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ABSTRACT10

Pressure-solution is a chemo-mechanical process, involving dissolution at grain/asperity contacts and precipitation11

away from them. It induces a compaction in time of rocks and sediments. The present study investigates numerically12

the impact of precipitation on the slowdown of creep behavior induced by pressure-solution. A recently published13

framework, called the Phase-Field Discrete Element Model, is carefully calibrated against existing indentation ex-14

periments and validated for other rate-limiting scenarios. It is shown that when precipitation is relatively slow, the15

slowdown of pressure-solution is due to a chemical mechanism (accumulation of solute concentration within the pore16

space), whereas, at fast precipitation, the slowdown is due to a mechanical mechanism (stress reduction at the contact).17

INTRODUCTION18

Pressure-solution creep is a common phenomenon observed in porous geomaterials undergoing diagenesis, located19

within the upper crust of the Earth or involved in earthquake nucleation (Weyl, 1959; Rutter, 1976; Angevine et al.,20

1982; Tada and Siever, 1989; Yasuhara et al., 2005; Mills et al., 2018; Gratier et al., 2013, 2023). The phenomenon21

includes three fundamental chemo-mechanical processes at the microscale: (i) dissolution due to stress concentration22

at grain contacts, (ii) diffusive transport of dissolved mass from the contact to the pore space, and (iii) precipitation of23

the solute on the less stressed surface of the grains. Fig. 1 provides a schematic representation of the pressure-solution24

process at the boundaries between two grains. Competition exists between the three fundamental processes (dissolution,25

diffusion, precipitation) for the pressure-solution rate. If one is much slower than the others, the associated kinetics is26

the rate-limiting process (Rutter, 1976; Raj, 1982), imposing its pace on the global phenomenon. On the other hand,27

if the kinetics of the three processes are similar, more complex relationships need to be considered. Furthermore, the28
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rate-limiting process may change as the configuration evolves during the pressure-solution phenomenon. The principal29

consequences for the porous material are a time-dependent compaction (creep) and a pore structure evolution (Renard30

et al., 2004; Zubtsov et al., 2004; Schwichtenberg et al., 2022). This reduction of the porosity is attributable to a31

mechanical process (grain reorganization) and a chemical one (pore filling by the diffusive mass transfer).32
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1 Dissolution on the contact
2 Diffusion out of the contact
3 Precipitation on the pore surface
4 Diffusion to other pores

F

F

Fig. 1. Scheme of the pressure-solution phenomenon.

In the literature, pressure-solution is described using mathematical models at the continuum scale based on33

experimental data (Rutter, 1976; Raj, 1982; Spiers et al., 1990; Gratier et al., 2009) or using micro-mechanical models34

with simplifying assumptions (Spiers and Schutjens, 1990; Pluymakers and Spiers, 2015; van den Ende et al., 2018;35

Cha and Santamarina, 2019; Guével et al., 2020; Lu et al., 2021). However, a comprehensive understanding of this36

complex phenomenon for granular materials necessitates the capture at the microscale of at least two key aspects: the37

granular reorganization and the evolution of particles’ shapes. Indeed, these two aspects exert a significant influence38

on the force transmitted in the granular media, and as stress concentration at the contacts is the driving force for39

pressure-solution, it should strongly influence pressure-solution rate. Granular reorganization is not considered in the40

existing models at the microscale (Spiers and Schutjens, 1990; Pluymakers and Spiers, 2015; Guével et al., 2020; Lu41

et al., 2021) and the precipitation (influencing the grain shape evolution) is not modeled in (Spiers and Schutjens,42

1990; Pluymakers and Spiers, 2015; van den Ende et al., 2018; Cha and Santamarina, 2019; Lu et al., 2021). Recently,43

a coupling between a Phase-Field (PF) model and a Discrete Element Model (DEM) (Sac-Morane et al., 2024) has44

been developed, allowing to capture: (i) granular reorganization, (ii) irregular grain shape, (iii) force transmitted at the45

contacts, (iv) heterogeneous dissolution/precipitation, (v) diffusion of the solute in the pore space and (vi) rate-limiting46

processes.47

The objective of this paper is to present improvements to the PFDEM framework described in (Sac-Morane et al.,48

2024) and to show the capabilities of the model to describe pressure-solution at the microscale. In particular, the49

contact law between particles used in the DEM has been modified, from an overlap-based approach to a volume-based50

one. This point is fundamental to face undesirable effects, such as the fact that a contact force can be the same51

for two contacts with a similar overlap but different overlapping volumes (van der Haven et al., 2023; Feng, 2023).52
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Furthermore, the previous distinct mechanical and chemical destabilization terms in (Sac-Morane et al., 2024) have53

been combined into one coupled term, more common in the literature on pressure-solution (Paterson, 1973; Lu et al.,54

2021). These modifications are derived in the following Sections.55

This new formulation is calibrated using previous indentation experiments conducted on quartz (Gratier et al., 2009).56

Even if most of the parameters are well-known in the literature, two of them remain poorly constrained: the diffusivity57

and the dissolution/precipitation kinetics coefficient. Indeed, the diffusion coefficient obtained by interpolation in58

(Gratier et al., 2009), varies by several orders of magnitude with the model used to fit the noisy data. Subsequently, a59

validation is carried out, showing that the two well-known rate-limiting scenarios (diffusion or dissolution rate-limiting)60

(Rutter, 1976; Raj, 1982) are well reproduced. Indeed, the different parameter dependencies for the rate of the indenter61

test must be verified even if the calibration campaign has been conducted. Finally, the influence of precipitation on the62

slowdown of the creep behavior is explored through a granular configuration.63

CALIBRATION AND VALIDATION OF THE MODEL WITH INDENTATION EXPERIMENTS64

The purpose of this Section is to calibrate the Phase-Field parameters of the model described in (Sac-Morane et al.,65

2024) and then to validate the formulation. First, the Phase-Field model (Landau, 1936; Cahn and Hilliard, 1958;66

Allen and Cahn, 1979) is presented. In the present study, the tilting energy 𝑒𝑑 , see Equation 4, has been reformulated67

compared to (Sac-Morane et al., 2024). The chemical and mechanical terms are separated in (Sac-Morane et al., 2024),68

a coupled one is used here, more common in the literature on pressure-solution (Paterson, 1973; Lu et al., 2021). The69

formulation is applied to model indentation experiments described in (Gratier et al., 2009; Gratier, 1993; Dysthe et al.,70

2002; Gratier et al., 2014) and the calibration is done by reproducing the data from (Gratier et al., 2009). In fact,71

some parameters (diffusivity and dissolution kinetics) are still not well constrained. The formulation is then verified72

by comparison with the two well-known macro-models for the compaction rate: the diffusion and the dissolution73

rate-limiting (Rutter, 1976; Raj, 1982).74

Phase-Field formulation75

A granular material consists of grains and pores. This porous material is represented here in the Phase-Field space by76

a combination of phase variables (one phase per grain). This phase variable 𝜂 𝑗 equals 1 if it is inside the corresponding77

grain and equals 0 otherwise. The Phase-Field method, specifically the Allen-Cahn equation described in Equation78

1, is employed to describe the dissolution/precipitation of the material (Allen and Cahn, 1979; Xu and Meakin, 2008;79

Moelans et al., 2008; Takaki, 2014; Yang et al., 2021). In this approach, non-conserved order parameters 𝜂 𝑗 are used80

to represent the phase transformation. Other formulations exist for Phase-Field description of dissolution/precipitation81

(Lee and Kim, 2016; Wu and Xu, 2017; Aihara et al., 2019; Rohde and Von Wolff, 2021; Li et al., 2023), but face more82

challenges to include in a numerical model.83
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𝜕𝜂 𝑗

𝜕𝑡
= −𝐿

(
𝜕 ( 𝑓𝑙𝑜𝑐 + 𝐸𝑑)

𝜕𝜂 𝑗

− 𝜅∇2𝜂 𝑗

)
(1)84

In this equation, the terms 𝐿 and 𝜅 correspond to the order parameter mobility and the gradient energy coefficient,85

respectively. The order parameter mobility 𝐿 affects the overall dissolution/precipitation rate, while the gradient energy86

coefficient 𝜅 influences the interface width and the reaction kinetics. The term 𝐸𝑑 encompasses additional energy87

sources introduced into the system, such as mechanical, chemical, or thermal loading. These sources can trigger the88

phase transition. The local free energy density 𝑓𝑙𝑜𝑐 is specified in Equation 2 and is represented in Fig. 2.89

𝑓𝑙𝑜𝑐 = ℎ ×
(∑︁

𝑗

𝜂2
𝑗 (1 − 𝜂 𝑗 )2

)
(2)90

The local free energy density 𝑓𝑙𝑜𝑐 employs a double-well function with a barrier height ℎ (Takaki, 2014). Notice91

that the minima of this potential energy are located at 𝜂 𝑗 = 0 and 𝜂 𝑗 = 1. At the equilibrium and without external92

destabilization, the phase variables stay at 𝜂 𝑗 = 0 or 𝜂 𝑗 = 1 (no dissolution/precipitation).93

0 1
phase variable  (-)

f lo
c (

-)

0 1
phase variable  (-)

f lo
c (

-)

Fig. 2. A double-well function of the phase variable 𝜂 as a local free energy density 𝑓𝑙𝑜𝑐 (𝜂) and its derivative 𝜕 𝑓𝑙𝑜𝑐
𝜕𝜂

(𝜂).

