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Abstract
Pressure solution-precipitation is a diagenetic process often involved in compaction, hardening, creep and healing. This study 
explores the evolution of pressure-dependent mineral dissolution using the discrete element method where grains are gradu-
ally contracted in proportion to the total normal force they carry. Under zero lateral strain and constant vertical stress bound-
ary conditions, contact forces homogenize during the early stages of dissolution, there is a minor increase in coordination 
number and the global porosity decreases (even though there is no reprecipitation in these simulations). There is a transient 
drop in the lateral stress, shear bands start to emerge as the horizontal stress reaches a minimum value. The porosity is higher 
and the coordination number is lower within shear bands than in the surrounding soil wedges; furthermore, interparticle 
forces tend to homogenize within wedges, while marked force chains develop within shear bands. On the other hand, there 
is no shear localization during pressure solution simulations under isotropic stress boundary conditions. Regardless of the 
boundary conditions, the initially uniform grain size distribution evolves towards a unimodal distribution; improved particle 
grading facilitates the global reduction in porosity and the associated increase in coordination number. The emergence of 
shear discontinuities during pressure solution under zero lateral strains may explain the non-tectonic origin of polygonal 
fault systems observed in marine sediments and lacustrine deposits.
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1  Introduction

Dissolution is a salient diagenetic process in sediments. 
Pressure solution involves the preferential dissolution of 
minerals at grain contacts followed by diffusive mass trans-
fer to the surrounding pore space. Dissolved species either 
reprecipitate onto nearby stress-free surfaces [25, 48], or are 

advectively transported away through the porous network 
[23].

Pressure solution contributes to sediment compaction and 
porosity reduction [2, 13, 56]. It is an important mechanism 
in soil and rock creep [31, 36], and in ductile rock deforma-
tion in the upper crust [21, 22, 28, 34, 48]. Furthermore, 
pressure solution facilitates fault healing and strength recov-
ery between seismic events [3, 40, 53, 62]. Stylolites are the 
most well-known feature of localized dissolution and volume 
reduction driven by pressure solution [5, 44, 58].

Pressure solution results from differences in the surface 
chemical potential between the mineral at contacts and the 
stress-free mineral [27, 34, 49]. Consequently, pressure solu-
tion responds to effective stress, either linearly [17, 29, 41, 
45, 48], or as an exponential function of effective stress [20, 
27].

Typically, pressure solution is favored at high temper-
atures [48] and fluid pressures [55], and in more reactive 
minerals (Note: carbonate solubility decreases with tempera-
ture). Small grain sizes of high specific surface increase the 
rate of pressure solution [16, 39, 45, 55].
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In this study, we explore pressure-dependent mineral dis-
solution at the scale of the granular skeleton. We use the 
discrete element method, DEM to investigate the underlying 
chemo-mechanical coupling and possible emergent phenom-
ena. A description of the numerical approach follows.

2 � Methodology

Discrete element simulations are conducted in 2D and 3D 
using PFC (ITASCA Consulting Group, Inc.—[14]. Table 1 
describes the properties of the simulation environment for 
2D and 3D cases, and the scope of the parametric study. 
While the 2D simulations facilitate the interpretation and 
visualization of results, all key observations extracted from 
this study apply to both 2D and 3D. Zero lateral strain 
boundaries are imposed to model the one-dimensional 
compaction of shallow uncemented sediments [57], and 
the upper boundary is either a constant stress or stress-free 
surface.

The 2D circular disks or 3D spheres are generated with an 
initial size equal to half their final size, and placed at random 
locations in a closed container. All grains then grow at the 
same rate without geometric superposition until they reach 
their final sizes with uniform size distribution under zero 
gravity and zero grain friction (Table 1—Formation method 
described in Bagi [4] and O’Sullivan [42]. Then interparticle 
friction and gravity are turned on. Finally, sediment compac-
tion takes place as the vertical stress increases to 100 kPa 
under the zero-lateral strain boundary condition. In the free 
surface condition, the upper boundary is removed before 
dissolution starts. In some cases, we simulate granular 

interlocking due to grain angularity by hindering rotation 
on a preselected fraction of randomly distributed particles 
HR (Note: the validity of hindered rotation is explored in 
Mohamed and Gutierrez [38], and in Cha and Santamarina 
[9].

We simulate pressure solution through multiple particle 
size reduction steps, each followed by an equilibration stage. 
Each 2D-disk or 3D-sphere is shrunk by reducing its radius 
R proportionally to the total contact force ΣFN acting on 
the particle. The relationship between dissolution rates (dR/
dt) and contact forces (ΣFN) is either linear dR/dt = α(ΣFN)1 
or quadratic dR/dt = α(ΣFN)2. The quadratic model captures 
higher stress dependency. The size of all particles is updated 
in each i-th time step, Ri+1=Ri − α(ΣFN)β·Δt.

