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The objective of this study is to determine the effect of transverse isotropy on
time-dependent deformation of bedded Maha Sarakham salt. Uniaxial and triaxial
creep tests are performed on prismatic specimens (54x54x100 mm?) having normal to
bedding plane making various (transverse isotropic) angles (B) with the major principal
direction within the test duration of 10 days. Results indicate that instantaneous and
creep deformations are highest for B = 0° and lowest at B = 90°. Their differences
become smaller as the confining pressure increases. Salt specimens with lower
transverse isotropic angles show larger transient creep before reaching steady-state
phase, as compared to those with higher angles. The effect of confining pressure and
transverse isotropy can be described by Burgers parameters. The anisotropy degrees
of the Burgers parameters decrease with increasing confining pressures, suggesting that
salt not only becomes more isotropic, but also behaves as Maxwell material under
high confinements. Empirical equations are derived to represent the Burgers
parameters as a function of bedding plane orientation, loading duration, applied
octahedral shear stress and confining pressure, which can be used to describe salt

creep under in-situ conditions.
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CHAPTER |
INTRODUCTION

1.1  Background and rationale

Time-dependent properties of rock salt are major factors which has to be taken
into consideration in the design and stability analysis of underground structures. The
major research efforts, particularly, in the US and European countries, are aimed at
developing safe storage facility in rock salt for nuclear waste disposal (e.g., Hunter,
1979; Senseny et al., 1992; Munson, 1997; Hunsche and Hampel, 1999; Langer, 1999),
for energy storage (e.g. Langer, 1993; Staudtmeister and Rokahr, 1997; Ehgartner and
Sobolik, 2006; Wang et al., 2016; Khaledi et al., 2016; Wang et al., 2018), and for salt
and potash mines (e.g., Holcomb and Hannum, 1982; Dawson and Munson, 1983;
Jeramic, 1994; Daemen and Fuenkajorn, 1996; Hansen, 1997; Khamrat et al,, 2018).
Several investigators have focused their efforts on the strength, deformation
characteristics and creep properties of rock salt (e.g. Sriapai et al., 2011; Zhang et al,,
2012; Fuenkajorn et al,, 2012; Sartkaew and Fuenkajorn, 2013; Aditya et al., 2018;
Phatthaisong et al., 2018). Results from studying creep properties of salt rock show that
creep is complicated and related to the loading (Hamami et al., 1999; Fuenkajorn and
Phueakphum, 2010), loading rate (Liang et al., 2011), temperature (Senseny, 1986;
Moslehy and Alshibli, 2023; Dong et al., 2023), stress level and loading path (Hampel
et al,, 1998; Wang et al,, 2014; Mansouri and Ajalloeian, 2018; Rouabhi et al., 2019).
Several constitutive creep models have been derived to describe the time-dependent
behavior of rock salt under various environmental conditions (e.g. confining pressures,
loading rates, temperatures and moisture contents). These include rheological models
(Lindner and Brady, 1984; Hardy and Sun, 1986; Wang et al., 2014), empirical models
(Nair et al., 1974; Langer, 1984; Motta and Pinto, 2014), and physical theory models
(Oksenkrug and Shafarenko, 1974; Senseny, 1983).

Rock salt in the northeast of Thailand and associated mineral deposits in the
Maha Sarakham formation are widely spread in enormous quantities. Most of rock salt

exhibits transverse isotropic structures due to the layers of crystallization and



inclusions (e.g. anhydrite, potash, gypsum and clay minerals) (Warren, 1999). The
properties of rock salt depend not only on the factors mentioned above but also on
the transverse isotropic characteristics (Dubey et al., 1999; Dubey and Gairola, 2000,
2008; Dubey, 2018). Jeremic (1994) reports that rock salt from Poland shows the
transverse isotropic effect on uniaxial compressive strength where the minimum
strength is obtained when normal to bedding plane makes an angle (B) of 45° with the
loading direction. Thongprapha et al. (2022) find that the minimum compressive
strength of salt from Thailand is obtained when B is 60° under confining pressures from
2 to 40 MPa. The intrinsic elastic moduli are highest when loading is parallel to bedding
plane (B = 90°), and lowest when it is normal to the beds (f = 0°). The apparent elastic
moduli and Poisson’s ratios for 0° < B < 90° can be described by Amadei’s solution
(Amadei, 1996). The solution has been widely applied to describe the evolution of the
apparent elastic moduli and Poisson’s ratios for other strong and brittle rocks (e.g.
Nasseri et al., 2003; Miller et al,, 2013; Gholami and Rasouli, 2014; Nejati et al., 2019).

The effect of transverse isotropy on salt creep has however rarely been
investigated. Dubey and Gairola (2008) perform uniaxial creep tests on transverse
isotropic salt from India under three bedding orientations (0°, 45°, and 90°), and find
that steady-state creep rate is highest when B = 45° and lowest for B = 0°. Most salt
researchers have studied the effect of transverse isotropy on salt only under
unconfined condition. In addition, soverning equations for describing the salt creep as
affected by transverse isotropic characteristics have never been derived for practical

use.

1.2  Research objectives

The objective of this study is to experimentally investigate the effect of
transverse isotropy on time-dependent properties of Maha Sarakham salt. The tasks
involve performing uniaxial and triaxial creep tests on prismatic salt specimens
containing various bedding plane orientations with respect to the major principal axis.
The elastic, visco-plastic and visco-elastic parameters are calibrated from these results
by using stress-strain deviations as a function of time based on the Burgers model. The

governing equations are proposed to describe creep deformation of transverse



isotropic medium. The findings can be used to predict the salt behavior with bedding

plane orientation, confining pressure and octahedral shear stress.

1.3  Research methodology

The research methodology of this study comprises 8 steps, including 1)
literature review, 2) preparation of salt sample, 3) laboratory testing methods and
results (uniaxial and triaxial creep test), 4) determination of creep parameters under
transversely isotropic condition, 5) derivation of governing equations to describe creep
deformation of transverse isotropic medium, 6) discussions and conclusions, and 7)

thesis writing, as shown in Figure 1.1.

Literature Review

A

Sample preparation

A

A

A\

Uniaxial creep test Triaxial creep test

A

Determination of creep parameters

under transversely isotropic condition

A

Derivation of governing equations to describe creep

deformation for transversely isotropic material

Y

Discussions and conclusions

Y

Thesis writing

Figure 1.1 Methodology of this research.



1.3.1 Literature review
Literature review is carried out to study previous research on the
occurrence and characteristics of transversely isotropic on rock salt, time-dependent
testing, and the transverse isotropic effect on the properties of rocks, especially those
related to time-dependent behavior and creep behavior analysis of transverse isotropic
medium. Journals, conference papers, and technical reports are the sources of

information. The literature review is summarized as given in Chapter Il thesis.

1.3.2 Sample preparation

Rock salt samples have been obtained from Thaikali Co., Ltd,
underground openings in the northeast of Thailand. They are part of the Lower Salt
member of the Maha Sarakham formation. Sample preparation is carried out at
Suranaree University of Technology laboratory. The specimens are prepared to obtain
rectangular blocks with nominal dimensions of 54x54x108 mm? (L/D=2). Each sample
contained salt beds that can be observed by alteration of dark and ligsht bands of
halite. Salt specimens are prepared with nominal angles (B) between specimen main
axis and the normal to bedding planes varying from 0°, 45°, 65°, 75° and 90° for uniaxial

creep test and varying from 0°, 25°, 45°, 65° and 90° for triaxial creep test.

1.3.3 Laboratory testing methods and results

Uniaxial and triaxial creep tests are conducted following ASTM D7070-
08 standard practice on rock salt specimens, except the specimen shape. Five
specimens are performed the uniaxial creep test under applied constant axial stress
(o4) of 10 MPa. The total of 17 specimens are performed the triaxial creep test under
constant octahedral shear stress (to«) of 9 MPa, varying confining pressures (lateral
stresses) range from 3, 6, 12 and 24 MPa. All specimens are tested for up to 10 days.
The axial and lateral deformations are measured by installed digital displacement
gages. The time-related deformations are recorded. The results can be used to
determine the creep strains of rock salt with various bedding plane orientations from

uniaxial and triaxial creep tests.

1.3.4 Determination of creep parameters under transversely isotropic
condition
The relations of stress-strain deviation as a function of time are derived

from the constitutive relation under linear-viscoelastic conditions. The elastic, visco-



elastic and visco-plastic parameters are calibrated from uniaxial and triaxial creep test
results using these relations. Assuming the salt behavior here can be described by the
Burgers model. The regression analysis is conducted utilizing the SPSS statistical
software (Wendai, 2000). These Burger parameters exhibit the effect of transverse
isotropy on creep behavior. The effect of confining pressure and transverse isotropy

on these parameters is described by elliptical theory.

1.3.5 Derivation of governing equations to describe creep deformation

of transverse isotropic medium

The relations between octahedral shear strain and volumetric strain are
used to describe the transition zone of salt creep behavior (transient creep phase)
between instantaneous and steady state phases under different bedding plane
orientations. The governing equations are proposed to predict the evolution of
transient zones with bedding plane orientation, confining pressure and octahedral
shear stress. The condition at which salt becomes isotropic and changes behavior are

determined.

1.3.6 Discussions and conclusions
The adequacy and reliability of the test data including the correctness
of the interpretation and analysis are described in discussions. The results obtained
here and those obtained elsewhere are compared to analyze in terms of similarity and
discrepancy. Conclusions from the research study are drawn to summarize the overall
of this research. Future research needs are identified to confirm the validity and

enhance comprehension.

1.3.7 Thesis Writing
All study activities, methods, and results are documented and compiled

in the thesis.

1.4 Scope and limitations
1) Uniaxial and triaxial creep tests are performed on rock salt specimens
obtained from the Maha Sarakham formation. (Thaikali Co., Ltd., northeast

of Thailand)



2) All specimens are prepared to have different bedding plane orientations

including normal, parallel and incline to the major principal stress.

3) The rock salt specimen for uniaxial creep test are prepared to obtain nominal
dimensions of rectangular specimens are 54x54x108 mm?® with bedding
plane orientation respect to the major principal stress (p) of 0°, 45°, 65°, 75°

and90°. For triaxial creep test, B angles varying from 0°, 25°, 45°, 65° and 90°.

4) Uniaxial creep tests are performed under applied constant axial stress of 10
MPa for 10 days.

5) Triaxial creep tests are performed under constant octahedral stress (yo) of
9 MPa with varying confining pressures (lateral stresses) range from 3, 6, 12

and 24 MPa.

6) Testing procedure will follow the relevant ASTM standard practice, as much

as, practical.
7) All tests are performed under ambient temperature (°C).

8) The research findings are published in international journal.

1.5  Thesis contents

This thesis comprises eight chapters. Chapter 1 explains the background and
rationale, the objectives, the methodology and scope and limitations of the research.
Chapter 2 summarizes the literature review results to enhance the comprehension on
the transversely isotropic rock and time-dependent properties of rocks. Chapter 3
describes the preparation of salt sample. Chapter 4 describes the procedure and
results of the laboratory testing (uniaxial and triaxial creep testing). Chapter 5 shows
the derivation of stress-strain deviations as a function of time and calibrations of
Burgers parameters. Chapter 6 describes the transverse isotropic effect on time-
dependent properties of rock salt under confinement. Chapter 7 presents the
derivation of governing equations to describe and predict the creep behavior under
transverse isotropic medium. Chapter 8 gives the discussions, conclusions, and

recommendations for future studies.



CHAPTER Il
LITERATURE REVIEW

2.1  Introduction

Previous studies are reviewed to enhance an understanding of the relationship
between transverse isotropic rock and time-dependent properties of rock. These
include the rock characteristics, time-dependent behavior of Maha Sarakham salt and
transverse isotropic effect on time-dependent properties. The constitutive models
used to describe the time-dependent behavior of transverse isotropic rock are

investigated.

2.2  Definition of rock characteristics

The definition characteristic under linear elasticity yields is described by the
relation of strains in terms of the stresses that inverts from the generalized Hook’s law
in cartesian coordinate (x, y, z). The anisotropic elasticity equations can be presented
in matrix form called compliance matrix, as shown in Equation (2.1). The component
of strains depends on the component of stresses. The new notation has only one
subscript for the strain and stress by numbered from 1 to 6. The 36 S; are material
constants called stiffness component. When considering the strain energy in an
elastic material, the stiffness matrix is symmetry. There are only 21 independent elastic

constants.

2.2.1 Isotropic rock
Isotropic rock has the same rock properties (such as strength, stiffness)
in all directions, as shown in Figure 2.1a. There are two independent constants and 12
nonzero terms in compliance matrix in the terms of Young’s moduli (E), Poisson’s ratio
(V) and shear moduli (G). The Young’s moduli and Poisson’s ratio in different directions
are equal (Ex = E, = E; and V,=V,=V,,) and shear moduli are calculated by these
single E and V values (G, = Gy, = Gy). Barla (1974) states that this behavior cannot

describe the exact stresses and deformations in a rock mass.
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2.2.2 Anisotropic rock
Many rocks near the Earth's surface exhibit distinct fabric elements, such
as stratification, bedding, layering, jointing, foliation, or fissuring, leading to a variation

of anisotropic rock properties.



Amadei (1996) states that cleavage and foliation are the characteristics
of anisotropic rock in the metamorphic rocks such as schist, phyllites, gneisses and
slates. Slates and phyllites have closely spaced fractures called cleavages that are
formed by parallel orientated microscopic grains of chlorite, mica or another platy
mineral cause split into planes. The fabric of schists is formed by the sub-parallel to
parallel arrangement of large platy minerals such as chlorite, mica and talc. Foliated
metamorphic rocks such as in gneisses express the foliation that alternating layers of
different mineral composition. Non-foliated metamorphic rocks such as marble, the
orientation of calcite grains also shows some anisotropy. The intact laminated,
stratified, bedded and layered rock are the characteristics of anisotropy in sedimentary
rock such as sandstones, siltstones, shales, coal and limestones. In addition, the

anisotropic rock mass can be found in volcanic formations such as basalt and tuff.

Rock masses that are discontinuous and intersected by one or multiple
spaced joint sets also exhibit anisotropic behavior. In the most practical case,
orthotropic and transverse isotropic materials are the patterns of anisotropic rocks, as
in a co-ordinate system that attach to directions of symmetry or their apparent

structure.

(1) Orthotropic rock

Orthotropy  (ortho-rhombic ~ symmetry) has three  mutually
perpendicular fracture sets as shown in Figure 2.1b. The properties along each three
principal directions are different. There are only 9 independent elastic constants: three
elastic moduli (E;, Ey, E,), three Poisson’s ratios (vyy, Vi, Vy2) and three shear moduli
(Gyy, Gy Gy). The orthotropic formulation used to describe the deformability of rocks
has three mutually perpendicular sets of joints in the principal symmetry direction
(Goodman, 1989). For example, the rocks that have orthotropic behavior are slates,
schists, sandstones, coal, gneisses and granites, assuming the bedding planes and cleat

of coal often be planes of elastic symmetry.

(2) Transverse isotropic rock

Transverse isotropic rock has an axis of symmetry of rotation in z-fold
(normal to the bedding planes). Let x and y are two perpendicular directions in the
plane normal to the axis of symmetry (bedding plane). This plane has isotropic

properties that called transverse isotropic plane as shown in Figure 2.1c. The properties
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are the same in this plane but different perpendicular to the plane. Transverse isotropy
has only 5 independent elastic constants: two elastic moduli (Ex = Ey, E,), two Poisson’s
ratios (Vxy = Vyz, Vxz) and one shear modulus (Gy). Amadei (1996) states that in rocks
such as phyllites, schists, siltstones, sandstones, mudstones, shales, basalts and
gneisses often use the formulation of transverse isotropy to characterize the
deformability. For these rocks, foliation, schistosity, or bedding planes are assumed to

be the transverse isotropic plane.