To obtain localized dissolution/precipitation, an external source term 𝐸𝑑 is added to tilt the initial free energy to94

favor dissolution/precipitation, as depicted in Fig. 3 and Equation 4. When the dissolution phenomenon dominates,95

the double-well function is tilted towards 𝜂 𝑗 = 0, resulting in the dissolution of the material. Conversely, when96

the precipitation phenomenon dominates, the double-well function is tilted towards 𝜂 𝑗 = 1, indicating the material’s97

tendency to precipitate. The amplitude of the tilting affects the kinetics of the dissolution/precipitation.98

Before formulating 𝐸𝑑 , another variable, denoted as 𝑐, is introduced in the Phase-Field formulation to model solute99

concentration in the pore fluid. The Equation 1 is coupled with the diffusion equation for the variable 𝑐, as given in100

Equation 3.101
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Fig. 3. The double-well function is destabilized to favor a) dissolution or b) precipitation.

𝜕𝑐

𝜕𝑡
= −

∑︁
𝑗

(
𝛽 𝑗

𝜕𝜂 𝑗

𝜕𝑡

)
+ 𝜅𝑐∇2𝑐 (3)102

The Equation 3 represents the conservation of solute mass and is solved using the variations of Phase-Field variables103

𝜂 𝑗 as a source/sink term. 𝛽 𝑗 is a conversion factor between 𝜂 𝑗 and 𝑐 (𝛽 𝑗 = 1/𝑉𝑚, where 𝑉𝑚 is the molar volume), and104

𝜅𝑐 represents the gradient coefficient that controls the diffusion rate. Notably, the gradient coefficient 𝜅𝑐 is assumed to105

be 0 within the grains, and nonzero in the contact and the pore. A water film is assumed here at the contact between106

grains (van Noort et al., 2008b; Gratier et al., 2009). Furthermore, the gradient coefficient is larger in the pore (free107

fluid) than at the contact (trapped fluid) (van Noort et al., 2008b), an arbitrary factor 100 could be applied. The solute108

𝑐 diffuses from the contact area, where dissolution is triggered, into the pore space. The algorithm’s implementation109

for building the heterogeneous gradient energy coefficient 𝜅𝑐 is described in Appendix B from (Sac-Morane et al.,110

2024). The terms 𝜕𝑐
𝜕𝑡

= −∑
𝑗

𝛽 𝑗
𝜕𝜂 𝑗

𝜕𝑡
in Equation 3 ensure the conservation of mass. When a grain 𝜂 𝑗 dissolves, solute111

concentration 𝑐 is generated, and vice versa, when matter 𝜂 𝑗 is generated through precipitation, the solute concentration112

𝑐 decreases.113

The tilting term is defined by 𝐸𝑑 = 𝑒𝑑 ×
∑
𝑗

(
3𝜂2

𝑗
− 2𝜂3

𝑗

)
, where 𝑒𝑑 expression can be found in Equation 4. This term114

has been modified here compared to (Sac-Morane et al., 2024). Indeed, in the previous model two distinct terms were115

assumed, one for the chemistry and one for the mechanics. This coupled term 𝑒𝑑 models the fact that the chemical116

potential is directly affected by the stress transmitted in between grains as the two mechanisms are deeply connected.117

This formulation is closer to the mechanism described for pressure-solution in (Weyl, 1959; Paterson, 1973; Lu et al.,118

2021).119

𝑒𝑑 = 𝑘𝑑𝑖𝑠𝑠/𝑝𝑟𝑒𝑐 × 𝑎𝑠 ×
(
1 − 𝑐

𝑐𝑒𝑞 𝑎𝑠

)
(4)120

The external energy 𝑒𝑑 depends especially on the solid activity 𝑎𝑠 and the solute concentration 𝑐, 𝑐𝑒𝑞 representing121

the solute concentration at the equilibrium without any external destabilization. The coefficient 𝑘𝑑𝑖𝑠𝑠/𝑝𝑟𝑒𝑐 is related to122
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the kinetics of the dissolution/precipitation chemical reaction. The larger it is, the larger the tilting is, and the faster the123

dissolution/precipitation is. If 𝑐 < 𝑐𝑒𝑞𝑎𝑠 , dissolution occurs, 𝑘𝑑𝑖𝑠𝑠/𝑝𝑟𝑒𝑐 = 𝑘𝑑𝑖𝑠𝑠 (rate of dissolution). Conversely, if124

𝑐 > 𝑐𝑒𝑞𝑎𝑠 , precipitation occurs, 𝑘𝑑𝑖𝑠𝑠/𝑝𝑟𝑒𝑐 = 𝑘 𝑝𝑟𝑒𝑐 (rate of precipitation). The solid activity 𝑎𝑠 is defined in Equation125

5 (Paterson, 1973; Lu et al., 2021).126

𝑎𝑠 = exp
(
𝑃 ×𝑉𝑚

𝑅𝑇

)
(5)127

where, 𝑃 is the pressure applied, 𝑉𝑚 is the molar volume, 𝑅 is the gas constant and 𝑇 is the temperature (assumed128

constant here).129

In Equation 5, solid activity 𝑎𝑠 increases in proportion to the stress transmitted at the contact 𝑃. This modification130

affects the value of the solute concentration at the equilibrium 𝑐𝑒𝑞 𝑎𝑠 . The established chemical equilibrium in the fluid131

film (𝑐 versus 𝑐𝑒𝑞 𝑎𝑠) becomes unverified. The material dissolves in the contact zone to reach the chemical equilibrium132

𝑐 = 𝑐𝑒𝑞 𝑎𝑠 . A gradient in the solute concentration values appears between the contact zone 𝑐 = 𝑐𝑒𝑞 𝑎𝑠 and the pore133

space 𝑐 = 𝑐𝑒𝑞 . This gradient gives rise to the diffusion of the solute concentration. Subsequently, the established134

chemical equilibrium in the pore space (𝑐 versus 𝑐𝑒𝑞) becomes unverified. The material precipitates in the pore space135

to reach the chemical equilibrium 𝑐 = 𝑐𝑒𝑞 .136

Equations 1 and 3 are solved on a microstructure geometry with the open-source finite element software MOOSE137

(Schwen et al., 2017; Permann et al., 2020). This software uses automatic differentiation to solve the system of138

equations with an implicit formulation. Residual equations are built in weak form. The quality of the results, in139

particular the mass conservation, depends on the threshold value for numerical convergence. A convergence analysis140

has been conducted on this threshold parameter, see Appendix I. With the chosen value, mass loss smaller than 2%141

between the initial and final configurations of a simulation is verified.142

Numerical model143

The framework employed for parameter calibration and formulation validation is presented herein. A schematic144

representation of an indentation experiment (Gratier, 1993; Dysthe et al., 2002; Gratier et al., 2009, 2014) is presented145

in Fig. 4. A material subjected to pressure-solution is situated beneath an indenter. This indenter exerts a constant146

pressure. It should be noted that this indenter is not subject to pressure-solution. The domain is assumed to be fully147

saturated. The material dissolves at the contact. Subsequently, it diffuses in the fluid film, the tube and the well.148

Finally, the solute is evacuated from the well.149

Despite the existence of disparate discourses pertaining to the structural configuration of this film (van Noort et al.,150

2008b), it is postulated that a thin fluid film exists between the indenter and the material (Gratier et al., 2009). Indeed,151

it could be a film, an island-channel network or a film with cracks. Experimental evidence indicates that the film in152

question is approximately 2–10 nm in thickness, corresponding to a water molecule layer of 8–40 molecules (Gratier153
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et al., 2009). From a numerical standpoint, it is not feasible to respect this size, particularly compared to the size154

of the indenter. Subsequently, the film width is artificially increased. Nevertheless, the coefficient of diffusion 𝜅𝑐 is155

decreased in proportion. The minimum size of this film is related to the Phase-Field interface width 𝛿. Given that156

material dissolution occurs within this zone, it is necessary for the film to contain it. Different film widths 𝑤 have157

been tried for a constant product 𝜅𝑐 × 𝑤 and the results were constant regarding the rate of the indenter. In the work158

presented here, 𝑤 = 2 × 𝛿 is used.159

Once the solute has reached the reservoir at the top, it is evacuated at a specified frequency. Numerically, the solute160

concentration 𝑐 is set at the equilibrium constant 𝑐𝑒𝑞 . The frequency in question is of great consequence with regard161

to the quality of the results. Indeed, an increase in solute concentration within the well may result in a slowing of162

diffusion as the gradient diminishes, see Appendix I. The dimension of the well and the frequency of updates to the163

simulation can be modified in order to regulate the solute concentration within the well. In the following results, an164

effort has been made to compare simulations with the same saturation in the well. The saturation of the well 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 is165

defined in Equation 6.166

𝑠𝑎𝑡𝑤𝑒𝑙𝑙 =
𝑐 − 𝑐𝑒𝑞

𝑎𝑠𝑐𝑒𝑞 − 𝑐𝑒𝑞
(6)167

where, 𝑐 is the solute concentration, 𝑐𝑒𝑞 is the solute concentration at the equilibrium, 𝑎𝑠 is the solid activity related168

to the pressure 𝑃 applied.169

dissolution of the material subject
to pressure-solution

diffusion in the fluid film and the tube

evacuation in 
the solute well

x

y

a
x
ia

l 
sy

m
m

e
tr

y

pressure applied by the indenter

(no pressure-solution)

Fig. 4. Scheme of the indentation experiment composed of an indenter and a material subject to the pressure-solution
phenomenon. The material is dissolved at the contact surface, diffuses into the fluid film and is evacuated in the well
through a tube.

