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Abstract Numerical modeling of salt tectonics is a rapidly
evolving field; however, the constitutive equations to
model long-term rock salt rheology in nature still remain
controversial. Firstly, we built a database about the strain
rate versus the differential stress through collecting the data
from salt creep experiments at a range of temperatures
(20200 °C) in laboratories. The aim is to collect data
about salt deformation in nature, and the flow properties
can be extracted from the data in laboratory experiments.
Moreover, as an important preparation for salt tectonics
modeling, a numerical model based on creep experiments
of rock salt was developed in order to verify the specific
model using the Abaqus package. Finally, under the con-
dition of low differential stresses, the deformation mech-
anism would be extrapolated and discussed according to
microstructure research. Since the studies of salt defor-
mation in nature are the reliable extrapolation of laboratory
data, we simplified the rock salt rheology to dislocation
creep corresponding to power law creep (n = 5) with the
appropriate material parameters in the salt tectonic
modeling.
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1 Introduction

In recent years, a number of numerical studies about the
deformation of salt structures have been published
(Schultz-Ela and Jackson 1993; Poliakov et al. 1993; van
Keken et al. 1993; Koyi 1996, 1998; Chemia et al. 2008;
Chemia and Koyi 2008; Chemia and Schmeling 2009; Li
et al. 2009; Ings and Beaumont 2010; Li et al. 2012a). It
can be an effective method to study constitutive equations
for salt flow based on natural deformation and will deliver
reliable reference in salt tectonics and also salt mining
engineering. In order to prepare for salt tectonics modeling,
the primary problem is what deformation mechanisms of
salt can be suitable in the model. In this paper, through the
introduction of deformation mechanisms of rock salt and
reading previous references about salt creep in laboratories,
we have summarized the experimental results and built a
database about the strain rate and differential stress rela-
tionships. However, direct measurements of rheology at
these low rates are not possible, and the rheology of rock
salt during long-term deformation in nature is controversial
(Li et al. 2012b).

Evaporite rock is mainly composed of carbonates, sul-
fates, and chlorides. Sodium chlorite (NaCl) is the main
chloride, and its mineral form is halite which is also called
rock salt. Rock salt influences the salt tectonics and basin
evolution because of its specific characteristics including
low porosity and permeability, low creep strength and low
density (Urai et al. 2008).

The mechanical behavior of rock salt has been investi-
gated in numerous studies during recent decades. The
purpose of these studies is to design safe salt mines and
develop the design and performance assessment for nuclear
waste disposal and oil and gas storage (Wawersik and
Zeuch 1986; Cristescu 1998; Hunsche and Hampel 1999).
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On a geological time scale, rock salt is a ductile material
and behaves like a Newtonian fluid (Schultz-Ela and
Jackson 1993; van Keken et al. 1993; Koyi 2001; Gemmer
et al. 2004). In recent years, salt mechanics including the
theory, experiment and modeling of creep behavior has
made progress in China. The research findings have been
widely used in layered salt mechanics and engineering
(Yang et al. 2009), salt-gypsum layer drilling engineering
(Deng 1997; Tang et al. 2004; Yang et al. 2007) and CO,
geological storage (Liang and Zhao 2007). However, the
deformation mechanism of rock salt is relatively less
researched in China. The research on the deformation
mechanism can lead to a deep understanding of rock salt
creep, and a constitutive relation can be built according to
microphysics. The creep descriptions based on deformation
mechanisms can be used to forecast the geological tec-
tonics and rock engineering stability. It is also relevant to
petroleum engineering. For instance, hydraulic fracturing
mechanics is an important area of study in petroleum
engineering (Zhang et al. 2008; Zhang and Chen
2009, 2010), and the creep properties of rock will also have
impacts on fracturing, crack propagation and closure.

