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ABSTRACT

Pressure-solution is a chemo-mechanical process, involving dissolution at grain/asperity contacts and precipitation
away from them. It induces a compaction in time of rocks and sediments. The present study investigates numerically
the impact of precipitation on the slowdown of creep behavior induced by pressure-solution. A recently published
framework, called the Phase-Field Discrete Element Model, is carefully calibrated against existing indentation ex-
periments and validated for other rate-limiting scenarios. It is shown that when precipitation is relatively slow, the
slowdown of pressure-solution is due to a chemical mechanism (accumulation of solute concentration within the pore

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

INTRODUCTION

Pressure-solution creep is a common phenomenon observed in porous geomaterials undergoing diagenesis, located
within the upper crust of the Earth or involved in earthquake nucleation (Weyl, 1959; Rutter, 1976; Angevine et al.,
1982; Tada and Siever, 1989; Yasuhara et al., 2005; Mills et al., 2018; Gratier et al., 2013, 2023). The phenomenon
includes three fundamental chemo-mechanical processes at the microscale: (i) dissolution due to stress concentration
at grain contacts, (ii) diffusive transport of dissolved mass from the contact to the pore space, and (iii) precipitation of
the solute on the less stressed surface of the grains. Fig. 1 provides a schematic representation of the pressure-solution
process at the boundaries between two grains. Competition exists between the three fundamental processes (dissolution,
diffusion, precipitation) for the pressure-solution rate. If one is much slower than the others, the associated kinetics is
the rate-limiting process (Rutter, 1976; Raj, 1982), imposing its pace on the global phenomenon. On the other hand,

if the kinetics of the three processes are similar, more complex relationships need to be considered. Furthermore, the
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rate-limiting process may change as the configuration evolves during the pressure-solution phenomenon. The principal
consequences for the porous material are a time-dependent compaction (creep) and a pore structure evolution (Renard
et al., 2004; Zubtsov et al., 2004; Schwichtenberg et al., 2022). This reduction of the porosity is attributable to a

mechanical process (grain reorganization) and a chemical one (pore filling by the diffusive mass transfer).

1 Dissolution on the contact

2 Diffusion out of the contact

3 Precipitation on the pore surface
4 Diffusion to other pores

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

In the literature, pressure-solution is described using mathematical models at the continuum scale based on
experimental data (Rutter, 1976; Raj, 1982; Spiers et al., 1990; Gratier et al., 2009) or using micro-mechanical models
with simplifying assumptions (Spiers and Schutjens, 1990; Pluymakers and Spiers, 2015; van den Ende et al., 2018;
Cha and Santamarina, 2019; Guével et al., 2020; Lu et al., 2021). However, a comprehensive understanding of this
complex phenomenon for granular materials necessitates the capture at the microscale of at least two key aspects: the
granular reorganization and the evolution of particles’ shapes. Indeed, these two aspects exert a significant influence
on the force transmitted in the granular media, and as stress concentration at the contacts is the driving force for
pressure-solution, it should strongly influence pressure-solution rate. Granular reorganization is not considered in the
existing models at the microscale (Spiers and Schutjens, 1990; Pluymakers and Spiers, 2015; Guével et al., 2020; Lu
et al., 2021) and the precipitation (influencing the grain shape evolution) is not modeled in (Spiers and Schutjens,
1990; Pluymakers and Spiers, 2015; van den Ende et al., 2018; Cha and Santamarina, 2019; Lu et al., 2021). Recently,
a coupling between a Phase-Field (PF) model and a Discrete Element Model (DEM) (Sac-Morane et al., 2024) has
been developed, allowing to capture: (i) granular reorganization, (ii) irregular grain shape, (iii) force transmitted at the
contacts, (iv) heterogeneous dissolution/precipitation, (v) diffusion of the solute in the pore space and (vi) rate-limiting
processes.

The objective of this paper is to present improvements to the PFDEM framework described in (Sac-Morane et al.,
2024) and to show the capabilities of the model to describe pressure-solution at the microscale. In particular, the
contact law between particles used in the DEM has been modified, from an overlap-based approach to a volume-based
one. This point is fundamental to face undesirable effects, such as the fact that a contact force can be the same

for two contacts with a similar overlap but different overlapping volumes (van der Haven et al., 2023; Feng, 2023).
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Furthermore, the previous distinct mechanical and chemical destabilization terms in (Sac-Morane et al., 2024) have
been combined into one coupled term, more common in the literature on pressure-solution (Paterson, 1973; Lu et al.,
2021). These modifications are derived in the following Sections.

This new formulation is calibrated using previous indentation experiments conducted on quartz (Gratier et al., 2009).
Even if most of the parameters are well-known in the literature, two of them remain poorly constrained: the diffusivity
and the dissolution/precipitation kinetics coefficient. Indeed, the diffusion coefficient obtained by interpolation in
(Gratier et al., 2009), varies by several orders of magnitude with the model used to fit the noisy data. Subsequently, a
validation is carried out, showing that the two well-known rate-limiting scenarios (diffusion or dissolution rate-limiting)
(Rutter, 1976; Raj, 1982) are well reproduced. Indeed, the different parameter dependencies for the rate of the indenter
test must be verified even if the calibration campaign has been conducted. Finally, the influence of precipitation on the

