case of
debonding, see Section 1.1 and Chapter 2, the bond material is dissolved and can not be
retrieved. Similarly, in the case of cement hydration, see Section 1.2 and Chapter 3, the
microstructure evolves with the consumption of the source material and the generation of
the bonds between the aggregates. The microstructure evolution appears unilateral, and
not reversible.

In other con gurations, the numerical approach proposes a time-saving optionPinzén

et al. investigated experimentally the mechanical behavior of an inherent anisotropic spec-
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imen composed of anisometric particles under triaxial compression (Pinzén et al., 2023).
To prepare the granular sample, lentils were deposited into a given orientation, and this
operation was made by hand. Utilizing a numerical model (Pan et al., 2023; R. Wang et
al., 2021) o ers a substantial reduction in the time required. This advantage is particularly
pronounced in the context of chemo-mechanical problems, where reactions can extend over
several weeks/months/years, as evidenced by the weakening of the host rock due @O,
sequestration, see Section 1.1 and Chapter 2, the hydration of the concrete, see Section 1.2
and Chapter 3, or the pressure-solution phenomenon, see Section 1.3 and Chapters 5, 6 and
7.

However, it is imperative to recognize that the utilization of a numerical model, by itself,
is insu cient. Indeed, it is essential to ensure that the model's predictions are validated
through an experimental campaign. The integration of experiments and models to create
a synergistic approach is a promising avenue for advancement. For instanceurley et al.
have developed a framework that quanti es interparticle forces from experimental granular
materials by combining imaging techniques and governing equations (Hurley et al., 2014,
2016). Conversely, once validated, numerical twins can be utilized independently. For
instance, a one-to-one avatar of a Hostun sand has been employed to explore shear banding
(Kawamoto et al., 2018) or necking (Cui et al., 2025) problems during triaxial experiments.
It should be noted that this numerical approach incorporates additional information, such as
the internal stress state within the specimen, compared to experiments. This methodology
has also been utilized in the investigation of an Ottawa sand specimen under oedometric
conditions, with a focus on the chain force during grain crushing phenomena (Harmon et
al., 2024). Moreover, the numerical laboratory has been found to facilitate more e cient
grain tracking than scanning experiments. This approach is particularly advantageous in
problems involving rapid compaction of granular materials, where conventional imaging
techniques are unable to scan the interior of a sample at high frequencies (Thakur et al.,

2024).



The present work focuses on three cases that induce chemo-mechanical couplings: the
debonding of a cemented granular sample (Chapter 2), the hydration of a concrete material
(Chapter 3), and the pressure-solution phenomenon (Chapters 4, 5, 6 and 7). These phe-
nomena are investigated using existing and newly developed numerical models, considering
the couplings between chemistry and mechanics at the microscale. These explorations o er

new insight into the behavior of geomaterials under chemical solicitations.

It should be noted that these three cases are not an exhaustive list of chemo-mechanical
couplings in geomechanics. For instance, soil improvement methods employ microbially
induced carbonate precipitation (MICP) (Gajo et al., 2019; C. Tang et al., 2024; A. Zhang
& Dieudonné, 2023) to enhance the performance of soils by generating bonds between grains.
Furthermore, volcanic ank collapses appear to be induced by volcanic and non-volcanic
processes (Delmelle et al., 2015; Delvoie et al., 2023; Detienne, 2016; Niclaes et al., 2023).
Indeed, hydrothermal alterations occur and modify mineralogical, physical and mechanical
properties of the volcanic edi ce, activating the failure of the sector and the production of
debris avalanche. Similarly, chemical reactions occur in concrete between the reactive silica
from the aggregate and the alkalis in the pore solution (Fernandes & Broekmans, 2013;
Figueira et al., 2019; Mohammadi et al., 2020). This reaction produces a gel, which tends
to Il the void space. However, the gel exerts a supplementary pressure on the material once
this available space is lled, generating cracks in the material and reducing the mechanical
properties of the sample. It appears that an extended range of materials and con gurations

are impacted by these chemo-mechanical couplings.

1.1 The impact of debonding on a cemented granular material

As previously explained, the majority of rocks are susceptible to weathering, particularly
in engineering applications such as underground storage or geothermal energy. The injected
uid reacts with the surrounding rock, inducing dissolution and/or precipitation that a ects

the permeability of the rock (Fernandez-Merodo et al., 2007; Lesueur et al., 2020b), its



mechanical behavior (Nova et al., 2003; Ramesh Kumar et al., 2023), and its stress state
(Shin et al., 2008).

The impact of weathering on the mechanical behavior of geomaterials has been pre-
viously investigated through both experiments (Basu et al., 2009; Ciantia et al., 2015b,
2015c; Heap & Violay, 2021) and numerical simulations (Buscarnera, 2012; Gajo et al.,
2015; M. Hu & Hueckel, 2013, 2019; Loret et al., 2002; Stefanou & Sulem, 2014) for sands
(unbonded material) or rocks (bonded material) in a range of con gurations.

In the case of sand, the process of weathering is characterized by a gradual loss of mass,
accompanied by the continuous dissolution of grains. This size reduction can be localized
(Bayesteh & Ghasempour, 2019; Cha & Santamarina, 2016) or homogeneous (Alam et
al., 2022; Viswanath & Das, 2019) within the sample. It is imperative to distinguish
between the dissolution problem, which involves the reduction in size of the particle, and
the su usion/internal erosion problem, which pertains to the sudden evacuation of the nest
particles (S. Li, 2019; S. Li et al., 2024; C. D. Nguyen et al., 2019; Taha et al., 2022).

In the context of rocks, weathering can be conceptualized as three distinct phenomena,
see Figure 1.2. The rst chemical alteration is the substitution of a mineral for one with a
weaker sti ness or lower density. The second phenomenon is the dissolution of grains and
the bonds located between them. This degradation is exempli ed by calcarenite, wherein
the grains and bonds are composed of calcium carbonate. Indeed, the dissolution kinetics
for the bond and the grain appear comparable. The third case is the dissolution of the
bonds only, while the grains remain intact. An illustrative example is provided by silicic
sand, which contains carbonate bonds. The dissolution kinetics of the bond is assumed to
be considerably faster than that of the grain. This phenomenon is referred to as debonding
and detailed in Chapter 2 (Sac-Morane et al., to be submitted).Ciantia et al. have even
identi ed two distinct kinds of bonding within the rock, temporary and persistent bonding,

a ecting the weathering process (Ciantia et al., 2015a). The temporary bonding origin is
identi ed as the mineral suspension which deposits if the material is dried. In the case of

uid saturation of the sample, these bonds dissolve, with a fast kinetics reaction, as the
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material is suspended in the pore uid. Conversely, the persistent bonding origin is the
diagenesis phenomenon, and the dissolution kinetics is much smaller. This di erentiation
between the bonds involves a short and long-term aspect of the mechanical evolution of the

geomaterial during weathering.

FIGURE 1.2: Scheme of the weathering in the context of rock. Three phenomena are dis-
tinct: a) the mineral replacement by a weaker phase, b) the dissolution of grains and bonds
(calcarenite for example), and c) the dissolution of the bonds, while the grains remain in-
tact (silica sand+carbonate bonds for example).

