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Abstract

It is widely accepted that inter granular pressure solution is a dominant deformation mechanism in
solid/liquid systems. However, several authors suggest that this stress driven mechanism slows down, where
opposing interfacial energy driving forces become important, and will stop until a certain ’yield stress’ for
pressure solution is reached, below which the process is prevented by surface energy grain boundary healing.
This yield stress for rock salt and dominant mechanism(s) operating when pressure solution creep slows down
and even stops has received little attention.

In this research, short term uniaxial compaction experiments were conducted under chemically closed
system conditions on brine- and n-decane saturated granular salt to allow identification of the compaction
mechanism(s) and to test the applicability of the predictions made by accepted analytical pressure solution
models. In combination with long term compaction experiments and microstructural observations, the mech-
anisms operating and associated interfacial surface energies in low and high strain fields were defined. It is
found that the experimental data on brine-saturated granular salt follows the analytical models of diffusion
controlled pressure solution until volumetric strains up to 20%, whereas the addition of n-decane counteracts
on dissolution and precipitation processes can not operate. Microsctructural observations confirm that pres-
sure solution creep was the dominant deformation mechanism at low volumetric strains (<15%) (i.e. high
porosities) and neck growth and grain boundary migration were deformation mechanisms operating at high
volumetric strains (>20%) (i.e. low porosities). A yield stress of 55 MPa was found, indicating that grain
boundary healing occurred and pressure solution slows down and eventually stops at high volumetric strains
(32%). The grain contact area turned out to be larger than pore wall area at low porosities, whereas the grain
contact area < pore wall area when pressure solution creep operates.
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1 Introduction

Rock salt has long been recognized as a highly suitable medium for geological storage of oil and gas, because salt can
heal itself by plastic flow and diffusive mass transfer, has a low permeability, low creep strength and is highly ductile
(Koelemeijer et al. (2012); Popp et al. (2012); Zhu and Arson (2014a)). Besides oil and gas, underground salt mines can
be used for long-term nuclear-waste storage and for storage of energy in the form of compressed air for buffering wind,
solar and tidal energy supplies (Koelemeijer et al. (2012); Zhu and Arson (2014a); Zhu and Arson (2014b)). As well, rock
salt overlying depleted oil or gas reservoirs offers a highly favorable cap rock for geological storage of CO2 and is able
to effectively seal the boreholes through the salt. In all the mentioned applications too, the favorable creep and healing
characteristics and low gas permeability, make salt an attractive host rock for deep disposal.

Inter granular pressure solution is thought to be one of the important mechanisms of deformation in rock salt and
operates when brine is present in the system (e.g., Spiers et al. (1990); Spiers and Schutjens (1999); van Noort et al.
(2008); Pluymakers and Spiers (2014)) This time dependent deformation mechanism operates under relative low stresses
and temperature conditions and is known to be important in fluid-rock aggregates where dislocation creep is low (Visser
et al. (2012)) and is assisted by diffusive mass transfer of material along the grain boundaries in an island channel form
(e.g. Spiers et al. (1990); Lehner (1995); Pluymakers and Spiers (2014)) or adsorbed film (e.g. Rutter and Elliott
(1976),;Pluymakers and Spiers (2014)). Material will dissolve at the grain boundary interfaces due to the increase in
solubility at the solid-solid contact under high mean normal stress, compared to the pore wall regions. The material is
diffused through the grain boundary solvent phase and precipitate at the interfaces under low mean normal stress (pore wall
areas) (e.g. Spiers et al. (1990); Zhang and Spiers (2005)) resulting in volumetric compaction, porosity and permeability
reduction of granular material. It was found that pressure solution processes accelerate in fine grained materials (Meer
and Spiers (1997); Zhang and Spiers (2005)), and are therefore of interest in relation to compaction, healing and sealing
processes (Visser et al. (2012)). During this stress driven mechanism, interfacial energies were often assumed to be
negligible. However, inter facial energy driven processes such as neck growth can result in grain boundary healing slowing
down or eventually stop the process of pressure solution. For predictions on compaction and healing/sealing rates, it is
important to know what determines the compaction/healing rate at low porosities in a solid-liquid NaCl system and how
is it related to the contact and pore area. Does pressure solution still operate or is the system dominated by interfacial
energy driven processes?

In this report, wet and dry uniaxial compaction experiments on granular salt were conducted in which the applied
stress, grain size and fluid type were varied. The dependence on stress, grain size and fluid type could be determined
and compared with diffusion controlled pressure solution models. In combination with microstructural observations, the
mechanisms dominating for low volumetric strains (<15%) (i.e. high porosities (φ > 30%) and high volumetric strains
(>15%) (i.e. low porosities (φ < 20%) were investigated. Microscopic image analysis was carried out to define porosity,
grain size, pore size and contact size to characterize the regime. A possible ’yield stress’ for pressure solution, the critical
stress at which healing starts and pressure solution stops, was determined using the microstructural data and compared
with models that predict the critical stress at which healing starts (van Noort et al. (2008)).

2 Theoretical background

In this section, two different mechanisms that are important for rock deformation were opposed. First of all, we introduce
the behavior of solid-liquid systems under stress (pressure solution creep) and second the behavior of solid-liquid system
during neck growth/healing. During pressure solution, the solubility at grain to grain contact increased compared to the
pore-wall regions, whereby material is transported from contacts to pores, resulting in compaction of the aggregate and
porosity reduction. Important for this mechanism to operate is that stress was applied to the system and a fluid was
needed to penetrate in the grain boundaries. Neck growth, however, results in mass transfer from the pores towards the
grain contacts (Visser (1999)). Note that no applied stress is necessary for neck growth to operate in a solid-liquid system.
The interfacial energy seems to be the most important factor for neck growth to operate (Hickman and Evans (1991)).

2.1 Thermodynamic driving force for pressure solution creep

Figure 1 shows the model of diffusive mass transfer due to pressure solution creep. In this model we assume a closed system
with equi-dimensional spherical grains. The grain boundaries contain fluids in the form of (1) a strongly adsorbed thin
film or (2) in an island-channel network containing a fluid at uniform pressure (e.g. Spiers et al. (1990); Shimizu (1995)).
For an adsorbed thin film, we assume that H2O molecules are bonded onto the grain surfacesp producing a diffusivity
path (Rutter and Elliott (1976)). The grain boundaries are not in equilibrium, because the contact points will dissolve and
reform somewhere else (Pluymakers and Spiers (2014)). We assume that the fluid films of an island-channel network have
a thickness of at least 25-250 nm and is filled with a fluid at uniform pressure (Pluymakers and Spiers (2014)). We assume
that the shape of the grain boundary fluid does not influence the creep model for pressure solution (Pluymakers and Spiers
(2014)). Many authors (e.g. Spiers et al. (1990); Lehner (1995); Shimizu (1995)) showed already that the thermodynamic
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driving force for inter granular pressure solution in a closed system is maintained by the gradients in chemical potential
and gradients in solubility of the solid (Spiers et al. (2003)). When rock salt is loaded and when a pore fluid is present,
the stress-induced differences will enhance the solubility between the grain contacts that are under stress (indicated by ’a’
in Fig. 1) and the free pore walls (indicated by ’b’ in Fig. 1) and if the driving force for material to dissolve at the grain
contacts and precipitate on the pore wall surfaces (e.g. Rutter and Elliott (1976); Raj (1982); Rutter (1983);Pluymakers
and Spiers (2014)). The potential energy of the stressed solid that is in contact with a solution at the grain boundary (e.g.
Rutter and Elliott (1976); Spiers et al. (1990); Lehner (1995); Shimizu (1995); Spiers et al. (2003)) can be written as

µgb ≈ fs + σnΩ (1)

Where fs is the Helmholtz fee energy of the solid, Ω the molar volume of the solid at the grain boundary zone and
σn the compressive normal stress. At the pore wall sides, the chemical potential energy (e.g. Rutter and Elliott (1976);
Spiers et al. (1990); Lehner (1995); Shimizu (1995); Spiers et al. (2003)) can be described by

µgb ≈ fs + PfΩ (2)

Where Pf is the pore fluid pressure. The solubility at the grain to grain contacts will increase compared to the pore
wall regions when a stress is applied to the salt grain. The material will be transported from the contacts to the pores
resulting in a drop in the normal component of the solid chemical potential (∆µn) (Visser et al. (2012); Spiers et al. (1990);
Meer and Spiers (1997); Zhang and Spiers (2005)). We can neglect the small gradients in fs within the solid grains and
the potential drop around the grain boundaries (Spiers et al. (2003)) can be written as

∆µn = ∆σnΩ (3)

The difference in potential energy in the pore wall area (Spiers et al. (2003)) can be written as

∆µn = (∆σn − Pf )Ω (4)

Where µn is the normal component of solid chemical potential, σn is the mean normal stress acting on a given site.
The standard relation for ideal mixtures between the chemical potential of the dissolved solid and its concentration (C) is
expressed by

µ = µ0 +RTln
C

C0
(5)

By using equation (5) the chemical potential drop can be written as a function that corresponds to the difference in
solubility of the solid (∆C) (Spiers et al. (2003))

∆µn = RTln
Cs + ∆C

Cs
≈ RT ∆C

C0
(6)

where R is the gas constant, T the absolute temperature, ∆C [m3/m3] the enhancement of the solubility of the solid at
the source site relative to the sink site and Cs [m3/m3] is the solubility of the solid at the sink (Spiers et al. (1990)). The
driving force ∆µn during pressure solution acts over three processes, including dissolution (at points of high σn), diffusion
through the grain boundary fluid phase and precipitation (at points of low σn). The creep is controlled by the kinetics of
these reactions by

∆µn = ∆µs + ∆µd + ∆µp (7)

Where s, d, p denote to potential drop or driving force associated with the dissolution, diffusion and precipitation respec-
tively (Spiers et al. (2003); Pluymakers and Spiers (2014)). The total work due to pressure solution creep is the sum of
the the kinetic processes (i.e. dissolution, diffusion, precipitation). The rate of compaction is controlled by the process
that forms the slowest overall step (Spiers et al. (1990)). Creep models are shown for the three potential processes that
can control the rate. A relation between the rate of the process of dissolution, diffusion and precipitation and the stress
dependent driving force (∆µn) was established by several authors (e.g. Raj (1982); Lehner (1995)). For the interface
controlled pressure solution creep (i.e. dissolution and precipitation controlled) we assume linear reaction rate equations
that characterize crystal growth and dissolution. These can be written as

Vs = Is∆µn/RT = ksΩ∆µn/RT (8)

Vp = Ip∆µn/RT = kpΩ∆µn/RT (9)

Where Vs and Vp represent the velocities of dissolution and precipitation [ms−1], Is (and ks) and Ip (and kp) represent
the reaction rate coefficients for dissolution and precipitation. If the pressure solution creep is diffusion controlled, the
process rate is related to the Fickian diffusion flux in the grain boundary (Spiers et al. (1990)) and can be written as

Jgb = −(DCΩ/RT )5 µgb (10)
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Where D [m2s−1] is the grain boundary diffusion coefficient, R the gas constant, T the absolute temperature and C the
solubility of the solute in the grain boundary fluid [m3/m3].

Numerous authors (e.g. Rutter and Elliott (1976); Raj (1982); Spiers et al. (1990)) derived theoretically rate conditions
under closed conditions. These models lead to approximately the same results (Spiers et al. (2003)), but describe the
influence of grain packing and porosity differently. The constitutive equations (i.e. when interfacial energy effects are
negligible) for the three processes can basically written as

ε̇s = As
Is
d

σeΩ

RT
fs(φ) (11)

ε̇d = Ad
(DCS)

d3

σeΩ

RT
fd(φ) (12)

ε̇p = Ap
Ip
d

σeΩ

RT
fp(φ) (13)

(Lehner (1995); Spiers et al. (2003); Meer and Spiers (1997)). The variables are defined in Table 1. Numerous authors
(e.g. Lehner (1995); Spiers et al. (1990); Meer and Spiers (1997)) show that dissolution and precipitation are relatively
fast in a NaCl-brine system. In the next subsection, the constitutive equations for diffusion controlled pressure solution
are defined based on the constitutive model of (1) Spiers et al. (1990) and (2) Pluymakers and Spiers (2014). Both models
assume a geometry of a simple cubic pack of equidimensional spherical grains, but describe the changes in grain contact
area, transport path length and pore wall area during compaction differently (i.e. other description of A and fs,d,p(φ)).