The Phase-Field parameters are linked, see Equations 7 and 8 (Takaki, 2014).170
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𝜅 =
3
2
𝛿 · 𝛾
𝑏

(7)171

ℎ = 6
𝛾 · 𝑏
𝛿

(8)172

where, 𝜅 is the gradient energy coefficient (from Equation 1), 𝛿 is the interface thickness (𝛿 = 6Δ𝑥 is used in this paper173

(Moelans et al., 2008; Takaki, 2014), Δ𝑥 being the mesh size), 𝛾 is the interface energy, ℎ is the barrier height (from174

Equation 2), and 𝑏 = 2.2 a coefficient, see (Takaki, 2014). Equations 7 and 8 can be combined to relate the gradient175

energy coefficient 𝜅, the barrier energy ℎ and the mesh size Δ𝑥, through Equation 9. This Equation emphasizes a strong176

mesh dependency due to the Phase-Field definition. Appendix I presents a method to cancel this influence.177

𝜅 ∝ ℎ · Δ𝑥2 (9)178

In the formulation presented until now, a constant pressure 𝑃 is applied along the indenter surface. It is not in179

agreement with previous models (Weyl, 1959; Rutter, 1976; Gratier et al., 2009). Indeed, to ensure the interface180

remains flat the normal stress appears larger at the center of the contact than at the side (Weyl, 1959; Rutter, 1976;181

Gratier et al., 2009). A correction must be applied to the solid activity 𝑎𝑠 described in Equation 5 and employed in182

Equation 4. A control factor 𝑓𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is applied to force the material interface to stay as flat as possible, see Equation183

10.184

𝑎𝑠,𝑖 = 𝑎𝑠 ×
(
𝑦 𝑓 𝑟𝑜𝑛𝑡,𝑖 − 𝑦 𝑓 𝑟𝑜𝑛𝑡

)
× 𝑓𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (10)185

where, 𝑎𝑠,𝑖 is the corrected solid activity applied in Equation 4 (the value is not constant along the material interface),186

𝑎𝑠 is the solid activity defined in Equation 5 (constant pressure applied as an input), 𝑦 𝑓 𝑟𝑜𝑛𝑡,𝑖 is the coordinate of the187

front at a given point of the interface and 𝑦 𝑓 𝑟𝑜𝑛𝑡 is the mean coordinate of the front along the indenter. Thanks to this188

control factor 𝑓𝑐𝑜𝑛𝑡𝑟𝑜𝑙 the material surface remains flat (𝑦 𝑓 𝑟𝑜𝑛𝑡,𝑖 = 𝑦 𝑓 𝑟𝑜𝑛𝑡 ).189

Calibration of the model190

An initial set of simulations is conducted to calibrate the model with the data from the experiments presented in191

(Gratier et al., 2009). A movie example is provided as supplemental material. The majority of the parameters are192

known, including the equilibrium concentration 𝑐𝑒𝑞 , the molar volume 𝑉𝑚 = 1/𝛽 𝑗 , the gas constant 𝑅, the temperature193

𝑇 or the indenter diameter 𝑑 (Gratier et al., 2009). They are presented in Table 1. The sole unknown parameter is the194

coefficient 𝜅𝑐 × 𝑤, where 𝜅𝑐 is the diffusion coefficient of the solute in the film and 𝑤 is the film width. It should be195

noted that the estimation provided in (Gratier et al., 2009) appears to be dependent on the fitting method employed,196
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with significant discrepancies observed between the reported values. For instance, the estimated coefficient varies by197

several orders of magnitude depending on whether a linear ( ¤𝑦 ∝ 𝑃) or power law ( ¤𝑦 ∝ 𝑃𝑛) model is used ( ¤𝑦 is the198

kinetics of the indenter). A trial-and-error method was employed to obtain simulated kinetics in the experimental199

data cloud. Moreover, as the sample is diffusion rate limited (Gratier et al., 2009), it is not possible to determine the200

dissolution rate coefficient 𝑘𝑑𝑖𝑠𝑠 from the experiments. A numerical criterion is employed to estimate this parameter,201

𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 ≥ 80%, where 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 is the mean saturation in the fluid film defined as 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 =
𝑐−𝑐𝑒𝑞

𝑎𝑠𝑐𝑒𝑞−𝑐𝑒𝑞 , similar to202

Equation 6. The remaining parameters from Table 1 are numerical parameters, as the barrier energy ℎ, the mobility 𝐿,203

the mesh size Δ𝑥, the film width 𝑤 and the well saturation 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 . They are employed for the Phase-Field description204

and to define the update frequency, see Appendix I.205

Equilibrium concentration 𝑐𝑒𝑞 0.73 × 103 mol.m−3

Molar volume 𝑉𝑚 = 1/𝛽 𝑗 2.2 × 10−5 m3.mol−1

Gas constant 𝑅 8.32 J.mol−1.K−1

Temperature 𝑇 623 K
Indenter diameter 𝑑 200 × 10−6 m
Barrier energy ℎ 1
Mobility 𝐿 1 s−1

Mesh size Δ𝑥 𝑑/400
Film width 𝑤 15Δ𝑥
Well saturation 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 =

𝑐𝑤𝑒𝑙𝑙−𝑐𝑒𝑞
𝑎𝑠𝑐𝑒𝑞−𝑐𝑒𝑞 30 %

Diffusivity 𝜅𝑐 × film width 𝑤 4𝑒−14 m3.s−1

Dissolution kinetics 𝑘𝑑𝑖𝑠𝑠 = 10 𝑘 𝑝𝑟𝑒𝑐 0.015/Δ𝑥

TABLE 1. Parameters used. The solute diffusion 𝜅𝑐 is obtained by calibration and the dissolution rate coefficient
𝑘𝑑𝑖𝑠𝑠 is adapted to verify the diffusion rate-limiting scenario.

The superposition of the results obtained with the data from (Gratier et al., 2009) is presented in Fig. 5. Two fits206

have been performed on the data from (Gratier et al., 2009) for comparison with the results obtained: ¤𝑦 = 𝑎 × 𝑃 and207

¤𝑦 = 𝑎 × 𝑃𝑏. Subsequently, the various parameters of the fits were subjected to deterioration in order to ascertain the208

boundary limits. For example, the upper envelope for the 75% limit is defined as 75% of the data points from (Gratier209

et al., 2009) being below it. Similarly, the lower envelope for the 75% limit is defined as 75% of the data points from210

(Gratier et al., 2009) are larger. The results obtained with the Phase-Field description are in good agreement with the211

available data.212

Validation of the diffusion rate-limiting scenario213

Despite the implementation of a calibration campaign, it is imperative to ascertain the accuracy of the model by214

replicating the different creep rate behaviors for pressure-solution associated with different parameters. Two well-known215

creep rate models exist, depending on the rate-limiting scenario (Rutter, 1976; Raj, 1982).216

The diffusion rate-limiting one is defined as the diffusion kinetics is the slowest (Rutter, 1976; Raj, 1982; Spiers217

and Schutjens, 1990; Gratier et al., 2009; Pluymakers and Spiers, 2015). Numerically this scenario is verified by the218
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Fig. 5. Comparison of the experimental and simulated kinetics of the indenter test at different confining pressures.

criterion: 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 ≥ 80%, where 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 is the mean saturation in the fluid film. It is defined as 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 =
𝑐−𝑐𝑒𝑞

𝑎𝑠𝑐𝑒𝑞−𝑐𝑒𝑞 ,219

where 𝑐 is the solution concentration, 𝑐𝑒𝑞 is the solution concentration at the equilibrium and 𝑎𝑠 is the solid activity220

defined Equation 5, similar to Equation 6. The displacement rate ¤𝑦 during diffusion rate-limiting steady state is defined221

at Equation 11. This relation has been obtained considering a planar interface subjected to stress normal to the interface,222

see derivation in (Rutter, 1976; Raj, 1982; Spiers and Schutjens, 1990; Gratier et al., 2009; Pluymakers and Spiers,223

2015).224

¤𝑦 ∝
𝜅𝑐𝑤 𝑐𝑒𝑞 𝑃

𝑛

𝑑2 (11)225

where, 𝜅𝑐 is the diffusion coefficient, 𝑤 is the film width, 𝑐𝑒𝑞 is the solution concentration at the equilibrium, 𝑃 is the226

pressure applied, 𝑛 is an exponent applied to the pressure (≈ 1 − 2 (Bérest et al., 2019)) and 𝑑 is the diameter of the227

indenter (∼ the distance to the free fluid).228

A parametric investigation is done to verify the relation at Equation 11. As shown in Table 2, the effect of each229

parameter is isolated: underlined values represent the default ones (from (Gratier et al., 2009)), whereas the others230

represent the ones used only in the specific investigation (domain definition from (Gratier et al., 2009)). Notice that the231

dissolution kinetics, related to 𝑘𝑑𝑖𝑠𝑠 from Equation 4, could have been modified to conserve the diffusion rate-limiting232

assumption
(
𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 ≥ 80%

)
. Results are given in Fig. 6 and 7.233

diffusivity 𝜅𝑐 × film width 𝑤 1-4-10𝑒−14 m3/s
concentration at the equilibrium 𝑐𝑒𝑞 0.3-0.73-1.5𝑒3 mol/m3

pressure applied 𝑃 100-150-200-250-300 MPa
distance to the well 𝑑 100-125-150-175-200 𝜇m

TABLE 2. Parameters used to verify Equation 11. Underlined values represent the default ones, whereas the others
represent the ones used only in the specific investigation.