Despite the potential of constitutive relations to address chemo-mechanical couplings
(Buscarnera, 2012; Gajo et al.,, 2015; Loret et al., 2002; Nova et al., 2003; Stefanou &
Sulem, 2014), these approaches remain constrained to the macroscale. The phenomena
occurring at the microscale, such as granular reorganization and material dissolution, are
merely postulated rather than modeled. Furthermore, these formulations often consider a
homogeneous dissolution within the sample, which is not in agreement with experiments
where wormhole formations are observed while injecting acid into a triaxial cell (Algarni
et al., 2024; Xie et al.,, 2011). Similarly, chemo-mechanical responses appear localized,
and not homogeneous, in the host rock duringcO, sequestration (ligen et al., 2019). The
question that remains ishow numerical models which explicitly consider the microstructure
predict the mechanical behavior of geomaterials subjected to debonding.

The Discrete Element Model (DEM) (O'Sullivan, 2011), developed in 1979 byCundall
and Strack has emerged as a pertinent method to predict the mechanical behavior of sands

(Cundall & Strack, 1979) and rocks (Potyondy & Cundall, 2004) at the microscale. In
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the seminal approach, the granular material is modeled as spheres. The existing bonds in
rock are conceptualized as additional sti nesses between the grains. Then, the interactions
between the spheres are captured to compute the granular organization.

This discrete description can be readily extended to capture the chemistry of the weath-
ering. Indeed, the size of the particles and the bonds (in the calcarenite case) or the bonds
only (in the silica + carbonate case) can be reduced. These modi cations destabilize the
granular microstructure and a ect the properties at the sample scale.

This destabilization of the granular microstructure can be captured experimentally by
the state of stress of the sample (Shin & Santamarina, 2009). In particular, the state of
stress is approximated by the coe cient kg = s,/ S|, where s, is the vertical stress and
s, is the lateral stress. To do so, a soft oedometer has been developed from the classical
device (Castellanza & Nova, 2004; Kolymbas & Bauer, 1993; Shin & Santamarina, 2009).
This extended testing apparatus is composed of a thin surrounding wall, allowing lateral
deformation, and ensuring these deformations remain small. Subsequently, the lateral stress
can be captured with strain gauges on this lateral soft wall. These experiments have already
been modeled with a Discrete Element Model in the context of sands (unbonded granular
material) (Cha & Santamarina, 2019; Cha & Santamarina, 2014, 2016; Shin & Santamarina,
2009), but it appears the Discrete Element Model has not been employed for rock (bonded
granular material).

The ensuing Chapter 2 formulates a Discrete Element Model of the debonding problem,
with a particular emphasis on the impact of the debonding on the material's state of stress.
Indeed, this aspect of the problem remains under-explored in the literature, even if it can

induce fault reactivation and shear failure (Keranen & Weingarten, 2018; Shin et al., 2008).
1.2 The hydration of concrete material

The opposite phenomenon to debonding is cementation, which is de ned as the process
of binding aggregates together (Ismail et al., 2002; Prajapati et al.,, 2020). Compared

to the sintering process (Shinagawa, 2014; Y. U. Wang, 2006; Yang et al., 2019), the



material required to establish the bond originates from a source. As exposed in Section
1.1 and Chapter 2, the presence of cement bonds inside the geomaterial impact hugely
the mechanical performances (Buscarnera & Das, 2016; Gajo et al., 2019; Ismail et al.,
2002). For instance, some aging e ects have been pointed out for steel piles employed as
foundations of o shore wind turbines (Bittar et al., 2024; Sage-Sand, 2024). The mechanical
performances of the host sand appear reinforced with time, while granular reorganization
and cementation occur. Furthermore, it appears the ongoing cementation process modi es
the porosity and the permeability of the material (Konstantinou et al., 2023; Lesueur et al.,
2020b; Prajapati et al., 2018). These hydraulic parameter evolutions require consideration
in the context of H, storage or CO, sequestration to monitor the available storing volume
and to adapt the injection ux.

To elucidate the impact of cementation on mechanical performances at the microscale,
concrete, a material with a long history in construction (Gagg, 2014) despite its inher-
ent complexity (Bentz, 1999), is used as an example. Indeed, concrete is a multiphase
(loannidou et al., 2016) and multiscale (loannidou et al., 2022; Zhou et al., 2019) mate-
rial. Speci cally, cement-based materials are composites based on aggregates and bonds
between them (J. Bullard et al., 2011; Scrivener et al., 2015). The bond, referred to as
cement paste, is responsible for the majority of the material's mechanical properties. As
illustrated in Figure 1.3, this cement paste is produced by the hydration of source particles.
Then, the paste hardens and forms the sample structure. A primary objective of research
in this eld is to understand and predict the mechanical behavior of this complex mate-
rial (Nithurshan & Elakneswaran, 2023). Indeed, it appears that the concrete industry is
responsible for7 14% of the global carbon footprint (Park et al., 2024). Consequently,

e orts are made to optimize the formulation or to nd an alternative one (Shah et al.,

2022), and methods are developed to sequestrateO, into the cement paste itself (Jativa
et al., 2024). Furthermore, it appears in the context ofCO, sequestration that the cement
paste of the well reacts with supercritical, liquid, and gasCO, (Dalton et al., 2022).

The traditional methodology to explore the mechanical performances entails subjecting
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FIGURE 1.3: Scheme of the hydration of a concrete material.

the hardened samples to an axial compression load after a 28-day testing period (Lamond
& Pielert, 2006). Subsequently, the impact of a multitude of variables can be investigated.
The initial parameter to be considered is the water-cement mass ratiav/ c. It appears that
an increase in this water-cement mass ratiav/ ¢ has the e ect of reducing the compressive
strength of the sample (Karni, 1974; Moutassem & Chidiac, 2016). It must be acknowledged
that the water-cement mass ratiow/ cis not the sole factor required to predict the properties
of a cement-based material. Indeed, numerous in uences have been identi ed as potential
sources of variability, including source properties, source size distribution, and the presence
of additives (De Larrard, 1999; Kawashima et al., 2013; Lefever et al., 2020; V. T. Nguyen
et al., 2021; Thomas et al., 2009). Consequently, a multitude of analytical and empirical
models have been devised over the years. The initial model was developed gret, which
correlates concrete strength with the volume fractions of cement, water and air (Feret,
1892). Following numerous reformulations and modi cations, (Nithurshan & Elakneswaran,
2023) for a comprehensive review, the most promising model currently appears to be that
proposed byChidiac et al. (Chidiac et al., 2013).

However, this approach is time-consuming as the cement-based material must undergo
a 28-day hardening period. To address this issue, constitutive models have been developed
from idealized microstructures of the cement paste. As previously mentioned, concrete
material is a multiphase and multiscale material. To determine the idealized microstruc-

ture, the information from the dierent scales and phases must be homogenized. This
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homogenization method involves three distinct steps: description, localization, and upscal-
ing (Agofack, 2015; Samudio, 2017). The description step consists of characterizing the
distinct phases at the microscale by their shape and fraction. The subsequent localization
step focuses on the impact of the deformation between the phases at the microscale on the
deformation of the sample at the macroscale. To illustrate, two springs in parallel exhibit a
distinct mechanical behavior compared to two springs in series. Finally, the upscaling step
determines the mechanical properties of the macroscale from the intrinsic parameters of the
phases at the microscale. A multitude of approaches exist (Budiansky, 1965; Ghabezloo,
2010; Halpin A dl & Kardos, 1976; McLaughlin, 1977; Pichler et al., 2009). However, the
most frequently employed methods in the extant literature appear to be the dilute (Eshelby,
1957), self-consistent (Hill, 1965), or Mori-Tanaka (Mori & Tanaka, 1973) schemes. This
homogenization method can even be repeated on several scales, ranging from the hydrate
foam (20 mm) to the cement paste (0.7mm), and from the cement paste to the mortar (1
cm) (Pichler & Hellmich, 2011; Pichler et al., 2008, 2013). Subsequently, the evolution of
the mechanical properties of the cement-based material during the hydration process can
be interpolated by combining this homogenization method with kinetics laws associated
with hydration phenomenon (J. F. Wang et al., 2017).

