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CHAPTER I

INTRODUCTION

1.1 Background and rationale

The effects of loading rate on the compressive strength and deformability of
intact rocks have long been recognized (Kumar, 1968; Jaeger et al., 2007; Cristescu
and Hunsche, 1998; Albertin et al., 1999). For rock salt such effects have been
studied by various researchers (Fuenkajorn et al., 2012; Liang et al., 2011; Lajtai et
al., 1991; Hamami, 1999). It has been found that the salt strength increases with the
applied stress and strain rates. The rock strength and elastic properties have been
known to decrease as the temperature increases (Sriapai et al., 2012). Several
formulations have been proposed to describe the temperature-dependent behavior of
rock salt (Sriapai et al., 2012; Sheinin and Blokhin, 2012). Such knowledge is
necessary for stability analysis and design of the salt storage caverns. During
injection period the storage caverns may subject to temperatures as high as 140°C
(414 K), depending on the injection rate and the maximum storage volume and
pressure. The effects of loading rate under elevated temperatures of rock salt have

however rarely been investigated.

1.2 Research objectives

The objectives of this study are to experimentally assess the influence of

loading rate on the compressive strength and deformability of rock salt under



constant temperatures of 273, 303, 343 and 373 Kelvin. This selected range of
temperatures covers those likely occur around salt storage caverns under operation.
Uniaxial compression test have been performed on the Maha Sarakham salt under
loading rates of 0.0001, 0.001, 0.01 and 0.1 MPa/s. The strain energy density criteria
are proposed to describe the salt strength as affected by the loading rates and
temperatures. Computer simulations are determining the safe maximum withdrawal

rates for the compressed-air energy storage (CAES) in salt caverns.

1.3 Research methodology

The research methodology shown in Figure 1.1 comprises 7 steps; including
literature review, sample preparation, laboratory testing, calibration of elastic and
creep parameters, development of strength criteria, computer simulations,
discussions, conclusions and thesis writing.

1.3.1 Literature review

Literature review is carried out to study the previous researches on
time-dependent behavior of rock salt as affected by mechanical and thermal loadings.
The sources of information are from text books, journals, technical reports and
conference papers. A summary of the literature review is given in chapter two.

1.3.2 Sample preparation

The salt specimens are prepared from 47 mm salt cores drilled from
depths ranging between 270 and 330 m by Siam Submanee Co., Ltd. in the northeast
of Thailand. The salt cores belong to the Lower Salt member of the Maha Sarakham
formation. Tabakh et al. (1999) describe the origin and geologic sequence of the

Maha Sarakham salt. The drill cores were dry-cut to obtain cylindrical shaped
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Figure 1.1 Research methodology.




specimens with nominal dimensions of 47 mm diameter and 118 mm length.
1.3.3 Laboratory testing
The uniaxial compression tests have been performed to determine the
time-dependent properties of the Maha Sarakham salt under controlled loading rates
from 0.0001 to 0.1 MPa/s. The testing temperatures range from 273 to 373 Kelvin.
The electronic load cell is used to record loading increasing. The load at failure is
recorded to calculate the salt compressive strength. The specimen deformations are
monitored with four dial gages to calculate the compressive strains. Photographs are
taken of the failed specimens.
1.3.4 Calibration of elastic and creep parameters
The results are used to determine the elastic and transient creep
parameters. The regression analysis on the tests data using SPSS statistical software
(Wendai, 2000) is performed to determine the elastic and creep parameters.
1.3.5 Development of strength criteria
Results from laboratory measurements in terms of the octahedral shear
strength of rock salt are used to formulate mathematical relations. Various
formulations of loading rate and temperature dependent strength and deformability
are derived. To incorporate the thermal and rate (time-dependent) effects into
strength criteria the distortional strain energy at dilation and failure of the salt is
calculated as a function of the mean strain energy density.
1.3.6 Computer simulations
The finite difference program — FLAC (ltasca, 1992) are used to
determine the stresses and strains at the boundaries of CAES caverns for various

reduction rates of the internal pressures. The principal stresses and strains under



various air withdrawal rates are calculated and compared against the strength criteria.
1.3.7 Discussions, conclusions and thesis writing

The results of testing and modeling are discussed to reveal the scope

and limitation of their applications. All research activities, methods, and results are

documented and complied in the thesis. The research or findings are published in the

conference proceedings or journals.

1.4 Scope and limitations

The scope and limitations of the research include as follows.

1. All tests are conducted on rock salt specimens obtained from the
Lower Salt member of the Maha Sarakham formation in northeastern
Thailand.

2. The applied loading rates vary from 0.0001, 0.001, 0.01 to 0.1 MPa/s.

3. The testing temperatures range from 273 to 373 Kelvin.

4. Testing is made under dry condition.

5. Up to 30 samples are tested.

6. The nominal dimensions of cylindrical shaped specimens with 47 mm
diameter and 118 mm length.

7. Finite difference analyses (FLAC 4.0) are also performed to determine
the stresses and strains at the boundaries of CAES caverns for various
reduction rates of the internal pressures.

8. The research findings are published in conference paper or journal.



1.5 Thesis contents

Chapter | describes the objectives, the problems and rationale, and the
methodology of the research. Chapter Il present results of the literature review on
temperature and loading rate effects on salt, temperature and loading rate effects on
other rocks and constitutive models with incorporating temperature effects. Chapter
Il describes the salt sample collection and preparation. Chapter IV describes the
laboratory testing and test results. Chapter V describes the compressive creep strain
and strength criteria. Chapter VI describes the computer simulations are also
performed to determine the stresses and strains at the boundaries of CAES caverns.
Chapter VII summarizes the research results, and provides recommendations for

future research studies.



CHAPTER 11

LITERATURE REVIEW

2.1 Introduction
The topics reviewed here include temperature and loading rate effects on salt,
temperature and loading rate effects on other rocks and constitutive models with

incorporating temperature effects.

2.2 Temperature effect on salt mechanical properties

Charpentier (1984) proposes the time-dependent behavior of rock salt under
temperature has guided the “Laboratorie de Mecanique des Solides” to develop
specific creep equipment. The design and capacity of this creep test installation offer
the possibility of studying a wide range of materials. Considering the characteristics
of the problem the “Laboratorie de Mecanique des Solides” has designed a specific
creep equipment to carry out long term at high temperature. At present, the
experimental installation of three temperature levels between 20°C and 200°C for
uniaxial creep. The specimens used are cylinders of 7 cm in diameter and 16 cm in
height on Bresse salt. Two specimens test at 20°C applies the uniaxial stresses of
15.3 MPa and 17.8 MPa correspond respectively to 65% and 75% of the uniaxial
compressive strength. The creep was observed during two months. At this stage the
strain rate is not stable yet and they are still in a transient phase for the two samples.

This primary creep can be interpreted by means of a time-hardening law. Test at 10



0°C applies the uniaxial stresses of 11.3 MPa and 15.3 MPa correspond respectively

to 65% and 75% of the uniaxial compressive strength. During about 30 days the

values of ¢ are 13x10°® hr and 18x10°® hr’. For the most severely loaded sample,
the increase of the strain rate after two months denotes the existence of a tertiary state
which can probably lead to failure. Three specimens obtained on test at 200°C. The
uniaxial stresses of 3.4 MPa, 5 MPa and 7.5 MPa correspond respectively to 20%,
30% and 45% of the uniaxial compressive strength. For the two specimens with the
highest levels of load the creep is very important, the strains are 15% and 25% after
about two months. This fact shows the major effect of temperature on the time-
dependent behavior of rock salt. For the specimens with the smallest load, they
have measured only 2% of strain after two months. This difference leads us to
consider a yielding point for the behavior law of our rock salt.

Hansen (1984) studies the physical and mechanical variability of natural rock
salt for four experimentally deformed rock salts in the United States. The influence
on creep deformation of impurity content decreases as temperature increases.
The rate controlling deformation mechanism shows similar stress and temperature
dependency for each salt, being independent of purity. Dislocation glide dominates
the deformation at low temperature, i.e. 25°C; whereas at high temperature, i.e. 200°C
dislocation climb is the predominant mechanism.

Hamami et al. (1996) study the effect of temperature and conclude that the
temperature increase, as for the deviatoric stress, results in an increase of the material
deformation. Cristescu and Hunsche (1996) study the temperature effect on the strain

rate suitable for laboratory testing. They suggest that the appropriate strain rate for



testing at 100 °C and 200 °C is 10°® s* and 107 s because the temperature can affect
the creep deformation and strength of salt under high temperatures.

Temperature or heating affects the creep deformation, because they increase
the plastic property of salt and long-term deformation (Pudewills, 1995). Jeremic
(1994) postulates that rock salts lose their brittleness after extension tempering at
approximately 600 °C and exhibit a critical shear stress up to 1 MPa.

Sheinin and Blokhin (2012) study the thermomechanical effects in rock salt
samples under uniaxial compression for identifying the deformation processes in
geomaterials under the wider range of condition, namely, under the stresses coming to
the elastic and ultimate strengths, by measuring the thermal radiation. Two following
groups of cylindrical samples from two different deposits were prepared in the stress
range ce< 01 < G¢.