Figure 1: Intergranular pressure solution creep under closed system. Dissolution of material is driven by the differences in
chemical potential from the solid-solid contact to the solid-liquid interfaces, transported via the grain boundary
(∆µd) and precipitated at the free pore walls (∆µp). σn indicates the mean normal stress and Pf the pore fluid
pressure. Compaction and a decrease in porosity and permeability will be the result of pressure solution creep
(Meer and Spiers (1997); Zhang and Spiers (2005)).

2.2 Constitutive equations: diffusion controlled pressure solution creep

2.2.1 Model of Spiers et al. (1990) and parameters for NaCl

In the case of diffusion controlled compaction creep, the potential drop between the entire grain contact and the pore walls
drives the grain boundary diffusion and ∆µn = ∆µd. For the case that diffusion is the rate controlling mechanism, the
volumetric strain rate can be written as (Spiers et al. (1990))

ε̇d = AVm
Z∗

T

σne
d3eav

(14)

Where ε̇d represents the volumetric strain rate, A are geometric constants, σe the applied effective axial stress, S the
average thickness of the grain boundary fluid phase [m], d the grain size, ev the volumetric strain. Note that ev can be
written as ev = φ0−φ

1−φ0
and is therefore a function of porosity (f(φ)) that accounts for the changes in contact area, transport

path length and pore wall area during compaction and describes the geometry of a regular spherical grain pack in the
model of Spiers et al. (1990). So, if we relate this to Equation12 we can say

ε̇d = AVm
(DCS)

d3

σeΩ

RT

(
1− φ0

φ0 − φ

)a
(15)
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Z∗ is the phenomenological coefficient and determines the absolute rate of creep (for both the adsorbed film as the island
channel grain boundary model) and can be written as an Arrhenius dependence on temperature

Z∗ = D0C0exp(−∆H/RT )S (16)

DCS represents the grain boundary diffusivity (Z0). We assume that these parameters that define Z∗ are independent
of the deformation geometry. Combining equation (14) and (15) will give the following temperature dependent diffusion
controlled pressure solution creep model for porous aggregates

ε̇d = AVm
D0C0exp(−∆H/RT )

T

σe
d3eav

(17)

The compaction creep experiments presented in this report are related to the above mentioned compaction creep model
to investigate the pressure solution phenomena and to determine the fundamental parameter Z∗.

2.2.2 Model of Pluymakers and Spiers (2014)

Geometrical model
The spherical model of Pluymakers and Spiers (2014) assumes an aggregate geometry that consist of a simple cubic pack
of spheres of uniform size with flat grain contacts (Fig. 2). The function of porosity differs from the model of Spiers et al.
(1990). A normal stress is applied on the salt grains (σn) and the pores are filled with pre saturated brine solution. A
uniform pressure (Pf ) acts on the pore walls. Pluymakers and Spiers (2014) describes the force balance as follows

σnac + Pf (d2
c − ac) = Pd2

c (18)

Whereby σnac indicates the force at the contacts, Pf (d2
c − ac) the force on the grain due to the pore fluid pressure and

Pd2
c the applied force per grain. By rewriting equation (17) the normal stress on the contacts can be defined by

σn = (P − Pf )
d2
c

ac
+ Pf (19)

ac represents the mean grain contact area and can be written as a function of porosity f(φ) by

ac =
Fd2

Z
f(φ) (20)

Where F is the shape factor value (π) and Z the grain coordination number. The simple function of porosity for the model
of Pluymakers and Spiers (2014) is written as

f(φ) =
q − 2φ

q
(21)

Where q = 2φ0. Note that equation (20) only count for porosities down c. 5%, because with ongoing solution can transform
the grain geometry from a sphere to a cube (Schaap (1993); Pluymakers and Spiers (2014)). The function of porosity f(φ)
describes the increase in grain contact area with decreasing φ in the relation

Ac = πd2f(φ) (22)

Where Ac denotes the grain contact area per grain (i.e. 6ac for SC packing), πd2 the total surface area (At) of the spherical
grains with diameter d and f(φ) the fraction of the total grain surface At contributed by the contacts.The pore wall area
per grain (Apw) can be written as

Apw = Fd2 −Ac (23)

Diffusion controlled pressure solution creep equations

The average potential difference between the solid and within the grain contact and at the pore walls can be written as
∆µn = ∆µd = (σn−Pf )Ω ≈ (Z/F )(σenΩ)q/(q− 2φ) for the model of Pluymakers and Spiers (2014). The model presented
by Pluymakers and Spiers (2014) for diffusion controlled pressure solution for porosity values between 40% and 5% can
be written as

˙εd1 =
2πAcDCsSZ

βac

[
exp(

σenΩ

RT

Z

F

q

q − 2φ
)− 1

]
×
(

q

q − 2φ

)
(24)

Where Cs = C0Ω (m3m−3). When (σenΩ/RT )(Z/F )q/(q − 2φ) is small, this can be approximated as
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Figure 2: Geometry of the grains as assumed in the compaction creep model of Pluymakers and Spiers (2014) for granular
aggregates. The aggregate consist of a simple cubic pack of spheres, whereby the grain contacts are flat. The
pores are filled with saturated solution and have a uniform pressure Pf

˙εd2 =
2πAcDCsSZ

2

βF 2d3

σenΩ

RT

(
q

q − 2φ

)2

(25)

The model for diffusion controlled pressure solution involves equating the mechanical work rate Ẇ (Jm−3s−1) to the
rate of dissipation by grain boundary diffusion ∆̇d (Pluymakers and Spiers (2014)). The expression for diffusion controlled
pressure solution in a more rigorous approach can be written as

˙εd3 =
4πAdZ

F

DCsS

d3

σenΩ

RT

Z

F

(
q

q − 2φ

)2

(26)

Where Ad is 6 for isotropic compaction and lies in the range 4 ± 2 for 1D strain.
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Table 1: Symbols and definitions used in equation 1-26

Symbol Definition Units

A Grain shape and packing factor divided by gas constant. For spherical grains, A ≈ 33 Mol.K.J−1

Ac Grain contact area per grain m2

As,p,d Geometric factor depending on packing plus deformation geometry -
Apw Pore wall area per grain m2

ac Area of an individual grain contact m2

a Numerical exponent. For ev = 3− 10% a=2; ev = 15− 20% a=4-5 -
β Geometric factor accounting for diffusion distance -
C0 Solubility of dissolved solid in grain boundary fluid (unstressed case) molfraction
C Solubility of stressed material molfraction
∆C Absolute enhancement in the solubility of the solid at stressed grain contacts molm−3

Cs Local mean concentration of dissolved solid in grain boundary fluid molm−3

D0 Diffusivity of dissolved solid in grain boundary fluid m2.s−1

d Grain size m
ds Truncated diametral grain spacing m
dp Grain diameter measured at pore wall m
d, p, s Subscripts indicating diffusion, precipitation or dissolution control respectively -
ε̇s,d,p Volumetric strain rate s−1

ev Volumetric strain ev = ∆V
V0

, where ∆V is the volume change and V0 the initial volume -

φ Porosity -
φ0 Start porosity -
f s Helmholtz free energy of the solid J
F Grain shape factor (π for spherical grains) -
γsl/ss Interfacial free energy (solid-liquid or solid-solid) respectively

∆H Activation energy for grain boundary diffusion J.mol−1

Is Dissolution rate constant m.s−1

Ip Precipitation rate constant m.s−1

L Grain coordination number. For simple cubic pack: L = 6 -
µn Chemical potential J
µm Chemical potential of the solid at the neck margin J
µp Chemical potential of the solid at the pore walls J
∆µd,p,s Chemical potential drop associated with d-, p-, or s-controlled pressure solution J
∆µn Drop in normal component of chemical potential J
n Constant: 1 -
Ω Molar volume of solid phase m3mol−1

Pf Fluid pressure acting on free pore walls MPa
P Total applied hydrostatic stress MPa
q Geometric term equal to 2φ0 -
R Gas constant J.mol−1.K−1

ρ Radius of curvature m
S Thickness of the grain boundary fluid m
σa Applied stress Pa
σen Effective normal stress imposed on the aggregate MPa
T Absolute temperature K
Vm Molar volume of solid phase 2.693.10−5m3

Ẇ Mechanical work rate (σenε̇s) Jm−3s−1

x Instantaneous neck radi m
x0 Initial neck radii m
xcr Initial contact m
Z∗ Phenomological coefficient m3s−1

Z Grain coordination number -
8



Douma, L.A.N.R. (2015) / The effect of evolving grain contact and pore wall area on compaction creep of granular NaCl
by pressure solution

2.3 Neck growth and healing

As mentioned before, pressure solution creep or solution/precipitation includes the process of densification under an applied
effective stress and will result in mass transfer away from the grain contacts (Visser (1999)) (Fig. 3). Two other processes
may occur at the grain boundary, namely (1) contact healing (van Noort et al. (2008)) and (2) neck growth at contact
scale. When a stress is applied on the system, the islands might grow and result in contact healing. The mechanism of
healing will stop the stress driven deformation mechanism (pressure solution creep) (Fig. 3), because the stress on the
grain contacts decreases (i.e. contact area increases with ongoing deformation) and no mass transport from the contacts
to the pores is possible.
Neck growth (i.e. growth of the grain contact by adding material to the grain margin), however, results in mass transfer
from the pores towards the grain contacts (Visser (1999)). Atoms were transported through the fluid phase, from high
chemical potential surface points to low chemical potential surface points. Interfacial energy seems the be the important
driving force for neck growth to occur (Hickman and Evans (1991)), whereas the stress related driving forces are dominant
for pressure solution creep. The dihedral angle is important for neck growth. For a curved surface, when there is at least
one solid phase, the work required to create a unit area of a new surface at constant p, T and surface density differs from
the surface tension (i.e. work done in the extending surface) (γtens (Visser (1999)). This means that changes in total
interfacial energy were important. Due to the surface energy driving forces, the microstructure becomes in a equilibrium
microstructure, meaning that an equilibrium microstructure was reached (Visser (1999)). The system is in equilibrium
when

γss = 2γslcos(
θeq
2

) (27)

No neck growth will occur when the system is in equilibrium. When the dihedral angle (θ) 6= equilibrium dihedral angel
(θeq) neck growth can occur. When this angle 6= the equilibrium angle, and the system is not driven by stress, neck growth
can occur tending to ’stretch’ the contacts (Fig. 3).

2.3.1 Equations: driving force for neck growth in a solid-liquid system (no stress applied)

Neck growth model Visser (1999)
The neck-growth model at contact scale presented by Visser (1999) assumed a start position representing a grain contact
area and γss < γsl and no stress is applied on the system. Where γss is the interfacial energy of the solid-solid and γsl the
interfacial energy of the solid-liquid. We assume that the grain contacts were not penetrated by fluid The solid-solid and
solid-liquid surfaces (Ass and Asl respectively) changed during the process of neck growth and will change therefore the
internal energy of the system. The change of internal energy (usurf ) can be written as (Visser (1999)

usurf = γssAss + γslAsl (28)

whereby the rate can be defined as

u̇ = γss
dAss
dt

+ γsl
dAsl
dt

= 2ρẋ2φx
∆µ

Ωs
= 2πxẋ2γsl(cos

θ

2
− cosθeq

2
) (29)

Therefore, the change in chemical potential (∆µ) van be written as

γsl
ρ

Ωs(cos
∆

2
− cosθeq

2
) (30)

As mentioned before, the rate controlling step depends on the slowest step: dissolution, diffusion and precipitation. For
precipitation controlled neck-growth the velocity of precipitation can be written as

ẋ =
2I∗γslΩ

sd

kT
(cos

θ

2
− cosθeq

2
) (31)

When diffusion will control the neck growth rate, the equation can be written as

ẋ =
4(DC)pore

πkT

γslΩ
s

x2
(cos

θ

2
− cosθeq

2
) (32)

The driving force (∆µ) and rate equation (ẋ) for neck growth presented by Visser (1999) can be described by (respectively)

∆µ ≈ γslΩ
s

ρ
(cos

θ

2
− cosθeq

2
) (33)

ẋ = A(T )Rγsl(cos
θ

2
− cosθeq

2
)a

db

(x2 − x2
cr)

c
(34)

These models for neck growth without applying a stress show that the neck growth rates will increase when (1) γsl, (2)
solubility and (3) diffusivity increases. The neck growth rates will decrease when the (1) neck diameter and (2) grain size
increases and (3) the difference between the current and equilibrium dihedral angel decreases (Visser (1999)).
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2.3.2 Equations: driving force for neck growth in a solid-liquid system under an applied stress.