Anisotropic rock can be classified by using degrees of anisotropy. There
are three methods to define these values: point load strength, strength and elastic
modulus. Tsidzi (1990) proposes the classification by point load index to classify the
degree of anisotropy for foliated rocks. Ramamurthy (1993) defines the anisotropy
strength (Ro) from ratio between maximum-to-minimum strength. Table 2.1 shows the
degrees of anisotropy classification based on R. The strength of anisotropy primarily
relies on the uniaxial compressive strength of the rock. Nonetheless, according to
Zhang (2006), degree of anisotropy for a particular rock is not constant when subjected

to confinement.

Amadei et al. (1987) determine the degrees of anisotropy of rock by
calculating ratio of maximum-to-minimum elastic modulus (Eq./Emin). They find that
the ratio for intact transverse isotropic rock vary between 1 and 4. The anisotropy
elastic modulus in four groups of anisotropic rock classified by Worotnicki (1993) are

presented in Table 2.2.

Table 2.1 Anisotropy strength range and rock classes (Ramamurthy, 1993).

Anisotropic ratio Class Rock Types
1.0< Re<1.1 Isotropic Sandstone
1.1< R <2.0 Low anisotropy Sandstone, Shale
2.0< R.<4.0 Medium anisotropy Shale, Slate
4.0< Rc<6.0 High anisotropy Slate, Phyllite
6.0< Rc Very high anisotropy Slate, Phyllite
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Table 2.2 Ranges of anisotropy elastic modulus (Amadei et al., 1987).

Anisotropic rock group Example rock Degree of anisotropy

Quartz and arkose sandstones,
Quartzofeldspathic rocks Granites, Granulites and 1.5 < Ernax/Emin <3.5

Gneisses

lgneous rock, Amphibolites,

Basic/lithic rocks Lithic and greywacke 1.5 < Eax/Emin <3.5
sandstones,
Pelitic (clay) and pelitic Mudstones, Phyllites, Schists 1.5 < Emax/Emin <6
(micas) rocks and Slates (Highest anisotropy)
Limestones, Marbles and Ermax/Emin <1.7

Carbonate rocks
Dolomites (Medium anisotropy)

2.3  Analysis of transverse isotropic effect on elastic property of

materials

Transverse isotropy (bedding plane orientation) affects the properties of rock
varying with direction (Goodman, 1989). Several investigators study the effect of
transverse isotropy on strength and deformation of rock. Sukjaroen et al. (2021) find
that the minimum compressive strength of rock salt obtained when bed inclination
makes an angle of 60° with the loading direction. This agrees with the test results
obtained by McLamore and Gray (1967) on slate, Al-Harthi (1998) and Colak and Unlu
(2004) on sandstone, siltstone and claystone, and Saeidi et al. (2014) on limestone,
granite and schist. However, Jeremic (1994) indicates that rock salt from Poland has
the minimum strength when the bed inclination makes an angle of 45°. When the
bedding plane orientation increases, the elastic modulus increases (Figure 2.2) but
Poisson's ratio slightly decreases. (Yun-si et al., 2012; Kim et al., 2012; Heng et al., 2015; Wang
et al, 2016; Hu et al., 2017; Cheng et al., 2017; Meng et al.,, 2018; Thongprapha et al,,
2022). The minimum elastic modulus is obtained when loading direction normal to
bedding plane orientation (B = 0°). Several investigators have observed that both
intrinsic and apparent elastic moduli increase with increasing confining pressures

(Nasseri et al., 2003; Miller et al., 2013; Fereidooni et al., 2016; Xu et al., 2018).
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Figure 2.2 Young’s modulus as a function of confining pressures and bedding
planes (Hu et al., 2017).

Nasseri et al. (2003) perform compression test on schist, and find that the
degrees of rock anisotropy in terms of strength (Ggo/00:) and elastic moduli (Egg/Eq:)
decrease with increasing confining pressure. This agrees with the experimental results
obtained by Miller et al. (2013) on mudstone, by Xu et al. (2018) on phyllite, and by
Fereidooni et al. (2016) on phyllite, slate, hornfels and schist. Thongprapha et al. (2022)
state that the increment of confining pressures reduces the degree of salt anisotropy
by stiffening the soft layers and tightening the inter crystalline boundaries along
bedding planes. The intrinsic and apparent elastic and shear moduli normal to bedding
plane strike rapidly increases, and they reach those parallel to the bedding planes.
And rock salt has the transition from transverse isotropic to isotropic behaviour (degree
of anisotropy equals 1) under the confining pressure up to 30 MPa, as shown in Figure
2.3.

Amadei (1996) proposes the equations that determine the deformability
properties of transverse isotropic rock by assuming uniform stresses. Hakala et al. (2007)
estimate and interpret the anisotropic elastic parameters by comparing the elastic
parameters obtained from Amadei’s solution with test results. They indicate that the

apparent Young’s modulus and Poisson’s ratio are barely different with test results.
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Figure 2.3 Degrees of rock anisotropy (E90°/E0°) under different confining pressures

(Thongprapha et al., 2022).

Hwu and Ting (1989) use the two-dimensional elliptic inclusion to analyse
anisotropic materials. The hoop stress expresses elliptic hole shape that is controlled
by the real constant in major and minor axes of elliptic hole. The elliptic inclusion has
the major axis (2a) and minor axis (2b), as shown in Figure 2.4. This solution is as well

as the analysis of general anisotropic elastic materials by matrix.
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Figure 2.4 Boundary of elliptic inclusion in an infinite anisotropic elastic material
(Hwu and Ting, 1989)

2.4  Time-dependent properties of Maha Sarakham Salt and Constitutive

laws of salt

Time-dependent deformation, also known as creep, refers to the behaviour in
which rocks can undergo continuous deformation without altering the applied stress.
The American Society for Testing and Materials (ASTM) provides a standardized test
method for creep, outlined in ASTM D7070 — 08. When loads are removed, creep strain
seldom can be recovery fully, and hence it is largely plastic deformation. The creep
deformation includes three different characteristic sections; the primary, secondary

and tertiary phases, as shown in Figure 2.5.

Primary creep occurs shortly after the initial loading and is characterized by a
gradually decreasing rate of strain. In Region | shows a primary or transient strain
behaviour. The secondary or steady-state creep is Region Il. This phase is almost
constant slope which corresponds to tertiary or accelerating creep leading to rather a

sudden failure, as shown in Region lll. The two main mechanisms governing the creep
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behaviour of rock salt are (Fuenkajorn and Daemen, 1988; Cristescu and Hunsche, 1996;

Senseny et al., 1992):
(1) Dislocation climb mechanism: inter-crystalline boundaries sliding
(2) Dislocation glide mechanism: cleavage planes sliding

Phase | is controlled only by dislocation climb mechanism exclusively, while
both dislocation climb and dislocation glide mechanisms are observed in phases Il and
lll. Notably, phase Ill occurs primary microcracks. Time-dependent materials require
constitutive equations to represent their behavior, which replace the elastic and plastic
equations. Rheological models are used extensively to assist in visualizing the
mechanisms that govern the constitutive equation, and to help in formulating the

equation themselves.

Rupture
. [ransient creep Steady creep Tertiary creep
stage stage stage
I II III
i X
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Figure 2.5 Creep strain as a function of time (modified from Jeremic, 1994).

The constitutive laws of creep behaviour of rock salt can be divided into two

categories, namely the empirical model, which is summarized by experimental
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phenomena and the non-linear rheological model (Aydan et al., 2012, 2015). Many
models have been proposed for describing each stage of rock salt creep behaviour.
Ling et al. (2007) construct the constitutive equation for instantaneous creep of salt
cavern based on stress level. Wu et al. (2015, 2019) propose the creep model for the
triaxial compression behaviour by using a variable-order fractional derivative and fitting
the rock salt creep in transient and steady creep stages. Besides that, Zhang et al.
(2012) establish equation to simulate transient creep stage from test data. Several
investigators propose constitutive model to describe the steady stage of salt rock creep
to carry out uniaxial and triaxial compression creep test (Wang et al., 2014; Wang et
al., 2018) with deviatoric stress (Munson, 1997; Hunsche and Hampel, 1999; Liu et al,,
2006), temperature (Wawersik, 1988; Raj and Pharr, 1992), stress history (Gunther et al.,
2015). For a whole creep process, Zhou et al. (2013) replace Abel dashpot in the
traditional Nishihara model and propose a constitutive creep model by using a time-

fractional derivative providing a precise description.

Linear visco elastic model which is one of constitutive laws is used to analyze
the time-dependent properties of rock salt in this study. Linear viscoelastic model
includes four basic models: the Maxwell, Kelvin, generalized Kelvin, and Burgers model.
Fach model has a different arrangement of several mechanical elements (springs,
dashpots, friction resistance to movement) as shown in Figure 2.6. The combination of
each basic element has a unique and readily defined stress-strain-time law (Franklin

and Dusseault, 1989).

The Burgers model is one of linear visco-elastic models that are widely used
to analyze the creep behavior of rock salt. The reason for this preference is its
simplicity and its ability to describe the elastic, visco-elastic, and visco-plastic phases
separately (Handin et al., 1984; Gnirk and Johnson, 1964; Langer, 1984; Hardy and Sun,
1986; Senseny et al,, 1992). The constitutive equation of Burgers model as follows
(Jeremic, 1994):

G+[&+&+&J;mm_ﬁ=m;+w 22
El EZ EZ E1E2 EZ

1 t 1
e(t)=o, —+—+—|:1—exp(—E2t/n2):| (2.3)
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Figure 2.6 Arrangement of linear springs and dashpots of linear viscoelastic models

(Franklin and Dusseault, 1989).

where ¢ and ¢ are stress and strain (which are a function of time), 6 and € are stress
rate (0o/0t) and strain rate (8g/0t), 6 and & are stress acceleration (6?0/8t%) and strain
acceleration (6%/0t%), t is time, E; is the elastic modulus, E, is the spring constant in
visco-elastic phase, M is the viscosity coefficient in steady-state phase, and n; is the

viscosity coefficient in transient phase.

The time-dependent behaviour of rock salt is intricate and influenced by
various factors, including grain size, bonding between g¢rains, loading conditions,
temperature, time, humidity, inclusions, and others. Only relevant factors are included

in this study and commonly shown by the effect on deformation and creep properties.
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The intermediate principal stress effect on the time-dependent behaviour of
Maha Sarakha salt are investigated by Samsri et al. (2010) and Sriapai et al. (2013). They
perform polyaxial creep under constant mean stress (G,,) of 15 MPa with varying
loading conditions ranging from the triaxial (o,#06,=03) to the polyaxial (6;#0,#03 and
01=0,#03) stress. The elastic, visco-elastic (transient) and visco-plastic (steady-state)
behaviour of the salt are determined by using Burgers model. The salt elastic modulus
is independent with intermediate principal stress (o) but tends to increase as the
applied tot increases. The visco-elastic and visco-plastic parameters increase when o,
increases from the 6,=03 condition to the o,=0; condition under the same magnitude
of Toct. Khamrat and Fuenkajorn (2016) determine the effect of o, on the long-term
closure of salt storage caverns. The Burgers parameters are defined as a function of
Lode parameter. Their findings propose that calculating time-dependent deformation
from conventional creep test results might lead to an overestimation of actual closure
for cylindrical caverns by as much as 16% and for spherical caverns by 35%. The results

of Archeeploha et al. (2017) may overestimate as much as 15% and 35%, respectively.

Yang et al. (1999) study the effect of axial and confining pressures on stress-
strain behaviour of salt rock. The steady-state creep rates of the rock under uniaxial

and triaxial creep tests are described by an exponential equation:

£= g +A><exp|:(t0 - t) / B:| (2.4)

where s is total creep strain rate, éss is steady-state creep strain rate, t; is

reference time and A and B are material constants.

The results indicate that the creep strain rate relates with the stress/strain state
but does not relate to the loading history. The steady-state creep strain rate increases
with increasing deviatoric stress and decreasing confining pressure. Wang et al. (2015)
indicate that the deviatoric stress level affects to the lateral deformation than the axial
deformation in tertiary creep stage. The correlation between deviatoric stress and

steady creep strain rate can be describe by an exponential equation.
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The presence of impurities and inclusions influences the creep deformation
and creep properties of salt. The inclusions often appear as thin seams or beds. Salt
impurities comprise ferruginous inclusions and thin clay seams between bedding
planes or grain boundaries. These factors may cause the decreasing of creep
deformation of rock salt, as reported by Franssen and Spiers (1990), Senseny et al.
(1992) and Raj and Pharr (1992). Kensakoo (2006) studies the effect of anhydrite and
clay minerals thin seams that perpendicular to the core axis salt specimens on the
elastic modulus and visco-plasticity coefficient. Anhydrite seam effect causes the
elasticity of specimen increases from 22 GPa to as high as 36 GPa. However, the effect

of clay in the salt specimens remains unclear.

The intrinsic variability of Middle and Lower members of the Maha Sarakham
salt is studied by Fuenkajorn et al. (2011). They vary the contents of anhydrite from
0% to 100% (by weight). Visco-plasticity exponentially increases with crystal size.
Dislocation glide becomes main mechanism for the specimen comprising large crystals.
Fine crystals are deformed by dislocation climb mechanism affecting the visco-

plasticity of specimen reduces.

The influence of carnallite contents occurring by potash ore deposit at the salt
basin on the time-dependent parameters of rock salt is determined by Luangthip et
al. (2017). Salt specimens are varied with carnallite content (C%). As the C% increases,
the elastic, visco-elastic, and visco-plastic parameters of the creep test specimens
rapidly decrease. While pure halite exhibits the characteristic of a Burgers material,

pure carnallite behaves a Maxwell material.

2.5 Effect of transverse isotropy on time-dependent properties of
rock

Many previous studies have been investigated the effects of transverse isotropy

on the time-dependent behavior of rock that can divide in 4 categories:
(1) The axial and lateral strains that occur over time.

Liu et al. (2015) study the effect of deviatoric stress level and transverse
isotropy of a clayey rock on the triaxial compressive creep test. The findings suggest

that perpendicular samples exhibit higher axial and lateral strains compared to parallel
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samples at the same deviatoric stress level. This agrees well with the result obtained

by Luo et al. (2021) on interlayer rock.

Xiong et al. (2014) state that the loading orientations and the bedding
planes affect to the time dependent properties under biaxial creep test. Under the
same stress level and specimen type, the axial loading parallel to the bedding plane,
and the lateral loading perpendicular to the bedding plane are lower than that with

the axial strain with the both loading orientations parallel to the bedding plane.

(2) Three stages of creep deformation of rocks under constant stress:
instantaneous and transient creep (primary stage), steady-stage creep (secondary

stage), and accelerating creep (tertiary stage).

Dubey and Gairola (2008) perform the uniaxial creep test in rock salt with
B angles of 0, 30 and 90°. The result states that the B effect of all creep stages of rock

salt, this effect decreases when the loading rate increases.

Wu et al. (2018) study the effect of transverse isotropy on time-dependent
behavior of foliated metamorphic greenschists. The result indicates that instantaneous,
transient and steady-state strains are affected by structural anisotropy. The
instantaneous and transient creep of specimens with bedding plane perpendicular and
parallel to axial loading are higher than that of oblique 45 and 60 degrees to the axial
loading at any stress level. The instantaneous and transient creep of specimens with
bedding plane perpendicular and parallel to axial loading obvious to closure or open
of the inherent void and crack along the bedding plane to unfavorably oriented
induced compression or tensile stress (act parallel to bedding) than specimen that
oblique 45 and 60 degrees to the axial loading. The instantaneous strain and transient
creep duration decrease with increasing of creep stress level, as shown in Figure 2.7.
Figure 2.8 shows the slope of steady-state rate increment, the least steady-state rate
occurs at 1A0 (bedding plane perpendicular to axial loading) while the greatest occurs

at IA45 (oblique 45 degrees to the axial loading) mainly due to the shear displacement.