2 Deformation mechanisms of rock salt

Two main deformation mechanisms have been investi-
gated in different ways such as laboratory experiments,
microstructural investigations and analysis of displace-
ment in actively deforming salt (Fig. 1). One is the dis-
location creep mechanism which means crystal defects
lead to a dislocation effect. The creep controlled by dis-
location mechanisms is widely investigated in laboratory
experiments (Carter and Hansen 1983; Carter et al. 1993;
Rutter 1983; Urai et al. 1986; Wawersik and Zeuch 1986;
Heard and Ryerson 1986; Senseny et al. 1992; van Keken
et al. 1993; Franssen 1994; Peach and Spiers 1996;
Weidinger et al. 1997; De Meer et al. 2002; Hampel et al.
1998; Brouard and Bérest 1998; Bérest et al. 2005; Ter
Heege et al. 2005a, b). The creep equations mainly used in
the salt mining industry are based on dislocation creep
processes quantified in laboratory experiments (Ottosen
1986; Haupt and Schweiger 1989; Aubertin et al. 1991;
Cristescu 1993; Munson 1979, 1997; Jin and Cristescu
1998; Hampel et al. 1998; Hampel and Schulze 2007,
Hunsche and Hampel 1999; Peach et al. 2001; Fossum
and Fredrich 2002). The steady-state strain rate is related
to the flow stress ¢ using a power law creep (non-New-
tonian) equation:

énc = A(Ac)"= Agexp ( RQT> (61 — 03)" (1)

where épc is the strain rate; Ac = g; — o3 is the differen-
tial stress; A = Ag exp(—Q/RT) is the viscosity of the salt;
Ap is a material dependent parameter; Q is the specific
activation energy, while R is the gas constant
(R=28.314] mol ! K_l); and T is the temperature.

The other mechanism is solution-precipitation creep
(also called diffusion creep), which means a crystal grain
slides along the crystal boundary. It includes pressure
solution and dynamic recrystallization processes, and it has
a strong relation with water content and chemical reaction.
This process is also an important deformation mechanism
in rock salt as is shown in experiments and microstructure
research (Urai et al. 1987; Spiers et al. 1990; Spiers and
Carter 1998; Martin et al. 1999; Schenk and Urai 2004,
Schenk et al. 2006; Ter Heege et al. 2005a, b). The solu-
tion-precipitation creep is described as following the
Newtonian flow law:

éps = B(Ad) = Boexp (— %) (GITZ_)mG3) (2)

and the strain rate épg is dependent on the grain size D;
B = Boexp(—Q/TD™) is the viscosity of the salt; and By is
a material parameter. The order m influences the strain rate
which is dependent on the grain size. Finally, if the dis-
location creep and pressure solution creep act simultane-
ously, the total strain rate is the sum of the two strain rates:

&= épc + éps (3)

Halite rheology is mainly dominated by two main
models of the deformation mechanisms in laboratory
experiments (Eqs. 1 and 2). These are dislocation creep
and solution-precipitation creep. One (pressure solution
creep) corresponds to Newtonian viscous rheology with a
viscosity dependent on grain size and temperature, the
other (dislocation creep) corresponds to the power law
creep with a high stress exponent, here creep is mainly
temperature-dependent. Based on the deformation mecha-
nisms of rock salt, modelers can choose an effective vis-
cosity which is an implementation of power law creep,
making a combination of viscosity associated with both
dislocation and solution-precipitation creep (a similar
approach is used in many other papers by the salt tectonics
modeling community such as van Keken et al. 1993; Koyi
2001; Ings and Beaumont 2010).

Two important differences between Eqgs. (1) and (2) are
the power order relevant to the influence of stress on strain
rate (n = 1 for solution-precipitation creep or pressure
solution while n > 1 for dislocation creep) and secondly
the dependence of strain rate on grain size. What needs to
be pointed out is that the steady-state creep process is
mainly discussed because it is dominant during salt
deformation under the long-term conditions.

@ Springer



714

Pet. Sci. (2016) 13:712-724

Pressure solution

Grain boundary sliding, dissolution
precipitation, no xtal plasticity

Dislocation creep

Dislocations,
subgrains

Water assisted
dynamic
recrystallization

Plasticity, microcracking

Crystal plasticity, microcracking
dilatancy, permeability increase

Fig. 1 Deformation mechanisms of rock salt at 20-200 °C. The crystals with different orientations are represented by different green shades

(Urai and Spiers 2007)