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

CALIBRATION AND VALIDATION OF THE MODEL WITH INDENTATION EXPERIMENTS

The purpose of this Section is to calibrate the Phase-Field parameters of the model described in (Sac-Morane et al.,
2024) and then to validate the formulation. First, the Phase-Field model (Landau, 1936; Cahn and Hilliard, 1958;
Allen and Cahn, 1979) is presented. In the present study, the tilting energy e, see Equation 4, has been reformulated
compared to (Sac-Morane et al., 2024). The chemical and mechanical terms are separated in (Sac-Morane et al., 2024),
a coupled one is used here, more common in the literature on pressure-solution (Paterson, 1973; Lu et al., 2021). The
formulation is applied to model indentation experiments described in (Gratier et al., 2009; Gratier, 1993; Dysthe et al.,
2002; Gratier et al., 2014) and the calibration is done by reproducing the data from (Gratier et al., 2009). In fact,
some parameters (diffusivity and dissolution kinetics) are still not well constrained. The formulation is then verified
by comparison with the two well-known macro-models for the compaction rate: the diffusion and the dissolution

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

Phase-Field formulation

A granular material consists of grains and pores. This porous material is represented here in the Phase-Field space by
a combination of phase variables (one phase per grain). This phase variable 77; equals 1 if it is inside the corresponding
grain and equals O otherwise. The Phase-Field method, specifically the Allen-Cahn equation described in Equation
1, is employed to describe the dissolution/precipitation of the material (Allen and Cahn, 1979; Xu and Meakin, 2008;
Moelans et al., 2008; Takaki, 2014; Yang et al., 2021). In this approach, non-conserved order parameters 7; are used
to represent the phase transformation. Other formulations exist for Phase-Field description of dissolution/precipitation
(Lee and Kim, 2016; Wu and Xu, 2017; Aihara et al., 2019; Rohde and Von Wolff, 2021; Li et al., 2023), but face more

challenges to include in a numerical model.
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In this equation, the terms L and « correspond to the order parameter mobility and the gradient energy coefficient,
respectively. The order parameter mobility L affects the overall dissolution/precipitation rate, while the gradient energy
coefficient « influences the interface width and the reaction kinetics. The term E,; encompasses additional energy
sources introduced into the system, such as mechanical, chemical, or thermal loading. These sources can trigger the

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

ﬁoc:hX(ZUi(l _77j)2) (2)
J

The local free energy density f;,. employs a double-well function with a barrier height 4 (Takaki, 2014). Notice
that the minima of this potential energy are located at ; = 0 and n; = 1. At the equilibrium and without external

destabilization, the phase variables stay at 7; = 0 or ; = 1 (no dissolution/precipitation).

. ~ /-\

9
Q ]
8] 2
= N

= i \/

0 1 0 1

phase variable n (-) phase variable n (-)

Fig. 2. A double-well function of the phase variable 7 as a local free energy density fi,.(n7) and its derivative 6(];’7’;" (n).

To obtain localized dissolution/precipitation, an external source term E; is added to tilt the initial free energy to
favor dissolution/precipitation, as depicted in Fig. 3 and Equation 4. When the dissolution phenomenon dominates,
the double-well function is tilted towards n; = 0, resulting in the dissolution of the material. Conversely, when
the precipitation phenomenon dominates, the double-well function is tilted towards n; = 1, indicating the material’s
tendency to precipitate. The amplitude of the tilting affects the kinetics of the dissolution/precipitation.

Before formulating E 4, another variable, denoted as c, is introduced in the Phase-Field formulation to model solute
concentration in the pore fluid. The Equation 1 is coupled with the diffusion equation for the variable ¢, as given in

Equation 3.
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The Equation 3 represents the conservation of solute mass and is solved using the variations of Phase-Field variables
n; as a source/sink term. 3; is a conversion factor between n; and ¢ (8; = 1/V,,, where V,,, is the molar volume), and
k. represents the gradient coefficient that controls the diffusion rate. Notably, the gradient coefficient «, is assumed to
be 0 within the grains, and nonzero in the contact and the pore. A water film is assumed here at the contact between
grains (van Noort et al., 2008b; Gratier et al., 2009). Furthermore, the gradient coefficient is larger in the pore (free
fluid) than at the contact (trapped fluid) (van Noort et al., 2008b), an arbitrary factor 100 could be applied. The solute
c diffuses from the contact area, where dissolution is triggered, into the pore space. The algorithm’s implementation
for building the heterogeneous gradient energy coefficient «. is described in Appendix B from (Sac-Morane et al.,
2024). The terms % =-2pBj % in Equation 3 ensure the conservation of mass. When a grain 5; dissolves, solute
concentration c is generatecjl, and vice versa, when matter 7; is generated through precipitation, the solute concentration
¢ decreases.

The tilting term is defined by Eq = eqg X 2. (3773 - 2773), where e expression can be found in Equation 4. This term
has been modified here compared to (Sac-Mjorane et al., 2024). Indeed, in the previous model two distinct terms were
assumed, one for the chemistry and one for the mechanics. This coupled term e; models the fact that the chemical
potential is directly affected by the stress transmitted in between grains as the two mechanisms are deeply connected.
This formulation is closer to the mechanism described for pressure-solution in (Weyl, 1959; Paterson, 1973; Lu et al.,

2021).

C
€aq = kdiss/prec Xag X (1 - o a ) 4
eq Qs

The external energy e, depends especially on the solid activity a and the solute concentration c, c., representing

the solute concentration at the equilibrium without any external destabilization. The coefficient k g;ss/prec is related to
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the kinetics of the dissolution/precipitation chemical reaction. The larger it is, the larger the tilting is, and the faster the
dissolution/precipitation is. If ¢ < cqay, dissolution occurs, kgiss/prec = Kaiss (rate of dissolution). Conversely, if
C > Ceqls, precipitation occurs, kygiss/prec = Kprec (rate of precipitation). The solid activity ay is defined in Equation

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

PxV,
a ) 5)

as = exp ( RT
where, P is the pressure applied, V,,, is the molar volume, R is the gas constant and 7 is the temperature (assumed
constant here).