Naumann et al. (2007) state that elastic straining and inelastic compaction
are the causes of initial deformation. The transient creep strain for perpendicular

sample is higher than for parallel samples due to the effect of shearing along the
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bedding plane. Transient creep is more influenced by the bedding plane compared to

steady-state creep.
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In addition, Li et al. (2020) state that strain during instantaneous stage

decreases with the orientation of the shale plane as a result of the apparent elastic

modulus (Ep) increases with the shale plane. Several studies have depicted the strain-

time relationship during deformation under compression creep tests, primarily focusing



23

on soft rocks at shallow depths. Wu et al. (2016) investigate the effect of transverse
isotropy on rheological properties of hard rock at deep depth. The strain-time curves
of the hard rock show instantaneous and steady-state creep, without the accelerated
creep phase. The transverse isotropy strongly affects rheological behaviors, including
the instantaneous modulus, duration of transient creep, steady-state creep rate,

contraction ratio and volumetric strain.
(3) The strain rate on the creep deformation

Liu et al. (2015) study the effect of transverse isotropy on creep rate of
clayey rock. The axial creep rates of both parallel and perpendicular specimens are
similar during the initial creep stage. At the steady creep stage, the axial creep rate of
perpendicular specimen is slightly lower than those of parallel specimen, as shown in

Figure 2.9.
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Figure 2.9 Axial creep strain rate with different deviatoric creep stress at g/qpeak= 82
% (Liu et al., 2015)
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Wu et al. (2018) and Zhang et al. (2022) state that highest steady creep rate
is B = 45° Wang et al. (2018) apply the general power model in Equation (2.5) to

analyze the effect of transverse isotropy from creep rate.

;:(t) = 8.0' tb (2.5)

(4) Creep parameters include elastic modulus (Ey), spring constant in visco-
elastic phase (E,), viscosity coefficient in steady-state phase (n;) and viscosity

coefficient in transient phase (1)

Zhang et al. (2022) perform the uniaxial creep test to study the transverse
isotropic creep behavior of layered phyllite. Creep deformation on these specimens
occurs in four stages: instantaneous elastic deformation, deceleration, steady-stage and
accelerated creep stage. The result finds that creep parameters (elastic modulus (E;,
E,) and viscosity coefficients (n,, m3)) initially decrease and then increase with the
bedding angle (Figure 2.10). Therefore, the creep characteristics of the layered rock are
governed by the presence of natural weakness planes and a considerable transverse

isotropic effect.

From the reviewed studies, it shows the effect of transverse isotropy on
the creep characteristics of rock. In addition, many studies have found that there are
some factors decreasing this effect. Wang et al. (2018) state that the anisotropic ratios
(axial strain rate ratios in the creep stage) show the influence of bedding planes. The
anisotropic ratios decrease with increasing deviatoric stress and confining pressure. This
agrees with the experimental results obtained by Naumann et al. (2007). Wu et al.
(2018) state that the effect of transverse isotropy is slowly weakened with the stress

level increases.
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Figure 2.10 Correlation between bedding angle and creep parameters: elastic
modulus, E; (a), elastic modulus, E; (b), viscosity coefficients, 1, (c), and

viscosity coefficients, ns (d) (Zhang et al., 2022).

2.6 Constitutive models of transverse isotropy on time-dependent

properties of rock

The importance of describing the creep characteristic of transverse isotropic
rock is to construct a reasonable creep constitutive model. The creep models of
transverse isotropic materials can be divided into two categories, namely the empirical
model which is summarized by experimental phenomena and the theoretical model

which is obtained by viscoelastic plastic element model.

Hatzor and Heyman (1997) establish the new empirical model for describing

compression-dilation behavior of anisotropic rock salt. The predicted result shows that
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the dilation stress decreases with decreasing confining pressure and with increasing

value of .

Xu et al. (2019) and Zhang et al. (2022) propose the new creep model
combining a Maxwell body, a Kelvin body, and a nonlinear visco-plastic body in 2D
and 3D to describe all creep processes of transverse isotropic rocks. These models are
called ubhm model. The three-dimensional forms of the creep model can be

expressed as:

Sjj Gmsu Sij Sjj G,
—+ +—t+—|1-e " % <Ss
261 3K 2Hi 26 ‘
en(t) = (2.6)
Si OmOj S Si G, Sj—Ss at"+b
— + +—t+— 1—e_'_Tt + Sj = Ss
2G1 3K 2H 2G2 ? 2H3 t

where o, and S; are the spherical stress tensor and deviatoric stress tensor, Ss
is the three-dimensional creep strength of the rock, G; and G; are shear moduli of the
elastic body and Kelvin body, K is bulk modulus of the elastic body, H;, H, and Hs are
the three-dimensional viscosity coefficients of the viscous body, the Kelvin body and
nonlinear body. The validation results demonstrate that the creep model effectively

represents the entire creep stage in the transverse isotropic rock.

Luo et al. (2021) derive the viscoelastic equations for three interlayered rock
conditions: soft-hard, soft-soft and hard-hard interlayered for rock specimens. The
loading is applied parallel to or perpendicular with bedding plane. In this study, they
define the creep properties of hard rock behaves the generalized Kelvin model and
soft rock behaves the Burgers model. A sum form of creep models on each rock type
is described the specimen with loading perpendicular to the bedding plane. A dividing
form of creep models of each rock type is described the specimen with loading parallel
to the bedding plane. The three-dimension creep equation of hard soft interlayered
rock for the loading parallel to the bedding plane can be expressed in Equation (2.7)
and the loading parallel to the bedding plane can be expressed in Equation (2.8). The

theoretical model fits well with the measure values that error within 5%.
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Wu et al. (2018) propose the creep models to describe the transverse isotropic
effect on creep behavior of greenschists by combining the effect of bedding plane and
rock matrix. Rock matrix is described by Burgers model, and bedding plane described
by Maxwell model. Figure 2.11 shows the 1-D Mathematic representations of creep
model. The Burger model fit well with test result as shown in Figure 2.12. The
anisotropy induced by the bedding plane is modeled using an anisotropic strength
criterion, which exhibits a characteristic U-shaped curve with the minimum value
occurring at 45 + 1/2 (friction angle). Figure 2.12(a) demonstrates that fitting with the

Burgers model eliminates the use of the Maxwell model for bedding planes.

Based on the assumption of constant Poisson’s ratio, Li et al. (2020) derive a
3-D creep constitutive equation of transverse isotropic rock between specimens with
horizontally and vertically oriented bedding through different operator methods. Kou
et al. (2023) establish the nonlinear damage creep model for describing the entire
creep characteristics for phyllite specimens with various bedding plane orientations.
They indicate that their model is more accurate than the Nishihara and modified

Nishihara model.
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(a) Mathematical represontation of creep behaviour
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model) (Wu et al., 2018)
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CHAPTER IlI
SAMPLE PREPARATION

3.1 Introduction

This chapter describes the sources and characteristics of rock salt samples used
in this study. The rock salt preparation and specifications for uniaxial and triaxial creep
tests are also presented. The physical and chemical properties using X-ray diffraction

analysis are determined.

3.2 Sample preparation

The salt specimens tested here are obtained from the potash mine opening at
depths of 200-300 m of Thai Kali Co., Ltd., Nakhon Ratchasima province. Salt blocks
are collected from Lower Members of Maha Sarakham formation (Figure 3.1). The origin
and geology of Maha Sarakham formation are described by Warren (1999). Sample
preparation is carried out in the laboratory at Suranaree University of Technology. The
salt blocks are cut by using organic oil as lubricant to obtain rectangular specimens
with nominal dimensions of 54x54x108 mm?’. Each sample contained salt beds that
can be observed by alteration of light and dark bands of halite. For uniaxial creep test,
the salt samples have nominal angles (B) between specimen main axis and the normal
to bedding planes varying from 0°, 45°, 65°, 75° and 90°, as shown in Figure 3.2. Five
specimens are prepared for uniaxial creep test. Figure 3.3 shows some salt samples for
triaxial creep test that have B angles varying from 0°, 25°, 45°, 65° and 90°. Each angle B
is prepared to here three specimens, except B = 0° and 90° which are prepared four
specimens each, with a total of 17 specimens for triaxial creep test. The bedding plane
strike is parallel to one of the specimen side surfaces, as shown in Figure 3.4. The
dimensions, physical properties and bedding plane orientations of the salt specimens

for uniaxial and triaxial creep tests are summarized in Tables 3.1 and 3.2.
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Figure 3.2 Salt specimens prepared for uniaxial creep test.
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Figure 3.3 Some salt specimens prepared for triaxial compression creep test.
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Figure 3.4 Notation showing bedding plane orientation used in this study.



Table 3.1 Salt specimens prepared for uniaxial creep tests.

Specimen B Width Length Height Weight Density
No. (degrees) (mm) (mm) (mm) (9) (g/cm?)
UC-0-0 0 55.33 51.88 106.84 643.51 2.10
UcC-45-0 a5 53.81 53.37 107.24 638.82 2.07
UC-65-0 65 54.77 52.7 107.05 638.69 2.07
UC-75-0 75 54.74 55.17 107.64 680.68 2.09
UC-90-0 90 53.75 53.14 107.97 658.29 2.13
Table 3.2 Salt specimens prepared for triaxial creep tests.
Specimen B Width Length Height Weight Density
No. (degrees) (mm) (mm) (mm) (0) (g/cm?)
TC-0-3 0 54.36 55.79 107.84 686.64 2.10
TC-0-6 0 52.94 53.81 108.69 656 2.12
TC-0-12 0 55.26 55.26 105.94 685.4 2.12
TC-0-24 0 55.74 55.14 54.54 353.44 2.11
TC-25-3 25 55.34 54.66 105.78 697.36 2.18
TC-25-6 . & 54.54 54.22 104.22 668.66 2.17
TC-25-12 25 52.06 52.90 100.82 579.24 2.09
TC-45-3 a5 55.78 53.90 100.40 632.6 2.10
TC-45-6 a5 56.06 56.60 111.24 755.64 2.14
TC-45-12 a5 55.04 54.10 103.44 652.04 2.12
TC-65-3 65 54.38 55.38 109.76 695.07 2.10
TC-65-6 65 55.40 55.16 107.16 721.36 2.20
TC-65-12 65 53.24 51.54 101.78 605.35 2.17
TC-90-3 90 56.84 56.81 110.4 752.72 2.11
TC-90-6 90 54.79 56.04 110.93 723.63 2.12
TC-90-12 90 57.68 57.26 110.60 772.16 2.11
TC-90-24 90 53.82 55.64 56.36 363.05 2.15
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3.3  X-ray diffraction (XRD) analysis

The XRD analysis uses finely ground specimen powder with particle sizes less
than 0. 25 mm (mesh #60) to determine the mineral compositions of specimens
using the X-ray diffraction (Bruker, D2 Phaser). The results from X-ray diffraction

analysis of salt specimens are shown in Table 3.3.

The results of X-ray diffraction analysis show that the salt consists mainly of
halite 95.48% and slight amount of trace minerals 4.52% by weight. These trace
minerals include anhydrite, sylvite, dickite, tachyhydrite, sypsum and clay mineral

disseminating between halite crystals.

Table 3.3 Mineral compositions of salt specimens obtained from XRD analysis.

Mineral compositions (%)
Mineral Name
Sample No.1 Sample No.1

Halite 95.48 95.52
Anhydrite 0.31 0.24
Sylvite 0.36 0.26
Gypsum 1.69 1.96
Dickite 0.31 0.01
Montmorillonite 0.64 0.97
Ilite 0.79 0.55
Tachyhydrite 0.42 0.49




CHAPTER IV
LABORATORY TEST METHODS AND RESULTS

4.1 Introduction

The objective of this chapter is to describe the method to determine the creep
behavior of rock salt and results of the laboratory experiments. The laboratory tests
are divided into two testing; 1) uniaxial creep test under applied constant axial stress
(51) 10 MPa 2) triaxial creep test under constant octahedral shear stress (to) 9 MPa.
The results have been used to determine the effect of transverse isotropic on creep

behavior of rock salt.

4.2  Uniaxial creep test

A consolidation load frame (Jandakaew, 2007) has been used to apply constant
axial stress for the uniaxial creep test. The uniaxial creep tests are conducted following
ASTM D7070-08 standard practice except the specimen shape. Before testing, the
cantilever beam with dead load is calibrated to obtain truly constant axial stress to
specimens. The samples are performed under constant axial stress of 10 MPa from
pre-calculated dead weight and cantilever beam for up to 10 days. Neoprene sheets
are placed at the interfaces between top and bottom of specimen surfaces and the
loading platens. The displacement dial gages are installed to measure the axial and
lateral deformations that parallel and normal to the strike of bedding planes (Figure
4.1). During the test, the time and deformation are recorded to the nearest 0.001 mm.
The reading intervals are made once every minute for the first 10 minutes of testing
and increased to every 2 min for 10 minutes later, every 5 min until 1 hour, and every

30 min until the end of the test. All bedding plane orientations have been tested.
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Figure 4.1 Laboratory arrangement for uniaxial creep test

4.3  Triaxial creep test

The test procedure and calculation follow the ASTM D7070-08 standard
practice, except the specimen shape. All specimens are tested under the same
constant octahedral shear stress (toc) of 9 MPa. This shear stress magnitude is selected
based on previous studies (Archeeploha et al., 2017 and Fuenkajorn et al., 2012) on
the same salt. It is sufficiently high to induce plastic creep to the specimens, but not
too excessive to cause failure. The constant axial stress (o;) and lateral stresses (o, =
63) to salt specimens are applied by polyaxial load frame (Fuenkajorn et al., 2012 and
Sriapai et al., 2013) as shown in Figure 4.2. The axial stress is applied by a hydraulic
pump. The test frame utilizes two pairs (N-S direction and E-W direction) of cantilever
beams to apply lateral stresses to the specimen. Before testing, the two pairs of
cantilever beam with dead load is calibrated to obtain truly constant axial stress to
specimens. The salt specimen is installed into the center of the load frame by six

loading platens arranged in three mutually perpendicular directions and strike of
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bedding plane parallel to N-S cantilever beams, as show in Figure 4.3. To minimize
friction, neoprene sheets are placed at the interfaces between specimen surfaces and
the platens. The test is performed under 2 stage: hydrostatic stress and pre-defined
octahedral shear stress stage. The test frame utilizes two mutually perpendicular
cantilever beams and dead load to apply confining pressures (lateral stresses) range
from 3, 6, 12 and 24 MPa. The axial stress is applied by hydraulic cylinder connected
to a hydraulic pump first and then maintained for a minimum of one hour primarily to
ensure that the salt specimen is under hydrostatic condition. Then adjusted to obtain
the pre-defined octahedral shear stress. The applied stresses for triaxial creep test are

calculated from the three principal stresses as (Jaeger et al., 2007)

T_= (30,0,  +(0,-6,) +(c,-0,)} (4.1)

Table 4.1 shows the summary of loading conditions for triaxial creep test. One
salt specimen is used for each confining pressure and bedding plane orientation. All
bedding plane orientations have been subjected to confining pressures from 3 to 12
MPa. Except under confining pressures of 24 MPa, the specimens are tested only B =
0° and 90°. Each specimen is tested for 10 days. The displacement dial gages are
installed to measure the axial and lateral deformations that parallel and normal to
the strike of bedding planes. During the test, the salt deformations are recorded to the
nearest 0.001 mm. The reading intervals are made once every minute for the first 10
minutes of testing and increased to every 3 minutes for 15 minutes later, every 15
minutes until 1 hour, and every 30 minutes until the end of the test. All tests are

conducted under ambient temperature (25° + 2° Celsius).
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Table 4.1 Loading conditions for triaxial creep test

O3 O'1 @Hydrostatic Ol @Toct 9 MPa
(MPa) (MPa) (MPa)
3 2 22
6 5 25
12 9 31
24 18 43

4.4  Test results
4.4.1 Uniaxial creep test

The strain-time curves obtained from the uniaxial creep testing as shows
in Figure 4.4, where g, represents axial strain, and €sp and €30 are lateral strains parallel
and normal to the strike of bedding planes. Symbols of measured strain directions are
given in this figure. The curves exhibit a non-linear trend and show three creep phases
with the instantaneous, transient and steady-state creep phases of the rock salt
deformation. Rock salt specimens first undergo instantaneous elastic deformation after
each load condition is applied and enters the transient phase. Then, the creep rate
gradually decreases with increasing time after that the creep tends to be in the steady-
state creep phase when the creep rate becomes constant. The g1, €3p and €30 decrease
with the B angle increases. The &30 are higher than &sp for > 0°, but quite close for

specimens with § = 0°.
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Figure 4.4 Strain-time curves of salt specimen with angles B for uniaxial creep test.
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4.4.2 Triaxial creep test
The strain-time curves with angles B obtained from the triaxial creep
testing under confining pressures of 3, 6, 12 and 24 MPa as show in Figures 4.5 to 4.8,

respectively. Instantaneous, transient and steady-state creep phases can be observed

for the three strains measured from all angles . The axial strains obtained from = 0°

(normal to bedding plane) are always greater than these from B = 90° (parallel to

bedding plane). The axial strain (€;) decreases with the B angle increases. This is also
true for both lateral strains (€sp and €30) obtained under the same confining pressure.
The differences between g3pand &30 magnitudes are greatest at f = 90° (e3p > €30). They
reduce when angles B reduce toward O degree. The differences between the creep
strains measured from the specimen with B = 0° and with B = 90° significantly decrease
as the confining pressures increase, suggesting that under high confinement test time-

dependent deformation of the salt specimens become more isotropic.