Neck-growth model of van Noort et al. (2008)
This model assumes stressed grains with a island channel contact filled with a fluid. For a solid-fluid aggregate that
deformed under a constant stress we can require

γss ˙Ass + γslȦsl + Φ = σij ε̇ij+Pf φ̇
+ Σ∆̇k (35)

where γss and γsl represents the solid-solid and solid-liquid interfacial energies respectively. Ass and Asl represent the
rate of change in solid-solid and solid-liquidd interfacial areas (m−1s−1). Φ is the rate of change of free energy. When no
deformation/compaction occurs and the system is hydrostatic, and θeq > 0, the interfacial energy terms will drive neck
growth from the pore wall regions toward the necks (van Noort et al. (2008)), whereby

γssȦss + γslȦsl = ˙Deltang (36)

The driving force for the chemical potential drops that drives material from the pore wall to the contact margin and causes
neckgrowth can be written as

∆µ =
γsl
ρ

Ωs(cos
θ

2
− cosθeq

2
) (37)

When the system is under non-hydrostatic stress (i.e. grain contacts transmit stresses in excess of Pf van Noort et al.
(2008)), the chemical drop that drives the neck growth can be written as

γsl
ρ

∆s(cos
θ

2
− cosθeq

2
)− (∆fs + Pf∆Ωs) (38)

2.3.3 Grain boundary healing

E.g. Visser (1999); Koelemeijer et al. (2012); Houben et al. (2013) showed multiple ways for healing and sealing of cracks
and permeability reduction. Note that we define healing as increase in strength, hence increase in elastic stiffness and
sealing as decrease in permeability. Two ways for healing and sealing are:
(1) Elastic deformation, plastic flow or pressure solution due to an increase in mean normal stress resulting in a decrease
in permeability can result in mechanical closure (e.g. Chen et al. (1996); Koelemeijer et al. (2012); Houben et al. (2013)).
(2) The reduction in surface energy could result in crack healing/sealing whereby the permeability was reduced and the
strength restored (Houben et al. (2013)). Diffusive mass transport occurs through thin water films adsorbed to the solid
surface, or through brine that fills the pores completely (island channel). When the grain contact zone exist of an island-
channel, the system is in non-equilibrium (Visser (1999)). Lehner (1995) showed that the local stress induced forces need
to be bigger than the internal free energy. When the grains are not under stress the islands will grow whereas the channels
will shrink due to a resultant surface energy related force. Therefore the growth of the islands and occlusion of the channels
will result under the influence of γsl will result in cementing up of the grain contacts as well. When the applied stress
becomes below a critical value, the boundaries will close.
van Noort et al. (2008) supposed a criteria at which grain boundary healing occurred assuming an island channel structure
at the contact between elastic solid grains. van Noort et al. (2008) assumed in this model that the individual island in the
contacts were interpreted as small necks. Growth of these necks will result in grain boundary healing. The driving for for
the grain boundary island growth that result in healing can be written as

∆µ =
2γsl
δ

Ωs(cos
θ

2
− cosθeq

2
)− [(σn − Pf )/α]2

2E
Ωs (39)

Grain boundary healing will occur when the driving force is positive. A criteria for grain boundary healing is presented
by van Noort et al. (2008) indicating the stress below which grain boundaries heal and van be written as

σcrit = 2α

√
E
γsl
δ

(cos
θ

2
− cosθeq

2
) (40)

Where α represents the total island area fraction, E Young’s Modulus of salt, δ the grain boundary width, γsl interfacial
energy between the solid and the liquid phase, θ the dihedral angle and θeq the equilibrium dihedral angle.
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Figure 3: Possible mechanisms operating when stress is applied on a solid-liquid NaCl system. A. Island channel grain
boundary. A stress is applied on the contacts and pressure solution can occur. Healing will occur when a critical
stress is reached and 2γslcosθ > γss. Neck growth can occur when θ 6= θeq B. No pressure solution can occur,
because material cannot be transferred to the pore wall areas. Healing can operate. Neck growth can occur when
θ 6= θeq.

3 Methods

3.1 Starting material

One dimensional compaction experiments were performed on four different grain size fractions of rock salt (Table 2)
obtained by sieving the granular salt (AR grade NaCl; Merck Chemicals) in a low humidity room. The salt grains
represent uncrushed cubic salt grains. However, at the smallest grain size fraction the cubic shape is not developed
entirely whereby the grains seems partly crushed. No larger grain size fraction was used, because friction of the grains on
the walls of the capillary tube would be too high in the case that there are not enough grains positioned next to each other.
The granular salt was weighted on an analytical balance (accuracy 0.01g) and dried for one day in an oven of 50◦C before
use. For the long term compaction experiments, the granular salt was weighted on an analytical balance with an accuracy
of 0.0001gram. The set up was weighted with and without the salt sample to calculate the exact weight of the sample.
Initially saturated NaCl solution is used as a pore fluid and is obtained by adding AR grade NaCl to demineralized water
till the solution becomes fully saturated. The grain size that is used to saturate the NaCl solution corresponds to the
grain size fractions of the granular salt used in the compaction experiments. In this way we minimize the influence of the
grains in the oversaturated brine solution on the compaction experiment.

3.2 Short term compaction experiments

The presented experiments consist of uniaxial (1-D) compaction experiments that were performed on granular salt under
both wet and dry conditions whereby initially saturated NaCl solution and n-decane (C10H22) is used as pore fluid. The
experiments were performed at room temperature under chemically closed-system conditions. The closed system indicates
a simple drained system where the pore fluid is barely squeezed out during compaction (Meer and Spiers (1997)). This
involves dissolution of material at grain contacts under high normal stress, diffusion through the grain boundary fluid
phase and precipitation on the pore walls of grain contacts under low normal stresses (Meer and Spiers (1997); Spiers
et al. (1990); Spiers et al. (2003)). The experiments were carried out on varying the applied stress (σ), the sample grain
size (d) and the fluid type to get insight on the dependence of compaction creep behavior on these variables. Table 2
shows the different variables as used in the compaction experiments. The complete set of dry and wet experiments and
the corresponding conditions and variables is shown in Table 4.
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The compaction experiments were conducted at two different locations (i.e. Utrecht and Atlanta) and despite the tem-
perature and humidity conditions varies slightly to location, the compaction results were reproduced without significant
errors. All the uniaxial compaction experiments were performed at room temperature under dry and wet conditions, using
a small scale, dead-weight, capillary tube set up (e.g. de Meer and Spiers, 1997; Visser et al., 2012) as shown in Figure 4.
The capillary tube with a diameter of ∼1mm was used to apply stresses bigger than 0.811 MPa, while the tube with a
diameter of ∼2mm was used to apply a stress of 0.175 MPa on the sample. Before setting up the material, the glass
capillary tubes, pistons and brass base were rinsed carefully with demineralized water and n-hexane. The material was
rinsed with n-hexane to remove all the (greasy) material to minimize the amount of friction on the salt grains. After
rinsing the material, the material was dried for ∼ one day in the oven at 50◦C.
In setting up the material, first the lower piston and the glass tube was placed in the brass base, followed by ∼0.02 gram
(1mm tube) and ∼0.06 gram (2.1 mm tube) sample of the chosen grain size fraction that was funneled into the capillary
tube to make sure that the start length of the sample was about 16mm. The upper piston and fluid reservoir were carefully
placed on the top of the sample. An evacuation tube and syringe were attached to the brass base to flush the relevant
fluid through the sample. This total setup was placed in a clamp stand. Before the initial stage of the experiment, the
length of the sample was measured with a ruler. In the initial stage of each experiment, the sample was pre compacted
dry for ∼30 minutes by a stress of ∼4.9 MPa to obtain a well controlled starting aggregate with reproducible porosity to
eliminate inter granular rearrangements during later compaction (Zhang et al. (2002)). This led to a time independent
compaction between 6 and 13% that resulted in a start porosity (φ0) of ∼30%. The samples were unloaded and the initial
length (Li) of the samples was measured with a ruler. The porosity of the dry loaded samples was calculated from the
initial length of the sample, the weight of the sample and the density of NaCl (2.17 g/cm3). After the dry pre compaction,
the samples were dry compacted for 10 minutes under a constant stress. The sample length was recorded every 60 seconds
using the dial gauge meter and stopwatch during the dry compaction. The fluid (i.e. saturated NaCl solution or n-decane)
was added, from above, in the fluid reservoir and introduced into the sample by sucking through the evacuation tube using
the syringe. The sample length was recorded for 35 minutes under a constant stress every 30 seconds using the dial gauge
meter and stopwatch during wet compaction. The wet compaction time for the n-decane saturated samples varies from
35 minutes to two weeks. The different stresses that are used correspond to 2.75, 1.88, 0.811 and 0.175 MPa. To confirm
the dominant mechanism as shown by e.g. ? at different volumetric strains, the compaction experiments were interrupted
at volumetric strains of 0%, 3%, 6% and 9% for the grain size fraction 90 - 125 µm under an applied stress of 1.88 MPa.
After conducting the experiments, the samples were flushed with n-hexane to remove all of the residual solution, dried in
the oven of ∼ 50◦C and impregnated with epoxy resin.

Table 2: Variables as used during the short term uniaxial compaction experiments

Parameter Unit Value

Grain size µm 50 - 90 90 - 125 125 - 150 50 - 150
Applied stress MPa 0.175 0.811 1.88 2.75
Fluid type - Brine solution Hydrocarbon
Temperature ◦C Room temp.

3.3 Long term compaction experiments

The long term uniaxial compaction experiments presented here were performed on granular salt under chemically closed
system conditions. The complete set of wet experiments reported along with the corresponding conditions and variables
is shown in Table 3.
Small changes were made for the long term compaction experiments. The long term experiments were performed at 40◦C
(±1◦C in a temperature controlled box under wet conditions using the same set up as during the short term compaction
experiments. The grain size is kept constant, while the applied stress varied. To prevent evaporation of the brine, silicon
oil was place in the fluid reservoir after the sample was flushed with saturated brine. The set up was placed in the Uniaxial
salt deformation apparatus to align the set up. During these experiments, gap sensors were used to log the displacement.
To control the reproducibility, four long term compaction experiments were conducted. To minimize the effect of friction
only 2mm tubes with graphite powder on the walls were used. Also, a small filter paper was placed between the sample and
the upper piston to avoid grains between the upper piston and the glass tube and the sample length is reduced to 4 mm.
The initial length and the length after pre compaction of the sample was measured by using a traveller microscope. The
improvements in the experimental set up and procedure allowed us to calculated the porosity and measure the volumetric
strain more accurately compared to the method of the short term experiments.
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Figure 4: Schematic illustration of the experimental set-up used for the uniaxial compaction experiments. (a) Complete
experimental set-up; (b) Uniaxial Salt Deformation Apparatus (USDA)

3.4 Microstructural methods

The starting material, dry-compacted and wet-compacted samples were studied by using the transmission optical mi-
croscopy (Leica DM750 & Koehler) at Georgia Tech and the Leica DC 300 at Utrecht University. The software LeicaQwin
was used to image the samples. The thin sections that contain the saturated brine solution, oil filled compacted samples
and pre compacted samples were prepared by flushing them with n-hexane to remove the residual brine solution and dried
in the oven for ∼2days. After drying, the samples were impregnated with epoxy resin (Araldite A and B (100:30)), placed
for ∼15 minutes in the vacuum chamber to saturate the entire sample with the epoxy resin and dried for ∼2 days at
room temperature. Finally, the samples were cut with a diamond saw, sandpapered and polished by using SiC-800, 1200,
2500 and 4000 paper and diamond-polishing suspension (MetaDi Oil based 1µm). A volatile oil was used as lubricant and
cooling agent while sandpapering the samples. While sandpapering the samples, the thin section holder and thin section
it self were rinsed regularly with n-hexane to minimize the amount of scratches by loosen salt grains. The thin sections
were stored in a low humidity room to prevent moister from getting into the sample. For the optical microscopy, a cover
slip was glued onto the sample with glycerine, to prevent moisture from corrupting the microstructure into the sample
during the observations. Attaching a cover slip increases the quality of the picture as well.