The influence of the diffusivity 𝜅𝑐 on the strain rate ¤𝑦 is explored in Fig. 6a. According to the Equation 11, a234

proportional relation is expected. In agreement with it, data from Fig. 6a are well-fitted by a relation ¤𝑦 = 𝑎 × 𝜅𝑐.235
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Fig. 6. Comparison with the analytical model of the simulated influence on the rate of the indenter test of a) the
diffusivity, b) the solubility, c) the pressure applied and d) the distance to the free fluid.

Notice that the influence of the film width 𝑤 could also be explored. Remember that the film width 𝑤 is artificially236

increased compared to the reality to allow numerical simulations. The results would be similar to Fig. 6a if only the237

film fluid 𝑤 varies.238

The influence of the solubility (through the solute concentration at the equilibrium 𝑐𝑒𝑞) on the strain rate ¤𝑦 is239

explored in Fig. 6b. It is anticipated that a proportional relationship will be identified, see Equation 11. This factor has240

been observed experimentally (Rutter, 1976; Zubtsov et al., 2005). In agreement with those observations, data from241

Fig. 6b are well-fitted by a relation ¤𝑦 = 𝑎 × 𝑐𝑒𝑞 . As explained sooner, an effort has been made to compare simulations242

with the same well saturation 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 . The changing value 𝑐𝑒𝑞 affects this parameter, as 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 =
𝑐−𝑐𝑒𝑞

𝑎𝑠𝑐𝑒𝑞−𝑐𝑒𝑞 . A243

well-fitted linear relation is obtained.244

The influence of the pressure applied 𝑃 on the strain rate ¤𝑦 is explored in Fig. 6c. Equation 11 predicts a power245

relation with an exponent between 1 and 2, observed experimentally (Spiers et al., 1990; Gratier et al., 2009, 2014;246

Bérest et al., 2019). In agreement with those observations, data from Fig. 6c are well-fitted by a relation ¤𝑦 = 𝑎 × 𝑃 + 𝑏.247

An even better fit has been found, considering ¤𝑦 = 𝑎 × 𝑃𝑏 (the exponent 𝑏 equals 1.4). Indeed the pressure applied248

𝑃 is inside an Arrhenius exponential function in Equation 5. The linear dependency is only an approximation in a249

small pressure domain, even if the exponent (1.4) is similar to a linear one (1). A proportional fit has been tried,250

¤𝑦 = 𝑎 × 𝑃, but it seems worse than the others because the linear dependence is only an approximation. The influence251

of the pressure applied on a bigger domain can hardly be verified experimentally as the pressure-solution is dominant252
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in low pressure domain but phenomena like dislocation, plasticity or microcracking appear in large pressure one (Urai253

et al., 2008; Bérest et al., 2023).254

The influence of the indenter diameter 𝑑 (∼ distance to the free fluid) on the strain rate ¤𝑦 is explored in Fig. 6d.255

According to Equation 11 and experimental observations (Spiers et al., 1990), a relation ¤𝑦 ∝ 1/𝑑2 is expected. In256

agreement with those observations, data from Fig. 6d are well-fitted by a relation ¤𝑦 = 𝑎/𝑑2.257

The different data obtained in this Section are plotted together in Fig. 7, representing ¤𝑦𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 versus ¤𝑦𝑡ℎ𝑒𝑜𝑟𝑦 .258

From Equation 11, one can define ¤𝑦𝑡ℎ𝑒𝑜𝑟𝑦 = 𝛼
𝜅𝑐𝑤 𝑐𝑒𝑞 𝑃1.4

𝑑2 , with 𝛼 a coefficient describing a combination of the259

other parameters (well saturation, barrier energy, mobility, temperature, molar volume, examples among others). This260

coefficient 𝛼 is estimated from the average of the different data. Then, the mean relative error with the target line261

¤𝑦𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = ¤𝑦𝑡ℎ𝑒𝑜𝑟𝑦 is computed. It appears the relative error of the simulated kinetics to the theoretical one is less262

than 4% (with a maximum value of 12%), a reflection of the simulations’ consistency with the theoretical framework.263
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Fig. 7. Comparison of the simulated and theoretical kinetics of the indenter test in the case of the diffusion rate-limiting.

Validation of the dissolution rate-limiting scenario264

The second rate-limiting scenario is the dissolution one, defined as the dissolution process is the slowest (Raj, 1982;265

Spiers and Schutjens, 1990; van Noort et al., 2008a; Gratier et al., 2009; Pluymakers and Spiers, 2015). Numerically266

this scenario is verified by the criterion: 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 ≤ 20%, where 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 is the mean saturation in the fluid film.267

It is defined as 𝑠𝑎𝑡 𝑓 𝑖𝑙𝑚 =
𝑐−𝑐𝑒𝑞

𝑎𝑠𝑐𝑒𝑞−𝑐𝑒𝑞 , where 𝑐 is the solution concentration, 𝑐𝑒𝑞 is the solution concentration at the268

equilibrium and 𝑎𝑠 is the solid activity defined Equation 5, similar to Equation 6. The displacement rate ¤𝑦 during269

dissolution rate-limiting steady state is defined at Equation 12. This relation has been obtained considering a planar270

interface subjected to stress normal to the interface, see derivation in (Raj, 1982; Spiers and Schutjens, 1990; Gratier271

et al., 2009; Pluymakers and Spiers, 2015).272

¤𝑦 ∝ 𝜅𝑑𝑖𝑠𝑠 𝑃
𝑛 (12)273
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where, 𝜅𝑑𝑖𝑠𝑠 is related to the dissolution kinetics, 𝑃 is the pressure applied and 𝑛 is an exponent applied to the pressure274

(≈ 1 − 2 (Bérest et al., 2019)).275

Similar to the previous Section, a parametric investigation is conducted to verify the relation at Equation 12. The276

parameters are shown in Table 3. To isolate the effect of each parameter, default values are considered (underlined),277

whereas a domain is explored in the specific investigation (default and domain definition from (Gratier et al., 2009)).278

Results are given in Fig. 8 and 9.279

dissolution rate 𝜅𝑑𝑖𝑠𝑠 0.01-0.02-0.05-0.1-0.2
pressure applied 𝑃 50-100-150-200-250-300 MPa

TABLE 3. Parameters used to verify Equation 12. Underlined values represent the default ones, whereas the others
represent the ones used only in the specific investigation.
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Fig. 8. Comparison with the analytical model of the simulated influence on the rate of the indenter test of a) the
dissolution kinetics and b) the pressure applied.

The influence of the dissolution kinetics (through the coefficient 𝜅𝑑𝑖𝑠𝑠) on the strain rate ¤𝑦 is explored in Fig.280

8a. According to the Equation 12, a proportional relation is expected. This factor has been observed experimentally281

(De Meer et al., 1997). In agreement with those observations, data from Fig. 8a are well-fitted by a relation ¤𝑦 = 𝑎×𝜅𝑑𝑖𝑠𝑠 .282

The influence of the pressure applied 𝑃 on the strain rate ¤𝑦 is explored in Fig. 8b. It is reasonable to posit a power283

relationship between the variables in question, see Equation 12 and experiments (De Meer et al., 1997; Niemeĳer et al.,284

2002). In agreement with those observations, data from Fig. 8b are well-fitted by a relation ¤𝑦 = 𝑎 × 𝑃 + 𝑏. Similar to285

the case of the diffusion rate-limiting, an even better fit has been found, considering ¤𝑦 = 𝑎 × 𝑃𝑏 (the exponent 𝑏 equals286

1.3). As explained above, the pressure applied 𝑃 is inside an Arrhenius exponential function in Equation 5. The linear287

dependency is only an approximation in a small pressure domain, even if the exponent (1.3) is similar to a linear one288

(1). A proportional fit has been tried, ¤𝑦 = 𝑎 × 𝑃, but it seems worse than the others because the linear dependence289

is only an approximation. As explained above, the influence of the pressure for large values cannot be formed during290

experiments as other mechanisms are triggered (Urai et al., 2008; Bérest et al., 2023).291

Similar to the previous Section, the different data obtained in this Section are plotted together in Fig. 9, representing292
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¤𝑦𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 versus ¤𝑦𝑡ℎ𝑒𝑜𝑟𝑦 . From Equation 12, one can define ¤𝑦𝑡ℎ𝑒𝑜𝑟𝑦 = 𝛼 𝜅𝑑𝑖𝑠𝑠𝑃
1.3, with 𝛼 a coefficient describing293

a combination of the other parameters (well saturation, barrier energy, mobility, temperature, molar volume, examples294

among others). This coefficient 𝛼 is estimated from the average of the different data. Then, the mean relative error295

with the target line ¤𝑦𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = ¤𝑦𝑡ℎ𝑒𝑜𝑟𝑦 is computed. It appears also that the relative error of the simulated kinetics296

to the theoretical one is less than 4% (with a maximum value of 11%).297
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Fig. 9. Comparison of the simulated and theoretical kinetics of the indenter test in the case of the dissolution rate-
limiting.