In Equation 5, solid activity ay increases in proportion to the stress transmitted at the contact P. This modification
affects the value of the solute concentration at the equilibrium ¢, a,. The established chemical equilibrium in the fluid
film (¢ versus c.q4 as) becomes unverified. The material dissolves in the contact zone to reach the chemical equilibrium
¢ = Ceq ag. A gradient in the solute concentration values appears between the contact zone ¢ = ¢4 a5 and the pore
space ¢ = c.q4. This gradient gives rise to the diffusion of the solute concentration. Subsequently, the established
chemical equilibrium in the pore space (c¢ versus c.,) becomes unverified. The material precipitates in the pore space
to reach the chemical equilibrium ¢ = ¢, .

Equations 1 and 3 are solved on a microstructure geometry with the open-source finite element software MOOSE
(Schwen et al., 2017; Permann et al., 2020). This software uses automatic differentiation to solve the system of
equations with an implicit formulation. Residual equations are built in weak form. The quality of the results, in
particular the mass conservation, depends on the threshold value for numerical convergence. A convergence analysis
has been conducted on this threshold parameter, see Appendix 1. With the chosen value, mass loss smaller than 2%

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

Numerical model

The framework employed for parameter calibration and formulation validation is presented herein. A schematic
representation of an indentation experiment (Gratier, 1993; Dysthe et al., 2002; Gratier et al., 2009, 2014) is presented
in Fig. 4. A material subjected to pressure-solution is situated beneath an indenter. This indenter exerts a constant
pressure. It should be noted that this indenter is not subject to pressure-solution. The domain is assumed to be fully
saturated. The material dissolves at the contact. Subsequently, it diffuses in the fluid film, the tube and the well.
Finally, the solute is evacuated from the well.

Despite the existence of disparate discourses pertaining to the structural configuration of this film (van Noort et al.,
2008b), it is postulated that a thin fluid film exists between the indenter and the material (Gratier et al., 2009). Indeed,
it could be a film, an island-channel network or a film with cracks. Experimental evidence indicates that the film in

question is approximately 2—10 nm in thickness, corresponding to a water molecule layer of 8—40 molecules (Gratier
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et al., 2009). From a numerical standpoint, it is not feasible to respect this size, particularly compared to the size
of the indenter. Subsequently, the film width is artificially increased. Nevertheless, the coefficient of diffusion «. is
decreased in proportion. The minimum size of this film is related to the Phase-Field interface width §. Given that
material dissolution occurs within this zone, it is necessary for the film to contain it. Different film widths w have
been tried for a constant product x. X w and the results were constant regarding the rate of the indenter. In the work
presented here, w = 2 X ¢ is used.

Once the solute has reached the reservoir at the top, it is evacuated at a specified frequency. Numerically, the solute
concentration c is set at the equilibrium constant c.,. The frequency in question is of great consequence with regard
to the quality of the results. Indeed, an increase in solute concentration within the well may result in a slowing of
diffusion as the gradient diminishes, see Appendix I. The dimension of the well and the frequency of updates to the
simulation can be modified in order to regulate the solute concentration within the well. In the following results, an
effort has been made to compare simulations with the same saturation in the well. The saturation of the well sat,,j; is
defined in Equation 6.

C = Ceq

Satyeyp = —————— (6)
AsCeq — Ceq

where, c is the solute concentration, c. is the solute concentration at the equilibrium, a; is the solid activity related

to the pressure P applied.

A

evacuation in
| the solute well

*
>
*

axial symmetr

pressure applied by the indenter
(no pressure-solution)

diffusion in the fluid film and the tube

HEE NS EEENNG EEENNGEEENGgEEEERGgH

y . . . . .

dissolution of the material subject
to pressure-solution

X

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).
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where, « is the gradient energy coefficient (from Equation 1), § is the interface thickness (§ = 6Ax is used in this paper
(Moelans et al., 2008; Takaki, 2014), Ax being the mesh size), vy is the interface energy, # is the barrier height (from
Equation 2), and b = 2.2 a coefficient, see (Takaki, 2014). Equations 7 and 8 can be combined to relate the gradient
energy coeflicient «, the barrier energy / and the mesh size Ax, through Equation 9. This Equation emphasizes a strong

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

Koch- Ax? &)

In the formulation presented until now, a constant pressure P is applied along the indenter surface. It is not in
agreement with previous models (Weyl, 1959; Rutter, 1976; Gratier et al., 2009). Indeed, to ensure the interface
remains flat the normal stress appears larger at the center of the contact than at the side (Weyl, 1959; Rutter, 1976;
Gratier et al., 2009). A correction must be applied to the solid activity ag described in Equation 5 and employed in
Equation 4. A control factor f.onsr01 1S applied to force the material interface to stay as flat as possible, see Equation

10.