1) at constant loading rate (doi/ dt) from 0.05 to 0.5 MPa/s.
2) at constant rate of change of the longitudinal strain (de;/ dt) from 0.005 to 0.02
mm/s.

Figure 2.1 shows the IR radiation intensity and Vm(o1), which were obtained
under loading rates of 0.2 and 0.1 MPa/s, contain the horizontal portion in the elastic
deformation domain, where the heat exchange with the environment hinders
establishment of the change in temperature of the sample due to thermo mechanical
processes.

The relationships Vin(o1) at dei/dt = constant and do;/dt = constant, wherein
the guasiadiabaticity condition is fulfilled as well (curves 1 and 2 in Figure 2.1), are

similar. Therefore, the inflection point in the plot V(c1) at 61~ 22 MPa can be taken
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as the elastic limit for the given sample. The analysis of the curve o - &; proves this

fact (Figure 2.2).
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Figure 2.1 The relationships between the IR radiation intensity and the longitudinal
stress V(o) at different loading rates do,/dt: 1-0.5; 2-0.35; 3-0.2; 4-0.1

MPa/s (Sheinin and Blokhin, 2012).
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Sriapai et al. (2012) study the temperature effects on salt strength by
incorporating empirical relations between the elastic parameters and temperatures of
the tested specimens to describe the distortional strain energy density of rock salt
under different temperatures and deviation stresses. The results are obtained under
temperatures ranging from 273 to 467 Kelvin. The results indicate that the uniaxial
compressive strengths (o) of salt decrease linearly with increasing temperature. The
tensile strength (o) also decreases linearly with increasing specimen temperature
(Figure 2.3).

Khathipphathee and Fuenkajorn (2013) proposed performance assessment of
the Maha Sarakham salt for CO, storage. The testing temperatures are 273 and 303
Kelvin. The tests methods and calculation follow the ASTM (D7070-08) standard
practices. The test duration is 21 days. The exponential creep law is used to describe
the time-dependent deformations of the salt specimens. The test results indicate that
the creep deformation increases with the temperatures. The test results show that the
transient creep under low temperature decreases with time and tends to be constant at
steady-state creep phase. Temperature exerts an effect on deformability and strength
of rocks (Vosteen and Schellschmidt, 2003; Shimada and Liu, 2000; Okatov et al.,
2003). It has been found that rock strength and elastic properties decrease as the

temperature increases.

2.3 Loading rate effect on Salt
Lajtai et al. (1991) study the effect of strain rate on strength on two widely
different rock types. Tyndallstone is a brittle material that deforms in an

approximately elastic manner. The second rock Lanigan potash, is a ductile salt rock
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Figure 2.3 (a) Uniaxial compressive strength of salt as a function of temperature.
(b) Brazilian tensile strength of salt as a function of temperature.
(c) Major principal stress at failure as a function of confining

pressure.

that has a strongly nonlinear stress-strain curve. Lanigan potash is test five uniaxial
compression, three confining at 2 and 5 MPa. In uniaxial compression, five different

strain rates were used: 0.035, 0.11, 1.75, 3 and 25 p ¢ /s. For the triaxial tests, only

three rates: 0.11, 1.75 and 25 p ¢ /s were employed. Figure 2.4 shows the Langian
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data for both uniaxial and triaxial conditions when the appropriate curve-fitting constant A

and B are used the logarithmic function:
Y = A + BIn(X) (2.1)

where A and B are constants.

The strain rate effect for Lanigan potash rock rock are using the Rocker

function for Lanigan potash, the general criterion of strength becomes:

o1 (PV) = (1_%j "‘Cio (B, —D)+ D[l_%J In(%j (2.2)

*  uniaxial A cp= 2 MPa B cp=5Mpa
60 — —
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Figure 2.4 Dynamic strength tests on Lanigan Potash rock. (Lajtai et al., 1991).
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A subscript is attached is to the exponent R to signify that the Rocker function
was fitted to the data conducted at the standard rate of 25 pe/s. For Lanigan potash,
the appropriate strength parameters and fitting constants for Equation (2.2), at the

standard rate are:

To=-2MPa, Co =3 MPa, Rg=0.49,Bp=2.1and D = 3.7 (2.3)

Using above parameters Equation (2.2) was fitted to the triaxial data for
Lanigan potash rock (Figure 2.5). The data for three rates are shown with the best fit
curve. No triaxial tests were completed at the slowest rate; the broken line
follows the prediction according to Equation (2.2). The effect of the strain rate is
quite large, with the slower rates causing a considerable reduction in standard triaxial
strength. The data available suggest that the rate effect becomes greater with
increasing confining pressure.

Dubey and Gairola (2005) study the stress-strain behavior and mechanics
properties on rock salt samples collected from Guma rocksalt Mine, India.
Cylindrical samples cored perpendicular to the bedding planes, were compressed
using an automated closed loo[ servo-controlled testing machine at stress rates
ranging from 9.12 x 10 MPa/minute to 9.12 MPa/minute. The stress-strain
curves obtained by compression of rocksalt specimen at various stress rate

exhibit similar pattern but there are distinct differences in geometry (Figure 2.6).
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Figure 2.5 Compressive strength of Lanigan potash at various loading rate (Lajtai et

al., 1991).

The stress-strain curves reveal that at low stress rates rocksalt exhibits plastic

deformation and at high stress rates it exhibits more brittle deformation.

It is considered that the modulus of elasticity is independent of the stress rate.

However, the non-linear nature of the stress-strain curve up to the yield point at low

stress rates in the present experiments, reveals that the modulus is stress rate

dependent (Figure 2.7).

The ratio of compaction stresses (o) to yield stresses (cy) decreases whereas

the ratio of yield stress (oy) to peak stress (o) increases with the progressive increase

in stress rates of deformation (Figure 2.8).
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deformation of rocksalt from Guma, District Mandi, H.P., India (Dubey

and Gairola, 2005).

The mechanical properties like yield stress, peak stress, compaction stress,
compaction strain and failure strain in rock salt undergoing deformation by
compression are stress rate dependent. The present work suggests that at very high
stress rates the yield stress and peak stress could become equal and at high stress rates
rock salt exhibits brittle deformation. For the lower stress rates, the peak stress is not

equal to the yield stress and the rock salt deforms by viscoplastic flow. As the stress
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rates decrease the peak stress and yield stress decreases and compaction stress and the
compaction strain increases.

Liang et al. (2011) study the strain rate effect on mechanics properties of salt
rock by uniaxial compression test under loading with & value of 2x10, 2x10 and
2x10%s. Average UCS values are 13.6, 13.9, and 12.4 MPa, respectively for &
values of 2x10°, 2x10™ and 2x10%s. From the result of uniaxial compression test
with different strain rate it found that the peak strength of rock salt is little affected by
the strain rate (within the chosen range for £). The relationship between strain rate
and strain failure of rock salt: with increasing £ value, the strain at peak strength is
less. For example, the strain-to- failure is 1.3-1.7% (specimen #1, #2) when ¢ = 2x10°/s;

however, it decrease to 0.3-0.7% (specimen #5,#6) when ¢ is increased to 2x10%/s as

shown in Figure 2.9.
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Figure 2.7 Variation of modulus of elasticity with stress rate of deformation of rock

salt from Guma, District Mandi, H.P., India (Dubey and Gairola, 2005).
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The rock strength of salt rock is only slightly affected by loading strain rate.
The elastic modulus slightly increases with strain rate, but the increment is small.
Under the same strain rate, the strength of thenardite is somewhat larger than rock
salt, mainly related to crystal grain size and fabric of the minerals.

Fuenkajorn et al. (2012) study the effects of loading rate on strength and
deformability of the Maha Sarakham salt under ambient temperature. The uniaxial
and triaxial compression tests have been performed to assess the influence of loading
rate on the compressive strength and deformability of the Maha Sarakham salt. The
lateral confining pressures are maintained constant at 0, 3, 7, 12, 20 and 28 MPa while
the axial stresses are increased at constant rates of 0.001, 0.01, 0.1, 1.0 and 10 MPa/s.
until failure occurs. It was also found that the salt elasticity and strength increase with

the loading rates, as shown in Figure 2.10. The elastic (tangent) modulus determined

(O]

Yield siress /Peak stress=0.8417(Stress rafeln‘osn
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Figure 2.8 Variation of ratio of compaction stress/yield stress and yield stress/peak
stress with stress rate of deformation of rock salt from Guma, District

Mandi, H.P., India (Dubey and Gairola, 2005).
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at about 40% of the failure stress varies from 15 to 25 GPa, and the Poisson's ratio
from 0.23 to 0.43. The elastic parameters tend to be independent of the confining

pressures. The strains induced at failure decrease as the loading rate increases.