APPLICATION TO A GRANULAR CONFIGURATION298

Once the formulation of the Phase-Field description used so far has been calibrated and validated, it can be coupled299

to a Discrete Element Model to capture the heterogeneous dissolution/precipitation and the granular reorganization300

(Sac-Morane et al., 2024). In fact, the Phase-Field formulation itself is not able to compute the granular mechanical301

steady-state and interpolate the stress at the contacts. In the following Sections, the formulation of the Discrete Element302

Model and its coupling with the Phase-Field description are abbreviated. In fact, some modifications have been made303

compared to (Sac-Morane et al., 2024). In particular, the contact law between particles has been modified, from an304

overlap-based to a volume-based one. This point is primordial to face undesirable properties as the fact that a contact305

force can be computed equal for two contacts with the same overlap but different overlapping volumes (van der Haven306

et al., 2023; Feng, 2023).307

Here, a new numerical configuration is considered: a constant force is applied to a grain subject to pressure-solution308

at the contact with a plate not subject to pressure-solution. Compared to the previous indenter test, the material subject309

to pressure-solution moves and the pressure at the contact is initially unknown as the contact surface evolves. Particular310

attention is paid to the influence of precipitation on the phenomenon rate. Indeed, precipitation induces an increase311

of the contact surface, it reduces the stress transmitted at the contact level and, it produces a slowdown of the creep312

settlement. In the currently applied models at the microscale (Spiers and Schutjens, 1990; Lu et al., 2021; Pluymakers313

and Spiers, 2015), this effect of the precipitation is not considered.314

14 Sac-Morane, February 7, 2025



DEM formulation315

The Discrete Element Method has been developed to account for the individual grains and their interactions316

(Cundall and Strack, 1979; O’Sullivan, 2011). The momentum balances are solved for each grain, following different317

integration methods (Samiei et al., 2013). The most widely used formulation is an explicit time integration scheme.318

The time step in the present simulations is chosen less than the critical time increments described in (Johnson, 1985;319

Thornton and Randall, 1988; Sheng et al., 2004). To capture the heterogeneous shape, a polyhedral description is320

used (Cundall, 1988; Nezami et al., 2004; Latham and Munjiza, 2004; Kawamoto et al., 2016).The simulations are321

performed using the open-source software Yade (Smilauer and al., 2021).322

The only difference for the DEM model with (Sac-Morane et al., 2024) is the fact that the contact law between323

particles has been modified, from a nonlinear overlap-based one to a linear volume-based one (van der Haven et al.,324

2023; Feng, 2023).325

Couplings between Phase-Field and DEM326

The data exchange and global scheme of the PF-DEM couplings are explained in (Sac-Morane et al., 2024). In327

summary, the Phase-Field simulation entails the discretization of the sample geometry into a mesh and the represen-328

tations of grains by phase variable maps. A grain detection algorithm is employed to ascertain the novel grain shape329

and solute configuration, based on the Phase-Field outputs. In contrast, the Discrete Element Modelization employs a330

representation of grains as polygonal particles. The objective of this model is to compute the new positions of the grains331

and the pressure applied at each contact point. It is important to note that although PF and DEM operate on disparate332

time scales, they are nevertheless related. Mechanical equilibrium (DEM) is assumed to occur instantaneously, whereas333

grain dissolution or precipitation (PF) occurs over longer time periods, typically spanning several hours to days.334

Once the grain boundaries are identified, a series of DEM iterations are conducted until the system reaches an335

equilibrium. To dissipate the mechanical energy, a certain degree of damping is introduced. The convergence criterion336

for detecting the equilibrium may vary depending on the specific problem under consideration. In this study, equilibrium337

is identified when the applied force falls within the range of 0.98 to 1.02 times the target force over a period of 100338

iterations. Furthermore, a maximum number of iterations is defined to prevent an infinite loop. In the event that339

equilibrium is reached prior to the maximum number of iterations, new phase maps are constructed in order to update340

the geometry of the phase field problem based on the results of the DEM step.341

The new phase map is obtained by interpolating from the previous one. As illustrated in Figure 13 of (Sac-Morane342

et al., 2024), at each iteration, the subsequent mesh is calculated based on the preceding mesh by applying a rigid343

body motion. As the two meshes frequently exhibit imperfect alignment, bilinear (2D) or trilinear (3D) interpolation344

is employed to estimate the values of the subsequent mesh.345

Prior to initiating a novel Phase-Field simulation, it is essential to compute the tilting term 𝐸𝑑 through the solid346
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activity 𝑎𝑠 , see Equation 4. In the previous Section, 𝑎𝑠 is readily computed given that the pressure applied at the347

contact is known and constant. However, this is not the case in the present Section. Indeed, the pressure applied at the348

contact evolves with the shape evolution of the grains and the granular reorganization (in the case of multiple grains).349

The pressure is then interpolated from the DEM simulation, 𝑃 = 𝐹𝑛/𝑆𝑐. The applied pressure depends on the normal350

force 𝐹𝑛 transmitted within the DEM contact and the contact surface 𝑆𝑐. The contact surface is computed based on351

the contact volume 𝑉𝑐. As illustrated in Fig. 10, the contact volume is determined by iteration on the mesh nodes.352

The criteria for detecting contact is 𝜂𝑖 and 𝜂 𝑗 ≥ 𝜂𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛, where 𝜂𝑖, 𝑗 are the phases linked to the grains in contact353

and 𝜂𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 is a criterion value. The initial approach is to assume that 𝜂𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 = 0.5 as it represents the grain354

boundaries. Nevertheless, some approaches could consider 𝜂𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 < 0.5. This is to account for the possibility that355

a supplementary part of the grain participates in the contact. In the following Section, we assume that 𝜂𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 = 0.1.356

ηi = 0.5

ηi = criterion
value

Contact
volume

Fig. 10. Definition of the contact volume between two grains: a criterion value lower than 𝜂𝑖 = 0.5 can be used to
enlarge the part of the particle under the solid activity 𝑎𝑠 increase.

Once the contact volume𝑉𝑐 has been determined, the contact surface 𝑆𝑐 is interpolated. To this end, the maximum357

orthogonal line (2D) or plane (3D) to the normal contact vector −→𝑛 employed in the DEM part is sought. Once this358

parameter has been determined, the solid activity 𝑎𝑠 is calculated, see Equation 5. It should be noted that 𝑎𝑠 = 1 out359

of the contact volume 𝑉𝑐. Finally, the tilting term 𝐸𝑑 is computed, see Equation 4.360

As explained in (Sac-Morane et al., 2024), the framework is divided into two distinct simulations: the Phase-Field361

description and the Discrete Element Model. The Discrete Element Model is used to compute a mechanical steady-362

state, whereas the Phase-Field disturbs this equilibrium by changing the shape of the grains. To ensure the quality of the363

results, the shape evolution between two discrete element simulations must remain small (Aitken, 1938). The amount364

of shape evolution is correlated to the time span (time increment × number of steps) of the Phase-Field simulations. A365

parametric analysis has been conducted on this time span to find a value that limit oscillations in the settlement curve.366

It should be noted that other factors, such as the size of the mesh or the discretization of the grains, impact the quality367

of the results and have been studied in (Sac-Morane et al., 2024).368

Numerical model369

Fig. 11 depicts the configuration investigated in this Section. A constant force is applied to a grain that is subject to370

pressure-solution over a plate that is not subject to pressure-solution. The domain is assumed to be fully saturated. The371
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material undergoes dissolution at the contact, subsequent diffusion within the fluid film, and finally precipitation on the372

surface less stressed. Table 4 presents the relevant parameters utilized in this study. The majority of these parameters373

are consistent with those employed in the calibration and validation campaigns detailed in the preceding Sections. In374

this instance, particular attention is directed towards the impact of precipitation kinetics coefficient 𝑘 𝑝𝑟𝑒𝑐 on creep375

behaviour. Indeed, this impact on creep behavior is not considered in the current models. It should be noted that, in376

contrast to previous simulations, the solute concentration is not evacuated in this instance, as the domain is closed.377

no pressure-solution for the plate

pressure-solution 
for the grain

constant
force

x

y

Fig. 11. A constant force is applied to a grain subject to pressure-solution over a plate not subject to pressure-solution.

Initial radius 100 𝜇m
Thickness of the simulation 100 𝜇m
Volume overlap / Initial grain volume 1.6 %
Mobility 𝐿 3 s−1

Mesh size Δ𝑥 Initial radius / 40
Dissolution kinetics 𝑘𝑑𝑖𝑠𝑠 0.005/Δ𝑥

0.5 − 1 − 2 − 5−
Precipitation kinetics 𝑘 𝑝𝑟𝑒𝑐 8 − 10 − 13 − 16 𝑘𝑑𝑖𝑠𝑠
𝑐𝑒𝑞 , 𝑉𝑚, 𝑅, 𝑇 and 𝜅𝑐 from Table 1

TABLE 4. Parameters used for the grain-plate configuration.