asi=das X (yfront,i - yfrunt) X fcontrol (10)

where, a; ; is the corrected solid activity applied in Equation 4 (the value is not constant along the material interface),
ay is the solid activity defined in Equation 5 (constant pressure applied as an input), y frons,; is the coordinate of the
front at a given point of the interface and y 7,45, is the mean coordinate of the front along the indenter. Thanks to this

control factor feonsro! the material surface remains flat (y frons,i = Y front)-

Calibration of the model

An initial set of simulations is conducted to calibrate the model with the data from the experiments presented in
(Gratier et al., 2009). A movie example is provided as supplemental material. The majority of the parameters are
known, including the equilibrium concentration ¢4, the molar volume V,,, = 1/;, the gas constant R, the temperature
T or the indenter diameter d (Gratier et al., 2009). They are presented in Table 1. The sole unknown parameter is the
coefficient k. X w, where k. is the diffusion coeflicient of the solute in the film and w is the film width. It should be

noted that the estimation provided in (Gratier et al., 2009) appears to be dependent on the fitting method employed,
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with significant discrepancies observed between the reported values. For instance, the estimated coefficient varies by
several orders of magnitude depending on whether a linear (y o< P) or power law (y o< P") model is used (y is the
kinetics of the indenter). A trial-and-error method was employed to obtain simulated kinetics in the experimental
data cloud. Moreover, as the sample is diffusion rate limited (Gratier et al., 2009), it is not possible to determine the
dissolution rate coefficient k ;;5¢ from the experiments. A numerical criterion is employed to estimate this parameter,

C=Ceq

satfitm > 80%, where sat i, is the mean saturation in the fluid film defined as sat g, = , similar to

AsCeq—Ceq
Equation 6. The remaining parameters from Table 1 are numerical parameters, as the barrier energy /, the mobility L,
the mesh size Ax, the film width w and the well saturation sat,,.;;. They are employed for the Phase-Field description

and to define the update frequency, see Appendix I.

Equilibrium concentration ¢, 0.73 x 10° mol.m™3
Molar volume V,,, = 1/8; 2.2% 107 m3.mol ™!
Gas constant R 8.32 J.mol ! K~!
Temperature T 623 K
Indenter diameter d 200 x 107 m
Barrier energy h 1
Mobility L 1s7!
Mesh size Ax d /400
Film width w 15 Ax
Well saturation satyey = =<t 30 %
sCeq=Ceq
Diffusivity k. x film width w 4~ m3 57T
Dissolution kinetics kgiss = 10 kprec 0.015/Ax

TABLE 1. Parameters used. The solute diffusion «. is obtained by calibration and the dissolution rate coefficient
kaiss 1s 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 fits
have been performed on the data from (Gratier et al., 2009) for comparison with the results obtained: y = a X P and
y = a x P?. Subsequently, the various parameters of the fits were subjected to deterioration in order to ascertain the
boundary limits. For example, the upper envelope for the 75% limit is defined as 75% of the data points from (Gratier
et al., 2009) being below it. Similarly, the lower envelope for the 75% limit is defined as 75% of the data points from
(Gratier et al., 2009) are larger. The results obtained with the Phase-Field description are in good agreement with the

available data.

Validation of the diffusion rate-limiting scenario

Despite the implementation of a calibration campaign, it is imperative to ascertain the accuracy of the model by
replicating the different creep rate behaviors for pressure-solution associated with different parameters. Two well-known
creep rate models exist, depending on the rate-limiting scenario (Rutter, 1976; Raj, 1982).

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

and Schutjens, 1990; Gratier et al., 2009; Pluymakers and Spiers, 2015). Numerically this scenario is verified by the
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Fig. 5. Comparison of the experimental and simulated kinetics of the indenter test at different confining pressures.
criterion: saf gi;, > 80%, where sat fijn, is the mean saturation in the fluid film. It is defined as sat fi;m = av;—q;f‘éeq,
where c is the solution concentration, ¢, is the solution concentration at the equilibrium and a; is the solid activity
defined Equation 5, similar to Equation 6. The displacement rate y during diffusion rate-limiting steady state is defined
at Equation 11. This relation has been obtained considering a planar interface subjected to stress normal to the interface,

see derivation in (Rutter, 1976; Raj, 1982; Spiers and Schutjens, 1990; Gratier et al., 2009; Pluymakers and Spiers,
2015).

KeW Ceg P!

= (1)

y <

where, k. is the diffusion coefficient, w is the film width, ¢, is the solution concentration at the equilibrium, P is the
pressure applied, n is an exponent applied to the pressure (= 1 — 2 (Bérest et al., 2019)) and d is the diameter of the
indenter (~ the distance to the free fluid).

A parametric investigation is done to verify the relation at Equation 11. As shown in Table 2, the effect of each
parameter is isolated: underlined values represent the default ones (from (Gratier et al., 2009)), whereas the others
represent the ones used only in the specific investigation (domain definition from (Gratier et al., 2009)). Notice that the
dissolution kinetics, related to & 4;ss from Equation 4, could have been modified to conserve the diffusion rate-limiting

assumption (saf giim > 80%). Results are given in Fig. 6 and 7.

diffusivity «. x film width w 1-4-10e~ ™ m’/s
concentration at the equilibrium ¢, 0.3-0.73-1.5¢* mol/m?
pressure applied P 100-150-200-250-300 MPa
distance to the well d 100-125-150-175-200 pm

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 «. on the strain rate y is explored in Fig. 6a. According to the Equation 11, a

proportional relation is expected. In agreement with it, data from Fig. 6a are well-fitted by a relation y = a X «,.
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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 artificially
increased compared to the reality to allow numerical simulations. The results would be similar to Fig. 6a if only the
film fluid w varies.

The influence of the solubility (through the solute concentration at the equilibrium c.,) on the strain rate y is
explored in Fig. 6b. It is anticipated that a proportional relationship will be identified, see Equation 11. This factor has
been observed experimentally (Rutter, 1976; Zubtsov et al., 2005). In agreement with those observations, data from
Fig. 6b are well-fitted by a relation y = a X c.4. As explained sooner, an effort has been made to compare simulations

C—Ceq A

with the same well saturation sat,..;;. The changing value c., affects this parameter, as sat,c;; = T .
sCeq eq

well-fitted linear relation is obtained.