For grain size, pore space, grain contact area and orientation analysis, pictures were taken by the optical microscopy
(Leica DC300) in transmitted light. In total 20 pictures were taken from one sample and stitched together (Microsoft
Image Composite Editor) to get a high quality image of the entire thin section (Figure 18). The panorama picture was
analyzed by using the computer program JMicroVision. About 500 grains were detected manually. Grains that were
located at the sides of the sample (i.e. experience the highest friction) were excluded from analysis.
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4 Mechanical results

4.1 Uniaxial compaction experiments performed using NaCl solution

The dry pre compaction stage produced an instantaneous reduction in the volume of the sample of ∼6 -13% to achieve
a start porosity of ∼30% ±5% (Table 4). Samples with a start porosity outside the range were rejected. Also, all the
experimental results with a grain size of 50 - 105 µm were rejected, because no representative compaction curve was
obtained from these data. For all the samples no on-going compaction creep was observed during the dry creep stage.
However, all the samples showed relatively rapid on-going creep from the moment that the saturated NaCl solution was
flushed through the sample. The corresponding numerical data that was obtained by the experiments was used to construct
plots of (1) Volumetric strain (ev) versus time (t), (2) log strain rate(ε̇) versus log strain (ε), (3) log strain rate (ε̇) versus
log grain size (d) and (4) log strain rate (ε̇) versus log stress (σ).
The instantaneous volumetric strain (ev) was calculated directly from the displacement versus time data, measured during
the uni-axial compaction experiments, and is equal to ev = −∆L/L (Visser et al. (2012)). Selections of representative
compaction creep curves obtained from the flooded samples that illustrate the influence stress are shown in Figure 5.
Reproducible experiments for each grain size and applied stress were conducted to make sure that the measurements
were accurate. Under the same conditions, the experimental results deviate up to ∼ 0.2%. The compaction creep curves
corresponding to a constant grain size distribution of 125-150 µm, 90 - 125 µm and 50 - 90 µm and applied stresses of
2.75, 1.88, 0.811 and 0.175 MPa are shown in Figure 5a, Figure 5b and Figure 5c respectively. The applied stresses causes
effective volumetric strains (ev) of ∼8.8%, 7.2%, 5.1% and 3% respectively for the grain size distribution of 125 - 150 µm,
effective volumetric strains of ∼ 9.7%, 8.9%, 7.4% and 5% respectively for the grain size distribution of 90 - 125 µm and
effective volumetric strains of ∼16%, 13.8%, 12.1% and 8.8% respectively for the grain size distribution of 50 - 90 µm.
This means that an increase in compaction creep is promoted by (1) an increased applied stress (σa) and (2) a decrease
in grain size (d).

Figure 5: Selection of representative compaction creep curves obtained by the uniaxial wet and dry compaction experiments
on halite. Note the effects of increasing applied stress (σa) on the compaction creep. Grain sizes correspond to
(a) 125 - 150 µm, (b) 90 - 125 µm and (c) 50 - 90 µm.
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The dependence of compaction creep rate on strain is derived from Figure 5 and illustrated in Figure 6 . By combining
the strain rate (ε̇) versus volumetric strain data it is possible to examine how the creep rate of wet samples depends on the
applied stress (Visser et al. (2012)). Figure 6 illustrates how the compaction rate (ε̇) at a fixed creep strain (ev) increases
with increasing applied stress (σa) and decrease in grain size. According to Visser et al. (2012) the correlation between
the volumetric strain (ε) and the volumetric strain rate (ε̇) can be described by a power law function of the form ε̇ ∝ ekv ,
where k exponent represents the slope, ε̇ the volumetric strain rate and ev the volumetric strain. Figure 6 illustrates a
varying slope for varying volumetric strains and grain sizes. The log-log plot for the grain size distribution of 125 - 150
µm, 90 - 125 µm and 50 - 90 µm is shown in Figure 6a and Figure 6b and Figure 6c respectively. The curves that represent
the smallest grain size fractions (i.e. 90 - 125 µm and 50 - 90 µm) are all convex. The value of k is measured directly from
the log-log plots and represents k = 1-2 is for volumetric strains of 2-6%, k=2-3 for volumetric strains of 5-10%, k=3-4
for volumetric strains of 8-11% and a k value of 4-5 for volumetric strains between 10-16% for the grain size distribution
of 50 - 90 µm. The slope of the curves become steeper towards higher volumetric strains, which means that the strain
rate decreases faster towards higher volumetric strains. Note that for the highest applied stress of 2.75 MPa the slope of
the curve is the steepest at the moment that the fluid is flushed through the sample. The following slopes are found for
the grain size distribution of 90 - 124 µm: k=2-2.5 for volumetric strains between 5 - 8%, k=1- 2 for volumetric strains
between 2.5-5%. The slope of the log-log plots representing the grain size distribution of 125 - 150 µm is in general steeper
and less concave for the same applied pressure compared to the log-log plots representing a smaller grain size (Fig. 6).
For the grain size distribution of 125-150µm the following slope values are found: k = 0.5-1 is found for volumetric strains
of 1-2%, k=1-2 for volumetric strains of 2-3% and k=2-3 for volumetric strains between 5 and 8%. For all of the applied
stresses and the grain size distribution of 125 - 150 µm, the slope of the curves is the steepest at the moment the saturated
NaCl solution is flushed through the sample. This means the the strain rate decreases the fastest after the reaction with
the brine solution.

Figure 6: Selection of representative log-log plots of compaction strain rate versus compaction strain constructed from the
creep data presented in Figure 5. Grain sizes correspond to (a) 125 - 50 µm, (b) 90 - 125 µm and (c) 50 - 90
µm.
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In general, for all grain sizes and applied stresses we observed that the strain rate decreased faster towards higher
volumetric strains resulting in a steepening of the slope. An increase in grain size will steepen the slope of the log-log plots
as well. The steep slope of the log-log plots at the moment that the fluid is flushed through the sample indicates a fast
compaction creep at the beginning of the experiment, followed by a rapid decrease in strain rate. This basically means
that the sample reacts immediately on the presence of the saturated solution and enhances the pressure solution creep
combined with a rearrangement of the grains. The strain rate decreases very quickly after the first measurement which
result in a high k value at the beginning of the experiment. After a certain point, the curves are more convex. From that
point on there is a faster decrease in strain rate towards higher volumetric strains.

The grain size dependence of volumetric strain rate is shown in log grain size log strain rate plots for a constant applied
stress and volumetric strain and constructed from the compaction creep data of Figure 5 (Fig. 7). The average grain size
for every grain size distribution (i.e. 70, 107 and 137 µm) is used to construct the curves. According to Visser et al. (2012),
the correlation between the strain rate and grain size can be described by the power law function of the form ε̇ ∝ dm,
where the m value represents the slope. For an applied stress of ∼1.88, 0.811 and 2.75 MPa an m-value of approximately
-3 is observed and demonstrate that ε̇ is approximately proportional to d−3 (Fig. 7a, b, c). For effective volumetric strains
>6% and grain sizes >107 µm, an m value of about -1.5 is observed. For the grain size <107 µm an m value of about -3
is observed (Fig. 7a).

Figure 7: Log-log plots illustrating the dependence of compaction strain rate on grain size. The applied stresses (σa)
correspond to (a) 2.75 MPa and (b) 1.88MPa and (c) 0.811 MPa. The percentages next to the curves indicate
the volumetric strains at which the data point was taken

Log strain rate against log stress plots at fixed volumetric strain (3 - 12%), temperature (room temperature) and grain
size (125 - 150µm; 50 - 90 µm) were derived from the data of Figure 6 and presented in Figure 8. The slopes of the curves
plotted in Figure 8 represent the stress exponent (n) in an empirical power law description of the form ε̇ ∝ σn applied
for a fixed volumetric strain and temperature (Visser et al. (2012)). The curves show an n value of 1 on average which
indicates that the strain rate (ε̇) is almost linear related to the applied stress (σa). For the larger grain sizes (125-150µm)
the n value is somewhat more than 1 (n≈ 1.1) and for the smaller grain sizes (50-90µm) the n value is somewhat less than
1 (n ≈ 0.9).

16



Douma, L.A.N.R. (2015) / The effect of evolving grain contact and pore wall area on compaction creep of granular NaCl
by pressure solution

Figure 8: Log-log plots of the strain rate versus applied stress for samples flooded with saturated brine solution. The
volumetric strain and temperature are constant. The percentages indicate the fixed volumetric strain. Grain
sizes correspond to (a) 125 - 150 µm and (b) 50 - 90 µm.

4.2 Long term uniaxial compaction experiments performed using NaCl solution

For the long term compaction experiments we were able to calculate the start porosity more accurately. A start porosity
of ∼42% ±5% was achieved. The start porosity for the short term compaction experiments was probably underestimated.
The set of long term experiments with saturated brine solution along with the experimental conditions are given in
Table 3. Even as the short term wet compaction experiments, rapid on-going compaction creep was observed until
a certain volumetric strain was reached (Fig. 9). From this moment on the the volumetric strain decelerates until it
stagnates. When plotting log strain rate versus log strain a change in slope (k) is observed. From a slope of ±1-2 for low
volumetric strains to a slope of ±-7 for higher volumetric strains to almost a vertical slope (Fig. 9). The time porosity plot
shows that for exp.022, the porosity becomes constant at at certain point. A higher stress was applied during exp.023,
while the other parameters are kept constant. Figure 9 shows that a smaller porosity was achieved when a higher stress
is applied on the system.

Table 3: Variables as used during the long term uniaxial compaction experiments

Sample name Grain size
(µm)

Start porosity
(%)

Applied stress
pre-compaction

Wet applied
stress

Final porosity
(%)

exp.021 63 - 71 44.60 3.85 1.08 18
exp.022 63 - 71 47.21 3.85 1.08 20
exp.023 63 - 71 40.54 3.85 3.03 4
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Figure 9: Results of the long term compaction experiments. Top left: strain versus time; Top right: log10 strain versus
log10 strain rate; Bottom left: porosity versus time.

4.3 Uniaxial compaction experiments performed using n-decane

The complete set of experiments with added n-decane reported along with the corresponding experimental conditions and
variables is shown in Table 4. During the dry pre compaction of ∼ 4.9 MPa, all the samples showed an instantaneous
reduction in volume of ∼6 - 9% to achieve a start porosity of ∼25% ±5% (Table 4). Minor creep was observed during
the dry compaction stage. In contrast to the NaCl-saturated samples, the n-decane saturated samples showed no creep
(Fig. 10. Because the uniaxial compaction experiments are carried out for only 35 minutes, no direct relationship with the
compaction (rate) versus applied stress (σa) or grain size (d) was observed. For all the applied stresses and grain sizes a
jump in the compaction creep curves is observed at the moment when the n-decane was flushed through the sample. This
compaction probably indicates the rearrangement of the salt grains. ≤30seconds after the n-decane is added to the sample
little or no creep is observed. Several samples in the addition of n-decane were compacted for a period of two weeks. Even
after two weeks, no significant compaction was observed.
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Figure 10: Comparison of the compaction creep curves of granular salt loaded initially dry followed by saturation with
n-decane versus granular salt loaded initially dry followed by saturation with brine solution. The creep curves
are obtained by the uniaxial compaction experiments. The arrow indicates the moment when the fluid is
flushed through the sample.

5 Microstructural results

5.1 Optical microscopy

Microstructural analysis was performed on the sieved salt starting powder and compacted brine saturated material for
the grain size distributions 50 - 90 µm, 90 - 125 µm and 125 - 150 µm and small volumetric strains (ev < 15%) by using
optical microscopy (transmitted light). For the grain size distribution of 90 - 125 µm and a constant applied stress of
1.88 MPa was applied to investigate the microstructural evolution for volumetric strains ranging from 0% to 9%. The
optical work on the compacted material was carried out using chemically polished and etched sections, as described in the
microstructural methods.

5.1.1 Starting powders

The sieved starting powder was spread on a glass plate and observed by using the optical microscope (transmitted light) to
observe the grain shape and size of start material. The starting powders represent sieved fractions that consist of granular
aggregates. The starting powder with grain size distribution of 90 - 125 µm shows semi equi-axed particles with reasonable
uniform size (Fig. 11a). The grain shape varies but shows mainly near cubic and rectangular shapes. Some angular shapes
and broken grains were observed. The edges of the majority of the cubic and rectangular grain shapes are near rounded.
The starting powder with the grain size distribution of 50 - 90 µm shows more irregular, angular and broken salt grains
compared to the larger grain size fractions. Only a few near cubic grains are observed (Fig. 11b). The particles of the
50 - 90 µm grain size distribution shows non equi-axed particles and a poor uniform size. For all the grain size fractions,
occasional pressure solution like microstructures are observed in the starting powders.