Results378

Fig. 12 presents the vertical strain’s time evolution for distinct precipitation kinetics and a movie example is379

provided as a supplemental material. The definition of the vertical strain is 𝜖 = Δ𝑦/2 𝑅, where Δ𝑦 is the cumulative380

vertical displacement of the grain and 𝑅 is the initial radius.381

As detailed in (Spiers et al., 1990; Spiers and Schutjens, 1990), the settlement rate ¤𝜖 can be estimated for pressure-382

solution phenomenon, see Equation 13, under the assumption of a close-packed (face-centered-cubic lattice) array of383

spherical grains with identical diameters. Equation 14 provides the solution to this partial differential equation, which384

is a 𝑛 + 1 root law. The exponent 𝑛 determines the extent of the slowdown in creep behavior; a larger value of 𝑛385

corresponds to a stronger slowdown.386
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Fig. 12. Time evolution of the vertical strain for different precipitation kinetics.

¤𝜖 = 𝑘 × (1/𝜖𝑛) (13)387

where, 𝑘 contains the different factors such as the pressure applied, the grain diameter, and the diffusivity of the solute,388

among others.389

𝜖 (𝑡) = (𝑛 𝑘 𝑡 + 𝑘 𝑡)1/(𝑛+1) (14)390

This relationship is employed to compute a fit of the results obtained. It appears the fit provides a correlation391

coefficient of approximately 0.997 for the various curves. The factor 𝑛 + 1 appears to be approximately 1.95 and392

2.25, which is consistent with the experimental observations in (Spiers et al., 1990). Subsequently, the impact of the393

precipitation kinetics on the exponent 𝑛 can be discerned in Fig. 13.394
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Fig. 13. Influence of the precipitation kinetics on the slowdown (through the exponent 𝑛) of the evolution of the vertical
strain 𝜖 (𝑡).

It seems that at low precipitation rates
(
𝑘 𝑝𝑟𝑒𝑐/𝑘𝑑𝑖𝑠𝑠 ≤ 4

)
, the slowdown declines in proportion to the precipitation395

kinetics. Conversely, the slowdown increases with the precipitation kinetics at fast precipitation
(
𝑘 𝑝𝑟𝑒𝑐/𝑘𝑑𝑖𝑠𝑠 ≥ 4

)
.396

The slowdown of the pressure-solution creep is caused by (i) a chemical mechanism or (ii) a mechanical one (Lu et al.,397

2021). Indeed, if the solute concentration builds up in the pore space, the mass transfer by diffusion is slowed down,398
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case (i). Similarly, an increase in the contact surface results in a reduction in pressure (the motor of pressure-solution),399

and the mass flux by dissolution is slowed down, case (ii) (Lu et al., 2021).400

Fig. 14 illustrates the evolution of the solid activity (∼ pressure at the contact) in relation to the vertical strain for401

varying precipitation kinetics. The impact of the precipitation kinetics is readily discernible. As expected, the solid402

activity is observed to be smaller at a given strain for faster precipitation kinetics. It demonstrates the slowdown of the403

pressure-solution due to a mechanical mechanism.404
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Fig. 14. Influence of the precipitation kinetics on the solid activity (∼ pressure at the contact) during the creep behavior.
At a given strain, the solid activity decreases with precipitation kinetics.

Nevertheless, Fig. 13 underscores a slowdown in the creep behavior, even when the precipitation kinetics decreases.405

This is particularly evident in the case of slow precipitation
(
𝑘 𝑝𝑟𝑒𝑐/𝑘𝑑𝑖𝑠𝑠 ≤ 4

)
. This is contrary to the indications406

provided by Fig. 14. Fig. 15 illustrates the evolution of the mean value of the solute concentration (in comparison407

to the equilibrium value) within the pore space for varying precipitation kinetics coefficient. The solute concentration408

appears to build up in the pore space for slow precipitation. The slowdown of the pressure-solution is attributed to a409

chemical mechanism.410

0.0 0.5 1.0 1.5 2.0 2.5
time (s) 1e7

0.8

0.9

1.0

1.1

1.2

1.3

m
ea

n 
c p

or
e /

 c
eq

 (-
)

kprec/kdiss = 0.5
kprec/kdiss = 1
kprec/kdiss = 2
kprec/kdiss = 5

kprec/kdiss = 8
kprec/kdiss = 10
kprec/kdiss = 13
kprec/kdiss = 16

Fig. 15. Influence of the precipitation kinetics on the mean value of the solute concentration in the pore space during
the creep behavior. As precipitation kinetics increases, the accumulation of the solute concentration in the pore space
decreases.

Upon returning to Fig. 13, two distinct domains become evident. In the case of slow precipitation
(
𝑘 𝑝𝑟𝑒𝑐/𝑘𝑑𝑖𝑠𝑠 ≤ 4

)
,411

the creep slowdown (due to chemistry) decreases in line with the precipitation kinetics. In contrast, for fast precipitation412
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(
𝑘 𝑝𝑟𝑒𝑐/𝑘𝑑𝑖𝑠𝑠 ≥ 4

)
, the creep slowdown (due to mechanic) increases with the precipitation kinetics. As observed by413

(Lu et al., 2021) through a 1D model, these two limiting scenarios can be seen to occur when the solute outflux414

from the contact zone is either prevented or allowed (Lu et al., 2021). Preventing the solute outflux results in the415

accumulation of the solute concentration in the pore space. It is a chemical slowdown. Conversely, allowing the solute416

outflux results in the increase of the surface contact, as the dissolution occurs. However, the model of (Lu et al.,417

2021) does not account for the impact of the precipitation in the increase of the contact surface or the consumption418

of the solute concentration in the pore space. Precipitation was included in the model proposed by Yasuhara et al. in419

2003 (Yasuhara et al., 2003). However, their simplifying assumptions on the geometry and processes employed hinder420

the effect of precipitation on the strain rate. Nevertheless, the model allows for the observation of the impact of the421

precipitation on the porosity evolution. Similarly, Xu and Arson considered the precipitation as a healing process (Xu422

and Arson, 2022). The consequence of this phenomenon is an increase in the stiffness of the sample at the continuum423

scale. However, this model does not account for granular reorganization. Additionally, it has been suggested that the424

precipitation kinetics can control the global creep behavior if the process is the slowest (Mullis, 1991). Nevertheless,425

this assessment is only based on the rate-limiting theory and does not consider the evolution of the grain shapes and426

configuration. The PFDEM framework presented here enable to solve for the muti-physical processes in the whole427

microstructure geometry and is also capable of capturing the evolution of the grain shape, see Fig. 16. The shape428

of the grain seems to depend on the precipitation kinetics. In particular, the contact surface increases in proportion429

to the precipitation kinetics. The complex geometries of the grains exert a significant influence on the macroscopic430

mechanical behavior of granular materials (Binaree et al., 2019; Guével et al., 2022) and need to be considered.431
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Fig. 16. Comparison of the initial grain shape with the current one at a given strain for slow and fast precipitation
kinetics. The contact surface increases with the precipitation kinetics.

The consideration of the precipitation for pressure-solution kinetics, often neglected in the current models, is a432

crucial factor. It determines the slowdown mechanism (chemical or mechanical) and the strength of the slowdown,433

which varies depending on the precipitation kinetics.434
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CONCLUSION435

The Phase-Field Discrete Element Model framework has been employed to examine the influence of precipitation436

on the slowdown of creep behavior induced by pressure-solution. It is noteworthy that this particular aspect is not437

currently included in the models that are employed to describe the strain rate due to pressure-solution or their simplifying438

assumptions on the microstructure hinder its influence. To this end, the parameters were first calibrated using data from439

previous indentation experiments and the formulation has been validated by reproducing the well-known relations that440

are typically employed in rate-limiting scenarios. Then, the model is applied to a grain-plate configuration and the441

precipitation process is added.442

At low precipitation rates, the slowdown rate declines in proportion to the rate factor. The underlying mechanism443

is linked to the accumulation of solute concentration within the pore space. Conversely, the slowdown increases with444

the rate at fast precipitation. In this case, the mechanism is due to the larger surface area at the contact. It decreases445

the stress, which is the driving force behind the phenomenon.446

This article illustrates the necessity of integrating all relevant processes in the case of multi-physics phenomena,447

such as pressure-solution, but also solve them numerically at the microstructure scale. Indeed, this chemo-mechanical448

phenomenon is subdivided into three distinct processes: dissolution, diffusion, and precipitation and the global kinetics449

of this creep behavior is controlled by the slowest rate-limiting process. However, the rate-limiting process may undergo450

changes over time as the microstructure configuration is modified. For instance, the rate-limiting process for pressure-451

solution is frequently dissolution during the initial stage. Indeed, the diffusion length is relatively short, and the solute452

dissolved in the fluid film evacuates rapidly into the pore space. However, the diffusion length increases in proportion453

to the material dissolution and precipitation around the contact. At a certain point, the diffusion may become the rate-454

limiting process. This transition can only be captured if models integrate a sufficient number of phenomena. Finally,455

this lays the foundation for a deeper understanding of pressure-solution at the microscale, enabling to investigate in456

the future complex microstructures, but also its role in diagenesis and earthquake nucleation for various minerals and457

environmental conditions.458
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APPENDIX I. PRELIMINARY STUDIES OF THE MODELIZATION OF THE INDENTER TEST459

This Section illustrates the preliminary investigations realized before the simulation presented in the Section Model460

calibration through indentation experiments. The influence of several parameters is explored to ensure the quality of461

the results.462

Convergence criterion for the Phase-Field simulation463

As explained in Section 2, the threshold value applied on the residual of the solved equations is pivotal in detecting464

the convergence during the Phase-Field description. This threshold value exerts a significant influence on the quality465

of the simulation. A convergence analysis has been conducted on this criterion, encompassing the numerical model of466

the indenter test described in Section 2. In particular, the analysis incorporated two threshold values, 1𝑒−7 and 1𝑒−8.467

The result of this analysis is presented in Fig. 17. The criterion 1𝑒−7 appears suitable to obtain good quality results.468

This value correlates with a numerical mass loss of less than 2% between the initial and final configurations.469
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Fig. 17. Time evolution of the indenter displacement for two Phase-Field convergence criteria.