2.4 Temperature consideration in constitutive modeling

Langer (1984) and Farmer (1983) present numerous empirical equations
describing the time - dependent behavior of geological materials. Two types of
empirical laws that explicitly contain creep strain, stress, and time variables are
selected for use this investigation potential laws and exponential laws. The laws are
applied to describe salt behavior without considering the actual mechanism of
deformation. Generally, empirical constitutive models are developed by linking the
creep strain to stress and temperature. The potential laws are power equations relating
creep strain, stress, time and temperature. Two empirical models describing transient

and steady — state creep strains can be expressed as:

g(t)=K'st'T* (transient) (2.4)

g(t)=A'c®TC (steady — state) (2.5)

The exponential laws present the transient creep strain as a function of stress,

time and temperature in exponential form:

e(t)=B'c™t" exp(- 1/ T) (2.6)
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where &(t) is transient creep strain, ¢(t) is steady — state creep strain rate, o is stress,

t is time, T is absolute temperature, K', «, B, v, A’, B, C, B’, m, n, A is empirical
constants.

Pudewills and Droste (2003) study the numerical simulation of the thermal
and thermomechanical response of the large-scale in situ experiment °‘thermal
simulation of drift emplacement’’, which was carried out in the Asse salt mine in
Germany. The analyses concern the modeling of the temperature fields, thermally
induced drift closure followed by the consolidation of backfill material and the
distribution of the stresses. Finite element codes (ADINA and MAUS) specially
developed for the repository structures as well as a general-purpose code have been
used. The primary objective of the investigations is to evaluate the capability of these
codes to simulate the thermomechanical behavior of rock salt and backfill material
under representative conditions of a waste repository by comparing of calculated
results with in situ measurements. An overall good agreement between modeling and
in situ measured results indicates that most thermomechanical effects are fairly well
represented by the numerical models.

The thermomechanical behavior of rock salt is described in the finite element
analyses by a thermoelastic material model with a temperature-dependent steady-
state creep and based on the experimental results. According to this model, the total
strain rate is given as the sum of elastic, thermal, and steady-state creep rates. This
constitutive relation governing the creep strain rate of rock salt is described as

follows:
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Eet = Ao es eXp (-Q/(RT)) (2.7)

Yanan et al. (2010) propose the constitutive models of rock as affected by
temperature and humidity. Based on the Nishihara model, a visco-elastic-plastic rock
model was established by using the coefficients of thermal and humidity expansion,
thermal viscosity attenuation, humid viscosity attenuation and acceleration rheology
components. They used the definition of a controlled heat circle to explain the model.
The results show that the behavior of rock, affected by temperature and humidity, is
stable as a function of time when the stress is lower than the first yield stress (os;).
The creep rate will increase due to the effect of temperature and humidity when the
stress is greater than or equal to the first yield stress (os1), the creep rate will
accelerate at an increasing rate when the stress is greater than or equal to the second
yield stress (os2) shown in Figure 2.11.

In Figure 2.11, E;, E; are the stiffness coefficients of springs, oy, a, are the
thermal expanding coefficients of springs, Bi1, P. are the humidity expanding
coefficients of springs and [, B3, Ps the humidity attenuation coefficients of
dashpots. n1, N2, N3 are viscosity parameters and &3, &>, &3 the temperature attenuation
coefficients of dashpots. os; is the first yield stress which is the threshold value of the
increasing creep rate and os; IS the second yield stress, i.e., the threshold value of
accelerated creep. T, W are temperature and humidity respectively.

If 6 < os1, the model is composed of a spring and a Kelvin element, hence:

e=¢g + &, st_’—w>0, the creep deformation of the wall rock will be stable. If os;

< 6 < o5z, the model is composed of a spring, a Kelvin element and an ideal visco —
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0

. * 6o —O
plastic element, hence: & = g1+ & + &3, 6——>BaW + &, T + -2 5L the rate
n2

of the wall rock will increase remain constant at a constant value. If 6 > og, the

model is composed of a spring, a Kelvin element and an ideal visco-plastic element

G +C
and an acceleration rheology component, si>B3W+§2T+%t, the

creep rate will accelerate at a constant rate and failure will occur,which results in a
failure of the roadway. The model derived in this study can completely describe

visco - elastic-plastic characteristics and can reflect the three stages of rock creep.

2.5 Temperature effect on other rocks

Kumar (1968) studies the effect of stress rate and temperature on the strength
of basalt and granite. The ultimate strengths of basalt and granite were measured
over a range of stress rates from 2x10 to 3x10% psi per second. A comparison of

basalt and granite showed that, although their static strength was close (Figure 2.12),
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Figure 2.11 Visco-elastic-plastic constitutive models with temperature-humidity

effects (Yanan et al., 2010).
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their dynamic strengths were different. The static strengths of basalt and granite
were 27.5 and 29 kpsi respectively at the stress rate of 2x10 psi per second while
their strengths at the stress rate of 3x10'° psi per second were 59 and 70 kpsi
respectively. In order to obtain an insight into the basic mechanisms of rock
fracturing, the combined effects of stress rate and temperature were studied. The
strength of basalt was increased from 27.5 kpsi at room temperature to 45 kpsi at
liquid nitrogen temperature at the stress rate of 2x10 psi per second. The
mechanisms of fracturing were thermally activated. The activation energy for basalt

at 50 kpsi equaled 450 calories per mole. The effect on the strength of increasing the
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Figure 2.12 Effect of stress rate on the fracture strength of basalt and granite at

various temperatures (Kumar, 1968).
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stress rate was similar to the effect produced by lowering the temperature as shown
in Figures 2.13 and 2.14.

Yang and Daemen (1997) investigate the temperature effects on creep of tuff.
Creep tests have been conducted at room temperature and at elevated temperature
(204 °C). In order to model the creep behavior of tuff, a new time-dependent damage
model and two definitions of stress intensity factor are proposed. The results of
experiments and theoretical analysis show that the creep strain of tuff increases with
increasing temperature under the same loading condition, and that the stress intensity
factor is not only a function of stress states, but also of temperature.

Dwivedi et al. (2008) study the thermo-mechanical and transport properties of
granites which is required to understand and model a number of processes in the

earth crust such as folding, geothermal activity, magmatic intrusions, plate tectonics
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Figure 2.13 Effect of temperature and stress rate on the fracture strength on granite

showing thermally activated fracture mechanism (Kumar, 1968).
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Figure 2.14 Effect of temperature and stress rate on the fracture strength on basalt

showing thermally activated fracture mechanism (Kumar, 1968).

and nuclear waste disposal. Thermo-mechanical properties of Indian granite (IG) is
studied various at high temperatures in the range of 30-160 °C, keeping in view the
highest temperatures expected in underground nuclear waste repositories. These
properties are Young’s modulus, uniaxial compressive strength, tensile strength,
Poisson’s ratio, coefficient of linear thermal expansion, creep behaviour and the
development of micro-crack on heating using scanning electron microscope (SEM).
The results indicate that the temperature effect on creep under atmospheric pressure
condition (0.1 MPa) was not observed up to 160 °C in the duration of 4 months for
Indian pink granite. Permeability decreases with increase in temperature. Thermal
conductivity and thermal diffusivity both decrease with increase in temperature. The
decrease in thermal conductivity with temperature is high on increase of the confining

pressure. On the other hand, specific heat increases with increase in temperature and
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pressure up to 600 °C and the coefficient of linear thermal expansion increases with
temperature up to 470 °C. Viscosity of molten granite decreases with increase in
temperature. Ultimate compressive strength increases with increase in confining
pressure. On the other hand, tensile strength of all granites decreases with increase in
temperature for the reported temperature range 30-1050 °C. Normalized cohesion
(c/co) and normalized angle of internal friction (¢/do) both decrease with increase in

temperature for all granites.

2.6  Loading rate effect on other rocks

Sangha and Dhir (1972) study the influence of strain rate on the strength,
deformation and fracture properties of Lower Devonian sandstone are presented.
Strain rates are varied between 2.5x10/sec to 2.5x10/sec. A new criterion, based
on the incremental Poisson’s ratio, capable of predicting both the long-term strength
of a material and also able to establish whether a material under load is safe from
long-term failure is suggested. This criterion is based on short-term creep tests and
substantiated by the constant strain-rate strength results. Comparison of strength
results obtained at different rates of loading and rates of straining show that for
similar loading times to failure the constant rates of loading give slightly higher
strength values. Modes of rupture are found to be independent of both loading
methods but dependent upon time taken to reach strength failure.

Ray et al. (1999) describe the effect of cyclic loading and strain rate on the
mechanical behaviour of sandstone. The results indicate that the percentage decrease
in uniaxial compressive strength was found to increase with the increase in applied

stress level and direct proportionality between the two parameters was found. The
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uniaxial compressive strength of Chunar sandstone was determined at strain rates of
2.5x10'/s, 2.5x10° and 2.5x10""/s and found to be 99.5 MPa, 75.1 MPa and 64.0 MPa,
respectively (Figure 2.15). A clear increase in uniaxial compressive strength was,
therefore, observed with increase in strain rate. The failure strength was found to
increase with the increase of strain rate and an abrupt increase in strength was noticed
at the strain rate of 2.5x10"/s. Fatigue stress was found to increase with the increase
in strain rate, and Young's modulus was found to increase with the increase in strain
rate (Figure 2.16).