Figure 4.9 shows the close-up image of all post-test specimens for triaxial creep
test. The deformation pattern that observed from the salt specimens subjecting to
creep testing is controlled by two main mechanisms: dislocation climb (sliding between
inter-crystalline boundaries) and dislocation glide (sliding between cleavage planes).
Under low confinement, the salt crystals tend to be deformed along the bedding plane
direction. Under high confinement, salt crystals are dense and have laterally elongated

deformation that hardly relates to bedding plane direction.
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Figure 4.9 Close-up image of salt crystals after testing under confining pressures of
3,6,9, 12 and 24 MPa with difference angles B. White dash lines indicate

dislocation planes induced after testing.



CHAPTER V
CALIBRATION OF BURGERS PARAMETERS

5.1 Introduction

The propose of this chapter is to describe the derivation of stress-strain
deviations as a function of time based on the Burgers model. Burgers parameters are
calibrated by these equations from the creep test result, as described in Chapter IV.
The objective is to help explain the creep behavior of rock salt with various bedding

plane orientations.

5.2  Stress-strain deviation as a function of time

Stress-strain deviation is used here to describe the salt deformation because it
considers both mean stress-strain and deviatoric stress-strain. The mean stresses (s)
and stress deviations (s;) along principal axes can be calculated by using the following

equations (Jaeger et al., 2007):

5.=6 =S5 (5.1)

s=(1/3)-(o,+20,) (5.2)

where i represents notation along principal axes. i = 1, 3P and 30 represent directions
along major principal axis, parallel to bedding plane and normal to bedding plane,

respectively.

The mean strains (e) and strain deviations (e;) of each specimen are calculated

by using the following equations:

e =g —e (5.3)



a8

e=(1/3)-(e, +e,, +e,) (5.4)

where g1 is the major principal strain, €30 and &sp are principal strains measured

normal and parallel to the strike of bedding planes.

The strain deviation - time curves from uniaxial creep test are shown in

Figure 5.1 and for triaxial creep test in Figure 5.2.
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Figure 5.1 Strain deviation-time curves of salt specimens with angles B for uniaxial

creep test under axial stress of 10 MPa. Numbers in bracket represent [oy,
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5.3  Burgers creep model

Derivation of governing equations for stress-strain deviation based on the
Burgers model (Richard, 1993) is described in this section. It is recognized that the
Burgers model has been widely used to describe the time-dependent behavior of rock
salt (e.g., Gnirk and Johnson, 1964; Handin et al., 1984; Langer, 1984; Hardy and Sun,
1986; Senseny et al., 1992). This is because it is simple and can describe the elastic,
visco-elastic and visco-plastic phases separately. The arrangement of physical
components in the Burgers model is shown in Figure 5.3. The Burgers model includes
the elastic component (E) representing the characteristics of instantaneous phase, a
parallel combination of elastic and viscous components (Ey and m,) representing the
transient phase, and viscous component (np) representing steady-state phase of creep

deformation.

Relation of stress-strain deviation can be written as (Jaeger et al., 2007):

e =—i (55)

where ¢ Y A (5.6)

214+ v)
where G is shear modulus, E is the elastic modulus and v is the Poisson’s ratios.

Substituting Equations (5.6) into (5.5), the stress-strain deviation in term of

elastic modulus and Poisson’s ratio can be written as:

The stress-strain deviation is derived using Laplace transformation and time

operators of the Burgers model. From the Equation (5.7):
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inverse Laplace transformation, the relation of stress — strain deviations as a function

of time can be expressed as:

1t i
e)=| —+—+—| 1l—exp = S (5.9)

where E; is elastic modulus (GPa), Ey; is the spring constant in transient phase (GPa),
Mp; is the viscosity coefficient in steady-state phase (GPa-Day), My, is the viscosity

coefficient in transient phase (GPa-Day) and t is the testing time (day).
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The relation of stress — strain deviations as a function of time along the major

principal stress (e;(t)) can be expressed as:

1 t 1 —E, .t
e = —+—+—| 1—exp - s (5.10)
E|,1 T]P,l Ev,1 11v,1

The relation of stress — strain deviations as a function of time along the minor

principal axes normal (eso(t)) and parallel (esp(t)) to bedding planes:

1 t 1 —E, ..t
e, (D= + y L—exp - S, (5.11)
E\,ZO nP,3O E\/,3O T]\/,30
1 t 1 —E, ..t
e, ()= + + 1—exp - S.p (5.12)
E\,3P T]P,3P EV,3P 1’]\/,3P

Regression analyses with multiple variables and constants are performed to
determine the Burgers parameters for all principal strain deviations for each salt
specimen using the SPSS statistical software (Wendai, 2000). The comparison between
test result and curves fitting with Burgers model are shown in Appendix A. The model
fits well to the test results for all different bedding plane orientations and confining
pressures, which is evidenced by the coefficient of correlations values (R?) greater than
0.9. The calibrated Burgers parameters are shown in Tables 5.1, 52 and 5.3

respectively.

The parameters obtained from the major principal direction for unconfined
and confined condition of 3, 6, 12 and 24 MPa are plotted as a function of bedding
plane orientation in Figure 5.4. The diagrams show that the parameters (E,, Ey mp and
MNv) tend to increase linearly with bedding plane orientation. This is also true for all

confining pressures. The instantaneous creep phase representing by E,, the transient
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creep phase representing by Ey and ny tend to increase. The steady-state creep phase
representing by mnp tend to decrease with increasing confining pressure. The differences
between the Burgers parameters obtained from the specimen with B = 0° and with
= 90° notably decrease as the confining pressures increase, suggesting that the salt

specimens become more isotropic under high confinement.

Table 5.1. Burgers parameters calibrated from major principal strain deviation-time

curves for each specimen.

Burgers parameters in axial direction
E o o Ein Evi MNr1 MNv,1 R?
O WP 0P o) | Gray | (GPaDay) | (GPaDay
0 10 0.589 0.836 10.223 1.264 0.946
3 22 2.343 1.222 31.073 0.987 0.984
0 6 25 2.889 1.856 42,080 0.707 0.986
12 31 3.559 3.031 46.812 0401 0.913
24 43 4.041 4.466 49.121 0.364 0.923
3 22 2.525 1416 33328 1.006 0.935
25 6 25 2.987 1.961 43.269 0.731 0.947
12 31 3.642 3.124 47.265 0411 0.926
0 10 0.746 1.096 12.488 1.464 0.960
3 22 2.642 1.575 36.552 1.108 0.985
45 6 25 3.122 2253 46.684 0.741 0.938
12 31 3.742 3.282 50512 0426 0.913
0 10 2.795 1.393 14.869 1.553 0.983
3 22 3.298 1.768 41.263 1.134 0.968
® 6 25 3.806 2591 49.500 0.789 0.922
12 31 2.795 3.395 52.790 0438 0.931
75 0 10 1.275 1.624 15.856 1.633 0.952
0 10 1.502 1.825 16.802 1.677 0.933
3 22 3.053 2020 44431 1.156 0.964
90 6 25 3.431 2711 52.265 0.806 0.968
12 31 3.922 3.544 55.929 0.445 0.928
24 43 4.352 4.685 56.632 0.370 0.946
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Table 5.2. Burgers parameters calibrated from minor principal axes normal to bedding

plane.
Burgers parameters normal to bedding plane strike
B | o Gl direction -
©) | (MPa) | (MPa) Eiso Evso Np30 Nv3zo
(GPa) (GPa) (GPa-Day) (GPa-Day)

3 22 1.363 1.308 32071 0.761 0.986

6 25 1.863 1.906 43367 0.525 0.986
° 12 31 3.861 3113 48.017 0311 0.929

24 43 4.965 4513 50.501 0.284 0.923

3 22 1.415 1385 32486 0.845 0.915
25 6 25 1.909 1926 44.179 0.534 0.941

12 31 3.873 3.120 48365 0.329 0.906

3 22 1.486 1.454 33.125 0.998 0.945
45 6 25 1.982 1.934 45.181 0.657 0.921

12 31 3.891 3.127 48907 0.363 0.916

3 22 1.562 1.505 33.125 0.998 0.932
65 6 25 1.996 2944 45.181 0.657 0.936

12 31 3913 3.143 48.907 0.363 0.940

3 22 1.650 1.550 33.758 1.099 0.969

6 25 2.070 1.952 45401 0.666 0.968
% 12 31 3.925 3.158 49.161 0.385 0.878

24 a3 4.222 4564 51.397 0.302 0.942
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Table 5.3. Burgers parameters calibrated from minor principal axes parallel to bedding

plane.
Burgers parameters parallel to bedding plane strike
B o; Gl direction 2
©) | (MPa) | (MPa) Eisp Fvsp Nezp Ny,
(GPa) (GPa) (GPa-Day) (GPa-Day)
3 22 1.361 1.306 32.019 0.763 0.982
6 25 1.862 1.935 43317 0.526 0.986
° 12 31 3.863 3.118 48.178 0.309 0.944
24 43 4.966 4516 50.503 0.283 0.911
3 22 1.458 1.452 37.625 0.895 0.932
25 6 25 1.878 2073 44.854 0575 0.954
12 31 4.002 3.218 50.397 0.326 0.958
3 22 1.565 1.958 42.365 1.005 0.954
45 6 25 1.981 2473 50.502 0.764 0.916
12 31 4.062 3510 54.157 0.397 0.923
3 22 1.682 1.985 42365 1.005 0.901
65 6 25 2008 2473 50.502 0.764 0.902
12 31 4.104 3510 54.157 0.397 0.842
3 22 1.859 2026 44.425 1142 0.954
6 25 2257 2.708 52.285 0.802 0.969
% 12 31 4.081 3577 55912 0442 0.884
24 43 4328 4672 56.645 0.364 0.908
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CHAPTER VI
ANALYSIS OF TEST RESULTS

6.1 Introduction

The propose of this chapter is to describe the effect of transverse isotropy on
Burgers parameters under confinement for constant octahedral shear strains (yoct) of 9
MPa. The Burgers parameters with the transverse isotropic angle and confining pressure
are described by elliptic equations. The Burgers creep parameters are used to
represent instantaneous, visco-elastic, visco-plastic deformations of salt specimens.
The degrees of anisotropy are determined in term of elastic, visco-elastic and visco-
plastic deformations. Additionally, the confining pressures at which salt becomes
isotropic are predicted. The relations of octahedral shear strains and volumetric strains
are used to determine the transition zone (transient creep phase) between
instantaneous and steady state phases under different bedding plane orientations. The

creep phase evolution of transverse isotropic salt is presented.

6.2 Effect of transverse isotropy on creep properties under

confinement

Creep properties described by the Burgers model can be separated into three
phases: instantaneous deformation, visco-elastic, and visco-plastic creep phases, which
can be represented here by 1/E, (1/Ey) [1-exp(-Ev/nv)] and 1/mp, respectively. The visco-
elastic term is, hereafter, represented in short by Ey. The relations between these
parameters and bedding orientation as shown in Figure 6.1 follow an elliptical shape,
reflecting the transverse isotropy. Elliptic equation is applied to represent the evolution
of the three Burgers terms with the transverse isotropic angle B. Similar approach has
been used by Hwu and Ting (1989) and lJiang (2016) who apply elliptic equation to
describing apparent elastic moduli of anisotropic materials. The classical elliptic
equation in the form of polar coordinate can be written as (Korn and Korn 1961,

Polyanin and Manzhirov 2006):



r(B)=a/{1+[(a° —b”)—1)-cos’ BI} (6.1)

where r is radius of ellipse, a and b are constants along x and y axes, and B is
transverse isotropic angle measured clockwise from y-axis. Here, the parameters a and
b represent the intrinsic deformation terms used in the Burgers model obtained from
B = 90° and 0°.

From Equation (6.1) the Burgers parameters (E;, 1p, Ey) can then be written as

a function for transverse isotropic angle B in the forms of elliptic equations as:

E (B) =E, o/ {1+, o/ E, o) ~1).cos” I} * (6.2)

1,90

M, (B) =M, yo / L1+ (M, o /M, o) —1)-cos” B} (6.3)

*

1/2
}

E, (B)=E, oo / {1+[(E, o /E, »)" —1)-cos’ B]

Vv ,90

For B =0°and 90°, E, o-and E| o are intrinsic spring constants, ne, o and Mp, 9¢°
are intrinsic viscosity coefficients in steady-state creep phase, and EV*,Oo and EV*,goo are
intrinsic visco-elastic terms. Substituting the intrinsic parameters given in Table 6.1 into
Equations (6.2) through (6.4), the E,, E,’, mp for 0°< B <90° under all confining pressure
and bedding plane angles can be predicted. The comparisons of predictions (solid
lines) and test results (point) are shown in Figure (6.1). The diagrams show that E; and
Np (Figures. 6.1(a) and 6.1(c)) are greatest at B = 90° (axial stress parallel to bedding
plane) and lowest at B = 0° (axial stress normal to bedding plane). Both parameters
increase with confining pressure for all transverse isotropic angles B. The parameter
Ey are lowest at B = 90° and greatest at B = 0° (Figure 6.1(b)). They become smaller as
the confining pressure increases. The discrepancies of the Burgers parameters from all
angles B also reduce with increasing the confining pressure, suggesting that salt

specimens become more isotropic under high confinements.
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Table 6.1. Intrinsic creep parameters.