3 Creep mechanisms at high stresses
3.1 Creep experiments of rock salt at 20-200 °C

Salt flow or halokinesis often occurs at temperatures
ranging from 20 to 200 °C. Salt deformation at those
temperatures has been widely investigated in laboratories
(Heard 1972, 1986; Hansen 1979, Wawersik and Hannum
1980; Wawersik and Zeuch 1984, 1986; Hansen and Carter
1984; Wawersik 1985; Senseny 1988; DeVries 1988;
Spiers et al. 1990; Wawersik and Zimmerer 1994; Wei-
dinger et al.1997; Yang et al. 1999; Hunsche and Hampel
1999; Peach and Spiers 2001; Hunsche et al. 2003, Ter
Heege et al. 2005a, b; Schoenherr et al. 2007). The purpose
of collecting the experimental data is to provide a basis for
deformation modeling and to discuss the influence of dif-
ferent physical parameters on creep properties. The data in
Figs. 2 and 3 show the relationship between the strain rate
and differential stress during steady-state creep of rock salt
from different areas such as Asse, Avery Island, Gorleben,
South Oman, and synthetic samples. Two main relation-
ships can be observed, one is between the strain rate and
the differential stress (Fig. 2) follows the power law
equation which is relevant to dislocation creep, while the
other relation (Fig. 3) follows the Newtonian equation
which is relevant to pressure solution creep.

@ Springer

3.2 The analysis of the database of laboratory
results

It is clearly demonstrated in Fig. 2 that the relation
between the strain rate and the differential stress in these
experiments is controlled by the power law equation with
the power order 5 which is relevant to dislocation creep
when the salt deforms at 20-200 °C (Heard 1972; Waw-
ersik and Hannum 1980; Hansen and Carter 1984; DeVries
1988; Weidinger et al. 1997; Hunsche and Hampel 1999;
Hunsche et al. 2003). We can see that salt rheology is
strongly dependent on temperature, and higher temperature
leads to higher strain rate. For every 50 °C increase in
temperature, the range of the strain rate varies by around
1.5-2 orders of magnitude for each differential stress. One
important thing is that, due to the limited time length in
laboratory experiments and strong dependence of grain size
and loss of water content, solution-precipitation creep is
not often observed in experimental results. The power law
related to dislocation creep is considered as engineering
creep (Cristescu and Hunsche 1988; Hunsche and Hampel
1999; Fossum and Fredrich 2002).

Some experiments with synthetic samples, for instance,
fine grained wet halite also show that solution-precipitation
creep controls salt rheology (Urai et al. 1986; Spiers et al.
1990; Spiers and Brzesowsky 1993; Renard et al.



Pet. Sci. (2016) 13:712-724

715

® Coarse grained halite, 30 °C Coarse grained halite, 50 °C
1.00E-02 | ¢ Coarse grained halite, 60 °C » Coarse grained halite, 100 °C L 4
Coarse grained halite, 150 °C ¢ Coarse grained halite, 200 °C - PO
——Dislocation creep (n=5), 50 °C ——Dislocation creep (n=5), 60 °C ¢ .‘
1.00E-04 } Dislocation creep (n=5), 100 °C ——Dislocation creep (n=5), 150 °C * oS
———Dislocation creep (n=5), 200 °C ———Pressure solution creep (n=1), 20 °C '3 .
~ > .
L 4
1.00E-06 | % f X y
. 7 AR
Pressure solution creep , .74
. % % /
«» 0.2 A‘ -
T v v
9 1.00E-08 | L 4 2%4 Y .W
E D=0.1 mm ¢ (4 r : e
£ pv ) g .
]
9 1.00E-10 | *
1.00E-12 } \
Dislocation creep
1.00E-14
1.00E-16 L L
0.1 1.0 10.0 100.0
Differential stress, MPa
Fig. 2 Strain rate versus differential stress of coarse grain halite at 30-200 °C
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Fig. 3 Strain rate versus differential stress of fine and

2002, 2004). The data in Fig. 3 show that the salt rheology
is dependent on three important factors for wet halite
deformation. These are grain size, water content and tem-
perature. The creep strain rate of fine grained wet halite at

Differential stress, MPa

coarse grain wet halite at 20 and 70 °C

grained wet halite at 70 °C.