The proxy rate constant α is kept small and sufficient 
cycles—i.e., time-are allowed between size reductions to 
mimic natural dissolution without dynamic effects. In fact, 
the inertial number I, which describes the relative impor-
tance of inertia and confining stresses remains within the 
quasi-static criterion I < 10−3 throughout the simulations 
[15, 37]. The ratio between the mean unbalanced force and 
the mean contact force remains smaller than 0.001 to ensure 
stable conditions. Multiple trials confirm that global and 
particle-scale simulation results are independent of α values 
when α is sufficiently small.

The proxy rate constant α and the exponent β are the 
same for all particles, and constant during dissolution. 
There is no reprecipitation and particles remain 2D-circu-
lar or 3D-spherical. The time step is set to Δt = 0.6

√

m∕K 
where m is the particle mass and K the particle stiffness; the 
time step changes as the grains mass m diminish during the 
simulations.

Table 1   Discrete element simulation environment—parametric study

Properties 2D (disks) 3D (spheres)

Particle properties Initial particle size (radius) Uniform size distribution:
Rmin = 0.4 mm, Rmax = 0.6 mm

Uniform size distribution:
Rmin = 1 mm, Rmax = 1.5 mm

Number of particles 10,567 disks 9167 spheres
Density 2650 kg/m3 2650 kg/m3

Inter-particle friction 0.5 0.5
Hindered rotation HR 0% and 80% 0%
Contact model Linear contact model

Normal stiffness kn = 108 N/m
Shear stiffness ks = 108 N/m

Hertzian contact model
Shear modulus = 2.9 × 109 Pa
Poisson’s ratio = 0.3

Boundary conditions Initial cell size Height × Width: 10 cm × 10 cm Height × Width × Length: 
5 cm × 5 cm × 5 cm

Vertical load (1) 100 kPa
(2) Self weight (open surface)

100 kPa

Lateral boundaries Zero strain Zero strain
Particle-to-wall friction 0 0

Dissolution rate versus contact 
force

Linear: dR/dt = α·ΣFN
Quadratic: dR/dt = α·(ΣFN)2



Pressure‑dependent grain dissolution using discrete element simulations﻿	

1 3

Page 3 of 10    101 

3 � Results and analyses

The macro-scale evolution of the sediment and the history 
of particle scale information are recorded throughout the 
simulation. The simulations cease when internal processes 
or boundary measurements show steady changes, typically 
observed before a mass loss of ~ 20%.

3.1 � Shear localization

Contact forces align preferentially in the vertical principal 
stress direction before dissolution, and there are evenly dis-
tributed force chains throughout. This situation changes during 
pressure solution: Fig. 1 shows contact force chains and strain 

fields after pressure solution (Note: strain fields are computed 
as the gradient of accumulated displacements from the begin-
ning of dissolution). Shear bands spontaneously develop, for 
both linear and quadratic dissolution rates and in packings 
made of either free-rotating particles (HR = 0%) or inter-
locked particles (hindered rotation HR = 80%) (Fig. 1). Shear 
bands are 12–15 particles thick. Marked force chains form 
inside shear bands at a characteristic angle of ~ 50–60° with 
the shear band (case dR/dt = α·FN and HR = 0%). These strong 
force chains form and buckle as force-dependent dissolution 
progresses. Multiple weak, random slippages/localizations or 
dilations precede the emergence of the main shear bands (See 
the video—Supplementary Material). After the major localiza-
tions initiate, contact force chains in other parts homogenize 
more rapidly without experiencing temporal dilations. When 

Fig. 1   Localized deformation: 
contact force chains and strain 
field. Data shown at the end 
of the simulation for different 
dissolution rates (β), degrees of 
interlocking HR and boundary 
conditions (Cases: 2D). Note: 
strain fields are based on dis-
placements accumulated from 
the beginning of dissolution
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there is a free upper boundary, shear localization is more pro-
nounced at depth and diffuses towards the free surface because 
the dissolution process is contact-force dependent (Fig. 1d). 
For all cases, shear bands form in conjugate sets and tend to 
be symmetric. Shear bands form at steeper angles in pack-
ings with more interlocked particles, which agree with the 
higher global friction angle in granular materials with inter-
locking (Fig. 1c). The shear band angles approximately match 
β = 45° + ϕ/2 for an internal friction angle of ϕ = 22° (for 
HR = 0%) and ϕ = 48° (for HR = 80%). Higher-stress depend-
ency captured in the quadratic size-reduction relation leads to 
additional minor shear localizations (Fig. 1b) while keeping a 
similar shear-band angle (45° + ϕ/2).