Creep parameters
G3 * *
(MPa) ELor E; o0 Mp.or e, o0 Ev. o Ev, 90
(GPa) (GPa) (GPa-Day) (GPa-Day) (GPa) (GPa)
0 0.589 1.502 10.223 16.802 0.762 0.447
3 2.343 3.053 31.073 44.431 0.581 0.409
6 2.889 3.431 42.080 52.265 0.500 0.356
12 3.559 3.922 46.812 55.929 0.330 0.282
24 4.041 4.352 49.121 56.632 0.224 0.213
6 0.8

G3=24 MPa

E, (GPa)
Ev
)
S
1

04 05 06 07 08
Ev*
(a) (b)

Mr (GPa-day)

Figure 6.1 Polar plots of E (a), Ey (b) and mp (c) for various angles B and confining

pressures (o3). Points are test results and lines are elliptical equation.
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The predictions agree well with the test results under all test conditions which
can be evaluated by using the mean misfit (f). The mean fit can be calculated by (Riley
et al.,, 1998):

f:(1/m)Zml|:(1/n)(£:(pC —pm)z):| (6.5)

where p. and pn, are calculated and measured values, n is number of bedding plane
angles (B) used for each confining pressure, and m is number of confining pressures.
The mean misfits for the apparent E, np and E, values are determined as 0.05 GPa,
0.84 GPa-Day and 0.02 GPa, respectively. These low values indicate good agreement

between the elliptical calculations and measurements.

6.3 Degree of anisotropy

Anisotropic degrees are the values that characterize the anisotropy of rock
(Ramamurthy et al., 1993). The degree of anisotropy for transverse isotropic materials
is commonly expressed as the maximum-to-minimum Young’s modulus ratios or the
strength ratios as a function of confining pressures (Fereidooni et al., 2016; Hu et al,,
2017; Xu et al., 2018). An attempt is made here to reveal the anisotropy degree of the
creep behaviour of bedded salt under octahedral shear stress at 9 MPa. They are
presented in the form of the maximum-to-minimum creep parameters on axial
direction, (E|g0e/ Ej e, Ey',0+/ By jo0e and Npsoe/ Neoe)- They are plotted in Figure 6.2. Table
6.1 gives their numerical values. The E g/ E| o and Ev 0o/ Ev 000 considerably decrease,
while Mvp.goe/ Mvpee slightly decrease and become close to 1 (isotropic) as the confining
pressure increases. This is probably due to tightening of pre-exist voids and inter-
crystalline boundaries parallel to the bedding planes, and stiffening of the soft layers

by confinement. They can be best described by power equations:

EL oo/ oo = 1421 55997 (6.6)
Ne,oo/ M, e = 1.584-65°% (6.7)

Ev 0/ Ev 000 = 1.678:65%% (6.8)



61

The proposed equations fit well to the test results (R* > 0.9). Figure 6.3 presents
the extrapolation of these empirical equations beyond the confining pressures used
here (24 MPa) suggests that at o3 about 35-40 MPa instantaneous and visco-elastic
creep phase would become isotropic (E; o¢+/E; o-and Ey o/Ey o equal to 1). Beyond 80
MPa the visco-plastic creep of salt also reaches an isotropic condition (e, 9o/Np, 0= = 1).
Note that the above postulation is true only if the salt is under 9 MPa octahedral shear

stress. More discussions on this issue are given in chapter VII.

1.5+

14 ] Ev*,0o/Ev*,000
> J
)
e -
§ .
% 1.3:
~ i Np, 9o /Mp, 00
[&]
s
"'6 -
2 1.2-
2 =
o pd
o
D -

1.1 1

i Ei 000 /Ei, 00
1 T T T T T T T T T T T T T T T T T T 17 T 7T
0 5 10 15 20 25

Confining pressure (MPa)

Figure 6.2 Degrees of anisotropy from creep parameters as a function of confining

pressure.
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Figure 6.3 Prediction of confining at which salt becomes isotropic.

6.4  Octahedral shear strain (Yoct) and volumetric strain (€,) relation

under confinement

An attempt is made to determine the range of each phase of deformations
from the triaxial creep test results. The transition strains from instantaneous to
transient creep and subsequently to steady-state creep phases are difficult to
determine precisely from the axial and lateral strain-time curves or from the strain
deviation-time relations. As a result, the octahedral shear strains (yoc) are calculated
as a function of volumetric strain (g,) for each salt specimen from start loading through

the end of 10 days. They can be obtained by (Jaeger et al., 2007):
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Figure 6.4 shows the results of calculations. Immediately after the axial stress
is applied and maintained constant, the octahedral shear strain increases linearly with
the volumetric strain. This is due to the increase of axial strain which also induces the
reduction of specimen volume. Note that the sign convention used throughout this
study is that compression and contraction are positive and tension and expansion are
negative. The linear relation between y. and g, represents the range of instantaneous
deformation of salt where time-dependent deformation has not yet been reached.
The linear relation ends at a point where yo continues to increase but the increasing
rate of g, starts reducing. An example of this transition is denoted in Figure 6.4(a) as
open points and the octahedral shear strain at this point are designated as Yot v. As
Yoct CONtinues to increase, g, tends to approach a constant value. This transition is
denoted in Figure 6.4(a) as solid points and the octahedral shear strain at this point
are designated as Yoct, p. The shear strain induced between the two points represents
transient creep phase where a combination of elastic and plastic creep occurs. The
condition at which the octahedral shear strain increases while volumetric strain
remains constant (beyond solid point in Figure 6.4(a)) represents the plastic
deformation of the salt in steady-state creep phase. Here the specimen changes shape
while its volume remains constant. The vo+ -g, relation described above can be
observed from all creep test specimens (Figure 6.4). Under the same confinement, the
greatest yoct -&, slope in instantaneous phase is obtained from B = 90°. The slopes
gradually reduce to the lowest at B = 0°. The specimens with higher transverse isotropic
angles B tend to show narrower instantaneous and transient creep phases than those
with lower angle B. This means that they can reach the two transition points quicker.
This behaviour can be observed from all confining pressures, where the higher
confining pressure also results in a narrower range of transient creep phase. The
diagrams suggest also that the creep test period of 10 days is sufficient to allow all
specimens to reach steady-state phase. The transition points of salt deformations
through different creep phases allow determining the evolution of each phase with
transverse isotropic angle and confining pressure. These strain values mentioned above

are given in Table 6.2.
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Figure 6.4 Octahedral shear strains as a function of volumetric strain for o3 = 3 MPa

(@), o3 = 6 MPa and 24 MPa (b), and 65 = 12 MPa (c). Numbers in brackets

indicate [o1, 03]. Open points indicate transition from instantaneous to

transient phases, and solid points for transition from transient to steady-

state creep phases.
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Table 6.2 Octahedral shear strains and volumetric strains at transition points.

Instantaneous phase into transient phase into steady-
O3 B transient phase state creep
(MPa) | (Degrees) &v,v Yoct, v &v,p Yoct, P
(milli-strains) (milli-strains) | (milli-strains) | (milli-strains)
0 11.58 10.32 11.67 14.29
25 10.95 9.68 10.23 13.22
3 a5 9.45 9.14 9.36 12.25
65 8.32 8.65 8.42 11.13
90 6.83 8.15 7.61 10.02
0 9.09 7.12 11.32 11.02
25 8.74 6.87 10.65 9.85
6 a5 8.02 6.61 9.25 9.13
65 7.65 6.52 8.42 8.46
90 7.05 6.22 7.89 7.59
0 7.23 5.26 8.66 7.12
25 7.12 491 7.51 6.75
12 45 7.03 a.75 7.02 6.31
65 6.81 4.52 6.84 5.89
90 6.22 431 6.43 5.21
0 3.02 3.86 3.58 4.87
2 90 2.98 3.62 3.13 4.18
6.5 Evolution of creep phases with B and o3

Figure 6.5 shows a three-dimensional diagram of the transition points

separating different phases of deformation under tot = 9 MPa, where Yo« at the

transition points is presented as a function of angle B and os. As the confining pressures

increase the ranges of shear strains for the instantaneous and transient creep phases

reduce. Under 24 MPa confinement, the creep strains become insensitive to the

transverse isotropic (bedding plane) angle B. At this high confinement the

instantaneous and transient phases become smaller, and hence the specimens reach

the steady-state phase much quicker, as compared to those under lower confining

pressures (e.g. 63 = 3 or 6 MPa). Wider ranges for instantaneous and transient creep
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phases under low o3 are observed, as compared to those under high o3. They gradually

reduce with increasing angle B.

The range of transient creep phase in terms of octahedral shear strain can be
defined by the differences of shear strains between the two transition points as

follows:
70(t :,Yoct,P - Yoct,\/ (6 ]- ]-)

where Y, represents the range of transient creep strain, and Yot p and Yocty are creep

shear strains at plastic and elastic transition points obtained from the test results,
shown as examples by solid and open points in Figure (6.4a). Figure 6.6 plots 70d as
a function of o5 for g = 0° and 90°. Logarithmic equation can best describe their relation
as evidenced by the coefficients of correlation are greater than 0.99. Numerical values
of the empirical constants are given in the figure. The diagram suggests that the range

of transient creep strains for g = 0° (y_ ) and g = 90° (7 ) equals to zero when the

confining pressure approaches 40 MPa. This means that under this high confinement
the salt behaves as a Maxwell material where only instantaneous and steady-state

creep deformations exist for all transverse isotropic angles.
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CHAPTER VI
SALT CREEP UNDER VARIOUS OCTAHEDRAL SHEAR STRESSES

7.1  Introduction

As the postulation in previous chapter is true only if the salt is under 9 MPa
octahedral shear stress. This chapter presents the calculation the time dependent
deformation for various octahedral shear stresses based on linear visco-elastic theory.
Included the Burgers parameter used to calculation under various transverse isotropic
angle and confining pressure are determined. The governing equations are developed
to predict the octahedral shear strains as a function of bedding plane orientation,
confining pressure, loading duration and octahedral shear stress. The findings reveal
octahedral shear stress responses on transverse isotropic salt creep phase, as detailed

in the subsequent sections.

7.2  Prediction of apparent Burgers parameters

The intrinsic Burgers parameters (B = 0° and 90°) calibrated from triaxial creep
test results (Table 5.1) are plotted as a function of confining pressures (o3), as shown
by solid lines in Figure 7.1. The highest E, Ey and mp are obtained when B = 90° (E, o
and Mpgee) and lowest when B = 0° (E g and Mpee) as shown in Figures 7.1(a) through
7.1(c). The Ey shows highest values when g = 0° and lowest when B = 90° (Figure 7.1(b)).
Additionally, the diagrams indicate that the intrinsic parameters E;, Ey and mp increase
with o3, while 1y decreases as o3 increases. Their evolution with 63 can be best
represented by logarithmic equations, as shown in Figure 7.1. The numerical values for
their constants are given in the figure. Good correlations are obtained (R? > 0.8).

Burger parameters (E,, Ey, ny and mp) for apparent angles (0°< B <90°) under
different confining pressures are calculated by elliptic equations. E, (8) and e (B) can
be obtained by recalling Equations (6.2) and (6.3). Similarly, Ey (B) and my (B) can be

derived from the elliptic equation [Equation (6.1)] as:



1/2
}

E, (B) =E,, ypo/ {1+ (€, o/ E, o) ~1)-cOS” B]

V,90

M, (B) =1y yo / {1+, oo /M, )" ~1)-cos” p}"” (7.2)

The intrinsic creep parameters at any confining pressures used in elliptic
equations are determined by logarithmic relation between confining pressures and

Burgers parameters obtained from g = 0° and 90° in Figure 7.1.
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Figure 7.1 Ei3 (a), Evp (b), mpp (c) and my (d) for various angles B as a function of

confining pressures (o).
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Figure 7.1 presents the comparisons of the logarithmic relation of calculated
apparent creep parameters (dash lines) and test results (point). The E g, Ev, g and np,p
increase but the ny, p decreases, as the beds dip away from the major principal stress
(B = 25°, 45° and 65°). These properties eventually reach E; gge, Ev. 900, Mp, 900 @and My, oo
under high confinement.

Figures 7.2 and 7.3 show the evolutions of Burgers creep parameters under
various bedding plane orientations and confining pressures in 3-D diagrams to clearly

observe the effect of transverse isotropic angle on creep properties under

confinement.
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Figure 7.2 3-D diagram showing evolutions of E; and Ey as a function of transverse

isotropic angle (B) and confining pressure (a3).
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7.3  Prediction octahedral shear strains — time curves under various

octahedral shear stresses (Toct)

The purpose of this section is to derive governing equations for transverse
isotropic creep responses under various octahedral shear stresses. From the linear
visco-elastic theory (Richards, 1993; Bland, 2016), the octahedral shear strain (yo«) can
be presented as a function of octahedral shear stress (1o) for the Burgers model as:

Y., O=T_ {1/E@E+t/M, B +[(1/E,(B)- 1 -exp(-E,(B)-t/n, BN} (7.3)

oct
where Ty is constant with time and the Burger parameters E, Ey, nv and mp are

functions of transverse isotropic angle B.

By substituting Equations (6.2), (6.3), (7.1) and (7.2) into Equation (7.3), the
octahedral shear strains at any constant octahedral shear stress can be predicted as a
function of time and transverse isotropic angle. The comparisons of predictions under
confining pressures of 3, 6, 12 and 24 MPa for constant octahedral shear stress of 9
MPa (dash lines) and test results (solid lines) are given in Figure 7.4. The agreement
between predictions and the test results can be evaluated using the mean misfit (f)
similarly from Equation (6.5) but pc and py, are predicted and tested values, n is number
of data points used for each transverse isotropic angle, and m is number of transverse
isotropic angles. The mean misfits (Riley et al., 1998) for the predictions under confining
pressures of 3, 6, 12 and 24 MPa are determined as 0.531, 0.368, 0.316 and 0.367 milli-
strain, respectively. These low values indicate good agreement between the prediction

and the test result by low values of mean misfits.

The transverse isotropic creep deformations in the forms of Y.« can be
predicted for various To values. To demonstrate the predicted results, Figures 7.5
and 7.6 gives examples of the predicted Yot under T = 3 and 15 MPa. The predicted
results coincide with those obtained from the test results under to = 9 MPa (Figure
7.4) that creep strains for B = 0° are always greater than those under B = 90°. Their

differences become smaller under higher o3, and larger for higher Tqct.
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Figure 7.5 Predicted octahedral shear strains - time curves for confining pressures 3
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7.4  Salt creep phases under various octahedral shear stresses (Toct)
The evolution of creep phases in chapter 6 (section 6.4) only presented salt
deformation under 1o = 9 MPa. The propose of this section is to described the salt
creep phases under various T Figure 7.7 shows the three-dimensional diagram of the
predicted transition points separating different phases of deformation under tTo = 3
and 15 MPa. The 7y at transition points as a function of angle p and o3 is determined
by using the predicted value in Figures 7.5 and 7.7 as shown in Table 7.1. They
gradually reduce with increasing angle B. They suggest also that wider range of transient
creep phase is obtained under low 65 and B, as compared to those under high o5 and

B. These predicted results coincide with the creep phase under ot = 9 MPa.
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Figure 7.7 Predicted evolution of creep phases as a function of confining pressure
and angle B for Tot = 3 and 15 MPa.
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The ranges of shear strains for the instantaneous and transient creep phases
increase and more sensitive to the transverse isotropic (bedding plane) angle B as the
octahedral shear stresses increase. At this high octahedral shear stress, the
instantaneous and transient phases become wider, and hence the specimens reach
the steady-state phase slower than those under lower octahedral shear stress. Under
the same confinement, the higher .« is applied, the wider range of transient creep

phase is obtained.