The influence of the pressure applied P on the strain rate y is explored in Fig. 6¢. Equation 11 predicts a power
relation with an exponent between 1 and 2, observed experimentally (Spiers et al., 1990; Gratier et al., 2009, 2014;
Bérest et al., 2019). In agreement with those observations, data from Fig. 6¢ are well-fitted by a relation y = a X P+ b.
An even better fit has been found, considering y = a X P” (the exponent b equals 1.4). Indeed the pressure applied
P is inside an Arrhenius exponential function in Equation 5. The linear dependency is only an approximation in a
small pressure domain, even if the exponent (1.4) is similar to a linear one (1). A proportional fit has been tried,
¥y = a X P, but it seems worse than the others because the linear dependence is only an approximation. The influence

of the pressure applied on a bigger domain can hardly be verified experimentally as the pressure-solution is dominant
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in low pressure domain but phenomena like dislocation, plasticity or microcracking appear in large pressure one (Urai
et al., 2008; Bérest et al., 2023).

The influence of the indenter diameter d (~ distance to the free fluid) on the strain rate y is explored in Fig. 6d.
According to Equation 11 and experimental observations (Spiers et al., 1990), a relation y o 1/d? is expected. In
agreement with those observations, data from Fig. 6d are well-fitted by a relation y = a/d”.

The different data obtained in this Section are plotted together in Fig. 7, representing Ysimularion VErSUS Yiheory-

KeW Ceg pl4

From Equation 11, one can define ype0ry = @ e

, with @ a coefficient describing a combination of the
other parameters (well saturation, barrier energy, mobility, temperature, molar volume, examples among others). This
coefficient « is estimated from the average of the different data. Then, the mean relative error with the target line
Vsimulation = Ytheory 1S computed. It appears the relative error of the simulated kinetics to the theoretical one is less

than 4% (with a maximum value of 12%), a reflection of the simulations’ consistency with the theoretical framework.
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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 scenario

The second rate-limiting scenario is the dissolution one, defined as the dissolution process is the slowest (Raj, 1982;
Spiers and Schutjens, 1990; van Noort et al., 2008a; Gratier et al., 2009; Pluymakers and Spiers, 2015). Numerically
this scenario is verified by the criterion: m < 20%, where m is the mean saturation in the fluid film.

C=Ceq

It is defined as satfijm = , where c is the solution concentration, c.4 is the solution concentration at the

AsCeq—Ceq
equilibrium and ay is the solid activity defined Equation 5, similar to Equation 6. The displacement rate y during
dissolution rate-limiting steady state is defined at Equation 12. This relation has been obtained considering a planar

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

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

Y & Kdiss P" (12)
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where, kg;; is related to the dissolution kinetics, P is the pressure applied and n is an exponent applied to the pressure
(= 1 —2 (Bérest et al., 2019)).

Similar to the previous Section, a parametric investigation is conducted to verify the relation at Equation 12. The
parameters are shown in Table 3. To isolate the effect of each parameter, default values are considered (underlined),
whereas a domain is explored in the specific investigation (default and domain definition from (Gratier et al., 2009)).

Results are given in Fig. 8 and 9.

dissolution rate kg;ys 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 x4;55) on the strain rate y is explored in Fig.
8a. According to the Equation 12, a proportional relation is expected. This factor has been observed experimentally
(De Meeretal., 1997). In agreement with those observations, data from Fig. 8a are well-fitted by arelation y = aX«kgjss.

The influence of the pressure applied P on the strain rate y is explored in Fig. 8b. It is reasonable to posit a power
relationship between the variables in question, see Equation 12 and experiments (De Meer et al., 1997; Niemeijer et al.,
2002). In agreement with those observations, data from Fig. 8b are well-fitted by a relation y = a X P + b. Similar to
the case of the diffusion rate-limiting, an even better fit has been found, considering y = a x P? (the exponent b equals
1.3). As explained above, the pressure applied P is inside an Arrhenius exponential function in Equation 5. The linear
dependency is only an approximation in a small pressure domain, even if the exponent (1.3) is similar to a linear one
(1). A proportional fit has been tried, y = a X P, but it seems worse than the others because the linear dependence
is only an approximation. As explained above, the influence of the pressure for large values cannot be formed during
experiments as other mechanisms are triggered (Urai et al., 2008; Bérest et al., 2023).

Similar to the previous Section, the different data obtained in this Section are plotted together in Fig. 9, representing
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Vsimulation VEISUS Yrheory. From Equation 12, one can define yipeory = @ Kgiss P13, with @ a coefficient describing
a combination of the other parameters (well saturation, barrier energy, mobility, temperature, molar volume, examples
among others). This coefficient « is estimated from the average of the different data. Then, the mean relative error
with the target line Ysimutarion = Yrheory 15 computed. It appears also that the relative error of the simulated kinetics

to the theoretical one is less than 4% (with a maximum value of 11%).
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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 CONFIGURATION

Once the formulation of the Phase-Field description used so far has been calibrated and validated, it can be coupled
to a Discrete Element Model to capture the heterogeneous dissolution/precipitation and the granular reorganization
(Sac-Morane et al., 2024). In fact, the Phase-Field formulation itself is not able to compute the granular mechanical
steady-state and interpolate the stress at the contacts. In the following Sections, the formulation of the Discrete Element
Model and its coupling with the Phase-Field description are abbreviated. In fact, some modifications have been made
compared to (Sac-Morane et al., 2024). In particular, the contact law between particles has been modified, from an
overlap-based to a volume-based one. This point is primordial to face undesirable properties as the fact that a contact
force can be computed equal for two contacts with the same overlap but different overlapping volumes (van der Haven
et al., 2023; Feng, 2023).