3.2 � Vertical displacement: global contraction

The vertical displacement normalized by the initial speci-
men height is plotted versus the normalized mass loss ΔM/
M0 defined as:

(1)
ΔM

M0

=

∑

R2
initial

−
∑

R2
current

∑

R2
initial

(for 2D disks)

Higher interlocking (HR = 80%) results in less vertical 
settlement, primarily due to the larger area occupied by 
shear bands, which have higher porosity (Fig. 2a). On the 
other hand, the size-reduction relationship has little effect 
on settlement. The normalized global vertical contraction 
increases almost linearly with the normalized mass loss in 
all cases (Fig. 2a), in agreement with relatively constant 
global porosities.

3.3 � Porosity

The pre-dissolution global porosity (2D: n = 0.167, 3D: 
n = 0.399) decreases slightly during early stages of pressure 
solution as the granular packing evolves towards a more 
stable configuration (2D: n = 0.166, 3D: n = 0.398—both 
2D and 3D cases correspond to linear dissolution rates 
and free rotation). Once the shear bands emerge, the local 

(2)
ΔM

M0

=

∑

R3
initial

−
∑

R3
current

∑

R3
initial

(for 3D spheres)
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Fig. 2   Evolution of macroscale and grain-scale parameters during 
pressure-dependent dissolution. 2D and 3D cases. a Normalized ver-
tical displacement, b global porosity, c global coordination number, d 

equivalent stress ratio K. Cases: ① dR/dt = α·FN and HR = 0% (2D) ② 
dR/dt = α·FN

2 and HR = 0% (2D) ③ dR/dt = α·FN and HR = 80% (2D) ④ 
dR/dt = α·FN and HR = 0% (3D)
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porosity increases in the shear band (2D: n = 0.191 at ΔM/
M0 = 25%) while it decreases inside wedges (2D: n = 0.149 
at ΔM/M0 = 25% —Fig. 3). The combined effect for the 
whole 2D specimen is a small decrease in the global porosity 
(n = 0.164 at ΔM/M0 = 25% —Fig. 2b). The global poros-
ity increases monotonically in the 3D specimen (n = 0.413 
at ΔM/M0 = 25%) because the relative volume occupied 
by shear localizations becomes larger than in the 2D case. 
The high porosity reductions, observed in nature are due 
to changes in particle shape as dissolved mineral species 
re-precipitate in the pore space. In addition, particle break-
age does not occur in this simulation unlike in nature where 
particle breakage happens under shear, especially under high 
confining stress [18, 35].

3.4 � Coordination number

The global coordination number slightly increases at the 
beginning of pressure solution as grain sizes adjust propor-
tional to contact forces (Fig. 2c). Once shear bands form, 
the local coordination number decreases for particles in the 
shear band (see force chains in Fig. 1), while it increases in 
the wedges (Fig. 3). The global coordination number com-
bines contacts within shear bands and wedges (Fig. 2c①, ②), 
and it decreases in sediments with high rotational frustration 
(see Fig. 2c③ for 2D with HR = 80% and Fig. 2c④ for the 
3D specimen). Overall, the evolution in local and global 
coordination numbers parallels changes in porosity (Fig. 3). 
The global coordination numbers in Fig. 2c consider both 
virtual and real contacts, but the local coordination numbers 
in Fig. 3 consider real contacts only (Note: Virtual contacts 
correspond to interparticle separations less than 10−6 times 
the radius—the coordination number calculated using real 
contacts only may not satisfy the minimum coordination 
required for equilibrium).

Before shear localization, the local coordination number 
oscillates (Fig. 3). The decrease of porosity and increase 
of coordination within the wedge is more evident after the 
shear localization (Fig. 3); this implies that the emergence 
of shear localization facilitates fabric homogenization in the 
wedges.

3.5 � Equivalent global stress ratio K

The numerically computed equivalent stress ratio K0 = σh/σv 
between vertical and horizontal stresses is K0 = 0.48 before 
dissolution (Fig. 2d). The horizontal stress σh decreases dur-
ing the early stages of pressure solution in all cases, typically 
for a mass loss ΔM/M0 < 5%, and K0 reaches a minimum 
value. Then, K0 gradually recovers as dissolution proceeds. 
Previous studies report similar trends observed in homoge-
neous dissolution simulations and in experiments [9, 51]. As 
the minimum stress ratio is reached, there is marked force 
chain anisotropy and shear bands begin to develop. Granu-
lar interlocking allows higher force and fabric anisotropy 
and results in lower K values (Fig. 2d). Fluctuations in the 
equivalent global stress ratio K correspond to force chain 
formation and buckling.