Table 7.1 Predicted octahedral shear strains under octahedral shear stresses of 3 and

15 MPa.
Toct =3 MPa Toct =15 MPa
G3 p Yoct, E Yoct, v Voct Yoct, E Yoct, P Voct
(MpPa) | (Degrees) | (milli- (milli- | (mili- | (milli- | (mili- | (milli-
strains) strains) | strains) | strains) | strains) | strains)
0 3.62 5.90 2.29 18.09 29.52 9.30
25 3.36 5.04 16.81 25.18
3 45 3.18 4.51 15.91 22.53
65 3.02 4.08 15.10 20.39
90 2.84 3.64 0.80 14.20 18.22 4.02
0 2.27 3.24 0.97 11.33 16.18 4.90
25 2.17 2.99 10.87 14.96
6 45 2.10 2.82 10.52 14.11
65 2.04 2.67 10.20 13.35
90 1.96 2.50 0.54 9.82 12.50 2.68
0 1.65 2.23 0.58 8.25 11.15 3.76
25 1.60 2.13 8.02 10.63
12 45 1.57 2.05 7.85 10.25
65 1.54 1.98 7.69 9.89
90 1.50 1.90 0.40 7.50 9.48 1.98
24 0 1.30 1.70 0.40 6.48 8.50 3.89
90 1.21 1.52 0.31 6.06 7.62 1.56
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The range of transient creep phase (7, ) in terms of assumed octahedral shear

strain of 3 and 15 MPa are determined. Figure 7.8 shows the comparison of test result
(solid line) and prediction at To =3 and 15 MPa (dash line). The relations of transient
creep phase range and confining pressure be best described by logarithmic equations.
The empirical equations fit well to the test results (R? > 0.9). Extrapolation of these
equations indicated that the range of transient creep strains obtained from $ = 0° and
B = 90° under Tt =3 and 15 MPa equals to zero when the confining pressure
approaches 30 and 70 MPa, as shown in Table 7.2. These confining pressures the salt
behave Maxwell material (no transient creep deformation) for all transverse isotropic
angles. Suggesting that under low octahedral shear stress the salt behaves as a Maxwell
material for all transverse isotropic angles and become isotropic condition much
quicker. Under high octahedral shear stress, salt behaves as a Maxwell material but
remains transverse isotropic condition that can be observed by the difference of

confining pressure at Y,, equal to zero for intrinsic angles under assumed Tot = 15

MPa.
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Figure 7.8 Ranges of transient creep phase (Y, ) as a function of o3 for intrinsic

angles B = 0° and 90°, under assumed Tot = 3, 9, and 15 MPa.
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Table 7.2 Confining pressures and octahedral shear strains at salt behaves Maxwell

material.
B =0° B =90°

Toct p p

(MPa) 3 Yoct 3 Yoct
(MPa) (milli-strains) (MPa) (milli-strains)

3 28.87 1.22 28.79 1.15
9 37.64 3.40 37.36 3.24
15 75.35 a.77 73.58 4.62




CHAPTER VI
DISCUSSIONS AND CONCLUSIONS

8.1  Discussions

Results from this study reveal the effects of transverse isotropy caused by
bedding planes on time-dependent deformations of rock salt based on experimental
and analytical investigations. Such effort has never been attempted elsewhere, in
particular, on the derivation of mathematical representations to predict the salt creep
as affected by bedding plane orientations under different deviatoric and confining
stresses. The same approach can be applied to salt from other source locations and

other time-dependent materials posing transverse isotropic characteristics.

Larger instantaneous and creep deformations are obtained when the applied
axial stress is normal to the bedding planes (B = 0°), as compared to those obtained
parallel to the beds (B = 90°). Similar to the test result obtained by Liu et al. (2015) on
clayey rock, Wu et al. (2018) on greenschist and Li et al (2020) on shale. This is probably
caused by the alignment of inter-crystalline boundaries and the soft inclusions along
bedding planes. The increases of confining pressures stiffen these soft layers and
tichten the inter-crystalline boundaries, and subsequently reduce the transverse

isotropic responses of the salt.

Anisotropy degrees for the instantaneous and creep deformations of Maha
Sarakham salt are relatively low (less than 2 — Figure 6.4), which coincide with those
of the elastic parameters and compressive strengths of the same salt experimentally
obtained by Thongprapha et al. (2022). Bedded salt from other sources may however
show different degrees of anisotropy depending upon their characteristics of transverse

isotropic (bedding) planes.

It is recognized that the number of test specimens and test duration used here
are relatively limited. The test results, nevertheless, provide sufficient and reliable
trends of creep deformations under different applied stresses and bedding plane
orientations (Figures 4.4 through 4.8). All deviation strain-time curves can be well

described by the Burgers model with coefficients of correlation greater than 0.9
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(section 5.2). The apparent elastic, visco-elastic and visco-plastic deformations (0° <
< 90°) conform to the elliptic equation (Figure 6.1), as indicated by their low mean
misfit values. The Yoc-€, curves in Fig. 6.6 show also that all specimens reach plastic
deformation in steady-state creep phase where constant g, is obtained while Yo is

increasing.

The Yoct-€y curves show the transitional shear strains from instantaneous, visco-
elastic to visco-plastic creep phases more clear than do the axial and lateral strain-
time curves (Figures 4.4 through 4.8), and the strain deviation-time curves (Figures. 5.1
and 5.2). This is primarily because the linear relation between Y, and &, during elastic
phase, and the independency of Yo« on €, during visco-plastic phase can be easily
distinguished from the non-linear curves of Yo - €, during transient creep phase. This
allows defining the transitional shear strains between them more accurately, and
hence showing the evolution of each deformation phase as affected by the confining

pressure O3 and transverse isotropic angle .

The evolutions of transient strains with 63 and B allow determining the range

of transient strain (Y, ) for the two intrinsic angles (B = 0° and 90°). They decrease

logarithmically with increase 3. Beyond o5 = 35 - 40 MPa, the transient strain no longer

exists. This is however true only under To = 9 MPa.

Even though the effect of confining pressures on the variation of transient and
steady-state creep phases has long been recognized, their mathematical

representation has never been developed. The decrease of Y.y under higher

confining pressure is probably due to the predominance of dislocation glide
mechanism (sliding along salt cleavages) over dislocation climb mechanism (sliding
along salt crystal boundaries), as described by deformation-mechanism map
developed by Senseny (1983). Differential stresses applied under high confinement
induce plastic deformation. Supporting evidence from Figure 4.9 can be observed that
salt has laterally elongated crystals under high confinement which coincide with the
result obtained by Thongprapha et al. (2022). This enhances the visco-plastic
deformation in the steady-state phase and minimizes the visco-elastic deformation in

the transient phase, as shown in Figure. 6.6.

Under the same range of confining pressures used here, if the applied

octahedral shear stress is higher than 9 MPa, this would result in a wider range of shear
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strain in transient creep phase (Yoo ) under both intrinsic angles, and give higher

transition confining pressure at which the salt changes from a Burger to Maxwell
materials. Opposite results would be obtained if To lower than 9 MPa is applied, as
shown in Fig. 7.8. Note that these summaries are obtained from calculation using

proposed equation in this study.

It is recognized that there are other factors that can affect the characteristics
of transient creep strains of salt, e.g. temperature, intermediate principal stress and
size of test specimens. These factors are excluded from this study. Elevated
temperatures could minimize the range of transient creep strain and enhance the
steady-state strain rate, as experimentally obtained by Senseny et al. (1986), Handin
et al. (1984), Moslehy and Alshibli (2023), and Dong et al. (2023). Results from series of
polyaxial creep tests (G; # G, # G3) by Archeeploha et al. (2017) suggest that increasing
the intermediate principal stress from G, = 63 toward 6, = G; notably reduces the
range of transient creep strains for the Maha Sarakham salt. The transient creep strain
of small specimens tends to be more sensitive to the applied stress, temperature and
test duration than that of larger specimens (Senseny, 1982, 1984; Linder and Brady,
1984).

The Burgers creep model is used in this study because it can implicitly
incorporate the effect of transverse isotropic angle B into its parameters. The analysis
performed here is based on the linear visco-elastic theory from which the Burgers
model has been derived. Since the applied stress-strain rate relation of salt may not
be strictly linear, care should be taken when applying the results beyond the range of

confining pressures from which the model parameters have been calibrated.

8.2  Conclusions

Experimental and analytical investigations have been performed to determine
the time-dependent responses of Maha Sarakham salt as affected by bedding plane
orientations and confining pressures. Conclusions drawn from this study can be

summarized as follows:

1) Bedding (transverse isotropic) planes do affect the time-dependent

behavior of Maha Sarakham salt. Largest instantaneous and creep
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3)

4)

5)

6)
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deformations are obtained when the major principal stress is normal to
the bedding planes (B = 0°), and gradually decrease to the smallest when
B = 90°. Discrepancies of the deformations between the two intrinsic
angles reduce as the confining pressures increase.

Via Laplace transformation the Burgers creep model fits well to the creep
test results in terms of major principal strain deviation as a function of
time. Elliptic equations can describe the evolutions of the instantaneous
visco-elastic and visco-plastic deformations for all apparent transverse
isotropic angles (0° < B < 90°) and confining pressures.

Anisotropy degrees for instantaneous, visco-elastic and visco-plastic
deformations decrease with increasing confining pressure, where their
relations can be described by power equations. Extrapolation of the
equations toward higher confining pressures suggest that the
instantaneous and visco-elastic responses of the salt would become
isotropic at G5 about 35 - 40 MPa. Under o5 of 80 MPa and beyond the
visco-plastic deformation also reaches isotropic condition.

Octahedral shear-volumetric strain (Yoct - €,) curves can be used to define
the transition shear strains from instantaneous, transient creep to steady-
state creep phases, and hence allows determining the evolution of each
deformation phase as affected by transverse isotropic angles and
confining pressures.

The ranges of transient creep strains (Y ) are wider under low confining
pressures, as compared to those under higher confining pressures. They
also become insensitive to the changes of transverse isotropic angles
under high confinements.

For both intrinsic angles (B = 0° and 90°) the Y logarithmically decrease
with increasing os. Under T, = 9 MPa they reach zero under 63 about 35
- 40 MPa, where the salt transitional changes from Burgers to Maxwell
materials, i.e. salt deforms only under instantaneous and steady-state

creep phases.
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7) Based on linear visco-elastic theory and the calibrated Burgers parameters
under Toet = 9 MPa with 63 = 3 - 24 MPa, the transverse isotropic creep of
the salt under different magnitudes of T, and o3 can be calculated. This
is useful for the prediction of time-dependent deformations of supported
pillars and sidewalls in salt mines and around solution caverns.

8) Under low octahedral shear stress, rock salt changes behavior to Maxwell

material and becomes isotropic material quicker than under high

octahedral shear stresses.

8.3 Recommendations for future studies

The uncertainties of the investigation and results discussed above lead to the
recommendations for further studies. To confirm the results concluded in this study
and enhance comprehension of effect of transverse isotropy on time-dependent

properties of rock salt, more issues are required as follows:

1) Testing of various bedding plane orientations (interval bedding plane
orientation) than those used here would confirm the postulated creep behavior under

transverse isotropic effect.

2) Increasing the number of salt specimens and test duration would
statistically enhance the reliability of the test results and the predictability of the

proposed equation.

3) Performing triaxial creep test under various octahedral shear stresses is

desirable to confirm the calculated creep behavior in this study.

a) Studying the transverse isotropy on time-dependent behavior of rock

under cyclic and multi-state loading may also be desirable.
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APPENDIX A
RESULTS OF CALIBRATION BY USING BURGERS MODEL
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Figure A.1 Strain deviation-time curves of salt specimens with angles B for uniaxial
creep test (solid lines) and curves fitting with Burgers model (dash lines).

Numbers in bracket represent [G1, G3].
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Figure A.2 Strain deviation-time curves of salt specimens with angles B for triaxial

creep test (solid lines) under the confining pressure of 3 MPa (a), 6 MPa
(b), 12 MPa (c), and 24 MPa (d) and curves fitting with Burgers model

(dash lines). Numbers in bracket represent [y, G3].
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Abstract

The objective of thic study is to determine the time- dependent properties of transverse isctropic
Mzha Sarakham rock salt. The transverse isctropic creep models have been derived in the form of Bureers
parameters and beddine plane orientations based on Amadei’ s solutions. Uniaxial creep tests have been
performed on the rock salt specimens with bedding plane orientations () varying from 0, 45, 65, 75, to
907 to compare with the proposed creep models. The axial and lateral strains of rock salt specimens are
the largest when the loading direction is normal to the bedding plane (8 = 0°) and smallest when parallel
to the bedding plane (7 = 90°). Regrecsion analyses of the resulis indicate that the elastic, viscoelastic,
and visco- plastic parameters increase with increasine angle. The transverce isotropic creep rodels are
capable of predicting the measured creep straine and determinine the apparent time-dependent Young's
modulus and Poisson’ ratics of rock salt under wvarious beddine crientations. The transverse isctropic
creep models candbe used to predict the time-dependence deformation of undereround structures such

as salt pillars and roine sidewalls.

Keywords: Creep, Bedding Plane, Buresrs Meodel, Maha Sarakham Salt

Please cite this arficle as: K. Kraipru and T. Thongprapha, “Development of Constitutive Equations for Time-Dependent
Behavior of Transverse |sotropic Rock Salt,” The Joumal of KMUTNE, vol. 34, no. 2, pp. 1-11, ID. 242-066081, Apr—Jun.
2024 {in Thai).
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Abstract

In this paper, we investigate the role of transverse isotropy on the creep behavier of
bedded salt. We conducted a series of triaxial creep tests on prismatic specimens subjected to
confining pressures (g3) of up to 24 MPa and a constant octahedral shear stress (to) of 9 MPa.
The specimens were oriented with their bedding planes at various angles (B) to the major
primncipal axis to simmlate tramsverse isotropic conditions. Owr findings reveal that both
instantanecus and creep deformations are most significant when p = 0° decteasing
progressively to a muinimum at f = 90° across all confining pressures. The discrepancy in
deformations between these intrinsiec angles narrows with inereasing 3. Creep deformations
for intermediate angles (0° < f < 907) follow the elliptical equations. Utilizing the Burgers creep
model, we observed that the instantaneous, visco-elastic moduli, and visco-plastic coefficients
escalate with f. The degree of anisotropy declines sharply as confining pressures imcrease,
reaching an isotropic state under To = 9 MPa and o3 around 40 MPa, beyond which transient
creep ceases. indicating a transition to Mawxwell material behavior. Emploving linear
viscoelastic theory, we derived an eguation for time-dependent deformation vnder varying

octahedral shear stresses. This enables the formulation of governing equations for Burgers
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et

model parameters, considering bedding plane orientations, leading dwrations, and the

interactions between shear and confining stresses.

Keywords: Burgers model, Transverse isotropy, Anisotropy degree, Visco-elasticity, Visco-

plasticity

1. Introduction

Time-dependent deformation of rock salt has long been recognized and investizated.
Major research efforts. particularly, in the TS and in several European countries, are aimed at
developing safe storage facilities in rock salt for noclear waste disposal (e.g., Hunter 1979;
Senseny et al. 1992; Munson 1997; Hunsche and Hampel 1999; Langer 1999), for utilizing
rock salt caverns for energy storage (e.g, Langer 1993; Standtmeister and Rokahr 1997;
Ehgartner and Sobolik 2006; Wang et al. 2016; Khaledi et al. 2016; Wang et al. 2018), and for
salt and potash mining (e.g.. Holcomb and Hammim 1982; Dawson and Munson 1983; Jeramic
1994; Daemen and Fuenlajorn 1996; Hansen 1997; Khamrat et al. 2018). Several constitutive
creep models have been derived to describe the time-dependent behavior of rock salt voder
various environmental conditions (e.g. confining pressures, loading rates, temperatures and
moisture contents). These include rheclogieal models (Lindner and Brady 1984; Hardy and
sun 1936; Wang et al. 2014), empirical models (Nair et al. 1974; Langer 1984; Motta and Pinto
2014), and physical theory models (Oksenkmig and Shafarenko 1974; Senseny 1983). Recently
a variety of creep damage models has been incorporated into the constitive equations
(Dawson 1979; Chan et al. 1992, 1994; Wang 2004). Zhou et al. (2013) propose a new
fractional-derivative creep model for roclk: salt from central China nnder uniaxial and triaxial
creep tests. The results show that the model is capable of describing the entire creep phases.