Here, a new numerical configuration is considered: a constant force is applied to a grain subject to pressure-solution
at the contact with a plate not subject to pressure-solution. Compared to the previous indenter test, the material subject
to pressure-solution moves and the pressure at the contact is initially unknown as the contact surface evolves. Particular
attention is paid to the influence of precipitation on the phenomenon rate. Indeed, precipitation induces an increase
of the contact surface, it reduces the stress transmitted at the contact level and, it produces a slowdown of the creep
settlement. In the currently applied models at the microscale (Spiers and Schutjens, 1990; Lu et al., 2021; Pluymakers

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

The Discrete Element Method has been developed to account for the individual grains and their interactions
(Cundall and Strack, 1979; O’Sullivan, 2011). The momentum balances are solved for each grain, following different
integration methods (Samiei et al., 2013). The most widely used formulation is an explicit time integration scheme.
The time step in the present simulations is chosen less than the critical time increments described in (Johnson, 1985;
Thornton and Randall, 1988; Sheng et al., 2004). To capture the heterogeneous shape, a polyhedral description is
used (Cundall, 1988; Nezami et al., 2004; Latham and Munjiza, 2004; Kawamoto et al., 2016).The simulations are
performed using the open-source software Yade (Smilauer and al., 2021).

The only difference for the DEM model with (Sac-Morane et al., 2024) is the fact that the contact law between
particles has been modified, from a nonlinear overlap-based one to a linear volume-based one (van der Haven et al.,

2023; Feng, 2023).

Couplings between Phase-Field and DEM

The data exchange and global scheme of the PF-DEM couplings are explained in (Sac-Morane et al., 2024). In
summary, the Phase-Field simulation entails the discretization of the sample geometry into a mesh and the represen-
tations of grains by phase variable maps. A grain detection algorithm is employed to ascertain the novel grain shape
and solute configuration, based on the Phase-Field outputs. In contrast, the Discrete Element Modelization employs a
representation of grains as polygonal particles. The objective of this model is to compute the new positions of the grains
and the pressure applied at each contact point. It is important to note that although PF and DEM operate on disparate
time scales, they are nevertheless related. Mechanical equilibrium (DEM) is assumed to occur instantaneously, whereas
grain dissolution or precipitation (PF) occurs over longer time periods, typically spanning several hours to days.

Once the grain boundaries are identified, a series of DEM iterations are conducted until the system reaches an
equilibrium. To dissipate the mechanical energy, a certain degree of damping is introduced. The convergence criterion
for detecting the equilibrium may vary depending on the specific problem under consideration. In this study, equilibrium
is identified when the applied force falls within the range of 0.98 to 1.02 times the target force over a period of 100
iterations. Furthermore, a maximum number of iterations is defined to prevent an infinite loop. In the event that
equilibrium is reached prior to the maximum number of iterations, new phase maps are constructed in order to update
the geometry of the phase field problem based on the results of the DEM step.

The new phase map is obtained by interpolating from the previous one. As illustrated in Figure 13 of (Sac-Morane
et al., 2024), at each iteration, the subsequent mesh is calculated based on the preceding mesh by applying a rigid
body motion. As the two meshes frequently exhibit imperfect alignment, bilinear (2D) or trilinear (3D) interpolation
is employed to estimate the values of the subsequent mesh.

Prior to initiating a novel Phase-Field simulation, it is essential to compute the tilting term E; through the solid
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activity ag, see Equation 4. In the previous Section, a is readily computed given that the pressure applied at the
contact is known and constant. However, this is not the case in the present Section. Indeed, the pressure applied at the
contact evolves with the shape evolution of the grains and the granular reorganization (in the case of multiple grains).
The pressure is then interpolated from the DEM simulation, P = F,,/S.. The applied pressure depends on the normal
force F,, transmitted within the DEM contact and the contact surface S.. The contact surface is computed based on
the contact volume V.. As illustrated in Fig. 10, the contact volume is determined by iteration on the mesh nodes.
The criteria for detecting contact is 17; and 7; > 7crirerion, Where 1; ; are the phases linked to the grains in contact
and 7¢riterion 1S a criterion value. The initial approach is to assume that 7¢,ierion = 0.5 as it represents the grain
boundaries. Nevertheless, some approaches could consider 77¢yirerion < 0.5. This is to account for the possibility that

a supplementary part of the grain participates in the contact. In the following Section, we assume that 17.,rerion = 0.1.

n; = criterion

Fig. 10. Definition of the contact volume between two grains: a criterion value lower than 7; = 0.5 can be used to
enlarge the part of the particle under the solid activity a, increase.

Once the contact volume V. has been determined, the contact surface S, is interpolated. To this end, the maximum
orthogonal line (2D) or plane (3D) to the normal contact vector 77 employed in the DEM part is sought. Once this
parameter has been determined, the solid activity a; is calculated, see Equation 5. It should be noted that a; = 1 out
of the contact volume V. Finally, the tilting term E; is computed, see Equation 4.