3.6 � Evolution of grain size distribution

Grain sizes satisfy a uniform distribution before pressure 
solution in all cases (Table 1). The size distribution shifts to 
smaller sizes and evolves towards a unimodal distribution 
during pressure solution (Fig. 4a). Changes in grain size 
couple with changes in contact forces (Fig. 4a, b). Further-
more, changes in particle relative sizes favor denser packing 
(Fig. 4b).

3.7 � Interparticle forces

Pressure-dependent dissolution promotes contact force 
homogenization within wedges (Fig. 4b). The increase in 
coordination numbers and the homogenization of contact 
forces during pressure solution can be interpreted as “dis-
solving” springs in parallel: “force” dependent dissolution 
causes heavily loaded particles (or springs) to shorten and 
shed force to other particles that come into contact, i.e., the 
total number of springs in contact increases after pressure 
dissolution (Fig. 4b).

The polar plots of internal micromechanical parameters 
[46] show maximum fabric and contact force anisotropy 
when the stress ratio is minimum at the onset of localization 
(Fig. 5b). Pressure solution after shear localization leads to 
more isotropic global conditions within wedges.
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Fig. 3   Evolution of porosity and coordination number within wedges, 
away from shear bands (inside the orange measurement circles). 
Case: 2D, dR/dt = α·FN and HR = 0%
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4 � Discussion

Numerical simulations allow us to explore the macroscale 
implications of particle-level size reduction and to discern 
the sediment evolution during pressure solution.

4.1 � Emergence of shear localization

During the early stage of pressure solution, the sediment 
evolves towards a dense granular structure that will tend to 
dilate upon shear because of its high coordination and low 
porosity; in the meantime, the horizontal stress decreases 
as seen in Fig. 2b–d. Eventually, the vertical-to-horizontal 
stress ratio σ1/σ3 reaches the Coulomb failure condition and 
the sediment experiences internal shear. The dilative and 
post peak strain softening behavior favors shear localization 
along shear bands [32, 47]. The local coordination number 
decreases and porosity increases inside the shear band, in 

a similar way to shear bands that form in biaxial or triaxial 
loading conditions [30, 43, 63].

There is no noticeable difference in particle size distribu-
tion within the shear band and in wedges outside the band. 
While high-contact force chains develop across the shear 
band, the highly loaded particles dissolve and readily trans-
fer the load to neighboring particles that previously carried 
minimal loads.

There are no published reports of shear localization in 
one-dimensional loading under rigid lateral boundaries, 
including from tests specifically designed to explore pres-
sure solution [19, 54, 61]. Lack of reporting may reflect the 
absence of shear bands when achieved strain levels are low 
(< 5%) or that shear bands remained unnoticed as tests are 
conducted within rigid thick-wall cells. Certainly, shear 
localizations readily emerge in dilative soils under lateral 
relaxation as the stress ratio K drops to Kactive = (1 − sinϕ)/
(1 + sinϕ). The reduction in stress ratio during dissolution 
under fixed lateral boundaries suggests the potential for 
dissolution-induced shear localization as observed in this 
study [9, 50].

4.2 � A possible natural analogue: Polygonal faults

Seafloor sediments contain extensive polygonal fault sys-
tems [7]. Dissolution mechanisms have been suggested as a 
potential cause for the formation of these systems [51, 52]. 
Results presented in this study support this hypothesis and 
suggest that shear localization can emerge in normally con-
solidated sediments that experience pressure solution under 
zero-lateral strain boundary conditions. In agreement with 
the dissolution induced shear bands observed here, polygo-
nal faults form at an angle β ≈ 45° + ϕ/2 from the horizontal. 
In addition, the general morphology of discontinuities in our 
simulation resembles the morphology of polygonal faults in 
the field [6, 33], such as the “ideal tier” V wedge (Fig. 1a) 
and the “complex tier” X wedge (Fig. 1c).