Fei et al. (2021) propose 3-D model under multi-stage loading on rock salt from China which



shows an accurate description of the accelerated creep stage. Liun et al. (2017) improve the
Nishihara model (Nishihara 1957) to be more proficient to reflect creep properties of mica-
guartz schist in each stage.

Bedded rock salt can exhibit transverse isotropic behavior in terms of its mechanical and
theological properties. This is caused by the layers of crystallization and the inclusions (e.g.
anhydrite, potash, gypsum and clay minerals). Jeremic (1994) reports that rock salt from Poland
shows the tramsverse isotropic effect on vniaxial compressive strength where the minimuim
strength is obtained when nermal to bedding plane makes an angle (§) of 45° with the loading
direction. Thengprapha et al. (2022) find that the minimum compressive strength of salt from
Thailand is obtained when Fis 60° under confining pressures from 2 to 40 MPa_ Intrinsic elastic
moduli are highest when loading is parallel to the bedding plane (§= 90%), and lowest when it
15 normal to the bedding (= 0°). The apparent elastic moduli and Poisson’s ratios for 0° < 8
< 907 can be described by Amadei’s solution (Amadei 1996). The solution has been widely
applied to deseribe the evolution of the apparent elastic moduli and Poisson’s ratios for other
strong and brittle rocks (e g. Nasseri et al. 2003; Miller et al. 2013; Gholami and Rasouli 2014
Nejati et al. 2019).

The effect of transverse isofropy on salt creep has however rarely been mvestigated.
Dubey and Gairola (2008) perform nniaxial creep tests on fransverse isotropic salt from India
uvnder three bedding orientations (0°, 45, and 907), and find that steady-state creep rate is
highest when §= 453" and lowest for §= 0°. Most salt researchers have studied the effect of
transverse isotropy on salt only voder voconfined condition. In addition, governing equations
for describing the salt creep as affected by transverse isotropic characteristics have never been
derived for practical use.

The objective of this study is to determine the effect of transverse isotropy on time-

dependent behaviowr of Maha Sarakbam salt vnder confinements. The main tasks involve
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performing triaxial creep tests on prismatic salt specimens containing various bedding plane
orientations with respect to the major principal axis and identifying the evolution of each creep
phase with the transverse isotropic angles and applied stresses. The specimens are subjected to
confining pressures from 3 to 24 MPa under constant octahedral shear stress of @ MPa for 10
days. The anisotropy degrees are determined in terms of elastic, visco-elastic and visco-plastic
deformations of salt specimens. This involves instantaneous, transient and steady-state creep
phases. The tertiary creep phase is excluded from this study. The Burgers creep parameters are
wsed to represent instantaneous, visco-elastic and visco-plastic deformations of the salt
samples. Empirical equations ate derived to deseribe the evolutions of the Burgers parameters
as a function of transverse isotropic angle, loading duration, confining pressure and deviatoric

stress.

1, Salt specimens and test methods

Salt blocks with approximate sizes of 30x50%50 cm’ have been collected from an
vnderground mine cpening at a depth of 250 m. They belong to the lower salt member of Maha
Sarakham formation located in the northeast of Thailand. Warren (1999) and Shen and
Siritongkham (2020) describe the origin and geological structures of the Maha Sarakham salt.
Rock salt beds can be observed by alternation of Light and dark bands of halite (sometimes
called banded halite).

Prismatic salt specimens with nominal dimensions of 54 %54 108 mm’ are cut from
the salt blocks using organic oil as lubricant. The specimens have nominal angles {5 between
the specimen main axis and the normal to bedding planes varying from 0, 25, 45, 65 to 907
The bedding plane strike 15 parallel to one of the specimen side surfaces. Seventeen specimens
have been prepared. Resuvlts from X-ray diffraction analyses (XRD) indicate that the salt

consists mainly of halite (95.48%) and minor amounts of trace minerals (4.52%) by weight.



120

These minerals include carnallite. tachyhydrite. gypsum and clay minerals. The average density
of salt specimens is 2.13 = 0.04 g/cc.

Test procedure and calculation of triaxial creep test follow the ASTM D7070-08
standard, except for specimen shape. The constant axial stress (1) and lateral stresses (o3) are
applied by polyaxial load frame. as shown in Fig. 1 (Fuenkajomn et al. 2012; Sriapai et al. 2013).
The lateral deformations of the specimen parallel and normal to the strike of bedding planes
are measure from the upward movement of two lower steel bars hanging from the outer ends
of cantilever beam using high-precision development dial gage (£0.001 mm), as shown in Fig.
1. This upward movement is induced by the lateral expansion of salt specimen during loading.
The axial (vertical) displacement is also measured using displacement dial gage mounting

between the top and bottom ends of the specimen.

Displacement

' Cantilever beam
dial gage

Os &

Hydraulic jack

Displacement

Bedding planes
(Plane of transverse Isotropy)

-

Steel bar Hydraulic pump

Fig. 1 Polyaxial load frame and notations defining directions of major principal stress and strain

(o1 and &1). minor principal stress (o3) and strains normal and parallel to bedding plane

(230and &p).



The specimens are subjected to confining pressures (lateral stresses) ranging from 3. 6,
12 to 24 MPa, while they are under constant axial stresses of 22, 25, 51, and 43 MPa,
respectively. This results in a constant octahedral shear stress () of 9 MPa for all specimens,
and hence isolating the test results from differences in stress deviations. The shear stress
magnimde is selected based on previons experimental studies on the same salt obtained by
Fuenkajorn et al. (2012) who perform triaxial compression tests for o3 = 3 to 28 MPa and
Archeeplcha et al. (2017) who perform triaxial creep tests under o3 = 3 to 11.5 MPa with m=
5 to 14 MPa. The selected r is sufficiently high to induce plastic creep to the salt specimen.
but not too high to cavse failure within the test period of 10 days.

The polyaxial load frame allows applying constant lateral (confining) stresses normal
and parallel to the bedding planes using canfilever beams and a dead weight system_ Neoprene
sheets are placed at all interfaces between the platens and specimen surfaces to minimize the
friction. Prior to performing creep test, the axial and lateral stresses are simmitaneously applied
to a pre-defined confining pressure and are maintained constant for 24 hours (lithostatic
condition). The test 1s started by increasing the axial stress to obtain octahedral shear stress of
O MPa._ Salt deformations along the axial and lateral directions are monitored to the nearest
0.001 mm. The specimens are tested under ambient temperature (30 = 2°C). Fig. 1 also shows
the notations defining the principal directions of stresses and strains. where £) represents axial

strain and gpand g0 are lateral strains parallel and normal to the strike of bedding planes.

3. Test results

Fiz. 2 shows example results of strains induced along the principal directions as a
function of time for 10 days. Instantanecus, transient and steady-state creep phases can be
observed for all angles §. Axial strains obtained from § = 0° (normal to bedding plane) are

always greater than those from §= 90° This holds true for all confining pressures.
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Fig. I Examples of strain-time cwves under confining pressures of 3 MPa (a) and 12 MPa (b).
Numbers in bracket indicate applied stresses in MPa [ a1, o], All specimens are under »=

9 MPa.

The differences between spand somagnitudes decrease when angles §decrease toward 07
The instantaneous and creep strains measured from the intrinsic angles &= 0% and 907 also
become closer as the confining pressures increase.

Test results can also be represented by strain deviations (e, e:p. €30) a3 a function of

titne vnder different confining pressures. They can be calenlated as:

€1 = 21— ém (1)
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€ip = SZP— ém (2)

&30 = 80— em (3)

where &1 is axial strain deviation, e3pand e3¢ are lateral strain deviations parallel and normal to
the strike of bedding planes, and emis mean strain which equals to (21 + &P+ @30)/3.

Fig. 3 shows the three strain deviations as a function of time. For all specimens and
confining pressures, the largest strain deviations (g1, e3p. £30) are obtained at = 0", and the
lowest at §=90°. The diagrams can later be used to derive governing equations for salt creep

under different bedding plane orientations (§) and confining pressures (o).

[31, 17
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Fig. 3 Examples of strain deviation-time curves under confining pressures of 3 MPa (a), 6 MPa

(b) and 12 MPa (c). Numbers in brackets indicate [ 1.03].
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4. Burgers creep model

The Burgers model (Fichard 1993) is proposed to describe the time-dependent
deformation of the transverse isotropic salt. It is recognized that oumerouws creep models or
constitutive equations have been developed to represent time-dependent behaviour of rock salt
(e.g.. Gnirk and Johnson 1964; Senseny 1983; Handin et al. 1984; Langer 1984; Hardy and
Sun 19836; Archeeploha et al. 2017; Luo et al. 2021). The Burgers model is used here because
of its simplicity and its capability of describing the elastic, visco-elastic, and visco-plastic
phases of deformation. Fig. 4 shows modular components of the model, where By and Ey are
spring constants in instantanecus and visco-elastic phases, and nr and gp are viscosity
coefficients in visco-elastic and visco-plastic phases.

To determine the numerical values of these parameters, a relationship between strain
and stress deviations is developed first. For linear elastic material, the strain and stress

deviations can be related as (Jaeger et al. 2007):

el =51/ 25 (4)

where & is shear modulps. The applied stress deviations along major principal axis can be

expressed as:

51= 01— 5m (3)

where 5115 axial stress deviation and smis mean stress which equals to (o1 + 203)/3. Eq. (4) can
be further developed to form a linear visco-elastic relation by taking Laplace transformation
(Schuff 1999; McLachlan 2014) and wsing the transform operations of the Burger model

(Findley et al 1976) and nsing the transformed operators of the Burgers model (Findley et al. 1976).
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Fig. 4 Modular components of Burgers model.

After performing inverse Laplace transformation. the governing equation for the axial

strain deviation for each transverse isotropic angle & can be expressed as:

(f]—{%+a——[l—mp[ 3 ’]ﬂ ©)

where fis elapsed time. The Burgers parameters can be determined for each transverse isotropic
angle (&) and confining pressure (o3) by performing regression analysis en the test results
shown in Fig. 3 using Statistical Package for the Social Sciences (SP55) code (Wendai 2000).
This is a non-linear regression software for determining the independent variables (E1. E2, m,
) using bivariate statistics based on analysis of vanance (ANOVA) technigque. Table 1 gives

the results. Good correlations are obtained for all test conditions l',[.i‘-l'!2 =0.9).

5. Calculation of apparent Burgers parameters

Deformations described by the Burgers model can be separated into three phases:
instantanepus deformation, visco-elastic, and wvisco-plastic creep phases. which can be
represented here by 1/Er (L/E7) [1- exp(—Ev' rr)] and 1/ np. respectively. The visce-elastic term
is, hereafter, represented in short by Er . Elliptic equation is applied to represent the evolution

of the three Burgers terms with the transverse isotropic angle £ Similar approach has been
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Table 1 Burgers parameters calibrated from principal strain deviation-time curves for each

specimen under =9 MPa.
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o o . Burgers Parameters
g ' ! E Er .
(MP3) (MP3) QF2) (GPa)  (GPa) (GP;PDEF:I {GPfrDaf} ¥
2 3 2343 1222 3107 0987  0.984
- 25 6 1273 2889 1836 4208 0.707  0.986
31 12 - 3558 3031 4681 0401 0913
43 24 4041 4466 4912 0364 0923
22 3 1525 1416 33.33 1006 0933
25° 25 g 12.73 2987 1961 4327 0.713 0947
3l 12 3642 3124 4727 0411  0.968
3 3 2642 1575 6,53 1108 0971
45 25 6 12.73 3122 2253 4668 0741 0938
3l 12 3742 3282 5051 0426 0913
27 3 2755 1768 4126 1134 0941
65° 25 6 12.73 3298 2591 4950 0789 0922
3l 12 3806 1395 52.79 0438 0931
22 3 3053 2020 4443 1156 0964
- 25 6 . 3431 2711 5227 0.806  0.968
3l 12 » 3922 31544 3593 0.445 0928
43 24 4352 4685 56.63 0370 0946

used by Hwn and Ting (1989) and Jiang (2016) who apply elliptic equation to describing

apparent elastic moduli of amsotropic matenials. The classical elliptic equation in the form of

polar coordinate can be written as (Kom and Korn 1961; Polyamnin and Manzhirov 2006):

r(8)=a f'{1+|:|{[a’ /b*)~1)-cos’ ,ﬂ]}] ’

)

where » is radius of ellipse, a and b are constants along x and y axes, and fis transverse

1sotropic angle measured cloclowise from y-axis. Here, the parameters a and b represent the

mntrinsic deformation terms used in the Burgers model obtained from §=90° and 0°.

From Eq. (7) the Burgers parameters (E. np. Er') can then be written as a function for

transverse isotropic angle §in the forms of elliptic equations as:
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E,(B)=E, .y’ {1+{[[Em.f E,.) -1)-ms’ ﬁ]}m ®)
e (B)=Npor / [1-"{[[:??;!.5-}' / ’?r.r]z_l}'m-‘! ﬁ]}l.z @)
ES (B)=Ey o K=l+[[:{.£p.m.' SE, ) —1:} -cos* ,s}} ) (10)

For §=0°and 90° Ej o and Ej go- are infrinsic spring constants, np, o° and s, og- are intrinsic
viscosity coefficients in steady-state creep phase, and E ¢ o and Er’ e are intrinsic visco-elastic
terms. From elliptic equations [Eqs. (8) through (10)]. Er. np, Er can be calculated for 0° < 8
< 90°. The results are compared with the measurements in the forms of polar plots in Fig. 5.
The diagrams show that Erand mp(Fizgs. 5a and 5¢) are greatest at §= 90° (axial stress parallel
to bedding plane) and lowest at = 0° (axial stress normal to bedding plane). Both parameters
increase with confining pressure for all transverse isotropic angles §. The parameter Ey’ are
lowest at §=907 and greatest at §=0° (Fig. 5b). They become smaller as the confining pressure

INCTEASEs.

E (203} ) E o (303 0y)
fal M ie)

Fig. 5 Polar plots of Er(a). Er’ (b) and np(c) and for various angles P and confining pressures

{3). Points are test results and lines are elliptical equation.
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The discrepancies of the Burgers parameters from all angles Falso getting smaller with
increasing the confining pressure. suggesting that salt specimens become more 1sotropic nnder

high confinements.

The agreement between the measurements and calculations by elliptic equations can be

evaluated nsing the mean misfit {f) as an indicator. It i3 calenlated by (Biley et al. 1998):
m " m .--" e
f =_Ef'mE|:{I.f rﬂ[ ?iP._.—P,,.Il ;1 (11)

whete p; and pmare calcolated and measured valves, n 13 number of bedding plane angles ()
uvsed for each confining pressure, and m is the number of confining pressures. The mean misfits
for the apparent E np and Ey’ values are determined as 0.05 GPa, 0.84 GPa-Day and 0.02 GPa.
These low values indicate good agreements between the measurements and the elliptic

calculations.