Backers et al. (2003) studied the influence of loading rate on mechanical
properties of rock and the resulting initiation and propagation of fractures. They
investigated the influence of loading rate on fracture toughness, fracture roughness
and microstructure of sandstone samples subjected to Mode | loading. Fracture
toughness is dependent on the fracture velocity. At low velocities, fracture toughness,
Kic; remains almost constant. Exceeding a threshold of fracture velocity, fracture
toughness increases significantly. Fracture roughness also increases with increasing
loading rate.

Hashiba et al. (2006) study the loading-rate dependency for Tage tuff,
Sanjome andesite and Akiyoshi marble. The loading-rate dependency of peak strength
in these experiments shows a close relation with the creep stress-dependency of creep
life. Under confining pressure, the corrected stress—strain curve, obtained by
multiplying the stress of the complete stress—strain curve obtained at the fast strain
rate by a constant determined by the ratio between the fast strain rate and slow strain
rate, is nearly coincident with the stress—strain curve for the slow strain rate. This is

an interesting result and represents new knowledge that may help elucidate failure
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mechanisms in the post-failure region. The loading-rate dependency of stress in the

alternating strain rate experiment was most clearly observed when the stress—strain

curve becomes flat, parallel to the strain axis.
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Figure 2.15 Stress as function of strain rate (Ray et al., 1999).
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Ma and Daemen (2006) study the strain rate dependent strength and stress-
strain characteristics of a welded tuff. Results of 61 uniaxial compression tests on
the welded Topopah Spring tuff are presented. The tests were carried out under
constant strain rates at room temperature. Stress—strain analysis indicates that
dilatancy and compaction start at about 50% of ultimate strength. A sudden stress
drop occurs at about 90% of the ultimate strength, which indicates the onset of
specimen failure. Both strength and peak axial strain decrease with strain rate as
power functions. Based on the strain rate dependence of strength and peak axial
strain, it is inferred that the elastic modulus is strain rate dependent. A relationship
between stress, axial strain, and axial strain rate is developed. The parameters in this
relation are estimated using multivariate regression to fit stress—axial strain—strain
rate data.

Okubo et al. (2006) perform uniaxial compression tests and uniaxial tension
tests on coal, with particular attention to two concerns. The first was to measure the
loading rate dependence of the peak strength of coal. Anthracite samples were
subjected to alternating slow and fast strain rates. Measured variations in stress
during this process were used to estimate the loading rate dependence of peak
strength. The second objective was to obtain complete stress—strain curves for coal under
uniaxial tensile stress. It is difficult to hold samples secure during a tensile test;
consequently, such curves have yet to be obtained. This study presents a successful
application of the authors' method to the analysis of coal samples, yielding a
complete stress—strain curve under tensile stress. The two methods presented here
hold promise for application not only to anthracite but also to a wide variety of coals.

It is possible to derive the values of the constants used in constitutive equations from
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the obtained experimental results. The results obtained in the present study are the
complete stress—strain curve for the uniaxial tension test showed ductility, with some
residual strength. Comparison of the uniaxial tension strength with the conventional
test of indirect tensile strength shows that the latter is 2—3 times higher than the
uniaxial tension strength. The peak strength of coal has a relatively low dependence
on strain rate under both uniaxial compressive stress and uniaxial tensile stress.

Fuenkajorn and Kenkhunthod (2010) study the influence of loading rate on
deformability and compressive strength of three Thai sandstones. Uniaxial and
triaxial compressive strength tests have been performed using a polyaxial load frame
to assess the influence of loading rate on the strength and deformability of three Thai
sandstones. The applied axial stresses are controlled at constant rates of 0.001, 0.01,
0.1, 1.0 and 10 MPa/s. The confining pressures are maintained constant at 0, 3, 7 and
12 MPa, are shown in Figure 2.17. The sandstone strengths and elastic moduli tend to
increase exponentially with the loading rates. The effects seem to be independent of
the confining pressures. An empirical loading rate dependent formulation of both
deformability and shear strength is developed for the elastic and isotropic rocks. It is
based on the assumption of constant distortional strain energy of the rock at failure
under a given mean normal stress. The proposed multiaxial criterion well describes
the sandstone strengths within the range of the loading rates used here. It seems
reasonable that the derived loading rate dependent equations for deformability and
shear strength are transferable to similar brittle isotropic intact rocks.

Huang and Liu (2013) study the effect of loading rate on the behavior of
samples composed of coal and rock. To accurately evaluate the danger from rock

bursts during coal mining, uniaxial compression tests of composed coal rock at
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Figure 2.17 Uniaxial compressive strengths under loading rates varied from
0.001, 0.01, 0.1 and 1.0 MPa/s, for PW, PP and PK sandstones (Fuenkajorn

and Kenkhunthod, 2010).

different loading rates were carried out. The effect of the rate and path of loading and
unloading on the mechanical properties of the composed coal rock has been analyzed.
The overall elastic modulus, peak strength, and residual strength of the composed coal
rock lie among that of roof, coal, and floor. With an increase of loading rate, the
strain increment of the composed coal rock in the elastic phase, the plastic phase, and

the failure phase gradually increased, and the strain at the peak point rose linearly
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shown in Figure 2.18. The strain at the point of peak strength of the composed coal

rock increases linearly with the increase of loading rate shown in Figure 2.19.
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Figure 2.18 Overall stress—strain curves of the composed coal rock at different

loading rates (Huang and Liu, 2013).
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Figure 2.19 The relationship between loading rate and strain at the point of peak

strength (Huang and Liu, 2013).
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The relationships between loading rate and elastic modulus in the phases of
first loading, unloading, and reloading are shown in Figure 2.20. Owing to the
discreteness of experimental results, the elastic moduli in the phases of first loading,
unloading, and reloading at the loading rate of 3.25 kN/s are greater than those at
other loading rates on the whole. At the same loading rate, the relationship among the
elastic moduli in the phases of first loading, first unloading, and reloading is
E1<Es<E;, which is determined by the physical and mechanical properties of the coal

and rock.

—®— First loading
—— First unloading
—+— Reloading ]

Elastic modulus/GPa

6 9 12 15
Loading rate/kN s’

Figure 2.20 The relationship between loading rate and elastic modulus in the phases

of first loading, first unloading, and reloading (Huang and Liu, 2013).



CHAPTER 111

SAMPLE PREPARATION

3.1 Sample preparation

The salt specimens are prepared from 47 mm diameter cores drilled from the
depths ranging between 270 m and 330 m by Siam Submanee Co., Ltd. in the
northeast of Thailand (Figure 3.1). The salt belongs to the Lower Salt member of the
Maha Sarakham formation. The cores are drilled and dried-cut to cylindrical shaped
specimens with nominal dimension (Figures 3.2). A total of 30 samples have been
prepared. Tabakh et al. (1999) and Warren (1999) give detailed descriptions of the
salt and geology of the basin. Sample preparation is conducted in laboratory facility
at the Suranaree University of Technology. Table 3.1 summarizes the specimen
number, depth, dimensions and density. The average density of salt specimens is
2.20+0.02 g/cm?®. After preparation the specimens are wrapped with plastic sheet at
all time to prevent it from subjecting to the surrounding humidity. No bedding is

observed in the specimens.
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Figure 3.1 Some salt cores from the depth ranging between 270 m and 330 m by

Siam Submanee Co,. Ltd.

Figure 3.2 Salt core is dry-cut by a cutting device.



Table 3.1 Specimen dimensions prepared for uniaxial compression testing.
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Average

Specimen No. D(erg;[h Di(arlrr]n%er l_(ﬁ'?nr;t ([Z](;Qrs;%/
MS-17-UCS_LR_TEMP-01 | 272.01 - 272.13 47.16 118.00 2.17
MS-17-UCS_LR_TEMP-02 | 272.13 - 272.25 47.06 118.20 2.17
MS-12-UCS_LR_TEMP-02 | 281.40 - 281.52 47.36 117.20 2.14
MS-01-UCS_LR_TEMP-01 | 371.02 - 317.14 47.50 118.44 2.16
MS-02-UCS_LR_TEMP-01 | 314.65 - 314.76 47.46 117.40 2.14
MS-05-UCS_LR_TEMP-02 | 318.64 - 318.64 47.52 117.41 2.15
MS-07-UCS_LR_TEMP-01 | 319.01 - 319.13 47.40 118.22 2.16
MS-07-UCS_LR_TEMP-03 | 319.25 - 319.37 47.36 118.28 2.15
MS-10-UCS_LR_TEMP-01 | 313.38 - 313.50 47.46 118.46 2.15
MS-10-UCS_LR_TEMP-03 | 313.15 - 313.27 47.54 119.90 2.13
MS-11-UCS_LR_TEMP-02 | 325.54 - 325.66 47.46 117.32 2.15
MS-14-UCS_LR_TEMP-01 | 275.72 - 275.96 47.18 118.42 2.18
MS-14-UCS_LR_TEMP-02 | 275.84 - 275.96 47.06 117.14 2.17
MS-15-UCS_LR_TEMP-01 | 276.27 - 276.39 47.22 118.80 2.15
MS-23-UCS_LR_TEMP-01 | 312.10 - 312.58 47.20 119.04 2.12
MS-23-UCS_LR_TEMP-04 | 295.20 - 296.01 47.56 118.50 2.14

2.20

+0.02




CHAPTER IV

LABORATORY TESTING

4.1 Introduction

The objective of this section is to experimentally determine the effects of
loading rate on compressive strength and deformability of the Maha Sarakham salt
under temperatures ranging from 273 to 373 Kelvin. This chapter describes the test

method and results.