4.3 � Differences in grain‑scale dissolution

This study showed that pressure solution promotes early 
sediment densification even in the absence of reprecipita-
tion. Away from shear bands, pressure-dependent disso-
lution decreases porosity, enhances particle coordination, 
and homogenizes contact forces; thus it is expected that the 
sediment becomes dilative and its strength increases. By 
contrast, previous studies have shown that the dissolution 
of randomly distributed soluble grains in a mixed-mineral 
packing causes an increase in porosity, the contact force 
fabric exhibits a honeycomb-like loose structure and the 
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sediment becomes more compressible and weaker [8, 12, 
50]; therefore, the sediment undergoes a marked decrease 
in shear stiffness [11, 24, 60] and loses mechanical strength 
[10, 59]. Therefore, the evolution of dissolution at the 
grain-scale can lead to pronounced differences in sediment 
responses at the macroscale.

4.4 � Dissolution under isotropic‑stress boundary

We also performed contact-force dependent dissolution 
under constant isotropic stress (σo = 100  kPa). In this 

case, the specimen contracts vertically and horizontally 
in equal amounts and the displacement vectors are con-
centric as the four boundaries close-in during dissolu-
tion; most importantly, results show no shear localization 
under these boundary conditions (Fig. 6). It follows that 
stress anisotropy may be a necessary condition for shear 
localization during pressure-dependent solution. Unlike the 
case of the zero-lateral strain boundaries under constant 
vertical loading, the porosity decreases and the coordina-
tion number increases monotonically (Fig. 7). Similarly to 
the cases ran with zero-lateral displacement boundaries, 

Fig. 5   Polar plots of internal 
micromechanical param-
eters a before dissolution, b at 
minimum global stress ratio K, 
and c at the end of dissolution 
when ΔM/M0 = 0.26. Case: 
2D confined, dR/dt = α·FN and 
HR = 0%. For comparison, see 
polar plots during deviatoric 
loading in Rothenburg and 
Bathurst [46]
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Fig. 6   Pressure-dependent dis-
solution under isotropic stress 
boundary conditions. a Contact 
force chains and b displacement 
vectors at ΔM/M0 = 0.18

(a) Contact force chains.  (b) Displacement vectors.
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pressure-dependent dissolution promotes the unimodal dis-
tribution of particle sizes (Fig. 8a) and global contact force 
homogenization under isotropic stress conditions (Fig. 8b).

4.5 � Limitations in particle‑ and pore‑scale 
assumptions

These simulations emphasize the evolution of the granular 
skeleton rather than natural processes at the contact scale. 
In nature, the rate of dissolution is higher in the direction 
of the major principal stress hence particle shape changes 
with time; there is local reprecipitation and/or transport; the 
grain-to-grain contact area increases so the rate of pressure 
solution decreases in time; and small grains display faster 
pressure solution rates. In the simulations, particles remain 
2D-circular or 3D-spherical; there is no precipitation but net 
mass loss; and there is no explicit size dependency. There-
fore, the particle-level idealizations adopted in the numeri-
cal simulation deviate from the complex particle/pore scale 
processes in nature. Still, size reduction at the particle scale 
is the driver for changes in force equilibrium and internal 
kinetics that determine the effects observed above.

We also note that dissolution rates in the simulation are 
faster in smaller particles because the radius is reduced by 
the same amount for the same contact force as in larger par-
ticles. Furthermore, net mass loss may also take place in 
advective regimes where the pore fluid remains undersatu-
rated in terms of dissolved species, such as near hill slopes, 
rivers, dams and embankments where the rate of transport 
exceeds the rate of reaction, i.e., low Damkohler number 
[1, 26].

5 � Conclusions

We used the discrete element method to simulate the evolu-
tion of pressure-dependent mineral dissolution by gradual 
grain size reduction proportional to the total normal force 
carried by each grain.

All particles experience some size reduction. The initial 
uniform grain size distribution gradually becomes a uni-
modal distribution. While these simulations imply net mass 
loss, the porosity decreases in part due to the evolving grain 
size distribution but also due to the intimate packing that 
develops naturally from contact-force dependent dissolution.

Sediments experience an initial decrease in horizontal 
stress when pressure solution takes place under zero lateral 
strain boundary conditions. A shear band starts to emerge 
as the horizontal stress reaches the minimum value, and its 
inclination is a function of the angle of internal friction. 
Particles outside shear bands experience fabric and force 
homogenization, and densification, while particles within 
the shear band exhibit low coordination, pack at high poros-
ity and develop marked contact-force chains.

Shear localization does not take place when pressure 
solution takes place under isotropic stress boundary condi-
tions. Consequently, the stress anisotropy created by zero 
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strain lateral boundaries provides a necessary condition for 
shear localization during pressure-dependent dissolution.

The development of shear localization during pressure 
solution may explain the presence of shear discontinuities 
and polygonal faults observed in level ground sediments 
in non-extensional and non-tectonic regions.
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