6. Degree of anizotropy

The degree of anisotropy for transverse isotropic materials is commeonly expressed as
the maximum-to-minmem Young's modulus ratios or the strength ratios as a function of
confining pressures (Fereidooni et al. 2016; Hu et al. 2017; Xu et al. 2018). An attemipt 13 made
here to reveal the amsotropy degree of the creep behaviour of bedded salt vnder octahedral
shear stress at O MPa. The ratios of the maximum-to-minimum values of Ej, npand Ey’ obtained
at §= 07 and 90" are plotted as a function of confining pressure in Fig. 6. The diagrams suggest

that the anisotropy degrees for the three creep phases rapidly decrease with increasing

confining pressure. They can be best described by following power equations:
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E _./E .=1421.¢,°™ (12)
Moo / My =1.544-0,7% (13)
E, . /Ey, . =1678-¢,"% (14)

The proposed equations fit well with test results (R = 0.9). Extrapolation of these
empirical equations beyond the confining pressures nsed here (24 MPa) suggests that at o3
about 35-40 MPa instantanecus and visco-elastic creep phase would become isotropic (Er so+/Er
t-and Er’,¢+/Ey’_coc equal to 1). Beyond 80 MPa the visco-plastic creep of salt also reaches an
isotropic condition (mp e0e/ e, o= = 1. Fig_ 6). Note that the above postulation is true only if the
salt is under 9 MPa octahedral shear stress. More discussions on this issue are given in section
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Fig. 6 Degree of anisotropy of Burgers parameters for instantaneous (Ef s0v/Ef oF). visco-elastic

[E;'*,I:P.-' E;",gﬂ*}, and visco-plastic (ne o7/ iip, 0°) phases as a function of confining pressure.



130

15

7. Dctahedral shear and veolumetric strains relation

An attempt is made to determine the range of each phase of deformations from the
triaxial creep test tesults. The transition strains from instantaneous to transient creep and
subsequently to steady-state creep phases are difficult to determine precisely from the axial and
lateral strain-time curves (Fig. 2) or from the strain deviation-time relations (Fig. 3). As a result,
the octahedral shear strains () are calculated as a function of volumetric strain (&) for each
salt specimen from start loading through the end of 10 days. They can be obtained as following

(Taeger et al. 2007):

Ny W3 £ ralt
J".».-=|:1-'I3,|"'r."3|_'5'5r,| +(5 -8y +{£:\P_‘?3¢'.l_.| | (15)

E, =8 + 8y, + Eyp (16)

Fig. 7 shows the results of calenlations. Immediately after the axial stress is applied and
maintained constant, the octahedral shear strain inereases linearly with velometric strain. This
1z due to the increase of axial strain which also induces a redoction of the specimen’s volume.
MNaote that the sign convention used throughout this study is that compression and contraction
are positive and tension and expansion are negative. The linear relation between o and &y
represents the range of instantanecus deformation of salt where time-dependent deformation
has not vet been reached. The linear relation ends at a point where 3 continues to increase but
the increasing rate of & starts to decrease. An example of this transition is denoted in Fig. 7(a)
as open points. As poontinnes to increase, & tends to approach a constant valve. This transition
15 denoted in Fig. 7a as solid points. The shear strain induced between the two points represents
transient creep phase where a combination of elastic and plastic creep occurs. The condition at
which the octahedral shear strain increases while volumetric strain remains constant (beyond

solid point n Fig. 7(a)) represents the plastic deformation of the salt in steady-state creep phase.
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Fig. 7 Octahedral shear strains as a fonction of velumetric strain for confining pressures of 3
MPa (a), & MPa and 24 MPa (b), and 12 MPa (c). Numbers in brackets represent [ a1, &3]
Open points indicate transition from instantaneons to transient phases. and solid points

for transition from transient to steady-state creep phases.

Here the specimen changes shape while its volume remains constant The 3 -2 relation
described above can be observed from all ereep test specimens (Fig. 7). Under the same
confinement, the greatest b -& slope in instantaneous phase is obtained from F= 90°. The
slopes gradually decrease fo the lowest values at f = 0° Specimens with higher transverse
1sotropic angles Ftend to show narrower instantaneons and transient creep phases than those
with lower angle & This means that they can reach the two transition points quicker. This
behaviour can be observed for all confining pressure levels, where a higher confining pressure
also results in a narrower range of transient creep phase. Diagrams suggest also that the creep
test period of 10 days is sufficient to allow all specimens to reach steady-state phase. The
transition points of salt deformations through different ereep phases allow determining the

evolution of each phase with transverse isotropic angle and confining pressure.
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8. Evolution of creep phases with £ and o3

Figure § shows a three-dimensional diagram of the transition points separating different
phases of deformation under 7 = 9 MPa, where 3 at the transition points is presented as a
function of angle fand o3 As the confining pressures increase the ranges of shear strains for
the instantanecws and transient creep phases reduce. Under 24 MPa confinement. the creep
strains become insensitive to the transverse isotropic (bedding plane) angle § At this high
confinement the instantanecus and transient phases become smaller, and hence the specimens
reach the steady-state phase much faster, as compared to those voder lower confining pressures
(e.g. o3 =3 or 6 MPa). Wider ranges for instantanecus and transient creep phases ooder low o3

are observed, as compared to those under high oz, They gradually reduce with increasing angle
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Fig. 8 Evolution of creep phases as a fuonction of confining pressure and angle Sfor =9

MPa from test results. Transient creep phases are represented by shade areas.
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The range of transient creep phase in terms of octahedral shear strain can be defined by

the differences of shear strains between the two transition points as follows:

Pt T (17

where ¥, represents the range of transient creep strain. and js.p and 3y are creep shear strains
at plastic and elastic transition points obtained from the test results, shown as examples by solid
and open points in Fig. 7(a). Fig. 9 plots ¥, as a function of o3 for #=0° and 90°. Logarithmic
equations can best describe their relationships as coefficients of correlation are greater than
0.99. Nomerical values of the empirical constants are given in the fisure. The diagram suggests

that the range of transient creep strams for §=0° (7 ) and §= 90° (7 ,.) equals to zero

when the confining pressure approaches 40 MPa.

5 &
4 s }_‘-'m:r = -1.578-In{ () + 5.725 milli-strains
1 (R*=0.00)
-IT"- ] —
E 3: Jazr =-0.731-In[CR) + 2.647 milli-sirains
W (RF=0.008)
E 5]
=2 A
1
o , , — . .
o 10 20 a0 40 50

05 (MPa)
Fig. 9 Range of transient creep phase (7, ) as a function of o3 for intrinsic angles §= 0° and

0%, under =9 MPa.
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This means that nnder this high confinement the salt behaves as a Maxwell material where only

instantanecus and steady-state creep deformations exist for all transverse isotropic angles.

0. Salt ereep under various octahedral shear stresses (%)
The purpose of this section 13 to derive governing equations for transverse isotropic
creep responses nnder various octahedral shear stresses. From the linear visco-elastic theory

(Richards 1993; Bland 2016). the octahedral shear strain (ju) can be presented as a function of

octahedral shear stress (o) for the Burgers model as:

()= 5. {/ B (B)+t/m, (B)+[(1/ B (8))-(1-ew(-E, (8)-+/m. ()} (18)

where 1 is constant with time and the Burger parameters are defined as a function of the
transverse isotropic angle 6. Ej(f) and np () can be obtained by recalling Eqs. (8) and (9).

Similarly. Ep(£) and #r(5) can be derived from the elliptic eguation [Eq. (7)] as:

|

E, (B)=E, s/ [1- [(['E; VBT 1) ebs? ﬁ]} 19)

!

-

e (B) =1y ser / [1+ |:“r;r, /M) —1} cos® ﬁ]]l' (20)

Burgers parameters for the mtrinsic angles (f = 0° and 90°) calibrated from triaxial
creep test results (Table 1) are plotted as a function of confining pressures (o) in Fig. 10. The
diagrams indicate that the intrinsic parameters Er, Erand np increase with o3, while nr

decreases as o3 increases. Their evolution with oz can be best represented by logarithmie
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equations. as shown in Fig. 10. Numerical values for their constants are given in the figure.

Good correlations are obtained as indicated by R* > 0.8.
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Fig. 10 Burger parameters E7(6) (a). Ev(f) (b). np(6) (c). and nr(0) (d) obtained for intrinsic

angles §=0° and 90° as a function of confining pressure.

By substituting Eqs. (8). (9). (19) and (20) into Eq. (18). octahedral shear strains at any

constant octahedral shear stress can be predicted as a function of time and transverse isotropic
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angle. Examples of the predictions vnder confining pressures of 10 and 20 MPa are given in

Fig. 11.

=10 MPa

7o (milli-girains)

t {Days) t (Days)
{a) -]

Fig. 11 Predicted cctahedral shear strains — time curves voder various octahedral shear

stresses for o3 = 10 MPa (a) and 20 MPa (b).

The diagrams cointerde with the test results that ereep strains for §= 07 are always greater than
those under §= 90°. Their differences become larger for higher m, and smaller under higher

3.

10. Discussions

Fesults from this study reveal the effects of transverse isotropy cauvsed by bedding
planes on time-dependent deformations of rock salt based on experimental and analytical
mvestigations. Such effort has never been attempted elsewhere, in particolar, on the derivation

of mathematical representations to predict the salt creep as affected by bedding plane
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orientations under different deviatoric and confining stresses. The same approach can be
applied to salt from other sovrce locations and other time-dependent materials posing
transverse 1sotropic characteristics.

Larger instantanecus and creep deformations are obtained when the applied axial stress
15 normal to the bedding planes (= 07), as compared to those obtained parallel to the beds (&
= 007). This is probably cavsed by the alipnment of inter-crystalline boundaries and the soft
inclusions along bedding planes. The inereases of confining pressures stiffen these soft layvers
and tighten the inter-crystalline boundaries, and subseguently reduce the transverse isotropic
responses of the salt.

Anisotropy degrees for the instantanecus and creep deformations of Maha Sarakham
salt are relatively low (less than 2;-see Fig. 6). which coincides with values for the elastic
parameters and compressive strengths of the same salt expenmentally obtained by
Thongprapha et al. (2022). Bedded salt from cther sources may however show different degrees
of anisotropy depending vpon their characteristics of transverse isotropic (bedding) planes.

It is recognized that the oumber of test specimens and test duration uwsed here are
relatively limited. Test results, nevertheless, provide sufficient and reliable trends of creep
deformations wnder different applied stresses and bedding plane crientations (Fig. 2). All
deviation strain-time curves can be well deseribed by the Burgers model with coefficients of
correlation greater than 0.9 (section 4). The apparent elastic. visco-elastic and visco-plastic
deformaticns (0° < § < 90%) conform to the elliptic equation (Fig. 3), as indicated by their low
mean misfit values. The -5 courves in Fig. 7 show also that all specimens reach plastic
deformation in steady-state creep phase where constant & is obtained while 3 i3 inereasing,

Further, the jp-& curves show the transitional shear strains from instantaneouns, visco-
elastic to visco-plastic creep phases more clear than do the axial and lateral strain-time curves

(Fig. 2), and the strain deviaticn-time curves (Fig. 3). This is primarily becapse of the linear
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relationship between 3 and & during the elastic phase. The independency of jpon & during
the visco-plastic phase can be easily distinguished from non-linear curves of b - & during the
transient creep phase. By this the transitional shear strains between them can be defined more
accurately, and hence showing the evolution of each deformation phase as affected by the
confining pressure o3 and transverse isotropic angle 5.

The evolutions of transient strains with oz and § allow determining the range of
transient strain ( 7, ) for the two intrinsic angles (§= 0° and 90%). They decrease logarithmically
with increasing o3. Beyond o3 = 35 - 40 MPa, the transient strain no longer exists. This is
however troe only at =9 MPa.

Under the same range of confining pressures used here, and if the applied octahedral
shear stress is higher than 9 MPa, there would be a wider range of shear strain values in the
transient creep phase ( ¥, ) under both intrinsic angles It would also result in higher transition

confining pressure at which the salt changes from a Burger to Maxwell materials. Opposite
resulis would be obtained if % lower than 9 MPa 15 applied.

Even though the effect of confining pressures cn the variation of transient and steady-
state creep phases has long been recognized, their mathematical representation has never been
developed. The decrease of ¥ under higher confimng pressure is probably due to the
predominance of dislocation glide mechanism (sliding along salt cleavages) over dislocation
climb mechanism (sliding along salt crystal boundaries), as described by deformation-
mechanism map developed by Senseny (1933). This enhances the visco-plastic deformation in
the steady-state phase and minimizes the visco-elastic deformation in the transient phase, as
shown in Fig_ 8.

It 15 recognized that there are other factors that can affect the characteristics of transient

creep strains of salt, e g. temperature, intermediate principal stress and size of test specimens.
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These factors are excluded from this study. Elevated temperatures could minimize the range of
transient creep strain and enhance the steady-state strain rate. as experimentally obtained by
Senseny et al. (1986), Handin et al. (1984), Moslehy and Alshibli (2023) and Dong et al. (2023).
Results from series of polyaxial creep tests (o1 or# o3) by Archeeploha et al. (2017) suggest
that increasing the intermediate principal stress from o2 = o3 toward o2 = o1 notably reduces
the range of transient creep strains for the Maha Sarakham salt. The transient creep strain of
small specimens tends to be more sensitive to the applied stress, temperature and test duration
than that of larger specimens (Senseny 1982, 1984 Linder and Brady 1984).

The Burgers creep model is used in this study becanse it can implicitly incorporate the
effect of transverse 1sotropic angle finto its parameters. The analvsis performed here 13 based
on the linear visco-elastic theory from which the Burgers model has been derived. Since the
applied stress-strain rate relation of salt may not be strictly linear, care should be taken when
applying the results beyond the range of confining pressures from which the model parameters

have been calibrated.

11. Conclusions
Experimental and analytical investigations have been performed to determune the time-
dependent responses of Maha Sarakham salt as affected by varying the bedding plane
orientations and confining pressures. Conclusions drawn from this study can be summarized
as follows.
o Transverse isotropic creep deformations of zalt due to layvers of crystallization and
inclusions can be clearly observed under the applied o ranging from 3 to 24 MPa with
m =9 MPa, as evidenced by the degree of anisotropy shown in Fig. 6. The salt

anisotropy decreases with increasing confining pressures.
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» Bedding (transverse isotropic) planes do affect the time-dependent behavier of Maha
Sarakham salt. Largest instantaneous and creep deformations are obtained when the
major principal stress 1s normal to the bedding planes (§=07), and the values gradually
decrease to the smallest when §= 90°. Discrepancies of the deformations between the
two intrinsic angles reduce as the confining pressures increase.

# Via Laplace transformation the Burgers creep model fits well to the creep test results in
terms of major principal strain deviations as a function of fume. Elliptic equations can
describe the evolutions of the mstantanecus wisco-elastic and wisco-plastic
deformations for all apparent transverse isotropic angles (0 < &< 90) and confining
pressures.

* Anisotropy degrees for instantaneous. wvisco-elastic and visco-plastic deformations
decrease with increasing confining pressure. where their relations can be described by
power equations. Extrapolation of the equations toward higher confining pressures
suggest that the instantaneons and visco-elastic responses of the salt would become
isotropic at o3 values of 35 - 40 MPa. At o3 of 80 MPa and beyond the visco-plastic
deformation also reaches isotropic condition

¢ Octahedral shear-volumetric strain (jo - &) curves can be used to define the transition
shear strains from instantaneons, transient creep to steady-state creep phases, and hence
allows determining the evolution of each deformation phase as affected by transverse
1sotropic angles and confining pressures.

¢ The ranges of transient creep strains ( ) are wider under low confining pressures, as

compared to those under higher confining pressures. They also become insensitive to

the changes of transverse isotropic angles under high confinements.
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s For both mtrinsic angles (§= 07 and 90%) ¥, logarithmically decrease with increasing

3. Under n = 9 MPa they reach zero with a oz value of 35 - 40 MPa, where the salt
transitional changes from a Burgers to a Maxwell material. i.e. salt deforms only uwnder
instantaneons and steady-state creep phases.

* Based on the linear visco-elastic theory and the calibrated Burgers parameters under

=0 MPa with a3 =3 - 24 MPa, the transverse isotropic creep of salt under different

magnitudes of 5 and o3 can be calculated. This is useful for the prediction of time-
dependent deformations of supported pillars and sidewalls in salt munes and around

solution caverns.
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