4.2 Test method

Uniaxial compression test is carried out. The applied loading rates are
constant at of 0.0001, 0.001, 0.01 and 0.1 MPa/s. The digital strain meter indicator
(TC-31K) connected with an electronic load cell is used to record the load increment.
The load at failure is recorded to determine the salt compressive strength. The
specimen deformations are monitored with four dial gages to determine the increase

of compressive strains. Photographs are taken of the failed specimens.
4.2.1 Low temperature testing

The salt specimen is placed in the consolidation load frame and
installed inside the cooling system for low temperature test at 273 Kelvin. The salt
specimen is cooled for 48 hours before starts loading. The cooling system is
fabricated to test the salt specimen while loading. It can cool the salt specimens

down to 273 K. Figure 4.1 shows the specimen placed in the cooling system for
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low temperature test at 273 Kelvin. The specimen installation, equipment setup and
loading are completed within 4 minutes. The changes of specimen temperatures
between before and after testing are less than 5 Kelvin. As a result the specimen
temperatures are assumed to be uniform and constant with time during the
mechanical testing (i.e., isothermal condition).

4.2.2 Ambient temperature testing

For the uniaxial compression testing under ambient temperature (303
Kelvin), the salt specimen is placed in a consolidation load frame and loaded
diametrically until failure as shown in Figure 4.2. The electronic load cell is used to

record the load increase.

i Hydraulic
Cylinder

Figure 4.1 A salt specimen placed in the consolidation load frame and inside the

cooling system for low temperature test at 273 K.
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Salt
Specimen

Electronic
Load Cell

&

Figure 4.2 Salt specimen placed in a consolidation load frame under room

temperature (303 K).

4.2.3 High temperature testing

For the high temperature testing a heating tape with temperature
regulator is used to apply constant elevated temperatures to the specimens from 343
to 373 Kelvin. The salt specimens are wrapped with heating tape, foil and insulation
while loading as shown in Figure 4.3. A heating tape can heat the salt specimens up
to 373 Kelvin. The specimen is installed with the heating system for 24 hours before

loading started.

4.3 Test results
Figure 4.4 shows the stress-strain curves monitored from some of the salt
specimens under different stress rates and temperatures. Table 4.1 gives the test

results. The specimens tend to show nonlinear behavior, particularly under high
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temperatures. All post-test specimens show shear failure mode (Figure 4.5). Under
the same loading rate (doi/ct), the compressive strength (o.) decreases with
increasing specimen temperatures. The mean stresses (o) and strains (em) and

octahedral shear stresses (toctf) and shear strains (yoctf) at failure are determined

using the following relations (Jaeger et al., 2007):
G, = (Gl +0, + 03)/3 (4.1)

g, = (81 +g, + 83)/3 (4.2)

Dial
Gauge

S

Salt
Specimen

Figure 4.3 Salt specimens wrapped with the heating tape and insulator for high

temperature testing at 343 and 373 K.
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Figure 4.4 Stress-strain curves obtained from some salt specimens with different

loading rates (0c1/ot) and temperatures (T).



Table 4.1 Salt strengths under various loading rates and temperatures.
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Average Uniaxial
Loading rate Mean stress
Temperature compressive
(MPa/s) (MPa)
(Kelvin) strength (MPa)
0.1 38.79 12.93
0.01 34.94 11.65
273
0.001 33.22 11.07
0.0001 29.78 9.93
0.1 37.23 12.41
0.01 34.56 11.52
303
0.001 32.59 10.86
0.0001 29.19 9.73
0.1 35.78 11.93
0.01 33.51 11.17
343
0.001 29.69 9.90
0.0001 26.58 8.86
0.1 34.60 11.53
0.01 3151 10.50
373
0.001 28.11 9.37
0.0001 25.16 8.39
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doq/0t (MPa/s)
0.1 0.01 0.001 0.0001

Temperature
(K)
373

343

303

273

Figure 4.5 Post-test specimens from uniaxial compressive strength testing under

different loading rates (0c1/0t) and temperatures (T).

Toct = (1/3)[(01 -6, )2 + (Gl — 03 )2 + (Gz — 03 )2 ]1/2 (4.3)

/2

Yoet = (1/3)[(81 - g, )2 + (81 — g, )2 + (82 — g, )z]l (4.4)

where o1, o, and o3 are the major, intermediate and minor principal stresses at
failure.
The applied octahedral shear stresses are plotted as a function of octahedral shear

strain in Figure 4.6. The shear stress-strain relations are nonlinear, particularly under



low loading rates and high temperatures.
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Higher shear strengths and lower shear

strains are observed under low stress rates and high temperatures.
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Figure 4.6 Octahedral shear stress (Toct) as a function of octahedral shear strain (Yoct)

for various loading rates (do1/ot) and temperatures (T).



CHAPTER V
CALIBRATION OF ELASTIC

AND CREEP PARAMETERS

5.1 Objectives

The purpose of this chapter is to describe the calibration results of the elastic
and transient creep parameters. The regression analysis of the proposed compressive
creep strain equation with the IBM SPSS Statistics 19 (Wendai, 2000) is performed
to determine the elastic and creep parameters. Results from laboratory are used to
predict the octahedral shear stresses under various octahedral shear stress rates and
temperatures. To incorporate the thermal and rate (time-dependent) effects into a
strength criterion the distortional strain energy of the salt is calculated as a function

of the mean strain energy density.

5.2  Elastic properties of the Maha Sarakham salt

The elastic modulus and Poisson’s ratio for each specimen are determined from the
tangent of the stress-strain curves at 40% failure stress. Based on this calculation the
elastic modulus of the salt appears to increase with loading rate and decrease with
temperature (Figure 5.1). It ranges from 11 to 29 GPa. The poisson’s ratio of the salt
range from 0.31 to 0.42, and tend to be independent of the loading rate and

temperature (Figure 5.2).
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Figure 5.1 Elastic modulus (E) as a function of loading rate (éo1/ot) for various

temperatures (T).
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Figure 5.2 Poisson’s ratio (v) as a function of loading rate (6ci/0t) for various

temperatures (T).
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The elastic modulus and poisson’s ratio of the same salt determined by
Fuenkajorn et al. (2012) under various loading rate are increase with loading rate and
poisson’s ratio tend to be independent of the loading rate, Sriapai et al. (2012) under
various temperature are decrease with temperature and Poisson’s ratio tend to be
independent of the temperatures. Their results agree reasonably well with the results
obtained here.

The elastic moduli for the all tested rock salt are plotted as a function of

loading rates and temperatures. The empirical equations can be written as:

E =In(Go./ot)-x+exp(&T)+ 4 (GPa) (5.1)

where E is the elastic modulus (GPa), y, & and ¢ are empirical constants. The unit of
loading rate (0oc/0t) and temperature (T) are MPa/s and Kelvin. For the Maha
Sarakham salt the empirical constants in equation (5.1) are defined by the regression
analysis as: x = 0.542 s; & = 840.480 MPa-Kelvin; ¢ = 9.285 MPa. Good
correlation is obtained (R? = 0.976). Figure 5.3 compares the test results with the

back predictions from the proposed equation.

5.3 Total compressive strain

The total compressive strain (&.) is divided here into two parts; elastic strain

(&g, linear and recoverable strain) and plastic creep strain (82, time-dependent and

non-recoverable strain):

€c = &g +&¢ (5.2)
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Figure 5.3 Elastic modulus as a function of loading rates and temperatures.

Comparisons between test results (points) and back predictions (lines).

The elastic strain can be calculated from the current stress state using classical

elastic theory by Jaeger et al. (2007):

(0
gg = — (5.3)
E

where o is the compressive stress, E is the compressive elastic modulus. The
exponential creep law is used to describe time-dependent strain of the salt. Under

isothermal condition the exponential law can describe the creep strain (ez) as a

function of constant stress, constant temperature and time (Yang et al., 1999) as

follows:

e =a-of 1% exp(- 1) (5.4)
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where a, 3, k and A are empirical constants, t is elapsed time and T is the constant
temperature in Kelvin. Substituting Equations (5.3) through (5.4) into (5.2) we

obtain:
& =GEC+(1'GE % exp (- /T) (5.5)

Similarly the creep parameters can also be derived in the forms of the octahedral

shear strain:

Yoct =1:20—§+0L'Tgct'tK -exp(=2/T) (5.6)
where v, is the octahedral shear strain (millistrain), 1o is the octahedral shear stress
(MPa), G is shear modulus (GPa), o is stress constant, 3 is stress exponent, T is
temperature (Kelvin), t is time (second), k is time exponent and A is temperature
constant.