However, the microstructure remains idealized, and recent advances in computing sci-
ences have made it possible to consider explicitly the microstructure and its evolution
(Bentz et al., 2006). This numerical laboratory o ers a safer, more cost-e ective, faster,
and more reproducible alternative to the real laboratory. To do so, models based on Cel-
lular Automata are currently employed (Bishnoi & Scrivener, 2009; J. W. Bullard, 2007,
Holmes et al., 2020; Pignat et al., 2005; van Breugel, 1995). However, this method includes
coe cients obtained with a semi-empirical estimation. Which indispensable elements are
required to design a numerical analog based on physical considerations to explicitly describe
the microstructure evolution during hydration? To answer to this question, a physic-based
Phase-Field formulation (Allen & Cahn, 1979; Cahn & Hilliard, 1958; Landau, 1936), is

presented in Chapter 3 to investigate the hydration process at the microscale of concrete
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material and its impacts on the mechanical behavior of the sample.
1.3 The pressure-solution phenomenon

Debonding/cementation phenomena could be characterized as one-way chemo-mechanical
coupled processes, wherein chemistry (bond dissolution or generation) a ects the mechan-
ics (stinesses and state of stress). There is no direct feedback from the mechanics to the
chemistry. Indeed, it is noteworthy that the scales of these disparate physical phenomena
are distinctly separated: the chemistry occurs at the grain scale, while the mechanics is
manifest at the sample scale. As suggested by Table 1.1, more complex chemo-mechanical
couplings exist, such as the case of pressure-solution. This phenomenon establishes a two-

way coupling between the chemistry and mechanics at the grain scale.

Table 1.1: The chemo-mechanicals couplings are divided into two categories: the one-way
and the two-way couplings.

chemistry N mechanics | chemistry @ mechanics
debonding X
cementation X
pressure-solution X

As illustrated in Figure 1.4, pressure-solution involves three chemo-mechanical processes
at the microscale (Raj, 1982; Rutter, 1976; Tada & Siever, 1989): dissolution due to stress
concentration at grain contacts, di usive transport of dissolved mass from the contact to

the pore space, and precipitation of the solute on the less stressed surface of the grains.

FIGURE 1.4: Scheme of the pressure-solution phenomenon.
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These processes result in a time-dependent compaction of the rock by changing its
microstructure, pore structure and composition. Furthermore, it has been demonstrated
to induce modi cations in the strength of a wide range of geological materials. As such,
it has been suggested as a mechanism for long-term evolution of fault strength during
interseismic periods (Sleep & Blanpied, 1992), but also to control faults' frictional behavior
at low speed and thus in uences earthquake nucleation (Bos et al., 2000). In the context
of CO, sequestration, it has been pointed out by experiments that the kinetics of the
pressure-solution phenomenon is accelerated B0) by the presence of the reactive uid
(Liteanu et al., 2012). As previously explained, the success of the engineering application
depends on controlling the consequences of pressure-solution as it is suspected to be the
origin of earthquake nucleation in sheared faults, often de ning the underground reservaoir.
In particular, a competition exists between the hardening behavior due to pressure-solution
(dominant at low velocities) and the weakening behavior due to dilation of a shear layer
(dominant at high velocities) (Niemeijer & Spiers, 2006). The natural oscillations in fault
motion rates are presented as the origin of seismic activities. It is reasonable to extend
this observation on other engineering applications, such a$l, storage and geothermal
energy production. Furthermore, the concept of pressure-solution has been identi ed as
a foundational aspect in comprehending the diagenetic transformations (Bjarlykke et al.,
1989; Tada & Siever, 1989). During the diagenetic processes sediments are transformed into
sedimentary rocks. These processes in uence reservoir quality in hydrocarbon exploration
and the formation of economically valuable mineral deposits.

Pressure-solution has already been investigated with constitutive relations at the meso/-
macroscale (Gratier et al., 2009; Raj, 1982; Rutter, 1976; Spiers et al., 1990). However,
the validity of this kind of formulation is contingent on the selected models, which are not
well constrained due to their reliance on speci c microstructures and chemical reactions.
To enhance our comprehension of the underlying mechanisms, it is imperative to consider
simulations focused on the microstructure. To this end, micro-mechanical models with

simplifying assumptions have been developed, considering an idealized microstructure (Lu
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et al.,, 2021; Pluymakers & Spiers, 2015; Spiers & Schutjens, 1990), assuming a granular
assembly with only dissolution (Cha & Santamarina, 2019; van den Ende et al., 2018) or
ignoring the granular reorganization (Guével et al., 2020). However, a comprehensive un-
derstanding of this complex phenomenon for granular materials necessitates the capture
at the microscale of at least two key aspects: the granular reorganization (Peters et al.,
2005; Radjai et al., 1998; Tordesillas et al., 2010) and the evolution of particles' shapes
(Binaree et al., 2019; Guével et al., 2022; Lindgwister et al., 2023). It is imperative to
acknowledge that these two aspects exert a substantial in uence on the force transmitted
in the granular media. Given that stress concentration at the contacts is the driving force
for pressure-solution, it stands to reason that it should strongly in uence pressure-solution
rate. How can granular reorganization and grain morphology evolution be explicitly modeled,
considering their impacts on the mechanics and chemistry in a tightly coupled problem such
as pressure-solution?

The Discrete Element Model (DEM) has been demonstrated to be capable of captur-
ing mechanics (granular reorganization and stress transmission). However, the formulation
remains inadequate in capturing chemistry. Conversely, the Phase-Field (PF) description
has been shown to provide a satisfactory description of chemistry (evolution of particles'
shapes). Nevertheless, it is not e cient enough to solve the mechanics. Even if contact
problems have been solved with a Phase-Field formulation (Lorez et al., 2024), the compu-
tational cost is much larger than with the Discrete Element Model. Chapters 4, 5, 6 and
7 present the development and the application of a Phase-Field Discrete Element Model
(PFDEM) framework (Sac-Morane et al., 2024a, 2025) allowing to capture: (i) granu-
lar reorganization, (ii) irregular grain shape, (iii) force transmitted at the contacts, (iv)
heterogeneous dissolution/precipitation, (v) di usion of the solute in the pore space and
(vi) rate-limiting processes. In particular, this new formulation is applied to the pressure-

solution problem.
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1.4 Scope and structure of the thesis

The present thesis tackles the numerical model of chemo-mechanical processes at the
microscale, with three distinct phenomena investigated for their importance relative to the
energy transition and carbon emissions.

The rst example, developed in Chapter 2, concerns the weathering of a rock material.
In this example, the sample is modeled as a cemented granular medium, while the size
of the bonds is gradually reduced. A particular focus is placed on the evolution of the
state of stress. This aspect remains under-explored in the literature, yet it is pivotal to
the integrity of the material. To this end, a Discrete Element Model is employed, as it
is well-suited to capture the mechanical aspect of the problem. The chemical solicitation
(bond dissolution) is considered as an input of the problem. In this formulation, the relation
between mechanics and chemistry is a one-way coupling for dissolution.