5.1.2 Dry compacted samples

Thin section studies were carried out on a dry compacted sample with grain size distribution of 90 - 125 µm to asses
additional deformation mechanisms besides inter granular sliding rearrangement and to observe the shape of the grains.
The dry sample is pre compacted for 30 minutes under an applied stress of ∼ 5 MPa en represents a volumetric strain of
0% and a start porosity of ∼ 30%. A tube with the diameter of ∼ 2 mm is chosen to make it easier to get the sample
out of the tube since the sample is only pre compacted. Figure 12 shows the granular/porous microstructure of the pre
compacted sample. The lighter parts in the picture represents the grains and the darker part the epoxy filled pores.
The black dots are probably air bubbles that arise in the epoxy. The grains are randomly packed and have no preferred
orientation. The pores between the grains are relatively big, since the sample is only pre compacted. As in the sieved
starting powder, the shape of the grains varies from near cubic to irregular broken fragments with surrounded and angular
edges. Only occasional pressure solution like microstructures as truncations and indentations are observed in the dry
compacted sample.
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Table 4: Selected set of experiments with saturated NaCl solution and n-decane reported along with the corresponding
experimental conditions and variables.

Sample
Number

Grain size
(µm)

Applied Stress
Pre-compaction

(MPa)

Start
porosity

(%)

Wet and Dry
Applied Stress

(MPa)

Final (wet)
Volumetric
Strain (%)

Time
Independent
Compaction

(%)

011214-4 125-150 4.99 29 2.75 8.99 6.25
011214-5 125-150 4.99 29 2.75 8.97 6.25
011214-7 125-150 4.99 29 2.75 8.86 6.67
021214-9 125-150 4.99 31 1.88 7.35 6.06
021214-11 125-150 4.99 26 1.88 7.13 6.06
021214-12 125-150 4.99 31 1.88 7.07 6.06
041214-17 125-150 4.99 29 0.81 5.08 6.25
041214-18 125-150 4.99 26 0.81 5.14 5.90
041214-20 125-150 4.99 29 0.81 5.14 5.90
051214-22 125-150 4.69 34 0.18 2.84 6.67
051214-23 125-150 4.69 37 0.18 2.62 7.15
091214-26 125-150 4.69 34 0.18 2.69 6.67
101214-30 50-90 4.69 32 0.18 9.02 13.3
101214-31 50-90 4.69 33 0.18 8.81 13.3
101214-32 50-90 4.69 34 0.18 8.66 13.3
111214-33 50-90 4.99 33 0.81 12.06 11.2
111214-34 50-90 4.99 29 0.81 12.43 11.8
111214-35 50-90 4.99 33 0.81 11.69 11.8
151214-37 50-90 4.99 26 1.88 13.62 13.3
151214-38 50-90 4.99 33 1.88 13.60 11.12
151214-40 50-90 4.99 29 1.88 14.47 11.8
161214-41 50-90 4.99 29 1.88 13.81 11.8
171214-44 50-90 4.99 26 2.75 16.04 12.5
060115-45 90-125 4.99 33 2.75 9.97 6.0
060115-46 90-125 4.99 24 2.75 9.76 7.15
060115-48 90-125 4.99 26 2.75 9.53 6.25
070115-49 90-125 4.99 26 2.75 9.50 6.7
070115-51 90-125 4.99 26 1.88 8.74 5.6
080115-54 90-125 4.99 26 1.88 8.57 6.7
080115-55 90-125 4.99 33 1.88 9.22 6.0
060115-57 90-125 4.99 30 1.88 8.97 6.0
090115-60 90-125 4.99 30 0.81 7.86 6.0
120115-62 90-125 4.99 26 0.81 7.50 6.3
120115-64 90-125 4.99 30 0.81 7.31 6.0
120115-65 90-125 4.99 30 2.75 4.92 7.15
130115-66 90-125 4.99 30 2.75 5.06 6.0
1decane 125-150 4.99 33 2.75 0.24 6.0
3decane 125-150 4.99 26 0.45 0.18 6.0
4decane 125-150 4.99 25 0.45 0.33 6.0
5decane 125-150 4.69 30 0.18 0.00 9.0
6decane 50-90 4.69 33 0.18 0.41 7.7
7decane 50-90 4.69 27 0.687 0.042 7.7
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Figure 11: Optical microscope images of dry and wet compacted samples. (a) Sieved NaCl powder whereas d = 90 - 125
µm (b) Sieved NaCl powder. Grainsize distribution is 50 - 90 µm

5.1.3 Wet compacted samples

Microstructural analysis was performed away from the walls, because the grains on the edges (i.e. closesd to the tube wall
during compaction), show an alignment of grains and a higher degree of pressure solution. These grains encounter friction
of the tube during compaction and are not representative to describe the deformation mechanism. Different microsctruc-
tural regimes were observed in the wet compacted samples, depending on volumetric strain, grain size, applied stress and
time.

Low volumetric strains (ev <10%)
Samples with a constant grain size fraction (d = 90 - 125 µm) and constant applied stress (σa = 1.88 MPa) were observed
at different volumetric strains to asses additional deformation mechanisms. The compaction experiments were stopped
at different time intervals, and so different volumetric strains before were reached. The microstructural evolution from
volumetric strains of 0% to 9% under the same conditions is shown in Figure 13b - c. The grain shape for the ev = 3%
sample is more or less similar to the dry compacted sample. All the wet-compacted samples examined show typical pressure
solution features, such as contact truncations, grain-to-grain indentations (Fig. 13 b - c). The amount of pressure solution
features increases in combination with a denser structure (e.g. Visser et al. (2012), Spiers et al. (1990)). Figure 13c shows
the microstructure of a volumetric strains of 6% with relatively more pressure solution like structures in the sample.

Intermediate volumetric strain (ev15%)
Microstructural analysis was done on the NaCl samples with a grain size distribution of 50 - 90 µm that are pre-compacted
for 30 minutes under an applied stress of ∼ 5 minutes and wet-compacted under different applied stresses (σa = 0.175
MPa; σa = 1.88 MPa) for a time period of 35 minutes. The start porosity of the sample was ∼30%. For this finer grain
size distribution, higher volumetric strains (ev ∼ 15%) were reached in the same time compared to the medium grained
samples (d = 90-125 µm). Fig. 14d shows clear evidence for grain growth by faceted overgrowth structures in the pores
(indicated by ’o’). The small bridges that were clearly visible in Fig. 14d refer to neck growth (indicated by ’n’). Both
necking and overgrowth features can result an increase in grain size. Almost all the grains are connect because of crystal
growth. Even as the medium grained samples, the finer grained samples show typical pressure solution features such as
grain-to-grain indentations, truncations and dissolved grain boundaries.

High volumetric strains (ev=32%)
Figure 15 shows the microstructure of exp.21 whereby 32% strain was reached. A dense structure of well fitted grains was
observed. The grains in this dense interlocking structure show a mixture of concave and convex grain boundaries and some
triple junctions (Fig. 15;18). A large spread in grain size was observed. Subgrains en some neck features were observed as
well (Fig. 18) The morphology of the grains has changed compared to the morphology of the grains at lower volumetric
strains, namely from rectangular grains to more irregular grains at higher strains.
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Figure 12: Optical microscope images of the dry NaCl pre-compacted under an applied stress of 4.9 MPa and with a grain
size range of 90 - 125 µm. From the orientation of the images, the stress is applied from the left/right for all
the images.

Figure 13: (b) Wet- compacted NaCl grains under an applied stress of 1.88 MPa for ∼ 5 minutes up to 3% volumetric
strain displaying porous aggregates with pressure solution like structures (indentations (i) and truncations
(t)).(c) Wet-compacted NaCl grains. Wet-compacted under an applied stress of 1.88 MPa for ∼ 16 minutes
up to 6% volumetric strain displaying a major amount of pressure solution like structures and a denser
structure than in (b).
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Figure 14: Optical microscope image of were compacted NaCl under an applied stress of 1.88MPa with a grain size range
of 50-90µm. Typical pressure solution features such as grain-to-grain indentations (i), truncations (t) and
dissolved grain boundaries were observed. Also, neck growth (n) and overgrowth structures (o) were visible.
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Figure 15: Etched microstructure of exp.21, representing high volumetric strains (32%). A dense structure with well
fitted grains, triple junctions and grain boundary migration was observed.
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5.2 Image analysis

The thin sections representing volumetric strains of 0%, 6% and 9% were wet compacted under the same conditions and
used for further analysis by the computer program Jmicrovision. Also, the thick section representing higher volumetric
strains (32%; exp21) was analyzed. Multiple pictures were taken from one thin section and stitched together to create a
panorama (Fig. 18). The images were cropped for analysis so that the grains on the side of the sample (i.e. the grains
that underwent friction from the side of the glass tube) were excluded from analysis. The perimeter of the grains and
the contact lines were detected manually. About 500 grains need to be analyzed per thin section to be representative.
For Sample 2 and Sample 3 less than 500 grains could be detected, because no more grains where present. Figure 18
shows that the grains present on the sides of sample 1 and sample two were colored black. SEM analysis didn’t show
evidence that chemicals (e.g. Fe-ions derived from the pistons) influenced the thin sections. According to the SEM image
taken from Sample 1 (Fig. 16) it is more likely that the grains on the side of the sample are dissolved. Therefore, the
black grains that were present represent gaps originated from salt grains in the thin section. In sample 3, all salt grains
that were present at the surface are dissolved (Fig. 18bottom). Table 5 shows the compaction conditions and values of
parameters analyzed by Jmicrovision. Grain analysis shows a decrease in porosity with increasing volumetric strain. The
average grain size was defined by the diameter of a circle with the same areas as that of the object and has a value of
about 90µm, equal to the minimum fraction of the sieved grain size distribution.

Figure 16: Image taken by the SEM. The black holes represent dissolved salt grains.

Table 5: Compaction conditions and values of parameters as analyzed by Jmicovision

Unit Sample 1 Sample 2 Sample 3 exp.21

Grain size µm 90 - 125 90 - 125 90 - 125 63 - 71
Applied stress MPa 1.18 1.18 6.5 1.08
Volumetric strain % 0 6 9 32
Porosity % 45.47 37.4 30.94 19.97
Contact line length (sum) µm 11060.71 16847.76 11106.08
Equivalent circular diameter (avg.) µm 89.45 84.86 90.95 48.0
Amount of analyzed grains - 687 458 368 287
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Figure 17: Panorama of thin sections. From top to bottom: Sample 1 - Grain distribution after pre compaction (i.e.
ev=0%); Sample 2 - Grain distribution at ev = 6%; Sample 3 - Grain distribution at ev = 9%
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Figure 18: Panorama of etched thick section representing exp.21. The grain size distribution was 63-71 µm and ev=32%.
Compaction was from the left.

27



Douma, L.A.N.R. (2015) / The effect of evolving grain contact and pore wall area on compaction creep of granular NaCl
by pressure solution

6 Discussion

The results obtained by the uniaxial compaction experiments demonstrated that dry, granular salt aggregates with a start
porosity of about 30%, do not show compaction creep when loaded dry at stresses up to 4.9 MPa. Even as the dry
compacted granular salt aggregates, the addition of n-decane shows no compaction creep at stresses up to 4.9 MPa for
different grain size fractions and different time periods. The minor densification creep suggest that any purely mechanical
effect of adding n-decane can be eliminated. The granular salt will deform mechanically as it deforms under dry conditions
due to compaction of the bulk rock by elastic deformation or crystal plasticity, diffusive mass transfer and recrystallization
(Houben et al. (2013)). Houben et al. (2013) shows that processes as diffusive mass transfer and recrystallization are
relatively slow under dry conditions. This is consistent with the results obtained with the uniaxial compaction experiments
under dry or oil saturated conditions, whereby almost no ongoing creep is observed. The microstructural observations
show evidence that no fluid enhanced deformation is going on, because of the lack on pressure solution like structures. In
contrast to dry and n-decane saturated samples, the addition of saturated NaCl solution enhanced the compaction creep.
The rapid compaction rate suggests a fluid enhanced deformation process and is probably related to inter crystalline effects
such as enhanced grain boundary diffusion or solution precipitation effects (Ter Heege et al. (2005); Visser et al. (2012)).
The presence of indentations, truncations, overgrowths and necking structures that are observed during microstructural
observations indicate that grain boundary diffusional pressure solution plays an important role during the densification
(Visser et al. (2012)). However, the long term experiments show that the experiments stopped creeping when a porosity
of ∼20 was reached. Experiments conducted with higher stress stopped at lower porosities (∼5%).