Update frequency and well size dependency470

The update frequency is one of the most important parameters for the answer quality. Indeed, the solute in the well471

needs to be evacuated frequently (if not, the solute concentration aims to reach the saturation value and the diffusion472

kinetics slows down) and the diffusion map needs to be updated to follow the front evolution.473

The effect of the saturation of the well 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 , see Equation 6 for a definition, is explored in Fig. 18. A slowdown474

of the kinetics is well observed. Hence, it is important in Section Model calibration through indentation experiments475

to compare simulations with the same saturation well. It can be controlled by changing the map update frequency or476

adapting the well’s size.477

Mesh dependency478

As with all the finite element resolutions, the mesh should be small enough. A special focus is needed in the479

Phase-Field description presented in this article on the kinetics of the interface dissolution/precipitation. Indeed, it480

appears the interface dissolution/precipitation kinetics is related to (Chan, 1977; Jou and Lusk, 1997) :481
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Fig. 18. Influence of the saturation well on the rate of the indenter test. An effort is needed to compare simulations at
the same 𝑠𝑎𝑡𝑤𝑒𝑙𝑙 .

• the tilting amplitude 𝑒𝑑 , see Fig. 3 and Equation 4482

• the gradient coefficient 𝜅 used in the Allen-Cahn formulation, Equation 1. This coefficient is related to the483

mesh size, see Equation 9484

Two methods seem possible to conserve the kinetics constant with various meshes: adapt the number of nodes485

defining the interface width to have a constant gradient coefficient 𝜅 or adapt the tilting amplitude 𝑒𝑑 . As the philosophy486

of the Phase-Field description is to keep a small number of nodes used for interface (Moelans et al., 2008; Takaki,487

2014), to approximate a sharp interface, the latter proposition is favored.488

Considering the relation 𝑒
𝑗

𝑑
= 𝑒𝑖

𝑑
× (𝑚𝑖/𝑚 𝑗 ), the kinetics is conserved with different meshes, with 𝑒𝑘

𝑑
and 𝑚𝑘

489

are the tilting term and the mesh size for the configuration 𝑘 , The gradient coefficient 𝜅 is computed with a constant490

number of mesh nodes.491

DATA AVAILABILITY STATEMENT492

Some or all data, models, or code generated or used during the study are available in a repository online in493

accordance with funder data retention policies (https://github.com/AlexSacMorane/PF_PS_Indentation and494

https://github.com/AlexSacMorane/MY_PFDEM_1G_2D). Some or all data, models, or code that support the495

findings of this study are available from the corresponding author upon reasonable request.496

ACKNOWLEDGEMENTS497

This research has been partially funded by the Fonds Spécial de Recherche (FSR), Wallonia-Bruxelles Federation,498

Belgium. The work has also received funding from the National Science Foundation (NSF), USA project CMMI-499

2042325.500

We would like to thank J.P. Gratier for his time and the discussion we had about the pressure-solution phenomenon.501

23 Sac-Morane, February 7, 2025

https://github.com/AlexSacMorane/PF_PS_Indentation
https://github.com/AlexSacMorane/MY_PFDEM_1G_2D


REFERENCES502

Aihara, S., Takaki, T., and Takada, N. (2019). “Multi-phase-field modeling using a conservative allen–cahn equation503

for multiphase flow.” Comput. Fluids, 178, 141–151.504

Aitken, A. (1938). “Xx.—studies in practical mathematics. ii. the evaluation of the latent roots and latent vectors of a505

matrix.” Proc. R. Soc. Edinb, 57, 269–304.506

Allen, S. and Cahn, J. (1979). “A microscopic theory for antiphase boundary motion and its application to antiphase507

domain coarsening.” Acta Metall., 27, 1085–1095.508

Angevine, C. L., Turcotte, D. L., and Furnish, M. D. (1982). “Pressure solution lithification as a mechanism for the509

stick-slip behavior of faults.” Tectonics, 1, 151–160.510

Binaree, T., Preechawuttipong, I., and Azéma, E. (2019). “Effects of particle shape mixture on strength and structure511

of sheared granular materials.” Phys. Rev. E, 100, 012904.512

Bérest, P., Gharbi, H., Blanco-Martín, L., Brouard, B., Brückner, D., DeVries, K. L., Hévin, G., Hofer, G., Spiers,513

C. J., and Urai, J. L. (2023). “Salt creep: Transition between the low and high stress domains.” Rock Mech. Rock514

Eng., 56, 8305–8316.515

Bérest, P., Gharbi, H., Brouard, B., Brückner, D., DeVries, K., Hévin, G., Hofer, G., Spiers, C. J., and Urai, J. (2019).516

“Very slow creep tests on salt samples.” Rock Mech. Rock Eng., 52, 2917–2934.517

Cahn, J. and Hilliard, J. (1958). “Free energy of a nonuniform system. i. interfacial free energy.” J. Chem. Phys., 28,518

258–267.519

Cha, M. and Santamarina, J. C. (2019). “Pressure-dependent grain dissolution using discrete element simulations.”520

Granul. Matter, 21, 101.521

Chan, S. K. (1977). “Steady-state kinetics of diffusionless first order phase transformations.” J. Chem. Phys., 67, 5755.522

Cundall, P. and Strack, O. (1979). “A discrete numerical model for granular assemblies.” Geotech., 30, 331–336.523

Cundall, P. A. (1988). “Formulation of a three-dimensional distinct element model-part i. a scheme to detect and524

represent contacts in a system composed of many polyhedral blocks.” Int. J. Rock Mech. Min. Sci. Geomech., 25,525

107–116.526

De Meer, S., Spiers, C. J., and Peach, C. J. (1997). “Pressure solution creep in gypsum: Evidence for precipitation527

reaction control.” Phys. Chem. Earth, 22, 33–37.528

24 Sac-Morane, February 7, 2025



Dysthe, D., Podladchikov, Y., Renard, F., Feder, J., and Jamtveit, B. (2002). “Universal Scaling in Transient Creep.”529

Phys. Rev. Lett., 89, 1–4.530

Feng, Y. T. (2023). “Thirty years of developments in contact modelling of non-spherical particles in dem : a selective531

review.” Acta Mech. Sinica, 39, 722343.532

Gratier, J. P. (1993). “Experimental pressure solution of halite by an indenter technique.” Geophys. Res. Lett., 20,533

1647–1650.534

Gratier, J. P., Dysthe, D. K., and Renard, F. (2013). “The role of pressure solution creep in the ductility of the earth’s535

upper crust.” Advances in Geophys., 54, 47–179.536

Gratier, J. P., Guiguet, R., Renard, F., Jenatton, L., and Bernard, D. (2009). “A pressure solution creep law for quartz537

from indentation experiments.” J. Geophys. Res. Solid Earth, 114, B03403.538

Gratier, J. P., Menegon, L., and Renard, F. (2023). “Pressure solution grain boundary sliding as a large strain mechanism539

of superplastic flow in the upper crust.” J. Geophys. Res. Solid Earth, 128, e2022JB026019.540

Gratier, J. P., Renard, F., and Vial, B. (2014). “Postseismic pressure solution creep: Evidence and time-dependent541

change from dynamic indenting experiments.” J. Geophys. Res. Solid Earth, 119, 2764–2779.542

Guével, A., Rattez, H., and Veveakis, M. (2020). “Viscous phase-field modeling for chemo-mechanical microstructural543

evolution: application to geomaterials and pressure solution.” Int. J. Solids Struct., 207, 230–249.544

Guével, A., Rattez, H., and Veveakis, M. (2022). “Morphometric description of strength and degradation in porous545

media.” Int. J. Solids Struct., 241, 111454.546

Johnson, K. (1985). Contact Mechanics. Cambridge University Press,547

<https://doi.org/10.1017/CBO9781139171731>.548

Jou, H. J. and Lusk, M. T. (1997). “Comparison of johnson-mehl-avrami-kologoromov kinetics with a phase-field549

model for microstructural evolution driven by substructure energy.” Acta Mat., 55, 8114–8121.550

Kawamoto, R., Andò, E., Viggiani, G., and Andrade, J. E. (2016). “Level set discrete element method for three-551

dimensional computations with triaxial case study.” J. Mech. Phys. Solids, 91, 1–13.552

Landau, L. (1936). “The theory of phase transitions.” Nat., 138, 840–841.553

Latham, J. P. and Munjiza, A. (2004). “The modelling of particle systems with real shapes.” Phil. Trans. Math. Phys.554