The second example, developed in Chapter 3, concerns the hydration of a cement-based
material. Through a series of chemical reactions, a source material is consumed, resulting
in the formation of bonds between aggregates. The strength and sti ness of the resulting
hydrated sample are determined by the properties of these bonds and the microstructure
obtained. The development of a reliable numerical model capable of predicting the mi-
crostructure, and consequently the mechanical performance, during the hydration process,
represents a crucial next step in the eld of cement research. The Discrete Element Model
is inadequate in its ability to accurately consider the intricacies of the chemical processes
involved. To address this limitation, a physics-based formulation known as Phase-Field is
employed to model the chemical aspect of the problem. The distinct microstructures thus
computed are then employed as input to a Finite Element Model to predict the mechanical
performance of the hydrated sample. Similarly, the relationship between mechanics and
chemistry in this description is a one-way coupling involving dissolution and precipitation.

The third example, developed in Chapters 4, 5, 6 and 7, concerns the pressure-solution

phenomenon. Compared to the previous examples, chemistry and mechanics are deeply
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correlated in this context. Indeed, pressure-solution is characterized as a mass transfer by
dissolution/di usion/precipitation from the more stressed areas to the less stressed areas.
A novel framework, designated as Phase-Field Discrete Element Model, is delineated in
Chapter 4. This novel approach consists of integrating the Phase-Field description and the
Discrete Element Model to simultaneously capture the chemical and mechanical aspects of
the problem. The formulation is then calibrated and validated on experimental data and
constitutive relations available in the literature, see Chapter 5. Subsequently, the capacity of
the framework to capture irregular grain shape and heterogeneous dissolution/precipitation
is emphasized in Chapter 6. These aspects, frequently overlooked in existing models, are
shown to be pivotal in the creep behavior induced by pressure-solution. Finally, Chapter 7
extends the framework to consider the real geometry of the grains and microstructure. To
do so, the geomaterial can be scanned with X-ray technology, and a 3D image of the sample
can be reconstructed with computed tomography. Subsequently, this digital sample can be
employed as an input of the PFDEM formulation. This approach enables the investigation
of the impact of the granular organization on the pressure-solution phenomenon. This
aspect is frequently not incorporated into models or is overly simplied in the current

literature.
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2. Stress state evolution of a cemented granular
material subjected to bond dissolution by Discrete
Element Modeling

As delineated in Chapter 1, rock weathering is instigated in numerous engineering ap-
plications involving underground operations, such as underground storage or geothermal
energy extraction. This weathering process is induced by the circulation of a reacting uid
within the pores of the rock, which can induce changes in materials properties and stress
state. This Chapter presents Discrete Element Modelization (Cundall & Strack, 1979;
O'Sullivan, 2011) of the dissolution of sedimentary rocks to study their stress state evo-
lution (Sac-Morane et al., to be submitted). Despite extensive experimental (Basu et al.,
2009; Ciantia et al., 2015b, 2015c; Heap & Violay, 2021) and numerical (Buscarnera, 2012;
Gajo et al., 2015; Loret et al., 2002; Nova et al., 2003; Stefanou & Sulem, 2014) research
on the weathering problem, only a limited number of studies have focused on examining
the in uence of weathering on the stress state of the material.

A seminal paper on the evolution of the stress state during weathering was published
by Vaughan and Kwanin 1984 (Vaughan & Kwan, 1984). In this work, the authors devel-
oped a theoretical model to study the evolution of the stress state during the weathering
of rocks to form residual soils. More recently, experimental investigations of dissolution
have been conducted using soft oedometer tests, which allow the measurement of radial
stresses. These tests have been performed with calcarenite and arti cially cemented sand
(Castellanza & Nova, 2004), glass beads mixed with salt grains (Shin & Santamarina, 2009)
or carbonate sand (Viswanath & Das, 2020). The majority of these studies have focused
on non-cohesive granular materials, except (Castellanza & Nova, 2004), in which the au-
thors observed an increase in radial stress during dissolution by an acid solution in both
the arti cially cemented silica sand and the fully calcareous soft rock. However, the rate of
increase di ered in each case, reaching an asymptotic value in both cases.

The theoretical and experimental work has been completed through the implementation

of numerical studies, predominantly using the Discrete Element Method (Cha & Santama-
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rina, 2014; Shin & Santamarina, 2009; Viswanath & Das, 2020), method presented in
Section 2.1. It should be noted that, to the author's knowledge, all existing numerical
studies focus on non-cohesive granular materials and model dissolution as a homogeneous
decrease in diameter. For instanceShin et Santamarina were able to reproduce experi-
mental results in which an initial decrease ofkg was observed (Shin & Santamarina, 2009).
This kg coe cient is the ratio of the lateral stress over the vertical e ective stress, and

it is employed as a proxy of the state of stress. With the dissolution processk, evolves
and reaches the Rankine active pressure coe cienk, during dissolution. Additionally, the
authors noted that kg may eventually increase to recover its initial value if dissolution con-
tinues. In their investigation of the e ect of dissolution kinetics (Viswanath & Das, 2020),
the authors have observed a similar behavior for rapid dissolution, a decrease kf followed

by an increase. However, they observed a monotonic decrease for slower dissolution rates.

Sedimentary rocks can be described as a cohesive granular material following the model
introduced in (Bourrier et al., 2013) as they are formed by cementing sediments' particles.
Mechanical parameters for this discrete element model were calibrated b$arkis et al.
(Sarkis et al., 2022) on biocemented sands (Dadda et al., 2017). Indeed, these biocemented
sands can be considered as a suitable proxy for natural sandstones (Konstantinou et al.,
2021; P. Wang et al., 2023). While the pressures examined herein might not fully re ect the
conditions encountered in an underground reservoir, the observed behavior can be readily
extrapolated through an equivalent contact sti ness number @ Young modulus/pressure
applied) (Da Cruz et al., 2005; Roux & Combe, 2002).

The present Chapter investigates the role of several parameters, including the degree of
cementation, the con ning pressure, and the history of load on the evolution of the stress
state. In particular, the initial value of the kg coe cient, which serves as a proxy for the
state of stress, is monitored and studied. Indeed, this parameter can be a ected by tectonic
solicitations in the context of underground reservoirs (Demir, 2018; Hoek, 2007; Taherynia
et al., 2016), reaching a larger value than in experimental setups where the sample is loaded

vertically by its own weight only.
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Some examples of scripts used are available on Github: https://github.com/AlexSacMorane/
YADE_oedo_acid.

First, the theory and formulation of the Discrete Element Model is presented. Then, the
numerical model of the oedometric test is described. Additionally, the results are displayed
and a discussion is raised from them. Finally, the preliminary conclusions of this Chapter

are advanced.

2.1 Theory and formulation

The Discrete Element Model (DEM) is an approach developed by Cundall & Strack
(Cundall & Strack, 1979) for simulating granular materials at the particle level. This model
was extended to rock materials by (Potyondy & Cundall, 2004), adding a bond between
the particles. The fundamental premise of this methodology is to explicitly consider the
individual particles and their interactions within the material itself (O'Sullivan, 2011). Even
if the method has been extended to consider the realistic shapes of the grains (Boon et al.,
2012; Garcia et al., 2009; Houlsby, 2009; Kawamoto et al., 2016; Nezami et al., 2004), the
seminal approach is to model the grains as spheres, the approach employed in this Chapter
to diminish the computational cost. Newton's laws (linear and angular momentum) are
employed to compute the motion of the grains, which is formulated as follows for a single

grain:

Bv;

m—Bt' = mg + fi (2.1)
Bw;

| Bt' = M; (2.2)

where m is the particle mass,v; is the particle velocity vector, g; is the gravity acceleration
vector, f; is the sum of contact force vectors applied to the particle,l is the moment of
inertia of the particle, w; is the angular velocity vector, M; is the sum of contact moment
vectors applied to the particle (torques due to bending, twisting, and tangential forces).