20 °C is above 1078 s7! and similar to the one of coarse

Moreover, solution-precipitation creep is observed in
some experiments (where the period of the experiment lasts
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more than one year) on coarse grained natural rock salt at
low stresses (Bérest et al. 2005). For natural rock salt,
solution-precipitation creep has an important influence on
the strain rate, and it cannot be neglected. Previous
research shows that solution-precipitation creep and dis-
location creep occur at the same time and both of them
control salt creep. Due to time scale constraints in exper-
iments, it is rather difficult to measure the deformation
process with the strain rate below 10™° s~ in Figs. 2 and
3 we put two creep equations not only for comparison but
also as an extrapolation of the data which were observed in
experiments. The two creep equations and the rheological
parameters Ay and B, are based on the experiments of
Spiers et al. (1990) and Wawersik and Zeuch (1986).

The rheological parameters for dislocation creep (Eq. 1)
and pressure solution creep (Eq. 2) are listed in Table 1.

4 Numerical simulation of triaxial experiments

In the laboratory, the principal experimental approach is to
apply uniaxial or triaxial tensile and compressive loading
on a rock salt sample which is drilled from core from salt
structures in order to investigate mechanical behavior (for
example, the relation between stress and strain or strain
rate). In order to prepare for salt tectonics modeling, we
develop a numerical model of a triaxial creep experiment
of rock salt to verify the specific model using the Abaqus
package on salt deformation and evaluate the error due to
the boundary conditions in real situations.

The height of the cylindrical sample is 20 cm, and the
radius of the cross section is 5 cm (Figs. 4, 5). Table 1
shows the rheological parameters. As a simplified way, we
use an axially symmetric model in Abaqus. The loading on

Table 1 Material and geometry of rock salt samples in experiments

The strain rate is prescribed
on the top surface.

Cross section

The bottom surface is fixed in the axial
direction and free in the radial irection.

Fig. 4 Cylindrical sample with free boundary conditions in the radial
direction

the sample is differential stress oy — 03 (¢; and o3 are two
principal stresses in the triaxial experiment). Considering
the influence of boundary friction, we simulate two
extreme cases, one is radial-free boundary conditions
(frictionless) and the other is radial fixed boundary condi-
tions (maximum friction). Two assumptions are taken into
consideration, one is the volume which is not changed

Salt A: pressure solution creep (Newtonian flow)

Salt B: dislocation creep (non-Newtonian flow)

7.26 x 107°
53,920
8.314

293

5

Ag, MPa™> 57! -

By, MPa~! 57! 470 x 1074
0, J/mol 24,530
R, J/mol 8.314
T,K 323

n 1

m 3
Density p, kg/m® 2200
Young’s modulus E, GPa 10
Poisson’s ratio v 0.4
Sample height, cm 20
Sample radius, cm 5

Reference

Spiers et al. (1990)

2200

10

0.4

20

5

Wawersik and Zeuch (1986)

@ Springer
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Sample axis The strain rate is prescribed

l l l l l l lon the top surface.

20 cm

VA NRVANS VAN -
<~ 5cm ——» The bottom surface is fixed
1 in the axial direction.

Fig. 5 Half cross section from the cylindrical sample, the yellow line
is the sample axis, the botfom surface is fixed in the axial direction
and free in the radial direction, the top surface is prescribed by the
strain rate in the axial direction and free in the radius direction

during the compression, (incompressibility) and the second
one is homogeneous material.

4.1 Simulation of the triaxial creep experiment
on a sample with free boundary conditions
in the radial direction

In order to obtain the value of differential stress, we cal-
culate the total force > F on the top boundary, and then,
the total force is divided by the area of the cross section
which is due to the radial expansion of the sample as a
function of time. We keep the vertical displacement rate on
the top surface constant and choose free radial movement
on the boundary. On the bottom surface, it is fixed per-
pendicular to the boundary on the bottom, i.e., no radial
movement at one corner and no axial movement at the
bottom. For the free radial-movement boundary condition,
the homogeneous sample is applied to a uniform dis-
placement rate on the top boundary so that the deformation
is also homogeneous. The area of the cross section is:

A1) = nR(OP= 7[R + (1)) (4)

where A(?) is the cross-sectional area; R(¢) is the radius of
the cylindrical sample; R; is the initial radius of the sample;

u, is the displacement in the radial direction. The differ-
ential stress o; — o3 in the numerical simulation can be
confirmed:

o(t) = % 5)

where o(¢) is the differential stress; »_ F is the total force
acting on the cross section.