As explained in (Sac-Morane et al., 2024), the framework is divided into two distinct simulations: the Phase-Field
description and the Discrete Element Model. The Discrete Element Model is used to compute a mechanical steady-
state, whereas the Phase-Field disturbs this equilibrium by changing the shape of the grains. To ensure the quality of the
results, the shape evolution between two discrete element simulations must remain small (Aitken, 1938). The amount
of shape evolution is correlated to the time span (time increment X number of steps) of the Phase-Field simulations. A
parametric analysis has been conducted on this time span to find a value that limit oscillations in the settlement curve.
It should be noted that other factors, such as the size of the mesh or the discretization of the grains, impact the quality

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

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

pressure-solution over a plate that is not subject to pressure-solution. The domain is assumed to be fully saturated. The
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material undergoes dissolution at the contact, subsequent diffusion within the fluid film, and finally precipitation on the
surface less stressed. Table 4 presents the relevant parameters utilized in this study. The majority of these parameters
are consistent with those employed in the calibration and validation campaigns detailed in the preceding Sections. In
this instance, particular attention is directed towards the impact of precipitation kinetics coefficient k. on creep
behaviour. Indeed, this impact on creep behavior is not considered in the current models. It should be noted that, in

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

pressure-solution
for the grain

constant
force

no pressure-solution for the plate

X

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 um

Thickness of the simulation 100 um

Volume overlap / Initial grain volume | 1.6 %

Mobility L 3571

Mesh size Ax Initial radius / 40

Dissolution kinetics k ;¢ 0.005/Ax
05-1-2-5-

Precipitation kinetics k ;- ¢¢ 8—10—-13 - 16 kgjss

Ceq> Vi, R, T and k. from Table 1

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

Results

Fig. 12 presents the vertical strain’s time evolution for distinct precipitation kinetics and a movie example is
provided as a supplemental material. The definition of the vertical strain is € = Ay/2 R, where Ay is the cumulative
vertical displacement of the grain and R is the initial radius.

As detailed in (Spiers et al., 1990; Spiers and Schutjens, 1990), the settlement rate ¢ can be estimated for pressure-
solution phenomenon, see Equation 13, under the assumption of a close-packed (face-centered-cubic lattice) array of
spherical grains with identical diameters. Equation 14 provides the solution to this partial differential equation, which
is a n + 1 root law. The exponent n determines the extent of the slowdown in creep behavior; a larger value of n

corresponds to a stronger slowdown.
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Fig. 12. Time evolution of the vertical strain for different precipitation kinetics.
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13)

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

among others.

e() = (nkt+kp)/*D

(14)

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

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

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

precipitation kinetics on the exponent n can be discerned in Fig. 13.

The larger n is, the stronger the slowdown is

.
@
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16

Fig. 13. Influence of the precipitation kinetics on the slowdown (through the exponent n) of the evolution of the vertical

strain e(¢).

It seems that at low precipitation rates (k preclkaiss < 4), the slowdown declines in proportion to the precipitation

kinetics. Conversely, the slowdown increases with the precipitation kinetics at fast precipitation (k preclkdiss = 4).

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

2021). Indeed, if the solute concentration builds up in the pore space, the mass transfer by diffusion is slowed down,

18
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case (i). Similarly, an increase in the contact surface results in a reduction in pressure (the motor of pressure-solution),
and the mass flux by dissolution is slowed down, case (ii) (Lu et al., 2021).

Fig. 14 illustrates the evolution of the solid activity (~ pressure at the contact) in relation to the vertical strain for
varying precipitation kinetics. The impact of the precipitation kinetics is readily discernible. As expected, the solid
activity is observed to be smaller at a given strain for faster precipitation kinetics. It demonstrates the slowdown of the

pressure-solution due to a mechanical mechanism.

KpreclKaiss = 0.5 memm Kproc/Kgiss = 8

)

135

solid activity (

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.
This is particularly evident in the case of slow precipitation (K pyec/kaiss <4). This is contrary to the indications
provided by Fig. 14. Fig. 15 illustrates the evolution of the mean value of the solute concentration (in comparison
to the equilibrium value) within the pore space for varying precipitation kinetics coefficient. The solute concentration
appears to build up in the pore space for slow precipitation. The slowdown of the pressure-solution is attributed to a

chemical mechanism.

I

mean Cpore / Ceq (-)
-
o

KpreclKaiss = 0.5 == Kprec/Kaiss = 8
KpreclKaiss = 1 = Kprec/Kaiss = 10
Kpreclkaiss =2 = Kppeclkaiss = 13

o
©

0.8

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/kaiss < 4),

the creep slowdown (due to chemistry) decreases in line with the precipitation kinetics. In contrast, for fast precipitation
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(k preclKaiss = 4), the creep slowdown (due to mechanic) increases with the precipitation kinetics. As observed by
(Lu et al., 2021) through a 1D model, these two limiting scenarios can be seen to occur when the solute outflux
from the contact zone is either prevented or allowed (Lu et al., 2021). Preventing the solute outflux results in the
accumulation of the solute concentration in the pore space. It is a chemical slowdown. Conversely, allowing the solute
outflux results in the increase of the surface contact, as the dissolution occurs. However, the model of (Lu et al.,
2021) does not account for the impact of the precipitation in the increase of the contact surface or the consumption
of the solute concentration in the pore space. Precipitation was included in the model proposed by Yasuhara et al. in
2003 (Yasuhara et al., 2003). However, their simplifying assumptions on the geometry and processes employed hinder
the effect of precipitation on the strain rate. Nevertheless, the model allows for the observation of the impact of the
precipitation on the porosity evolution. Similarly, Xu and Arson considered the precipitation as a healing process (Xu
and Arson, 2022). The consequence of this phenomenon is an increase in the stiffness of the sample at the continuum
scale. However, this model does not account for granular reorganization. Additionally, it has been suggested that the
precipitation kinetics can control the global creep behavior if the process is the slowest (Mullis, 1991). Nevertheless,
this assessment is only based on the rate-limiting theory and does not consider the evolution of the grain shapes and
configuration. The PFDEM framework presented here enable to solve for the muti-physical processes in the whole
microstructure geometry and is also capable of capturing the evolution of the grain shape, see Fig. 16. The shape
of the grain seems to depend on the precipitation kinetics. In particular, the contact surface increases in proportion
to the precipitation kinetics. The complex geometries of the grains exert a significant influence on the macroscopic

mechanical behavior of granular materials (Binaree et al., 2019; Guével et al., 2022) and need to be considered.