To solve these equations, various integration methods can be used (Samiei et al., 2013).

20



For example, the softwareYADE (mainly used during this thesis) follows a Verlet scheme
(Smilauer & al., 2021). The time integration depends on a time stepdt that must verify

the P-wave critical time step condition (Burns & Hanley, 2017), see Equation 2.3.

gt dtgy = amn 2.3)
En/r

where Ry, is the radius of the smallest grains,E, is the Young modulus of the contact
and r is the density of the material. Herein, a safety factor is considered]t = 0.6dti;.
Considering two particles with radii R* and R?, the interaction between particles is

computed only if the distance between grains satis es the following inequality:

x! x2 R+ R? (2.4)

where xi1 (resp. xiz) is the center of the particle 1 (resp. 2) andu; is the norm of the vector

uj. Once contact is detected between graind and 2, the normal vector of the contact

nl2is computed asn!? = (x! x?)/ x! x2. Then the normal overlap vector D, and the

tangential overlap vector Dg; are determined.

Dhi= R+ R?2 xt x? nl? ni? (2.5)

The tangential component D is computed incrementally, integrating the relative tan-

gential velocity between particles during the contact.

Dsi = D+ vg7 dt (2.6)

where v%lz is the relative tangential velocity vector de ned in Equation 2.7 and dt is the

time step used in the simulation.
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12 (2.7)
viZ= vl v+ (RY di2)epnjwi

+(R? di2)ejniwi (2.8)

where vi12 is the relative velocity vector between grains andd = Dj; is the norm of the
normal overlap vector. It should be noted that the terms(R  d/2 ) represent the corrected
radii at the contact. Here, the angular velocity vectors w; of the grains are taken into
account for the calculation of the tangential overlap vectorDg;. As the contact orientation
can evolve, it is crucial to update the tangential overlap vector by projection and then
scaling: D2#W = pQ/d ng'dnjlzni12 and then DIV = @.

A relative angular velocity vector Dw; is also needed to compute the twisting and

bending behaviors.

Dw; = w! w? (2.9)

This relative angular velocity vector Dw; is divided into a twisting component Dwy; and

into a bending componentDwy,;.

Dw;n{*n (2.10)

DWti

Dwp; = Dw; Dwy (2.11)

These relative angular velocity vectorsDw;; and Dwy,; are used to compute a twisting

and a bending relative angular rotation vectorsDqg; and Dqy; incrementally.

Dqgi = Dqgi + Dwy  dt (2.12)

Dapi = Dapi + Dwy,;  dt (2.13)
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As the contact orientation can evolve, it is crucial to update the twisting and bending rel-

ative angular rotation vectors by projection and then scaling: Dgi®" = Dg2l Dql‘(’j'dnjlzni12

and then Dgl®"¥ = Dld, with k=t or b.

The contact models between particles considered in this Chapter are governed by a co-
hesive law following (Bourrier et al., 2013). This cohesion permits the relative displacement
between bonded particles. However, due to the presence of cementation, an additional sti -
ness is introduced. The normal, tangential, bending and twisting models are illustrated in

Figure 2.1 and described in the following.

FIGURE 2.1:. The contact between two particles obeys normal, tangential, bending and
twisting elastic-plastic laws. A bond can be present if the contact is cemented. It increases
the shear and the tensile strengths.

As illustrated in Figure 2.2, a cemented contact can be classied into three distinct
types: 1) Frictional, Il) Mixed/Cohesive (Frictional+Cemented), or Ill) Cemented (Sarkis
et al.,, 2022). In the case of type I, ho cementation is present. In types Il and Ill, the
contact can be modeled as two springs in parallel (type Il) or in series (type Ill). One
spring represents the bondK |, and the other represents the unbonded grain-grain contact
K u. In the following Sections, the assumption is made that the sample is composed of

contacts type Il, as depicted in Figure 2.1 where springs are represented in parallel.
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FIGURE 2.2: De nition of the contact types: I) Frictional, II) Mixed or cohesive (Friction-
nal+Cemented) and IIl) Cemented.

The contact force vector f; applied to the particle, see Equation 2.1, is de ned as the
sum of the normal force vectorsk, and the tangential force vectorsF;; over the contacts
including the particle. The normal force vector F,; is described in Equation 2.14. An elastic

stiness Kp = Kpp+ Ky y is required, formulated Equation 2.15.

Fai = KnDpj (2.14)

RIR?

Kn = 2Emezry o

(2.15)

where En, is the contact Young's modulus,R! and R? are the radii of the particles in stake.
Similarly, the tangential force vector Fj is described in Equation 2.16. An elastic sti ness

Ks = Ksp+ Ksu is required, formulated Equation 2.17.
Fsi = KsDsi (2.16)

RIR?

Ks= nK, = 2nEmw

(2.17)

where n is the contact Poisson's ratio.

In the same vein, the contact moment vectorM; applied to the particle, see Equation
2.2, is de ned as the sum of the bending moment vectordMy;, the torque due to the
tangential force vectorsF;, and the twisting moment vector My; over the contacts including

the particle. The bending moment vector My,; is described in Equation 2.18. An elastic
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stiness Kp = Kpp+ Kpy is required, formulated Equation 2.19.
Mpi = KpDopi (2.18)

RIR? 2

Kb = astRle = ZabnEmm

(2.19)

where a, is a non-dimensional factor, relating the bending and the tangential sti nesses.
Similarly, the twisting moment vector My is described in Equation 2.20. An elastic

stiness Kt = Kip+ Kty is required, formulated Equation 2.21.
Mi = KiDgy (2.20)

1R2 2

aKsR'R? = 2ainEp———— (2.21)

Kt Rl+ R2

where a; is a non-dimensional factor, relating the twisting and the tangential sti nesses.
The bending and the twisting resistances aim to reproduce the shape of the grain (Ai et al.,
2011; Mollon et al., 2020; Sac-Morane et al., 2024b) as spheres are used in this framework
(numerically more e cient).

These contact laws are linear in the elastic domain. Furthermore, a Coulomb friction

limit is introduced at the contact level, see Equation 2.22

E o mE,; (2.22)

where mis the friction coe cient between two particles. This friction coe cient is constant
before and after the bond breakage.

The bond exists until one of the two criteria presented in Equation 2.23 is not veri ed.

Fsi @ mF, + ssA,, (Shear condition)

Fai @ spAp (Tensile condition) (2.23)

where ss is the shear strength of the bond,s, is the tensile strength of the bond and

Ay is the surface of the bond. It is worth noting that no criterion is employed for the
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compression condition. This value of the bond surfaced,, is determined initially and is
reduced during the simulation, see Section 2.2. During the debonding phenomenon, the
mechanical rupture of the bond can be induced by a stress reorganization, increasing the
tensile/shear force transmitted in the contact F,/ F;. Furthermore, the rupture can occur
even if the tensile/shear force transmitted stays constantF,;/ Fs; as the bond surfaceA,
decreases during the dissolution. The last rupture case is due to chemistry when the bond
surface reachesA, = 0m?. Once the bond breaks (by mechanics or chemistry), the bond

surface Ay, is set to 0m? and the tensile sti ness of the contact is deactivated.
2.2 Numerical model

The Discrete Element Model is solved using theYADE open source software (Smilauer
& al., 2021). Some examples of scripts used are available on GitHub: https://github.com/
AlexSacMorane/YADE_oedo_acid.