4.2 Simulation of the triaxial creep experiment
on the sample with fixed boundary conditions
in the radial direction

Boundary conditions are fixed perpendicular to the
boundary on the bottom and the sides, i.e., no radial
movement on the top and bottom edges and no axial
movement at the bottom. On the top surface, the vertical
displacement rate is applied in the axial direction, and the
horizontal displacement in the radial direction is fixed. For
the fixed radial-movement boundary condition, heteroge-
neous deformation occurs due to the fixed boundary con-
dition. The average area of the cross section which is equal
to the volume over the length:

v v A,
A(t) = —= = 6
O =13 lo(l—%) 1 =&y (6)

o

where [(7) is the length of the cylindrical sample; V is the
volume of the sample; A, is the original area of the cross
section, [, is the original length of the cylindrical sample;
and u(t) is the displacement rate; &, is the strain in the
longitudinal direction. The stress is calculated through the
total force > F over the average area of the cross section
A(?), as described in Eq. (5).

4.3 Results of numerical modeling

The parameters and results in the models of free boundary
conditions, where the power law and Newtonian law creep
are used, respectively, are shown in Tables 2 and 3.
Meanwhile, the parameters and results for validations for
dislocation creep and solution-precipitation creep in the
models of the fixed boundary condition are shown in
Tables 4 and 5, respectively.

As we know, the stages of creep include the initial stage
called primary creep and the second stage called steady-
state creep. In the primary creep stage, the strain rate
gradually decreases from a relatively high value. In the
steady-state creep stage, the strain rate reaches an almost
constant value. The creep strain rate means the rate in the
steady-state creep stage. The relation between the differ-
ential stress and the creep strain rate can be described as

@ Springer
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Table 2 Test parameters and the results of the differential stress (dislocation creep and free radial boundary condition)

Vertical displacement on the top surface, cm

Total deformation time, s

Strain rate, s~!

Stress g; — 03, MPa

Strain rate 1
Strain rate 2
Strain rate 3
Strain rate 4
Strain rate 5
Strain rate 6
Strain rate 7

2.48
2.48
242
2.37
2.30
2.26
222

1.0E+19
1.0E+14
1.OE+12
1.0E+10
1.0E+08
1.0E+06
1.0E+04

1.41E-20
1.41E—15
1.37E—13
1.34E—11
1.30E—-09
1.27E—-07
1.25E—-05

0.10
1.00
2.50
6.25
15.60
39.00
97.60

Table 3 Test parameters and the results of the differential stress (solution-precipitation creep and free radial boundary condition)

Vertical displacement on the top surface, cm

Total deformation time, s

Strain rate, s~

Stress g; — g3, MPa

Strain rate 1
Strain rate 2
Strain rate 3
Strain rate 4
Strain rate 5
Strain rate 6
Strain rate 7

2.54
2.54
2.16
2.40
2.34
2.49
2.13

1.2E+13
1.2E+12
4.0E+11
1.8E+11
7.0E+10
3.0E+10
1.0E+10

1.21E—14
1.21E-13
3.02E-13
7.56E—13
1.89E—12
4.72E—12
1.18E—11

0.10
1.00
2.50
6.25
15.60
39.00
97.60

Table 4 Test parameters and the results of the differential stress (dislocation creep and fixed radial boundary condition)

Vertical displacement on the top surface, cm

Total deformation time, s

Strain rate, s~

Stress g; — g3, MPa

Strain rate 1
Strain rate 2
Strain rate 3
Strain rate 4
Strain rate 5
Strain rate 6
Strain rate 7

2.48
2.48
242
2.37
2.30
2.26
222

1.0OE+19
1.0E+14
1.OE+12
1.0E+10
1.0E+08
1.0E+06
1.0E+04

1.41E-20
1.41E—15
1.37E—13
1.34E—11
1.30E—-09
1.27E-07
1.25E-05

0.10
1.03
2.58
6.44
16.06
40.12
100.13

Table 5 Test parameters and the results of differential stress (solution-precipitation creep and fixed radial boundary condition)