The discussion consist of different subsections to investigate the different mechanisms acting for at different strains
(i.e. porosities). First of all, the experimental compaction data was compared with the pressure solution theory that ables
us to test the applicability with the models of Spiers et al. (1990) and Pluymakers and Spiers (2014). The phenomological
coefficient was determined by fitting the experimental data to both diffusion controlled compaction creep models. Second,
the results of the microstructures were evaluated. Based on the microstructural observations, the contact area and grain
contact area and surface energy are defined and tested for both analytical models. An estimation of the densification time
was made based on the model of Spiers et al. (1990) and Pluymakers and Spiers (2014). Finally, the mechanisms operating
till full densification were defined by conducting long term compaction experiments and tested for the healing criteria as
published by van Noort and Spiers (2009).

6.1 Experimental results versus pressure solution theory

6.1.1 Theoretical model - Spiers et al. (1990)

The addition of the saturated brine solution enhanced the compaction creep and results in ongoing creep that is promoted
by an increase in applied stress and a decrease in grain size (Fig. 5). The enhanced compaction creep suggests that a
fluid enhanced deformation process as pressure solution is the rate controlling deformation mechanism in the uniaxial
compaction experiments (Visser et al. (2012)). To verify that a fluid enhanced deformation process is the rate controlling
mechanism and which deformation mechanism controls the rate, the experimental data is compared to the theoretical
model of Spiers et al. (1990).

The slope of the presented curves in Figure 8 can be related to the mechanism that controls the compaction creep.
The data presented in Figure 8 shows an average n-value of 1 for a fixed volumetric strain, temperature and grain size.
According to the theoretical model presented by Spiers et al. (1990), a slope value of n = 1 represent diffusion, dissolution
and precipitation controlled pressure solution. The deformation mechanism that controls the rate is either interface
controlled pressure solution or diffusion controlled pressure solution for the presented compaction experiments with added
NaCl solution. The reported data shows that for values of ev between 3 and 15%. The compaction creep behavior of our
wet samples can be described by an empirical constitutive equation of the form (Spiers et al. (1990))

ε̇ = B
−M/T

T

σnc
dmekv

(41)

Where according to the reported data k ∼2 for ev of 3-10% and k ∼4 for ev=11-15% (Fig. 6), m ∼3 (Fig. 7), n ∼1
(Fig. 8). B and M are defined as the geometric constants. The results obtained by the compaction experiments in this
report, agree to the theoretical model for diffusion controlled pressure solution as shown in equation (16) and to the results
found by Spiers et al. (1990).

The phenomenological coefficient (Z∗) determines the absolute rate of creep and is a thermally activated term that
represents the effective diffusivity along grain boundaries (Z∗ = Z0exp(−∆H/RT ) (Spiers et al. (1990)) and can be
estimated for the reported data by the function of compaction creep for porous aggregates given by

ε̇ = AVm
Z∗

T

σa
d3e2

v

(42)
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The value of the parameters used are displayed in Table 6. Spiers et al. (1990) obtained a phenomenological coefficient
with a value between 1.78× 10−19 and 5.91× 10−20 m3s−1. In this report, the phenomenological coefficient is estimated
by fitting the model of Spiers et al. (1990) (equation (28)) to test the applicability of the model. The experimentally
measured porosities (φ0andφ) are used to cast the experimental data in the form of log strain rate versus log porosity
for the different grain size ranges (Fig. 19). Figure 19 shows the log strain rate vs log porosity graph for the grain size
distribution of 50 - 90 µm obtained by the experimental data. A Z∗-value for the grain size distribution of 50 - 90 µm
of 1 × 10−19m3s−1 is calibrated. Note that the best fit for this grain size distribution and applied stresses is obtained
for porosities ∼ <28%. For the grain size distribution of 90 - 125 µm a Z∗-value of 3 × 10−20 is calibrated. Note that
the calibration for this grain size distribution consist of a narrow range of porosity differences. The Z∗ obtained for this
grain size is therefore not that accurate as for the smaller grain size range, where a wider porosity range is shown. No
Z∗-value is obtained for the grain size distribution of 125 - 150 µm, because the model only fits to porosities that are <
28%. These values are not obtained by the uniaxial experiments carried out on this grain size distribution. The values
that are obtained from the experiments as shown in this report are consistent with the Z∗-values obtained by Spiers et al.
(1990) (i.e. between1.78 ∗ 10−19 and 5.91 ∗ 10−20 m3s−1) as discussed. On the basis of mechanical data, the behavioral
regime for 0.175 MPa < σ < 2.75 MPa and 50 µm ≤ d ≤ 150 µm shows diffusion controlled pressure solution for low
volumetric strains (ev < 15%).

Table 6: Values and parameters used in the pressure solution model presented by Spiers et al. (1990)

Symbol Definition Value/range Source and additional information

A
Grain shape and packing factor

divided by gas constant
33 Spiers et al. (1990)

a Numerical exponent 2 Spiers et al. (1990)
d Grain size µm 50-90; 90-125 -

Vm
Molar volume of solid phase

(m3mol−1)
2.693× 10−5 Koelemeijer et al. (2012)

T Temperature (K) 293.15 -

ev Volumetric strain
5− 10% or φ0−φ

1−φ
where φ0 = 30%

Spiers et al. (1990)

6.1.2 Theoretical model - Pluymakers and Spiers (2014)

In this subsection, the model of Pluymakers and Spiers (2014) (model 3: equation (25)) is compared to the experimental
data on compaction of granular salt to predict the evolution of compaction creep rate with progressively decreasing
porosity (φ/φ0) for granular salt. This model is basically the same as the model presented by Spiers et al. (1990), but
expresses the strain/φ dependence differently. However, the model is not accurate for porosities smaller than ∼3% since
the approximation made in this model for grain contact area Ac is no longer accurate.

The experimentally measured porosities (φ0 and φ) are used to cast the experimental data in the form of log strain
rate versus log porosity for the different grain size ranges (Fig. 19). However, the start porosity (φ0) in this model is
defined as the initial state where the developed grain contacts are negligible, which is not realistic. a start porosity for
a simple cubic pack of spheres will be ∼47%. This value is quite high as start porosity. Therefore, the start porosity as
obtained in the compaction experiments is taken (i.e φ0 ∼ 30%). The resulting comparison of the experimental data with
the pressure solution theory ables us to test the applicability with the model presented by Pluymakers and Spiers (2014)
and to calibrate the Z∗ value as done in the in the previous subsection with the model of Spiers et al. (1990). The values
used for the parameters appearing the the model are given in Table 7. A DS value for the grain size distribution of 50 - 90
µm of 5×10−18 is calibrated (Fig. 19). For the grain size distribution of 90 - 125 µm a DS value of 3×10−18 is calibrated.
For this model also counts that the best fit is obtained for porosities ∼ < 28%. For porosities larger than ∼ 28%, the
model is not accurate anymore, probably because this model assumes that there are no grain contacts at the moment of
zero compaction (φ0). From the microstructural observations we can see that grain contacts already developed. The DS
values obtained by the model of Pluymakers and Spiers (2014) are one to two order of magnitude lower compared to the
Z∗ value obtained by Spiers et al. (1990). Both models assume spherical grains and therefore, the Z∗ values obtained by
both models are close to each other. For the grain size range d = 90 - 125 µm, the Z∗ values obtained by the models differ
with 2 order of magnitude, because the experimental data that is obtained by the compaction experiments and plotted
in Figure 19b show only a porosity decrease of a few percentage. More data is needed for this grain size distribution to
obtain a more accurate Z∗ value for different porosities.
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Figure 19: LogPOROSITY versus logSTRAINRATE plots. The black dots represent the data obtained from the uniaxial
experiments. The other symbols represent the calibrated data by the model of Spiers et al. (1990) and Pluy-
makers and Spiers (2014). (a) Plots for the grain size distribution of 50 - 90 µm. A stress of 0.811 MPa is
used to calibrate (c) the Z∗ value. The applied stresses of 2.75 MPa and 0.175 MPa are used to verify (v)
the obtained Z∗-value. (b) Plots for the grain size distribution of 90 - 125 µm.

Experimental data comparison with the model of Spiers et al. (1990) and Pluymakers and Spiers (2014) show that
both diffusion controlled pressure solution creep models are applicable for the conducted experiments. Note that porosities
obtained by these experiments show only a porosity range between ∼ 30% and 17%. More experimental data for lower
porosities is needed to compare the models with. The model does not fit for porosities larger than ∼30%. This might be
the case, because the models are multiplied by a factor of 5φ

2 to correct for smaller porosities. New plots need to be made
with the constitutive equation as presented by Spiers et al. (1990) and Pluymakers and Spiers (2014) and compared to
new data that include higher porosities. Another reason for the misfit for higher porosities is that the assumption that
the grains are spherical does not count for higher porosities. This means that the geometry of the packing with a higher
porosity cannot be described as a simple cubic pack of spherical grains. In the next subsection, a new pressure solution
creep model is presented that assumes a geometry based on the microstructural observations.

Table 7: Values and parameters used in the pressure solution model presented by Pluymakers and Spiers (2014)

Symbol Definition Value/range Source and additional information
α Geometric factor 0.9 van Noort and Spiers (2009)
A Geometric constant 4 Pluymakers and Spiers (2014); Simple cubic pack of

grains
Cs Solubility of NaCl (m3m−3) 0.165 Koelemeijer et al. (2012)
DS Diffusion coefficient D; fluid

thickness S (m3s−1)
10−19 to 10−20 Range determined for diffusion controlled pressure

solution in NaCl (e.g. Spiers et al. (1990); Pluymak-
ers and Spiers (2014))

F Grain shape factor π Value for simple cubic pack of grains (Pluymakers
and Spiers (2014))

R Gas constant (Jmol−1K−1) 8.314 Pluymakers and Spiers (2014)
Z Coordination number 6 Value for simple cubic pack of grains (Pluymakers

and Spiers (2014))
Ω Molar volume of NaCl

(m3mol−1)
2.705683796×10−5 Koelemeijer et al. (2012)
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6.2 Densification versus pressure solution theory

6.2.1 Densification behavior - diffusion controlled pressure solution

Having shown that the diffusion controlled models seems capable for approximating experimental strain (up to ∼10%) in
salt, the theoretical models of Spiers et al. (1990) and Pluymakers and Spiers (2014) are used to estimate the densification
time under different conditions. Hereby we assume that diffusion controlled pressure solution is the only deformation
controlling mechanism during densification. The models give an estimated healing time for a porosity decrease from the
average start porosity (φ0) of 30% to a final porosity (φ) of 5%. A final porosity of 5% is chosen, because (1) this value is
in general considered as the percolation threshold for a porous medium and hence the porosity at which sealing should be
complete (i.e. the point where all remaining porosity becomes disconnected) (Pluymakers and Spiers (2014)) and (2) the
analytical model is not applicable for smaller porosities since the grains do not represent spherical but cubic grains from
that point on. For the theoretical diffusion controlled pressure solution model of Spiers et al. (1990) the healing time is
calculated by

ε̇ = N
1

e2
v

(43)

Where N = AVm
Z∗

T
σa

d3 . ev can be expressed as

ev = eε − 1 (44)

Equation43 is substituted intoo Equation44 to obtain a relation between strain rate and strain

ε̇ = N
1

(eε − 1)2
(45)

and is integrated in order to provide a relation for strain against time∫ ε

0

(eε − 1)2dε = N

∫ t

0

dt (46)

t =
ε+ 0.5e2ε − 2eε + 3

2

n
(47)

Where ε can be written as a function of porosity and substituted in equation47 by

ε = ln

(
1 +

(
φ0 − φ
1− φ

))
(48)

The model is applied to estimate the densification time for NaCl under in situ stress, pressure and temperature
conditions as those employed in the uniaxial experiments. The time it takes to go from the initial porosity (φ0) of 30%
to final porosity (φ) of 5% for different applied stresses and grain sizes predicted by the model of Spiers et al. (1990) is
shown in Figure 20. The initial porosity represents the porosity after the dry pre compaction. Using the parameter values
in equation (34) as listed in Table 6 and varying the applied stress from 2.75 MPa to 0.175 MPa for grain size ranges of 50
- 90 µm and 90 - 125 µm, shows that the densification time decreases rapidly with increasing normal stress and decreasing
grain size.