Eng. Sci., 362, 1953–1972.555

25 Sac-Morane, February 7, 2025



Lee, D. and Kim, J. (2016). “Comparison study of the conservative allen-cahn and the cahn-hilliard equations.” Math.556

Comput. Simulation, 119, 35–56.557

Li, H., Wang, F., Wang, Y., Yuan, Y., Feng, G., Tian, H., and Xu, T. (2023). “Phase-field modeling of coupled reactive558

transport and pore structure evolution due to mineral dissolution in porous media.” J. Hyd., 619, 129363.559

Lu, R., Cheng, C., Nagel, T., Milsch, H., Yasuhara, H., Kolditz, O., and Shao, H. (2021). “What process causes the560

slowdown of pressure solution creep.” Geomech. Geophys. Geo-energ. Geo-resour., 7, 57.561

Mills, M. M., Stormont, J. C., and Bauer, S. J. (2018). “Micromechanical processes in consolidated granular salt.”562

Eng. Geol., 239, 206–213.563

Moelans, N., Blanpain, B., and Wollants, P. (2008). “An introduction to phase-field modeling of microstructure564

evolution.” Comput. Coupling Phase Diagrams Thermochem., 32, 268–294.565

Mullis, A. M. (1991). “The role of silica precipitation kinetics in determining the rate of quartz pressure solution.” J.566

Geophys. Res., 96, 10007–10013.567

Nezami, E. G., Hashash, Y. M. A., Zhao, D., and Ghaboussi, J. (2004). “A fast contact detection algorithm for 3-d568

discrete element method.” Comput. Geotech., 31, 575–587.569

Niemeĳer, A. R., Spiers, C. J., and Bos, B. (2002). “Compaction creep of quartz sand at 400-600°c: Experimental570

evidence for dissolution-controlled pressure solution.” Eart Planetary Sci. Let., 195, 261–275.571

O’Sullivan, C. (2011). Particulate Discrete Element modeling. CRC Press, <https://doi.org/10.1201/9781482266498>.572

Paterson, M. S. (1973). “Nonhydrostatic thermodynamics and its geologic applications.” Rev. Geophys., 11, 355–389.573

Permann, C., Gaston, D., Andrš, D., Carlsen, R., Kong, F., Lindsay, A., Miller, J., Peterson, J., Slaughter, A., Stogner,574

R., and Martineau, R. (2020). “MOOSE: Enabling massively parallel multiphysics simulation.” SoftwareX, 11,575

100430.576

Pluymakers, A. M. and Spiers, C. J. (2015). “Compaction creep of simulated anhydrite fault gouge by pressure solution:577

Theory v. experiments and implications for fault sealing.” Geol. Soc. London Spec. Publ., 409, 107–124.578

Raj, R. (1982). “Creep in polycrystalline aggregates by matter transport through a liquid phase.” J. Geophys. Res. Solid579

Earth, 87, 4731–4739.580

Renard, F., Bernard, D., Thibault, X., and Boller, E. (2004). “Synchrotron 3d microtomography of halite aggregates581

during experimental pressure solution creep and evolution of the permeability.” Geophys. Res. Lett., 31, L07607.582

26 Sac-Morane, February 7, 2025



Rohde, C. and Von Wolff, L. (2021). “A ternary cahn-hilliard-navier-stokes model for two-phase flow with precipitation583

and dissolution.” Math. Models Method. Appl. Sci., 31, 1–35.584

Rutter, E. H. (1976). “The kinetics of rock deformation by pressure solution.” Phil. Trans. R. Soc. Lond. A, 283,585

203–219.586

Sac-Morane, A., Veveakis, M., and Rattez, H. (2024). “A Phase-Field Discrete Element Method to study chemo-587

mechanical coupling in granular materials.” Comput. Methods Appl. Mech. Eng., 424, 116900.588

Samiei, K., Peters, B., Bolten, M., and Frommer, A. (2013). “Assessment of the potentials of implicit integration589

method in discrete element modeling of granular matter.” Comput. Chem. Eng., 49, 183–193.590

Schwen, D., Aagesen, L., Peterson, J., and Tonks, M. (2017). “Rapid multiphase-field model development using a591

modular free energy based approach with automatic differentiation in MOOSE.” Computational Mater. Sci., 132,592

36–45.593

Schwichtenberg, B., Fusseis, F., Butler, I. B., and Andò, E. (2022). “Biotite supports long-range diffusive transport in594

dissolution-precipitation creep in halite through small porosity fluctuations.” Solid Earth, 13, 41–64.595

Sheng, Y., Lawrence, C., Briscoe, B., and Thornton, C. (2004). “Numerical studies of uniaxial powder compaction596

process by 3d dem.” Eng. Comput., 21, 304–317.597

Smilauer, V. and al. (2021). Yade Documentation 3rd ed. The Yade Project, <https://doi.org/10.5281/zenodo.5705394>.598

Spiers, C. J. and Schutjens, P. M. T. M. (1990). Deformation Processes in Minerals, Ceramics and Rocks. The599

Mineralogical Society Series. Springer Dordrecht, Chapter Densification of crystalline aggregates by fluid-phase600

diffusional creep.601

Spiers, C. J., Schutjens, P. M. T. M., Brzesowky, R. H., Peach, C. J., Liezenberg, J. L., and Zwart, H. J. (1990).602

“Experimental determination of constitutive parameters governing creep of rocksalt by pressure solution.” Geol.603

Soc. London Spec. Publ., 54, 215–227.604

Tada, R. and Siever, R. (1989). “Pressure solution during diagenesis.” Ann. Rev. Earth Planet. Sci., 17, 89–118.605

Takaki, T. (2014). “Phase-field modeling and simulations of dendrite growth.” ISĲ Int., 54, 437–444.606

Thornton, C. and Randall, C. (1988). “Applications of theoretical contact mechanics to solid particle system simulation.”607

Studies Appl. Mech., 20, 133–142.608

Urai, J., Schléder, Z., Spiers, C., and Kukla, P. (2008). Dynamics of Complex Intracontinental Basins The Central609

European Basin System. Springer Berlin, Chapter 5.2 Flow and Transport Properties of Salt Rocks.610

27 Sac-Morane, February 7, 2025



van den Ende, M. P., Marketos, G., Niemeĳer, A. R., and Spiers, C. J. (2018). “Investigating compaction by intergranular611

pressure solution using the discrete element method.” J. Geophys. Res. Solid Earth, 123, 107–124.612

van der Haven, D. L. H., Fragkopoulos, I. S., and Elliott, J. A. (2023). “A physically consistent discrete element method613

for arbitrary shapes using volume-interacting level sets.” Comput. Methods Appl. Mech. Eng., 414, 116165.614

van Noort, R., Spiers, C. J., and Pennock, G. M. (2008a). “Compaction of granular quartz under hydrothermal615

conditions: Controlling mechanisms and grain boundary processes.” J. Geophys. Res., 113, B12206.616

van Noort, R., Visser, H. J., and Spiers, C. J. (2008b). “Influence of grain boundary structure on dissolution controlled617

pressure solution and retarding effects of grain boundary healing.” J. Geophys. Res. Solid Earth, 113, B03201.618

Weyl, P. K. (1959). “Pressure solution and the force of crystallization: a phenomenological theory.” J. Geophys. Res.,619

64, 2001–2005.620

Wu, S. and Xu, J. (2017). “Multiphase allen–cahn and cahn–hilliard models and their discretizations with the effect of621

pairwise surface tensions.” J. Comput. Phys., 343, 10–32.622

Xu, T. and Arson, C. (2022). “Self-consistent approach for modeling coupled elastic and visco-plastic processes623

induced by dislocation and pressure solution.” Int. J. Solids Struct., 238, 111376.624

Xu, Z. and Meakin, P. (2008). “Phase-field modeling of solute precipitation and dissolution.” J. Chem. Phys., 129,625

014705.626

Yang, S., Ukrainczyk, N., Caggiano, A., and Koenders, E. (2021). “Numerical phase-field model validation for627

dissolution of minerals.” Appl. Sci., 11, 2464.628

Yasuhara, H., Elsworth, D., and Polak, A. (2003). “A mechanistic model for compaction of granular aggregates629

moderated by pressure solution.” J. Geophys. Res., 108, 2530.630

Yasuhara, H., Marone, C., and Elsworth, D. (2005). “Fault zone restrengthening and frictional healing: The role of631

pressure solution.” J. Geophys. Res. Solid Earth, 110, 1–11.632

Zubtsov, S., Renard, F., Gratier, J. P., Dysthe, D. K., and Traskine, V. (2005). “Single-contact pressure solution creep633

on calcite monocrystals.” Geol. Soc. London Spec. Publ., 243, 81–95.634

Zubtsov, S., Renard, F., Gratier, J. P., Guiguet, R., Dysthe, D. K., and Traskine, V. (2004). “Experimental pressure635

solution compaction of synthetic halite/calcite aggregates.” Tectonophys., 385, 45–57.636

28 Sac-Morane, February 7, 2025


	Phase-Field formulation
	Numerical model
	Calibration of the model
	Validation of the diffusion rate-limiting scenario
	Validation of the dissolution rate-limiting scenario
	DEM formulation
	Couplings between Phase-Field and DEM
	Numerical model
	Results
	Convergence criterion for the Phase-Field simulation
	Update frequency and well size dependency
	Mesh dependency