The initial condition algorithm is presented in Figure 2.3. A2,8 2,8 2,8mm boxis
generated. Subsequently3000particles are generated, despitd 600would su ce to obtain
a representative elementary volume (O'Sullivan, 2011; Sarkis et al., 2022). It is crucial
to note that the grains are initially incorporated with a radius smaller than the nal one.
Indeed, a radius expansion algorithm is applied to generate the initial condition (O'Sullivan,
2011). The objective of this algorithm is to verify a uniform grain size distribution similar to
(Sarkis et al., 2022) Rmin = 75 mm and Rmax = 125mm). Once the particles have reached
their nal dimension, the position of the top wall is controlled in order to apply a vertical
pressure equal toP.ementation(S€€ Equation 2.24 for details). The positions of the remaining
walls are maintained at a xed position. Once the vertical pressure is equal tdPcementation
the friction between the grains, the twisting resistance, and the bending resistance are
activated. The top wall is then controlled to attain once more a vertical pressure equal to
Pcementation While the other walls remain xed. Subsequently, the cementation between the
particles is applied. At each contact, a random draw is conducted with a probability equal

to pc to ascertain whether a bond is formed. The bonds are de ned by a shear strength
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Ss and a tensile strength s,. Additionally, the bonds have a surface areaA, obtained
by a lognormal distribution presented in A and de ned by the parameters m;,g and sioq
(Sarkis et al., 2022). The parameterspe, Moy, and sg characterize the initial degree of
cementation, see Table 2.2. Subsequently, the position of the top wall is controlled in
order to apply a vertical pressure equal toP.onfinement(S€€ Equation 2.24 for details). The
remaining walls are maintained in a xed position. Subsequently, the position of one lateral
wall (the remaining ones are xed) is controlled to reach an initial coe cient of lateral earth
pressurekg = s/ s; (s; is the vertical pressure,s), is the lateral pressure). The sample
is subjected to oedometric conditions (the control of the top plate is active and it aims at
verifying the vertical con ning pressure at any given instant) (Castellanza & Nova, 2004;
Sac-Morane et al., 2024a). Once the lateral pressure has been obtained, the position of
the moving lateral plate is xed to verify the oedometric conditions ( xed lateral walls),
and the control of this element is deactivated. The initial con guration is reached, and
the destabilization due to the debonding phenomenon starts. An illustrative example of an
initial con guration is provided in Figure 2.4.

Bond breakage can be triggered during the initialization of the test, preceding the com-
mencement of the bond dissolution through acid injection. The portion of the broken bond
is given Table B.1 in Appendix B. Bond breakage will inevitably occur as a consequence
of the initialization algorithm, as illustrated in Figure 2.3. The cementation occurs at a
speci ed pressureP;ementation @and the pressure is then elevated to the con ning pressure
P.onfinementbefore the start of the test. This increase is the source of some bond breakage
(even prior to the commencement of dissolution). Moreover, the objective is to reproduce
numerically the experiments. In an oedometric test with acid injection (bond dissolution),
the sample is initially cemented, placed in the oedometer, loaded at con ning pressure,
and then subjected to acid injection (bond dissolution) (Castellanza & Nova, 2004). In the
experiments, the step of loading to the con ning pressure also induces bond breakage. The
occurrence of bond breakage is more prevalent in samples wit§* o k3. Indeed, the

value of kg is approximately equal to k3" prior to the formation of the bonds. In order to
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FIGURE 2.3: Initial condition algorithm: a) A box is created. b) All the particles are gener-
ated with a reduced radius. c¢) The different radii increase steeply until reaching the nal
values. d) A vertical pressure P.ementationiS @pplied by moving the top plate. e) The fric-
tion, the twisting resistance, and the bending resistance are activated. f) The cementation
is applied by generating bonds at the contacts. g) A vertical pressure P.gnfinemendS applied
by moving the top plate. h) An initial stress state kg is applied by moving the lateral plate.

achieve the objective ofk' & k3% it is necessary to extend the lateral dimension of the
sample by moving the lateral wall. The combination of this extension with the application
of the con ning pressure at the top results in shear and tensile conditions at the contacts
level. Consequently, bonds breakage occurs if one of the conditions presented Equation
2.23 is reached. This phenomenon occurs less frequently in the casek@i‘ ¥ k3", Indeed,
the lateral dimension of the sample is compressed, and it does not result in shearing and
tensile solicitations at the contact level, but in compression of the bonds. This phenomenon
does not instigate bond breakage as no condition on compression is considered as breakage
criterion.

The control of the wall (in the vertical or lateral direction) is achieved through the
use of a proportional controller k, described in Equation 2.24. A maximum speed of the

plate vg}g;‘e(= 0.00005Rmead dt) is applied to verify quasi-static conditions (O'Sullivan,
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a b
FIG&RE 2.4: a) An example of an initial con gurati)on obtained by the algorithm presented
in Figure 2.3. b) The sample is then in oedometric conditions: the lateral and bottom walls
are xed and a constant vertical pressure is applied at the top during the injection of the
uid that induces debonding.

2011), whereRmeanis the mean radius anddt is the time step de ned Equation 2.3. These
aforementioned parameters were determined through a trial-and-error method, minimizing
the oscillation of the obtained con ning pressure around the target value and maximizing

the control kinetics.

Vplate = Kp Polate  Prarget

m

Vplate @ Vplate (2.24)

where vy ate is the velocity of the plate (in the direction of the control), k; is the value of
the proportional controller, Py4 is the pressure applied on the plate (in the direction of
the control), Puarget is the targeted pressure applied on the plate (in the direction of the
control) and V%t is the maximum velocity of the plate.

The walls are considered to have no friction, cohesion, bending resistance and twisting
resistance with the grains.

Once the initial con guration has been established, the dissolution process commences.
As presented in Algorithm 1, these steps are subdivided into distinct phases. Initially, the
bonds are dissolved, with the surface area of each intact bond reduced (the magnitude of

the reduction must be su ciently minor to ensure representativeness). Subsequently, the

reorganization of the grains occurs until an equilibrium state is reached. This mechanical
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Algorithm 1 The weathering of the rock is modeled as a debonding phenomenon.

while bonds are remaining do

Dissolve the bonds ™the bonds' surfaces are decreased
Update the mechanical properties, considering the current cementation
while DEM equilibrium not reached do ™granular reorganization occurs

Compute solicitations
Solve the momentum balances
Check the equilibrium criteria for DEM
end while
Take a snapshot of the con guration ™several parameters are tracked
Count the number of bonds still existing
end while

equilibrium is determined by two indices:

« the unbalanced force (de ned as the ratio of the mean summary force on bodies and

mean force magnitude on interactions) is smaller than a criterion value (her®.02).

« the di erence between the pressure applied on the top plate and the targeted pressure

is smaller than a criteria value (here0.01Prgey)-

It is crucial to provide a commentary on the concept of grain reorganization. In the
con guration under investigation, the positions of the particles remain largely unchanged.
Indeed, the sample is dense and in oedometric conditions. Furthermore, it is assumed that
no grain breakage occurs. Nevertheless, some uctuations in the organization do occur,
resulting in an evolution in the chain force structure.