— initial
ate=0.12 slow precipitation
" = fast precipitation

y axis (-)

X axis (-)

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 a

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

which varies depending on the precipitation kinetics.
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CONCLUSION

The Phase-Field Discrete Element Model framework has been employed to examine the influence of precipitation
on the slowdown of creep behavior induced by pressure-solution. It is noteworthy that this particular aspect is not
currently included in the models that are employed to describe the strain rate due to pressure-solution or their simplifying
assumptions on the microstructure hinder its influence. To this end, the parameters were first calibrated using data from
previous indentation experiments and the formulation has been validated by reproducing the well-known relations that
are typically employed in rate-limiting scenarios. Then, the model is applied to a grain-plate configuration and the
precipitation process is added.

At low precipitation rates, the slowdown rate declines in proportion to the rate factor. The underlying mechanism
is linked to the accumulation of solute concentration within the pore space. Conversely, the slowdown increases with
the rate at fast precipitation. In this case, the mechanism is due to the larger surface area at the contact. It decreases
the stress, which is the driving force behind the phenomenon.

This article illustrates the necessity of integrating all relevant processes in the case of multi-physics phenomena,
such as pressure-solution, but also solve them numerically at the microstructure scale. Indeed, this chemo-mechanical
phenomenon is subdivided into three distinct processes: dissolution, diffusion, and precipitation and the global kinetics
of this creep behavior is controlled by the slowest rate-limiting process. However, the rate-limiting process may undergo
changes over time as the microstructure configuration is modified. For instance, the rate-limiting process for pressure-
solution is frequently dissolution during the initial stage. Indeed, the diffusion length is relatively short, and the solute
dissolved in the fluid film evacuates rapidly into the pore space. However, the diffusion length increases in proportion
to the material dissolution and precipitation around the contact. At a certain point, the diffusion may become the rate-
limiting process. This transition can only be captured if models integrate a sufficient number of phenomena. Finally,
this lays the foundation for a deeper understanding of pressure-solution at the microscale, enabling to investigate in
the future complex microstructures, but also its role in diagenesis and earthquake nucleation for various minerals and

environmental conditions.
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APPENDIX I. PRELIMINARY STUDIES OF THE MODELIZATION OF THE INDENTER TEST
This Section illustrates the preliminary investigations realized before the simulation presented in the Section Model
calibration through indentation experiments. The influence of several parameters is explored to ensure the quality of

the results.

Convergence criterion for the Phase-Field simulation

As explained in Section 2, the threshold value applied on the residual of the solved equations is pivotal in detecting
the convergence during the Phase-Field description. This threshold value exerts a significant influence on the quality
of the simulation. A convergence analysis has been conducted on this criterion, encompassing the numerical model of
the indenter test described in Section 2. In particular, the analysis incorporated two threshold values, 1e~7 and le~8.
The result of this analysis is presented in Fig. 17. The criterion le~’ appears suitable to obtain good quality results.
This value correlates with a numerical mass loss of less than 2% between the initial and final configurations.

le-6
—crit = 1le-7
12| +ee crit=1e8

displacement (m)
°
>

0 10000 20000 30000 20000
time (s)

Fig. 17. Time evolution of the indenter displacement for two Phase-Field convergence criteria.

Update frequency and well size dependency

The update frequency is one of the most important parameters for the answer quality. Indeed, the solute in the well
needs to be evacuated frequently (if not, the solute concentration aims to reach the saturation value and the diffusion
kinetics slows down) and the diffusion map needs to be updated to follow the front evolution.

The effect of the saturation of the well sat,,.;;, see Equation 6 for a definition, is explored in Fig. 18. A slowdown
of the kinetics is well observed. Hence, it is important in Section Model calibration through indentation experiments
to compare simulations with the same saturation well. It can be controlled by changing the map update frequency or

adapting the well’s size.

Mesh dependency
As with all the finite element resolutions, the mesh should be small enough. A special focus is needed in the
Phase-Field description presented in this article on the kinetics of the interface dissolution/precipitation. Indeed, it

appears the interface dissolution/precipitation kinetics is related to (Chan, 1977; Jou and Lusk, 1997) :
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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 sat,,q;.

* the tilting amplitude e, see Fig. 3 and Equation 4
* the gradient coefficient x used in the Allen-Cahn formulation, Equation 1. This coefficient is related to the

mesh size, see Equation 9

Two methods seem possible to conserve the kinetics constant with various meshes: adapt the number of nodes
defining the interface width to have a constant gradient coefficient « or adapt the tilting amplitude e4. As the philosophy
of the Phase-Field description is to keep a small number of nodes used for interface (Moelans et al., 2008; Takaki,

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

Considering the relation efi = eZ x (m'/m7), the kinetics is conserved with different meshes, with efi and m*

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

number of mesh nodes.
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