Vertical displacement on the top surface, m

Total deformation time, s

. —1
Strain rate, s

Stress o; — g3, MPa

Strain rate 1
Strain rate 2
Strain rate 3
Strain rate 4
Strain rate 5
Strain rate 6
Strain rate 7

2.54
2.54
2.16
2.40
234
2.49
2.13

1.2E+13
1.2E+12
4.0E+11
1.8E+11
7.0E+10
3.0E+10
1.0OE+10

1.21E-14
1.21E-13
3.02E—13
7.56E—13
1.89E—12
4.72E—12
1.18E—11

0.11
1.09
2.72
6.78
16.90
42.12
105.28

Egs. (1) or (2). In the numerical simulation, we apply the
elastic law and power law equations (the steady-state creep

equations) on the rock salt sample.

@ Springer

We can obtain the relationship between the differential
stress and the strain when dislocation creep dominates
(n = 5) and evaluate the friction boundary effect in the
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experiment. We can obtain the relation between the dif-
ferential stress and the strain rate in the steady-state creep
stage and make a comparison between the numerical and
experimental results. In Fig. 6, we can see that the thick
dots represent the differential stress with the fixed bound-
ary condition. The thin dots represent the differential stress
with the free boundary condition. The homogeneous
deformation results in a constant stress in the steady state.
When the strain is the same, the differential stress with the
radial fixed boundary condition is higher than the one with
the radial-free boundary condition.

From the stress—strain curve in Fig. 7, we can see the
mechanical behavior of rock salt includes elastic and
steady-state creep processes. However, it is obvious there is
a ‘pseudo’-primary creep between the elastic and steady-
state creep stages. In the numerical model, we do not apply
primary creep in the material property. It is because creep
which leads to stress relaxation can occur even when the
elastic strength is not reached after the loading is applied
for a short period time. In Fig. 7, we can see the relation
between the differential stress and the strain when solution-
precipitation creep dominates (n = 1). The thick dots
represent the differential stress with the fixed boundary
condition. The thin dots represent the differential stress
with the free boundary condition. The differential stress
increases slowly because in reality the top surface dis-
placement velocity is constant and the strain rate increases
slowly. The change in stress is very relevant to the slow
increase in the strain rate when the Newtonian creep law
(n = 1) dominates.

1.20E+02

Figure 8 shows the diagram of the differential stress and
strain rate, and it summarizes low-temperature laboratory
data and numerical simulation results. The broken line is
extrapolation of the dislocation creep equation, taking
n =15. The blue and red dots show the results of the
relation between the differential stress and the strain rate
for n =5 and n = 1, respectively, from the numerical
simulation with free x-movement boundary (the frictionless
boundary condition) of the cylindrical sample. We can see
that the numerical solutions fit the experimental results
quite well. Although from the numerical results the relation
between stress and strain has a small difference from the
theoretical situation, the relation between the strain rate
and the differential stress with the free boundary condition
matches the theoretical situation very well. This shows that
for the steady-state creep the numerical solution is in a
good agreement with the experimental result despite a
‘pseudo-primary creep’ between the elastic and steady-
state creep stages. Therefore, the numerical result of the
parameter A and the power order n (Eq. 1) achieved from
the free radial-movement boundary condition can be
thought of as the correct rheology.

5 Creep mechanisms at low stresses

Some experiments with synthetic samples show that solu-
tion-precipitation creep can play a role at low stresses
(Spiers et al. 1990). However, as an important extrapola-
tion of laboratory data, it is necessary to study the rock salt

Differential stress-strain for fixed and free boundary conditions (n=5)

—e— 1.25E-05, fixed bc
...... 1.25E-05, free bc
—e— 1.27E-01, fixed bc

9.00E+01

------ 1.27E-01, free bc
—e— 1.30E-09, fixed bc | |

6.00E+01

...... 1.30E-09, free bc
—o— 1.34E-11, fixed bc
777777 1.34E-11, free bc
1.37E-13, fixed bc
1.37E-13, free bc

Differential stress, MPa

—o— 1.41E-15, fixed bc [
,,,,,, 1.41E-15, free bc
—o— 1.41E-19, fixed bc
777777 1.41E-19, free bc

3.00E+01

0.00E+00
0.04

0.14
Strain

Fig. 6 Differential stress and strain in the y direction for fixed and free boundary conditions (n=5)
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1.20E+02