For the stress-rate controlled condition the octahedral shear stress at any

loading time (t) can be expressed as:

1 .
Yoct =20—CC;+0L~eXp(— X/T)'Tgct T (5.7
where G is shear modulus (GPa). Assuming that the salt elasticity varies linear with
temperature (Archeeploha and Fuenkajorn, 2012); the following equation is

proposed:
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G=-y-T+Go (5.8)

where Gy is shear modulus at zero Kelvin and v is the empirical constant. Substitute

equation (5.8) into (5.7) we obtain:

— .[ oct B (B+x) I
Y = +0o-T -t -eXp A 5.9
oct 2(_ - T GO) oct ( / ) ( )

Regression analysis of equation (5.9) by using the test data is performed to
determine the elastic and creep parameters (Table 5.1). For the Maha Sarakham salt
they are defined as y = -54.044 GPa-Kelvin™; Gy = 25.822 GPa; a. = 0.01 GPa™; B =
2.018; k = 0.129; A = 1559.242 Kelvin. Good correlation (R? = 0.954) between the
proposed equation and the test data is obtained. Figure 5.4 compares the test data
with the back predictions. This equation can be used to predict the time-dependent

deformation of salt under various constants temperatures.

5.4  Strength criterion

5.4.1 Salt Compressive Strength
An empirical equation is proposed to predict the salt compressive

strengths under various loading rates and temperatures:
o =In(0o/ot)-5+exp(a/T)+g (MPa) (5.10)

where o is the salt compressive strength (MPa), 5, ® and ¢ are empirical constants.

The unit of loading rate (do./ot) and temperature (T) are MPa/s and Kelvin. For the
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Maha Sarakham salt the empirical constants in equation (5.10) are defined by the
regression analysis as: & = 1.300 s; = 605.764 MPa-Kelvin; ¢ = 32.968 MPa.
Good correlation is obtained (R? = 0.960). Figure 5.5 compares the test results with
the back predictions from the proposed equation.

The variation of the shear strengths can be observed from the 1o - om
diagram, as shown in Figure 5.6. The linear relation between the octahedral shears

strength and the mean stress at failure and can be best represented by:

Toctf = 1.412-Gy + 0.022 (MPa) (5.11)

5.4.2 Octahedral shear strength and shear rate relation
The octahedral shear stress at failure is calculated from the principal
stresses at failure, as shown in equation (4.3). The octahedral shear stress and shear
strains at dilation can be calculated from the major principal stresses and the three

principal strains at dilation as follows.

Table 5.1 Parameters calibrated from uniaxial compression test results.

Parameters Unit Values R?

Go GPa 25.822

v GPa-Kelvin™ -54.044

0 GPa*! 0.010

0.954

B - 2.018

K - 0.129

A Kelvin 1559.242
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Tog = (L 3)[(01,d ~ 024 )2 + (Gl,d O34 )2 + (Gz,d ~ O3y )2 ]1/2 (5.12)
Yoctd = (1/ 3)[(81,d €4 )2 + (81,d — &34 )2 + (Sz,d ~ &34 )2 ]1/2 (5.13)
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Figure 5.4 Octahedral shear stress—strain relations, test results (points) and back

predictions (lines).
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Figure 5.5 Uniaxial compressive strengths as a function of loading rates for various
temperatures. Comparisons between test results (points) and back

predictions (lines).
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Figure 5.6 Octahedral shear stress at failure (tos) Of salt as a function of mean stress

(om).
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where o1 4 IS the magnitude of the major principal stress at dilation starting to occur,
and &1 4, €24 and &34 are the principal strains at dilation. Here the octahedral shear
stresses at failure (toctf) and at dilation (1o q) are plotted as a function of the shear rate
(Otoct/Ot) in Figures 5.7 and 5.8. The shear rate is determined by taking a derivative of
equation (4.3) with respect to time (t). Since o, and o3 are constant with time here,

the following relation is obtained:

Otog /0t = (\2/3)60, /ot (5.14)

An empirical equation is proposed to predict the octahedral shear stresses under

various octahedral shear stress rates and temperatures:

Toct’f = In(a’roct/at)'a + EXp(”I]/T) + 1 (M Pa) (515)

Toctd = IN(Otoct/OL)- 3" + exp(n//T) + U (MPa) (5.16)

where 3, 5, n, ', 1 and " are empirical constants for the salt at failure and dilation,
respectively. The unit of shear rate (Oto/Ot) and temperature (T) are MPa/s and
Kelvin. For the Maha Sarakham salt the empirical constants in equation (5.15) and
(5.16) are defined by regression analysis as: > = 0.613 s*; 3 = 0.393s%; 1 = 460.323
MPa-Kelvin ; n" = 421.015 MPa-Kelvin; 1 = 14.936 MPa and v = 5.766 MPa. Good
correlation is obtained (R? = 0.962 at failure and R = 0.874 at dilation). Figures 5.7

and 5.8 compare the test results with back predictions from the proposed equation.
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5.4.3 Octahedral shear strength and shear strain relation
The octahedral shear strength and dilation criteria that can take the

corresponding shear strain into account. From the test results the octahedral shear
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Figure 5.7 Octahedral shear stress at failure as a function of octahedral shear stress

rate for various temperatures.
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Figure 5.8 Octahedral shear stress at dilation as a function of octahedral shear stress

rate for various temperatures.
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stress can be calculated as a function of shear strain for various shear rates and

temperatures as shown in Figures 5.9 and 5.10. The empirical equations can be

written as:
Toct,f =@ Yoct,f = In(Otoct/0t) - S+ exp(of/T) (MPa) (5.17)
Totd =@ Yoctd® +IN@oq/dt)-C +exp(e')  (MPa) (5.18)

where @, @', 9, 9, {, {', ¢ are @' are empirical constants for the salt at failure and
dilation, respectively. The unit of shear strain (yoc), Shear rate (Oto/0t) and
temperature (T) are strain, MPa/s and Kelvin. For the Maha Sarakham salt the
empirical constants in equation (5.17) and (5.18) are defined by regression analysis
as: w = 37.500 MPa; ©' = 17.169 MPa; 9 = -0.165; 9’ = -0.165; £ = 0.548 st ¢ =
0.265 s™; @ = -175.119 MPa-Kelvin and ¢'=-238.562 MPa-Kelvin. Good correlation
is obtained (R? = 0.979 at failure and R® = 0.970 at dilation). Figures 5.9 and 5.10

compare the test results with back predictions from the proposed equation.

5.5 Strain energy density criterion

The strain energy density principle is applied to describe the salt strength and
deformability under different loading rates and temperatures. A similar approach has
been used by Fuenkajorn et al. (2012) to derive a loading rate-dependent strength for
salt. The distortional strain energy at failure (W) and at dilation (W 4) can be calculated

from the octahedral shear stresses and strains for each salt specimen (Table5.2)
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Figure 5.9 Octahedral shear stress at failure as a function of octahedral shear strain

for various octahedral shear stress rates.
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Figure 5.10 Octahedral shear stress at dilation as a function of octahedral shear strain

for various octahedral shear stress rates.
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using the following relations (Jaeger et al., 2007):

Wi = (3/2) Toct,tYoct f (5.19)

Wiaa = (3/2)-Toct,d"Voct,d (5.20)

where Toctf, Toct,d are octahedral shear stress at failure and at dilation, yoct s,

Yoct.d @re octahedral shear strain at failure and at dilation.

The distortion strain energy at dilation (Wq4) is presented as a function of the
mean strain energy density at dilation (Wy, 4) which can be calculated from o, 4 and

€m,d as follows:

Wm’d = (3/2)‘Gm]d‘8m’d (521)

Figure 5.11 shows a linear relation between Wy 4 and Wy, ¢ which can be represented

by:

Wag = 1.370-Wp g - 0.004 (MPa) (5.22)

The proposed criterion considers both stress and strain at dilation, and hence
isolating the effect of stress rate and temperature. If the salt temperature is known its
strength at dilation can be determined from equation (5.22) regardless the loading

rate.
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Table 5.2 Strain energy density at failure and at dilation under various loading rates

and temperatures.

Temperature OToctl O Wy W, Wi Wind
(Kelvin) (MPa/s) (MPa) (MPa) (MPa) (MPa)
0.1 2.47 0.51 0.40 0.29
0.01 2.51 0.49 0.40 0.29

273
0.001 2.34 0.51 0.37 0.27
0.0001 2.24 0.61 0.36 0.27
0.1 2.04 0.40 0.33 0.26
0.01 1.99 0.41 0.32 0.24

303
0.001 2.05 0.41 0.33 0.23
0.0001 1.82 0.37 0.29 0.21
0.1 1.73 0.40 0.28 0.21
0.01 1.55 0.39 0.25 0.19

343
0.001 1.61 0.40 0.26 0.19
0.0001 1.50 0.37 0.24 0.18
0.1 1.45 0.28 0.23 0.17
0.01 1.35 0.30 0.22 0.16

373
0.001 1.32 0.29 0.21 0.16
0.0001 1.20 0.30 0.19 0.14
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Figure 5.11 Distortional strain energy at dilation (Wqg4) as a function of mean strain

energy at dilation (Wi, ).