Once the equilibrium is reached, a snapshot of the sample is taken. This enables the
tracking of the evolution of the various trackers presented in Section 2.3. These steps are
repeated until all the bonds have disappeared. It should be noted that a bond can disappear
because of the dissolution (the surface is null or negative) or the mechanical loading (criteria
presented Equation 2.23 are reached).

The parameters used in this Chapter are presented in Tables 2.1 and 2.2. The in uence
of several parameters such as the vertical con nement pressut.q,finement (Ho€k, 2007),
the initial coe cient of lateral earth pressure kg‘” (Demir, 2018; Hoek, 2007; Taherynia

et al., 2016) and the degree of cementation (Sarkis et al., 2022) are investigated in this
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Chapter.

Table 2.1: Presentation of the parameters used (see Table 2.2 for the details about the
cementation).

IDconfinement 0.1-1-10MPa
I:’cementation 0-O:I-F’confinement
Initial kg 0.2-0.7-15

Cementation

2T-2MB-11BB - 13BT - 13MB

Bond dissolution

0.02€™Mos (0.05€™M°s when 95 % of the initial

number of bonds are broken)

Table 2.2: Mechanical parameters depending on the cementation (extracted from (Sarkis

et al., 2022)).
Lightly Medium Highly
cemented | cemented | cemented
Sample Untreated | 2T | 2MB 11BB 13BT | 13MB
Density (kg/m 3) 2650
Em (MPa) 80 \ 300\ 320 \ 760 \ 860 \ 1000
n(-) 0.25
dp (-) 0.5
at (-) 0.5
m(-) 0.36
P (%) 0 13 88 98 100 100
Miog (-) 0 6.79 | 7.69 8.01 8.44 | 8.77
Siog (-) 0 0.70| 0.60 0.88 0.92 | 0.73
ss (MPa) 6.6
s, (MPa) 2.75

To explore the e ect of the cementation, ve distinct initial cementations, exhibiting
disparate microscopic parameters, are considered. During the debonding process, the bond
surfacesAy are reduced, and the sample aims to reach the untreated granular state. The
reduction of the bond surfaces results in a reduction in the strength of the cemented con-
tacts, see Equation 2.23. Such weakening may ultimately result in the mechanical rupture
of the bond. Moreover, in the event that the bond remains intact and its surface area
reachesA, = O0m?, it may also undergo a chemical rupture. These ruptures weaken the
sample, and the current state during the debonding phenomenon is interpolated from the

only known states: the initial cemented state and the nal unbonded state, see Figure 2.5.
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FIGURE 2.5: During the debonding phenomenon, the current state is interpolated from
the initial (cemented) and nal (unbonded) states.

Table 2.2 highlights the fact that the Young modulus E,, exhibits variation between
the unbonded and bonded states. To ensure the sample is representative, and because of
the data available in (Sarkis et al., 2022), an interpolation between the two known states
is performed to characterize the current state. This approach is commonly applied in the
literature to model chemical damage at the macroscale (Gajo et al., 2015; M. Hu & Hueckel,
2019; X. J. Tang & Hu, 2023; Viswanath & Das, 2019). In particular, the Young modulus
(and thus, the di erent contact springs K, K, K;, K¢) is updated following Equation 2.25.
This assumption results in the dependency of the contact scale on the sample scale through
the debonding factor x. In this investigation, a linear approximation is employed as it
represents the most straightforward relation available for a system comprising only two
known states. Should supplementary data become available, this relation can be readily
modi ed in accordance with the new information. The impact of this sti ness reduction

will be examined in Section 2.3.2 and a discussion will be presented in Section 2.4.2.

Em — ( Eﬁqementation ErL:]ntreateo) (1 X) + Erl:qntreated (2.25)

where Ep, is the current Young modulus used in the simulation,Efneme”ta“onis the initial

Young modulus depending on the initial degree of cementationfEu""eaed js the Young
modulus without cementation (here 80 MPa), and x is the debonding factor de ned as
the ratio of the bonds dissolved (by dissolution or by loading) over the initial number of

the bonds. As the time step employed for the temporal integration depends on the Young
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modulus E;,, see Equation 2.3, it becomes important to update the time incremendt with
the dissolution of the bonds.

The relationship between the contact scale ) and the sample scale X) could be a
matter of contention. An alternative approach would have been to consider a local surface
stiness Em(Ayp) at each contact, with the sti ness dependent on the bond surface (Z. Sun
et al., 2016, 2018). However, this relationship is not available in the data set used (Sarkis
et al., 2022). Consequently, the model choice has been to interpolate the current state, see
Figure 2.5. Nevertheless, contact strength depends on the local bond surface ardg, see

Equation 2.23.

2.3 Results

The results of all the simulations performed (plus some complementary investigations)
are presented in the following Subsections. Two main variables are investigated:
 the coe cient of lateral earth pressure kg = s),/ S|, wheres, is the vertical stress and
S| is the lateral stress. This parameter is a proxy of the state of stress inside the
sample (Cha & Santamarina, 2014; Shin & Santamarina, 2009).
» the debonding variablex = 1 nNpond ngond, where Npgng is the number of the bond
and n® . is the number of the bond after the initial con guration. This variable
is equal to 0 when the simulation starts (no bond broken) and equal tol when the
simulation ends (all bonds broken).
Thanks to the DEM, much more data are available to understand the mechanisms operating
at the microstructural level such as the coordination number, the mode of rupture of the
bonds or the mean force transmitted in the contact, among others. These data will be used

if necessary to understand our results.
2.3.1 The existence of an attractor value k3™

The evolutions ofkg are gathered in Figure 2.6 for the ve initial degrees of cementation,
the three values ofkg‘it and the three distinct con ning pressuresPeonfinement

It appears the ko aims to reach an attractor valuek3"™ with the dissolution of the bonds.
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c)
FIGURE 2.6: Evolution of kg with the debonding factor X for Pegnfinement= &) 0.1, b) 1 and
c) 10 MPa. Limits considering k3" = n/ (1 n) are plotted with n= 0.2 0.3.

Applying the principle of superposition, it has been shown analytically by (Vaughan &
Kwan, 1984) that ko approaches a limit given byk3"™ = n/ (1 n) during weathering and
sti ness reduction. Considering a window of[0.2 0.3] for the value of n, the attractor
value window is[0.25 0.43, in agreement with the results obtained. This evolution of the
ko illustrates the granular reorganization (Cha & Santamarina, 2014; Shin & Santamarina,
2009). The sample being dense and under oedometric conditions, the positions of the
particles remain mostly unchanged. Nevertheless, these small uctuations a ect widely the

distribution of forces between particles and thus the stress state of the sample.

To understand better the attractor con guration, the fabric description of the sample
and its evolution are investigated. Three simulations are considered: a 13MB sample with
a con ning pressure Peonfinement= 1 MPa and initial values of ko = 0.2, 0.4 or 0.7. While
contact-based fabric tensors are frequently referenced in the literature (J. Liu et al., 2020;

Radjai et al., 1998; Shi & Guo, 2018), this study employs a normal forces-based fabric
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tensor F”f‘ (Gong et al., 2019; Guo & Zhao, 2013; J. Liu et al., 2020). Indeed, the normal
forces-based fabric tensor underlines information on the fabric anisotropy, weighted by the
norm of the normal force transmitted at the contacts. Being dense and under oedometric
conditions, the normal forces are dominant in the stress transmission. The debonding
process results in an evolution of chain forces, even if the position of the grains remains
similar. The primary cause of this evolution can be attributed to the modi cation of normal
forces. To quantify this variation, a normal forces-based tensor is de ned as the average of
the outer product of the normal forces at contacts, see Equation 2.26.