—e— 1.18E-11, fixed bc
------ 1.18E-11, free bc
4.72E-12, fixed bc
777777 4.72E-12, free bc
—o— 1.89E-12, fixed bc
777777 1.89E-12, free bc | ]
——e— 7.56E-13, fixed bc
777777 7.56E-13, free bc

3.02E-13, fixed bc

3.02E-13, free bc
——e— 1.21E-14, fixed bc
777777 1.21E-14, free bc
—s— 1.21E-14, fixed bc
777777 1.21E-14, free bc

Differential stress-strain for fixed and free boundary conditions (n=1)

9.00E+01

6.00E+01

Differential stress, MPa

3.00E+01

0.00E+00 < 3 : % % r -
Strain

Fig. 7 Differential stress and strain in the y direction for fixed and free boundary conditions (n=1)
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Fig. 9 Rock salt grain boundaries will tend to heal with a decrease in differential stress (Drury and Urai 1990)
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deformation in nature in order to observe detailed infor-
mation for deformation mechanisms (Schléder and Urai
2005; Schléder et al. 2008). For creep of salt under high
differential stresses, for example, 2.0 MPa, which is in
agreement with many studies which used subgrain size
piezometry on salt deformed by a combination of dislo-
cation creep and pressure solution creep. The effective
viscosity is a permissible model, because the dynamic
recrystallization tends to bring the contributions of dislo-
cation creep and pressure solution creep into balance and
grain boundaries are mobile (De Bresser et al. 2001).
However, the observation of rock salt deformation in the

natural laboratory through microstructural research pro-
vides the important information for the differential stress
smaller than 2.0 MPa. Under this differential stress, the
dynamic recrystallization changes the grain size and it
contributes to the balance between the dislocation and
pressure solution creep controlling rock salt deformation. If
the differential stress is much lower, grain boundaries tend
to heal or neck driven by interfacial energy, then the grain
boundaries immobile (Fig. 9). Pressure solution creep is
switched off, and deformation can only proceed by dislo-
cation creep, at dramatically lower strain rates. In other
words, the effective viscosity under these low differential
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stress values is many orders of magnitude higher. A more
detailed recent review of these issues is Urai et al. (2008).
In the initial stage of salt tectonics, the differential stresses
in salt are very low, and recent studies suggest that under
these conditions pressure solution creep in the salt should
be inactive and salt deforms under the control of disloca-
tion creep (n = 5). A related issue is raised by the obser-
vation that anhydrite—dolomite stringers do not sink
through salt over long geologic periods (van Gent et al.
2011; Burchardt et al. 2011). In conclusion, the strain rates
are similar at a differential stress around 2 MPa during salt
tectonics under the controls of both dislocation creep and
pressure solution creep. However, the pressure solution
creep is inactive and switched off at lower stress below
2 MPa after salt tectonics stops. During and after salt
tectonics, dislocation creep is always active and dominant
for the rock salt deformation (Fig. 10).

6 Conclusions

The creep equations controlled by microstructure deforma-
tion mechanisms are the foundation of modeling rock salt
creep properties under long-term conditions, and they are
useful for salt tectonics modeling and salt mining engi-
neering. In this paper, we summarized the research findings
on creep controlled by two deformation mechanisms (dis-
location creep and solution-precipitation creep) and built a
database for rock salt rheology at 20-200 °C. Various rock
salt has different water contents in the pore and grain
boundaries, which strongly affects the rheological behavior.
The temperature also plays an important role in rock salt
deformation. Moreover, we modeled creep behavior of rock
samples at various strain rates under the control of two
deformation mechanisms. The numerical model in the
Abaqus package can simulate the real triaxial experiment
and can be used for salt tectonics modeling. The numerical
simulation can also evaluate the effect of boundary condi-
tions on the creep property. Finally, both deformation
mechanisms lead to a similar strain rate during salt tectonics,
and the pressure solution creep is inactive at a low stress
after salt tectonics. Combined with experimental results in
laboratories and microstructure research as the reliable
exploration of experimental results, we conclude that rock
salt rheology can be simplified to dislocation creep corre-
sponding to power law creep (n = 5) with the appropriate
material parameters in the salt tectonic modeling.
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