CHAPTER VI

COMPUTER SIMULATIONS

6.1 Objective

This section describes a result of finite difference analysis using FLAC (ltasca,
1992) to simulations of the single isolate cavern in axial symmetry. The principal
stresses and strains induced in the surrounding salt under various air withdrawal rates
are calculated and compared against the criteria. They are used to determine the safe
maximum withdrawal rate of compressed-air energy storage (CAES) cavern in the

Maha Sarakham salt formation.

6.2 Numerical simulation

Finite difference analyses (FLAC 4.0) are performed to determine the stresses
and strains at the boundaries of CAES caverns for various reduction rates of the
internal pressures. Figure 6.1 shows the mesh modal representing the cavern from the
ground surface to the depth of 1000 m. The caverns are up-right cylinder with the
casing shoe (cavern top) at 300, 400 and 500 m. The cavern diameter and height are
50 m and 300 m.

The in-situ stress is assumed to be hydrostatic. Before cavern development
the salt stress at the casing shoe depth (o) is calculates as 6.5, 8.6 and 10.8 MPa for
casing shoe depth 300, 400 and 500 m, respectively. The maximum cavern pressure

defined as 0.9c,. Two cases with different minimum cavern pressure that are
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Figure 6.1 Finite difference mesh developed for FLAC simulation of CAES cavern.

commonly used for the saltstorage caverns are studied: 0.1cc, 0.26,. Each case
simulated for four different rates of cavern pressure withdrawal. The equivalent
pressure schemes are calculated by assuming that the air injection and retrieval
periods are equal.

The Maha Sarakham salt is assumed to behave as a Burgers material. The
Burgers constitutive equation is a built-in program in FLAC (ltasca, 1992); as

follows:

t 1 —Eot
Yoct = Toct (_"'_4' Uc j—( UC eXp[ 2 D (6.1)
m E1 mgEp n2E> n2

where 1o IS octahedral shear stresses (MPa), t is time (day), E; is elastic modulus

Overburden*‘

Salt
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(GPa), E; is spring constant in visco-elastic phase (GPa), n; is visco-plastic coefficient in
steady-state phase (GPa.day) and m is visco-elastic coefficient in transient phase
(GPa.day).

Figure 6.2 show the modular components of the Burgers model. The Burgers
parameters for the Maha Sarakham salt are obtained from the calibration results of
creep tests under temperature of the same salt. The parameters are given in Table 6.1.

Tables 6.2 and 6.3 summarize the simulation results for two case in terms of
the mean stresses and strains, octahedral shear stresses and strains and distortional and
mean strain energy at the bottom of the cavern (point A — Figure 6.1). For all case the
magnitudes of the mean and shear stresses and strains decrease with the withdrawal
rate. The octahedral shear stresses and strains for the minimum pressure 10% are

slightly greatly than those for the 20%.

6.3 Factor of safety calculation
For a conservative design the surrounding salt is not allowed to dilate during
the withdrawal period. This is to ensure the long-term stability of the storage cavern
under loading. As a result the three dilation criteria are used here to calculate the
factor of safety (FS) of the salt at the bottom of the cavern. These include toctq -
Otoct/Ot criterion (equation (5.15)), Toctd - Yoctd Criterion (equation (5.17)) and Wqq4 —
W 4 criterion (equation (5.21)).
The FS calculation methods and results for all pressure schemes are shown in
Tables 6.4 — 6.6. The three criteria give difference FS values. The Toctd - Yoctd
criterion tend to give the largest FS values for all cases. This criterion does not

consider the mean stresses and strains induced around the cavern. The FS values
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obtained from applying the toq - Otoct/Ot Criterion are between those obtained from
the other two criteria. This criterion does not consider the mean stresses and strains
induced around the cavern. The simulation results indicate that the safety withdrawal
rates are increase with decreasing withdrawal rate. As shown in Tables 6.4 — 6.6, for all
criteria the factors of safety calculated for 20% minimum pressure are greater than
those for the 10%.

The Wqyq— W4 Criterion gives the most conservative results. It shows the FS
values lower than 1.0 for the withdrawal rates of 1 cycle/day and 15 cycles/month.
This criterion is perhaps the most appropriate for use in the design of the withdrawal

rate because it incorporates both shear and mean stresses and strains.

Lo
2

— A

E, m

n2

Burgers Model

Figure 6.2 Modular components of the Burgers model.

Table 6.1 Material parameters used in FLAC simulations.

Parameters Symbols Units Values
Elastic modulus E: GPa 1.183
Spring constant in visco-elastic phase E. GPa 3.109
visco-plastic coefficient in steady-state phase m GPa.day 64.593
visco-elastic coefficient in transient phase 2 GPa.day 0.647
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Table 6.2 Stresses and strains at cavern bottom from FLAC simulations for 0.1c. at

300, 400 and 500 m of casing shoe depth.

[
s |,
g | B
3 —
B 2 g
= Pressure 5 E Om €m Toct | Yoot | Wm | Wy
r‘% scheme | 5 12| (MPg)| (a0?) | (MPa) | (109 | (MPa) | (VP
s} —
s |28
2| 38
(7p]
g8 &2
1eycle/day 05 | 104 | 141 | 4592 | 50 | 71.8 | 0.097 | 0.543
5eyclesimonth | 1 | 52 | 136 | 3492 | 46 | 488 |0.071 | 0.334
300
lcycle/month | 15 | 0.4 | 133 [ 2247 | 2.1 | 168 | 0.045 | 0.053
6cyclesiyear | 30 | 02 | 131 |1204| 24 | 63 |0024 | 0.022
1cycle/day 05 | 138 | 163 | 5052 | 54 | 70.1 | 0.124 | 0.572
5eyclesimonth | 1 | 6.9 | 158 [5.202 | 40 | 62.2 | 0.123 | 0.369
400
lcycle/month | 15 | 05 | 151 [4.834 | 2.7 | 30.2 | 0.109 | 0.122
6cyclesiyear | 30 | 02 | 148 | 4275 | 25 | 26.6 |0.095 | 0.008
1 cycle/day 05 | 17.2 | 185 | 6.060 | 6.2 | 68.1 | 0.169 | 0.631
5cyclesimonth | 1 | 86 | 18.1 [ 5885 | 45 | 61.6 | 0.160 | 0.419
500
lcycle/month | 15 | 0.6 | 17.3 [ 5404 | 3.1 | 40.3 | 0.140 | 0.186
6cyclesiyear | 30 | 03 | 168 | 5375 | 2.8 | 38.0 |0.135 | 0.159
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Table 6.3 Stresses and strains at cavern bottom from FLAC simulations for 0.2c at

300, 400 and 500 m of casing shoe depth.

c
o
S o
g |E
S c =
= Pressure S 3 Om €m Toct | Yoot | W Wy
=1 scheme |8 12| (vipa) | (<109 | (VPa) | (x10%) | (MPa) | (MPa)
a © (=g
e |23
548
wn
£58s
1cycle/day 05 1] 90 | 151 |5155| 50 | 71.2 | 0.117 | 0.535
15cycles/month | 1 45 | 147 | 4572 | 3.6 | 416 | 0.101 | 0.222
300
1 cycle/month 15 | 03 | 142 | 3469 | 22 | 27.1 | 0.074 | 0.089
6 cycles/year 30 | 0.2 | 141 | 2221 | 2.1 | 16.0 | 0.047 | 0.049
1cycle/day 05 122 | 165 | 4310 | 54 | 64.8 | 0.107 | 0.525
15cycles/month | 1 6.1 | 14.8 | 4.044 | 3.8 | 62.2 | 0.090 | 0.354
400
1 cycle/month 15 | 04 | 145 | 3819 | 26 | 275 | 0.083 | 0.106
6 cycles/year 30 | 0.2 | 145 | 3229 | 24 | 21.6 | 0.070 | 0.078
1 cycle/day 05 | 150 17.7 | 4978 | 59 | 60.8 | 0.132 | 0.538
15cycles/month | 1 75 | 16.7 {4939 | 44 | 47.1 | 0.123 | 0.312
500
1 cycle/month 15 | 05 | 157 | 4379 | 29 | 27.2 | 0.103 | 0.120
6 cycles/year 30 | 0.3 | 15.7 | 4366 | 25 | 29.0 | 0.103 | 0.107