1. fnin;

= T 2.26
. NC c 1+ Dk|nkn| ( )

where N¢ is the total number of contacts, ¢ is a contact in the sample, f" is the norm of
the normal force of the contactc, n; is the unit vector of the contact direction and Dy, is

the fabric tensor of the second order de ned in Equation 2.27 (J. Liu et al., 2020).

15 1
Dij = ? Fij éqj (227)

where Fj; is the contact-based fabric tensor, de ned in Equation 2.28 (Gong et al., 2019;
J. Liu et al., 2020; Radjai et al., 1998) andd; is the Kronecker tensor.

1.
Ne
where N¢ is the total number of contacts, c is a contact in the sample andn; is the unit
vector of the contact direction. A distribution function f"(n;) can be de ned in Equation
2.29 (J. Liu et al., 2020) and illustrated in Figure 2.7 at initial conditions for k" = 0.2
(blue), 0.4 (red) and 0.7 (green) and at the attractor conditions (dotted). Even if the

initial value of the kg in uences the probability distribution function at the initial state,

it appears that the fabric aims to reach an attractor con guration thanks to the granular
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reorganization. This attractor con guration is computed considering the average of the

three nal con gurations (individually similar to the attractor).

fn(l’]i) = fg 1+ a{}ninj (2.29)

where fo = tr(Fj) and &} = 15/2 Fj/ fo d; . This function represents the average

normal force in a speci ¢ direction (Guo & Zhao, 2013).

FIGURE 2.7: Distribution function f"(n;) at initial and attractor conditions (dotted). This
function represents the average normal force on a speci c direction.

It can be observed that the function kionit = 0.2 (depicted in blue) is situated within the
function KNt = 0.4 (depicted in red), which in turn is situated within the function k" = 0.7
(depicted in green). As illustrated in Figure 2.11, the mean force transmitted in contact
is found to be larger for the casek™ = 0.7 than for either K" = 0.4 or KM = 0.2 This
is consistent with the de nition of the function f" (representing the average normal force
in a speci ¢ direction). Furthermore, it is observed that as k‘onit increases, the distribution
of f" for the planes yz and xz approaches a circle. The sphericity of" indicates that
the distribution of the forces is more isotropic, which is consistent with the values okt
closer to 1. This tendency is even clearer in Figure 2.8, where the distribution function is
normalized.

One can notice the fact that an anisotropy exists on plane xy. Indeed, the initial
con guration algorithm consists of moving only one wall to apply kil'*, favoring one loading

direction, see Figure 2.3. However, this anisotropy remains insigni cant.

Then, this probability distribution function is normalized to compare the di erent or-
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ganizations. A normalized function f" is de ned in Equation 2.30 and shown in Figure

2.8.

Nn.N.
fn(n;) = f031+ A

1 (n) dg (2.30)

3
where " (n;) dq is the integral of f, along the plane considered (xy, xz or yz). Thanks

to this de nition, the perimeter of f, equals1 in the plane. This function represents the
probability of a contact to exist in the direction n; weighted by the average normal force in

this direction.

FIGURE 2.8: Distribution function f"(n;) at initial and attractor conditions (dotted). This
function represents the probability of a contact to exist in a direction weighted by the
average normal force in this direction.

The normalization enables us to compare the cases between them. Looking at planes
yz and xz, it is clear that the kg“t = 0.2 (blue) case must create isotropy ko will increase),
whereas thekg‘it = 0.4(red) or = 0.7(green) cases must create anisotropykg will decrease).
As a reminder, an isotropic state of stress is de ned a%y = 1, and it is depicted as a
perfect circle. The same observations can be done on the plane xy, one direction is favored
because of the initial condition algorithm, see Figure 2.3. However, this anisotropy remains

insigni cant.

The evolution during the debonding of the shape of the normalized probability func-
tion f7(n;) can be captured by the evolution of the maximum and the minimum values,
illustrated in Figure 2.9.

It appears that in planes yz and xz, the maximum values increase and the minimum
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FIGURE 2.9: Evolution of the maximum and the minimum values of the normalized prob-
ability function f"(n;) with the debonding factor x.

values decrease for casag = 0.4and = 0.7. This distancing of the extrema reveals the
creation of anisotropy. On the opposite, the maximum values decrease and the minimum
values increase for the casdxg‘” = 0.2 revealing the creation of isotropy (closing of the
extrema). These observations are in agreement with the evolution of thég, proxy of the
isotropy/anisotropy of the sample (Cha & Santamarina, 2014; Shin & Santamarina, 2009).
In plane xy, the extrema are closing for the three cases (creation of isotropy). The initial
anisotropy is generated by the initial con guration algorithm, see Figure 2.3, and it is

diminished with the debonding phenomenon.

It is crucial to acknowledge that kg is computed in this study from the stress applied
on a single lateral wall. One might inquire as to how the stress states evolve in the mi-
nor and intermediate principal directions. Figures 2.7, 2.8 and 2.9 show that anisotropy
exists initially on the plane xy (especially for K"t = 0.4 and 0.7). This is because of the
initialization process, see Figure 2.3. Indeed, only a single wall (with the normal in the
x-direction) is moving to control kg. Minor and intermediate stresses are di erent, even if
they stay similar. Minor stress is in the direction used to computeky. With the debonding
the anisotropy on this plane disappears, see the attractor line (dotted), and minor and

intermediate stresses aim to reach the same value.
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2.3.2 The existence of two kg evolution mechanisms

This Section addresses the issue of the reduction in Young modulus during the disso-
lution process, see Equation 2.25. It also investigates the mechanisms of tkg evolution.
The identical simulations conducted in the preceding Section are now executed without
the assumption of a reduction in the Young modulus (the Young modulus is held constant

throughout the debonding process). The results are presented in Figure 2.10.

a) b)
FIGURE 2.10: Effect of the Young modulus reduction assumption for different cementa-
tions at a con nement pressure Pgonfinemen= 1 MPa with an initial ko = a) 0.2 or b) 0.7.

In the case k" o k3, the data illustrated in Figure 2.10a appears to demonstrate
that a grain reorganization occurs gy evolves) even when the Young modulus remains
constant. On the other hand, Figure 2.10b illustrates that grain reorganization does not
occur (kg remains constant) when the Young modulus remains constant fok‘onit ¥ K3, In
this con guration, the reorganization of the grains is a consequence of the reduction in the
material's Young modulus. Two distinct mechanisms appear to emerge, contingent on the
state of stress.

This phenomenon is also highlighted by considering the evolution of the mean force
and the coordination number (proxy of the grain organization). Three simulations are
considered: a 13MB sample with a con ning pressuréP.ontinement= 1 MPa and initial
values ofkp = 0.2, 0.4 or 0.7. The results are shown in Figure 2.11.

The distinction between the two mechanisms is underscored by the observation that the
mean force evolution corresponding td<g‘it = 0.2 exhibits a distinct trajectory compared

to the mean force evolutions associated wittk = 0.4 or = 0.7. The rst one remains
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