For comparison, the diffusive controlled compaction creep model of Pluymakers and Spiers (2014) is used to estimate
the healing time (porosity from 30% to 5%) for the granular salt samples saturated with saturated NaCl solution. A
relation between strain rate (ε̇) and time (t) could be derived with a dependence on the assumed starting- and end
porosity. A simplified equation of the diffusive controlled compaction creep model can be written as

ε̇ = M

(
2φ0

2φ0 − 2φ

)2

(49)

Where M = 4πAdZ
F

DCS
d3

σΩ
RT

Z
F . The strain (ε) needed to reduce the porosity from the initial porosity (φ0) to the final

porosity (φ) is given by the relation of strain against volumetric strain and can be written as

ev = eε − 1 (50)

The relationship of volumetric strain against porosity is given by

ev =
φ0 − φ
1− φ

(51)
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Figure 20: Densification time of salt for a porosity decrease of 30% → 5% as predicted by the model of Spiers et al.
(1990) for grain size ranges of (a) 50 - 90 µm and (b) 90 - 125 µm.

By substituting equation (37) into equation (38) and rewriting the terms of porosity as a function of strain, gives the
following relation of porosity against strain

φ =
eε − 1− φ0

eε − 2
(52)

A relationship for strain rate (ε̇) against strain (ε) can obtained by

ε̇ =

 2φ0

2φ0 − 2
(
eε−1−φ0

eε−2

)
2

M (53)

Equation (40) can be integrated in order to provide a relation for strain against time (equation (41) - equation (43))

M

∫ ε

0

2φ0 − 2
(
eε−1−φ0

eε−2

)
2φ0

2

dε =

∫ t

0

dt (54)

1
2 (φ0 − 1)φ0(ε+ log(2− eε))

M
+ constant = t (55)

t =
1
2 (φ0 − 1)φ0(ε+ log(2− eε))

M
(56)

The model is applied to estimate the densification time for NaCl under in situ stress, pressure and temperature
conditions as those employed in the uniaxial experiments. The initial porosity represents the porosity after the dry pre
compaction. Using the parameter values in equation (31) listed in Table 7 and varying the applied stress from 2.75 MPa
to 0.175 MPa for grain size ranges of 50 - 90 µm and 90 - 125 µm, shows that the healing time decreases rapidly with
increasing normal stress and decreasing grain size. The results obtained by the compaction experiments are plotted in
the time versus porosity graphs and compared to the healing model (Fig. 21). The healing model based on the diffusive
controlled pressure solution model is compared with the healing model of Spiers et al. (1990). The healing model based on
Pluymakers and Spiers (2014) shows a longer densification time, because the geometry of the grains are described different
in both models. As mentioned earlier, these estimated healing times are only applicable when diffusion controlled pressure
solution is the dominant deformation mechanism. The microstructural observations showed already necking features at
higher strains, which suggest an approach to microstructural equilibrium at longer compaction times. The neck growth
at higher volumetric strains indicate a transition from non-equilibrium pressure solution creep at lower strains to a neck-
growth type of process at higher strains. Based on the long term controlled compaction experiments shown in the next
subsection, we will investigate whether of not other deformation processes takes over and when healing occurred.
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Figure 21: Densification time of salt for a porosity decrease of 30% → 3% as predicted by the model of Pluymakers and
Spiers (2014) for grain size ranges of (a) 50 - 90 µm and (b) 90 - 125 µm.

6.2.2 Densification and Healing based on the long term experiments

We have proven that pressure solution creep was the dominant mechanisms for densification for low volumetric strains
(i.e. up to ∼15%). By comparing the long term compaction experiments with the pressure solution model of Spiers
et al. (1990), we see that at a strain of ∼20% (σ=1.08MPa; d=63-71µm) the experimental data does not follow the
analytical data anymore (Fig. 22(Left)), suggesting that from this moment on other deformation mechanism(s) might
become dominant.
The possible change is mechanism is also clear when plotting log10strain versus log10strain rate. The experimental data
follows the analytical model and shows a slope with a value between 1 and 2, which is consistent with the diffusion
controlled pressure solution model of Spiers et al. (1990). However, the slope becomes steeper at a strain of ∼20% and
shows a value of ∼7. At a strain of ∼35% (φ∼24%) no compaction is observed anymore suggesting that healing occurred.
Schutjens (1991) conducted long term compaction experiments where the grain size was changed and the applied stress
was kept constant. The experiments showed that higher volumetric strains were reached for lower grain sizes and whereby
healing occurred at higher volumetric strains and lower porosities for a smaller grain size. During the long term compaction
experiments in this report, the grain size is kept constant while the applied stress is changed. Fig. 9 shows that another
mechanism occurred at lower porosities (and therefore higher volumetric strains) when a higher stress is applied (constant
grain size).
Visser et al. (2012) suggests that there is a possibility that peripheral neck growth processes that were driven by interfacial
energy forces might become significant high at these strains, because of the increased contact area and associated contact
stress. The driving forces for pressure solution creep and neck growth varies strongly and depends on parameters including
e.g. grain size, stress and surface energy (γ). For grain boundaries that have an island channel structure, neck growth
can occur as well, resulting in growth of the islands and hence grain boundary healing. Note that we define healing as
increase in strength, hence increase in elastic stiffness. Experimental data obtained during the long term experiments
(i.e.porosities down to ∼5%) showed indeed that the densification by pressure solution creep decelerates and stops. This
happened when the driving force due to the applied stress approaches the driving force due to surface forces (Visser et al.
(2012)). From this point on, contact healing will occur as the chemical potential of the dissolved solid in the pores reaches
the solid potential within the grain boundary (van Noort et al. (2008); Visser et al. (2012)). Another explanation could
be that the grain contact stress become low so that neck or island-growth processes will dominate over pressure solution
creep.
To test whether healing occurred, the microstructural data was compared with a healing model. E.g., Visser (1999); van
Noort et al. (2008) supposed a strain and grain size dependent ’yield stress’ at which densification driven by pressure
solution stops and is prevented by grain boundary healing. The model of van Noort et al. (2008) that predicts the stress
conditions at which grain boundary healing is expected is given by

(σn − Pf ) < σcrit = 2α

√
E
γsl
δ

(
cos

θ

2
− cosθeq

2

)
(57)

This shows the mean effective normal stress (σn-Pf ) for the compaction of a granular aggregate below which healing will
dominate. Table 8 shows the definition and values of the parameters as used in 57 and 61. The critical stress (σcrit)
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denotes the stress on the grain boundaries below which deformation by integranular pressure solution will not proceed
(van Noort et al. (2008)). The critical stress was calculated according to the predictions of van Noort et al. (2008). The
values used to calculate the critical stress were displayed in Table 8. According to the analytical model of van Noort et al.
(2008), a critical effective contact stress in the range of 43 - 86 MPa was calculated.
For the experiments, the critical stress was estimated by using the contact area projected parallel to the area of the upper
piston. Since this is the area that undergoes the external force. Correction were made for to measure only the area
that undergoes the stress from the thick section. Note that vertical grain contact areas do not encounter as stress, while
horizontal grain contact encounter the total stress and grain contacts oblique to the force encounter a stress in between.
The force balance used to calculate the critical stress is given by

σeAe = Ncσ̃critāc (58)

This can be rewritten as
σeAe = σ̃critAc (59)

Where σe presents the external stress (i.e. imposed stress during compaction), Ae the external area (i.e. area of the
piston), σ̃crit the critical stress of the contact area, āc the average contact area, N the amount of areas and Ac the total
contact area. The critical stress derived from the microstructural observations can therefore be calculated by

σ̃crit =
Ae
Ac
× σe (60)

Note that the contact area calculated from the thin sections were multiplied by a factor 4, because of the conversion to
three dimensions. By assuming that the maximum line length represents the true contact diameter and the minimum line
length is equal to zero (i.e. no grain contact), the average line length is about equal to half of the true contact diameter.
By quadrating, because we want to know the area we will get a factor of 4. A critical stress of 55 MPa was found. This
value is in the range as the predictions of van Noort et al. (2008) show. Based on this critical stress, we can assume that
the mechanism of healing occurred at low porosities (and high volumetric strains (32%)).
Besides the critical stress, the critical porosity at which grain boundary healing occurred was calculated according to the
predictions of van Noort et al. (2008). The critical porosity at which healing starts in calculated by

φcrit = 1− π/3
√

3− 8/πσn/σcrit (61)

For salt healing, the predicted critical porosity has a value ranging between 34 and 36%, whereas the experimental data
show a critical porosity of ∼20%. The critical porosity as obtained by the compaction experiments at which pressure
solution stops and healing occurs, is below the predictions of van Noort et al. (2008). A reason for the differences in value
could be that the input parameters used to predict the critical porosity were wrong, since these parameters can vary. The
input parameters to calculate the critical stress are not constants. For example, the fluid film thickness can vary from 40 to
250nm. Also, Youngs Modulus can deviate depending on the grain boundary and hardening during compaction. Another
reason might be that another mechanism is operating instead of healing and therefore does not fit to the predictions on
van Noort et al. (2008).

Table 8: Definitions, parameters and values as used in 57 and 61

Parameter Definition Value Unit

α Total island area fraction 0.2 - 0.4 -
δ Grain boundary width 50 nm
E Young’s modulus salt 30.0 GPa
γsl Interfacial energy between the solid and the liq-

uid phase (salt)
0.1133 Jm−2

cos θ2 − cos
θeq
2 Dihedral angle (θ); Equilibrium dihedral angle

(θeq)
0.17 -
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Figure 22: Strain versus time. The red and blue lines show the experimental data. The black dotted line shows the
analytical model of Spiers et al. (1990).

6.3 Microstructural analysis

6.3.1 Microstructural interpretation

Based on the microstructural analysis, different deformation mechanisms were observed at low and high volumetric strains.
First of all, the observed mechanical behavior as pressure solution creep was associated with grain-to-grain indentations,
truncations and overgrowths that were observed in the microstructures. E.g., Spiers and Schutjens (1999); Urai and Spiers
(2007) suggested that pressure solution creep was often associated with rearrangement of grains and grain boundary sliding.
The combination of the mechanical data and the theoretical models of both Spiers et al. (1990) and Pluymakers and
Spiers (2014) suggest that (diffusive) pressure solution creep was the dominant deformation mechanism at low volumetric
strains (ev<15%). Therefore, the results obtained by the comparison of the experimental results with the mentioned
theoretical models were consistent with the microstructural observations. The observed pressure solution like structures as
truncations and grain-to-grain indentations show that pressure solution controls the densification of brine saturated NaCl
for volumetric strains ≤15%. The microstructures show that grain-to-grain indentations and truncations are observed at
volumetric strains ≤6%. This makes clear that dissolution and precipitation of the material occurs at the begin stage of
the compaction.
At higher volumetric strains (ev>20%) necked grain contacts were observed in combination with pressure solution like
structures. Pharr and Ashby (1983) suggest that the necked grain contacts were expected in dissolution-coupled creep
mechanisms. Neck growth is exclusively driven by gradients in curvature and reduction in surface energy (Hickman and
Evans (1991)). The grains are tending to weld together when the fluid wetting angle between the grains does not equals
θeq. The observation of neck growth in the thin section might be a possible explanation that the compaction curve does
not follow the pressure solution creep model anymore. The neck growth observed at higher volumetric strains (ev>20%)
indicates the transition from non-equilibrium pressure solution creep at lower strains to neck growth processes at higher
strains (Visser et al. (2012)). For higher volumetric strains (>32%) only a few neck growth structures were observed.
However, it might be possible that the porosity is too small to observe neck growth.
Another deformation mechanism that was observed in the microstructure representing high volumetric strains (exp.21) was
grain boundary migration, as indicated by concave and convex grain boundaries. E.g., Schenk and Urai (2004); Urai and
Spiers (2007) suggest that fluid assisted grain boundary migration (fluid present in the form of saturated brine inclusions
or grain boundary films), reduces the dislocation density and hence the stored energy of dislocations. The process of grain
boundary migration was driven by chemical potential differences across grain boundaries (Urai and Spiers (2007)). These
potential differences were related to differences in dislocation density between old grains that were already deformed and
new grains (Peach et al. (2001); Urai and Spiers (2007)).
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6.3.2 Grain contact and pore wall area

An estimation on the grain contact area and pore wall area for the experimental data was made based on image analyses
and compared with the analytical pressure solution models of Spiers et al. (1990) and Pluymakers and Spiers (2014). The
samples that were analyzed are presented in Tabel 5 and 9. The mean contact area per grain for the analytical models
was calculated by

Ac = Fd2f(φ) (62)

where Table 10 shows the parameters and values as used for the analytical models to predict the evolution of grain contact
with decreasing porosity. Equation(62) predicts that the contact area increases with decreasing porosity. For comparison
with the data provided by the thin sections, corrections were made because of the different dimensions. The thin sections
represent two-dimensional images, while the analytical models are applicable for three-dimensional images. The conversion
of a two-dimensional size distribution to a three dimensional size distribution is a complex problem (e.g. Higgins (1994);
Kumara et al. (2012)). The main problem include the cut effect that the intersection plan does not pass directly through
the center of the grain, parallel to the longest axis (Higgins (1994)) and assumptions that has to be made to estimate the
three-dimensional grain shape. To solve this problem, we assume spherical grains with circular grain contacts since this
is the closest to the geometries assumed in the analytical models. The contact area (Ac) was calculated from the two-
dimensional images by assuming the line length provided by Jmicrovision as the diameter of the grain contact area. The
contact area, however, as calculated from the thin sections is multiplied by factor 4 to correct for the different dimensions.
A factor 4 was taken, because we assume that the maximum line length represents the true contact diameter and the
minimum line length is equal to zero (i.e. no grain contact), meaning that the average line length equals half of the true
line length. The average grain contact area per grain was calculated by

Ac =
Σ((π(0.5d)2)× 4)

N2
(63)

Where d denotes the line length as measured from the thin section and N2 the amount of grains whereby grain contacts
were detected. Figure 23 shows that the total grain contact increases with decreasing porosity. The experimental data
follows the experimental data for pressure solution.
The grain contact area per grain (Ac) was calculated by dividing the total contact area of the grain (by using total line
length (lc) by the total amount of grains. Figure 23 shows the change in grain contact area with decreasing porosity for
both experimental data and analytical models.
The pore wall area was calculated for the analytical models by

Apw = Atot −Ac (64)

Where Atot represents the total area of the grain. For the experimental data, Atot was calculated by using the average
grain size as measured during image analyses. The average equivalent circular diameter is chosen as representative grain
size.
Figure 23 shows the change in pore wall area with decreasing porosity for both experimental data and the analytical
models. van Noort et al. (2008) suggest that pressure solution operates when the total surface of the contacts < area
of the pore wall. For the plotted areas representing samples with low volumetric strains (ev<10%) in Fig. 23. the total
surface of the contacts is indeed smaller than the total pore wall area (Table 9). However, for the sample representing
higher volumetric strains and a porosity of ∼20%, the the total area of the contacts > the total area of the pore wall. The
change in contact area might stop pressure solution creep, since the increase in contact area will lower the stress applied
on the grain contacts and therefore slow down or eventually stop pressure solution creep.

Table 9: Contact-, pore wall- and total area at different porosities

Name Volumetric strain
(%)

Porosity
(%)

Contact area
(m2)

Pore wall area
(m2)

Total area
(m2)

Sample 1 0 45.47 1.697e−09 2.334e−08 2.521e−08

Sample 2 6 37.4 5.928e−09 1.669e−08 2.262e−08

Sample 3 9 30.94 4.907e−09 2.108e−08 2.598e−08

exp.21 32 19.97 6.426e−09 8.014e−10 7.238e−09
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Figure 23: Total grain contact area and pore wall area per grain plotted for the experimental data and analytical models
against the normalized porosity. a. Total contact area low volumetric strains (ev=0, 6 and 9%); b. Pore wall
area low volumetric strains (ev=0, 6 and 9%) and analytical models; c. Total contact area for high volumetric
strain (ev=32%); d. Pore wall area for high volumetric strain (ev=32%)
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Table 10: Function of porosities assumed by different authors for a simple cubic pack of spherical grains

Parameter Unit Value Equation/ Symbol Source

Model Spiers et al. (1990)

f(φ) - - φ0−φ
1−φ Spiers et al. (1990)

Model Pluymakers and Spiers (2014)

f(φ) - - 2φ0−2φ
2φ0

Pluymakers and Spiers (2014)

General - Sample 1,2,3
Initial porosity - 45.47 φ0 Derived from experiments
Grain size µm 90 d Min. sieved grain size
Grain shape Factor - π F Spiers et al. (1990)
General - exp.21
Initial porosity - 44.60 φ0 Measured during experiment
Grain size µm 63 d Min. sieved grain size
Grain shape factor - π F Spiers et al. (1990)

7 Recommendations

7.1 Improvements experimental set up and procedure

During the first dry and wet uniaxial compaction experiments conducted in Utrecht, sample grain size fractions of 50-105
µm were used. The mechanical results obtained by these experiments show barely reproducible compaction creep curves
and are therefore excluded from the results. A possible explanation for this is that the grain size fraction turned out to be
a too wide to obtain consistent results. The wide grain size distribution can vary the start porosity, because different grain
sizes might be dominant in the different samples and give other compaction results. The diffusion models from e.g. Spiers
et al. (1990) and Pluymakers and Spiers (2014) show that diffusion controlled pressure solution creep is strongly dependent
on grain size (i.e. d3). In the following experiments the grain size distribution is minimized to make better predictions on
the influence of the grain size (i.e. 150-125, 90-125, 50-90 µm). The sample grain size fractions of 50-105 µm were dry
pre compaction for 10 minutes. According to Zhang and Spiers (2005) the dry pre compaction time is increased up to
30 minutes for the experiments with a smaller grain size fraction to achieve a start porosity of ∼30% and minimize the
differences in packing to avoid an initial jump at the starting point of wet compaction. The position of the brass base with
respect to the weight varies per experiment. To correct for this, a plastic Uniaxial Salt Deformation Apparatus (USDA) is
developed to align the brass base and the weight (Fig. 4). The pistons that are used for the sample grain size fractions of 50
- 105 µm deformed easy. Stronger pistons are developed that fit perfectly in the capillary tube and therefore minimize the
effect of friction between the piston and the capillary tube, because the straight and better fit pistons avoid the granular
salt to come upwards in the capillary tube to surround the piston. As well, the better fit of the new upper piston avoid
the fluid to leak into the sample at the moment that the fluid is placed in the fluid reservoir, before the fluid is sucked
through the sample. Another solution to minimize the frictional effects at the piston/tube surface is to place a filter paper
with a diameter of 1 or 2 mm between the sample and the piston to avoid the grains to come upwards or attach graphite
on the walls of the capillary tube. No grain size larger than 150 µm was used, because of the frictional effects at the
sample/tube surfaces. For the results in this report, we assume that the applied loads are high enough and the grain size
small enough to avoid significant errors caused by the frictional effects at the piston/tube and sample/tube surfaces. Visser
et al. (2012) apply friction determinations to quantify the frictional effects at the piston/tube and sample/tube surfaces
by measuring only the force that is applied by the inner column (consisting of the lower piston, sample and upper piston)
by the balance. The spring in the dial gauge used for all the experiments supplies a load of ∼60 gram. To minimize the
applied load of the spring in the dial gauge meter on the sample, the linear spring is removed from the dial gauge meter.
The dial gauge without spring was placed in a clamp stand and positioned over a balance. The dial gauge was clamped
in such a way that the balance measured only the weight applied by the dial gauge meter at a certain displacement. The
calibration of the dial gauge before and after removing the spring is illustrated in Figure 24. The load that is applied by
the dial gauge meter after removal of the spring is ∼20 grams. For the long term experiments conducted in this report,
gap sensors are used for more accurate measurements. As well, the porosity as calculated in the short term experiments is
underestimated. The method of calculating the porosity for the long term compaction experiments is more accurate. To
account for friction effects while conducting the long term compaction experiments, a circular paper is placed between the
upper piston and the sample to obviate grains between the upper piston and the glass tube. Also, the sides of the glass
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tube coated with graphite powder.

Figure 24: Calibration of dial gauge meter. The blue dots indicate the calibration of the dial gauge meter including the
linear spring. The red dots indicate the calibration of the dial gauge meter excluding the spring.

7.2 Improvements microstructural methods

When removing the samples out of the capillary tube, one has to make sure that the samples are pushed directly on a
flat glass plate otherwise the sample tends to break. Fold a tray made of tinfoil around the glass plate to avoid that the
sample rolls from the glass plate during transport. Also, impregnate the sample with epoxy when the sample is located in
a folded tinfoil tray (without the glass plate). Make sure that the tray does not leak. To make high quality thin sections it
is important to position the impregnated sample in the vacuum chamber for at least 15 minutes and no longer than ∼30
minutes, because the ratio of the components that forms the epoxy might change. A lot of air bubbles will be present if
the quality of the vacuum chamber is not high enough. It is also important to rinse the sample and the holder regularly,
because new scratches are easily made. The best improvement to get a high quality image is by covering the sample with a
cover slip. Glycerin is used to attach the cover slip on the sample and will fill the remaining scratches. Remove the glycerin
from the thin sections when preserving the thin sections in a low humidity room. Presumably, the glycerin allows salt
grains to dissolve even when the thin sections are stored in a low humidity room. Image analysis programs as e.g. ImageJ
need contrast between the pores and the salt grains to analyze the image. We tried to achieve this contrast by 1. Coat
the thin section with gold. After coating the thin section with gold, the coating was wiped away easily. 2. Dissolve NaCl
and replace it for PbCl. By doing this, NaCl was indeed covered by PbCl, but it happened that the PbCl precipitated on
top and the sides of the grains and on top of the epoxy. When cleaning it with saturated NaCl solution, the PbCl was
slightly removed from both the grains as the pores. After 3 days, not even all the grains where colored black, but the thin
section seemed to be in a new equilibrium. We could not dissolve any grain by trying to dissolve NaCl out of the thin
section. 3. Dissolve all the salt grains from the thin section and fill it with graphite solution. When removing the graphite
from the epoxy, by sandpapering the thin section dry (polish it dry did not work), new scratches were made in the thin
section, which showed pictures of poor quality. We could not polish the section with e.g. diamond polish, because this
removed the graphite. Non of the above methods give the result as needed for image analysis. A better option to tackle
the problem is to impregnate the sample with colored epoxy.

8 Further research

Further research need to be done on image analysis. More data is needed to give more accurate predictions of pore wall
area and grain contact area. Also, calculations on surface energy variations need to be made. Additional experiments
on brine saturated granular salt can be conducted for higher volumetric strains (i.e. ev > 15%) to investigate which
mechanism will be dominant at higher strain rates and drives the healing. Further modeling work is needed to derive
closed formulations that allow predicting the change of microstructure and poromechanical properties of rocks upon
time-dependent damage and healing. Also, numerical tools need to be developed for coupled simulations that involve
thermo-hydro-chemo-mechanical damage and healing processes.
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9 Conclusions

1. Rapid creep occurred during uniaxial compaction of NaCl in the presence of saturated brine solution and was
primarily due to diffusion controlled pressure solution creep. An increase in compaction creep was promoted by an
increased applied stress and a decrease in grain size, confirming the diffusion controlled pressure solution models at
low volumetric strains (<15%) (i.e. high porosities).

2. At high volumetric strains (>20%) the diffusion controlled pressure solution models overestimated the creep rate
and does not fit the experimental data. At volumetric strains of 32%, no creep was observed, whereby d=63-71µm
and σ=1.08MPa.

3. Microstructural analysis confirmed the pressure solution creep as dominant deformation mechanism at low strains.
Overgrowths, indentations and truncations were observed. Neck growth was observed at volumetric strains >15%,
indicating that the systems goes to equilibrium at longer compaction times and interfacial energy forces became
significant, because of the increased grain contact and lower contact stresses. At volumetric strains >32% no creep
was observed anymore and besides some neck growth, grain boundary migration and formation of new grains were
observed.

4. At low strains, the grain contact area < pore wall area and pressure solution creep was the dominant mechanism.
At high strains (>32%), however, the grain contact area > pore wall area and pressure solution creep eventually
stopped.

5. A yield stress, when grain boundaries heal and pressure solution creep stops, of 55 MPa was found at a volu-
metric strain of 32%, confirming the critical stress as predicted by healing models. The deformation mechanism
observed when healing occurred were grain boundary migration and neck growth. Since neck growth was observed,
it could be the possible mechanism that controls the contact healing. However, more research on surface energy and
microstructures need to be done to investigate the details of the mechanism that controls healing.
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