Table 6.4 Factor of safety at cavern bottom based on Tt g - Otoct/Ot Criterion.
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Toct’d = In(aroctlat)' 3, + eXp(n,/T) + l,, (Mpa)
Depth Factor of Safety
Pressure scheme
(m) (FS = Toct,d/Toct)
0.2605 0-1608
1 cycle/day 0.88 0.87
15cycles/month 1.16 0.91
300
1 cycle/month 1.40 1.45
6 cycles/year 1.36 1.18
1 cycle/day 0.84 0.83
15cycles/month 1.12 1.07
400
1 cycle/month 1.23 1.18
6 cycles/year 1.20 1.18
1 cycle/day 0.78 0.74
15cycles/month 0.77 0.75
500
1 cycle/month 1.11 1.06
6 cycles/year 1.22 1.07




Table 6.5 Factor of safety at cavern bottom based on Toctd - Yoctd Criterion.
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Toct,d = ZDJ : Yoct,d g + In(&coct/at) . C’ + eXp ((D'IT)

(MPa)
Depth
P Pressure scheme Factor of Safety
(m) (FS = Toct,d/Toct)
0.2605 0-1603

1 cycle/day 0.47 0.46
15cycles/month 0.71 0.55

300
1 cycle/month 1.44 1.49
6 cycles/year 1.62 1.41
1 cycle/day 0.42 0.42
15cycles/month 0.64 0.62

400
1 cycle/month 1.19 1.15
6 cycles/year 1.34 1.32
1 cycle/day 0.38 0.36
15cycles/month 0.66 0.65

500
1 cycle/month 1.03 0.98
6 cycles/year 1.30 1.14




Table 6.6 Factor of safety at cavern bottom based on Wq 4 — W 4 Criterion.
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W= 1.37Wp4— 0.004 (MPa)

Factor of Safety
(FS = Wd,d/ Wd)

E Pressure 0.26s 0.16
=1 scheme
3 Wig | Wag | Wmg | Wag 0.20¢s 0.1ocs
(MPa) | (MPa) | (MPa) | (MPa)
1 cycle/day 0.117 | 0.156 | 0.097 | 0.129 0.29 0.24
15cycles/month | 0.101 | 0.134 | 0.071 | 0.094 0.60 0.28
300
1 cycle/month | 0.074 | 0.097 | 0.045 | 0.058 1.09 1.08
6 cycles/year 0.047 | 0.061 | 0.024 | 0.028 1.23 1.27
1 cycle/day 0.107 | 0.142 | 0.124 | 0.165 0.27 0.29
15cycles/month | 0.090 | 0.119 | 0.123 | 0.165 0.34 0.45
400
1 cycle/month | 0.083 | 0.110 | 0.109 | 0.146 1.04 1.20
6 cycles/year 0.070 | 0.092 | 0.095 | 0.126 1.18 1.28
1 cycle/day 0.132 | 0.177 | 0.169 | 0.227 0.33 0.36
15cycles/month | 0.123 | 0.165 | 0.160 | 0.215 0.53 0.51
500
1 cycle/month | 0.103 | 0.137 | 0.140 | 0.188 1.15 1.01
6 cycles/year 0.103 | 0.137 | 0.135 | 0.181 1.28 1.14




CHAPTER VII
DISCUSSIONS, CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE STUDIES

7.1 Discussions and conclusions

The effect of loading rate on compressive strength and deformability are
determined for cylindrical salt specimens obtained from Maha Sarakham salt. The
compression load frame applies axial stresses at constants rates of 0.0001, 0.001, 0.01
and 0.1 MPa/s. The testing temperatures are maintained constant of 273, 303, 343 and
373 Kelvin.

The failure stresses increase with the loading rates, these agree with the
experimental results on rock salt performed by (Fuenkajorn et al., 2012; Dubey and
Gairola, 2005). The testing is assumed to be under isothermal conditions (constant
temperature with time during loading). The decreases of the compressive strengths
with increasing temperatures agree with the experimental results (Sriapai et al.,2012;
Vosteen and Schellschmidt, 2003; Adhikary, 2010). Their results indicated that the
compressive strengths of the salt decrease with increasing temperatures. The decrease
of the salt strength as the temperature increases suggests that the applied thermal
energy before the mechanical testing makes the salt weaker, and more plastic, failing
at lower stress and higher strain with lower elastic moduli. The salt elastic modulus
varies from 11 to 29 GPa. The Poisson’s ratio from 0.31 to 0.42, and tend to be

independent of the loading rate and temperature. Under the range of the tested
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parameters the salt shows non-linear behavior particularly under low loading rates and
high temperatures. The exponential creep law represents the salt creep under
compression and isothermal condition. It can well describe the creep strain for all

tested temperatures.

Several forms of the strength and dilation criteria have been derived. The Toci -

OToct/Ot and Toct g - OTocd/Ot Criteria are the simplest. They do not consider the induced

strains, but incorporate the effects of the shear rate and temperature into their

formulation. The shear strain induced at dilation and failure are added into the
formulation of the Toctf - Yoctr @Nd Toctd - Yoctd Criteria to implicitly consider the rate

and temperature effects.

Assuming that the rock salt is non-linearly elastic before failure, the distortional
strain energy (W) at dilation can be calculated as a function of mean strain energy
(Wn4). For given W, 4 the W,, decreases with increasing temperature. The strain
energy criterion agrees well with the strength results from different temperature.

The criteria proposed above can be used in the calculation of factor of safety of
salt cavern. The Burgers model has been used in the FLAC simulation to determine
the stresses and strains around the cavern. The results are compared against criteria
developed above for calculate the maximum withdrawal rate of the compressed-air

storage cavern.

7.2 Recommendations for future studies

The uncertainties and adequacies of the research investigation and results

discussed above lead to the recommendations for further studies. The test specimens
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here are relatively small. Testing on larger specimens is desirable to confirm the
research findings. Verification of the compression test proposed concept should be
tested under a wider range of salt from other sources. The effect of cyclic thermal and
mechanical loading should be assessed. More testing is needed to confirm the applicability
and limitations of the proposed, such as true triaxial creep test, multi-step triaxial

loading, and triaxial cyclic loading test.
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ABSTRACT

Uniaxial compression test have been performed to assess the effects of loading rate on compressive
strength and deformability of the Maha Sarakham salt under temperatures ranging from 273 to 373 Kelvin (0-
100°C). The variation of the octahedral shear strength with the stress rates and temperatures can be described by
logarithmic relations. The distortion strain energy criterion is proposed to describe the salt strength under varied
stress rates and temperatures. The criterion can be used to determine the stability of salt around compressed-air
energy storage caverns, where the loading rates and temperatures are continuously varied during air injection and

retrieval periods.

KEYWORDS: Rock salt / Loading rate / Thermal effect / Strain energy

1. INTRODUCTION

The effects of loading rate on the compressive
strength and deformability of intact rocks have long
been recognized [1-4]. For rock salt such effects have
been studied by various researchers [5-8]. It has been
found that the salt strength increases with the applied
stress and strain rates. The rock strength and elastic
properties have been known to decrease as the
temperature increases [9]. Several formulations have
been proposed to describe the temperature-dependent
behavior of rock salt [9-11]. Such knowledge is
necessary for stability analysis and design of the salt
storage caverns. During injection period the storage
caverns may subject to temperatures as high as 140°C
(414 K), depending on the injection rate and the
maximum storage volume and pressure [9].

The objective of this study is to experimentally
assess the influence of loading rate on the compressive
strength and deformability of rock salt under constant
temperatures of 273, 303, 343 and 373 K. This
sclected range of temperatures covers those likely
occur around salt storage caverns under operation.
Uniaxial compression test have been performed on the
Maha Sarakham salt under loading rates from 0.0001
to 0.1 MPa/s. The strain energy density criterion is
proposed to describe the salt strength as affected by
the loading rates and temperatures.

2. SALT SPECIMENS
The salt specimens are prepared from 47 mm
salt cores drilled from depths ranging between 270

and 330 m by Siam Submanee Co., Ltd. in the
northeast of Thailand. The salt cores belong to the
Lower salt member of the Maha Sarakham formation.
Tabakh et al. [12] describe the origin and geologic
sequence of the Maha Sarakham salt. The drill cores
were dry-cut to obtain cylindrical shaped specimens
with nominal dimensions of 47 mm diameter and 118
mm length.

To test the salt specimens under eclevated
temperatures, they are wrapped with heating tape, foil
and insulator for 24 hours before testing. A digital
temperature regulator is used to maintain constant
temperature to the specimens. The low temperature
specimens are cooled in a cooling system during the
test. As a result the specimen temperatures are
assumed to be uniform and constant with time during
the mechanical testing i.e., isothermal condition.

3. TEST METHOD

The salt specimen is placed in a compression
machine and loaded axially until failure (Fig. 1). The
applied stress rates are constant at of 0.0001, 0.001,
0.01 and 0.1 MPa/s. For the low temperature testing
the loading frame is placed inside a cooling system
(Fig. 2). The salt specimen is cooled for 48 hours
before starts loading. It can cool the salt specimens
down to 273 K. For the high temperature testing a
heating tape with temperature regulator are used to
apply constant elevated temperatures while loading
(Fig. 3). Photographs are taken of the failed specimens.
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Fig. 1 Salt specimen placed in a compression machine
under room temperature (about 303 K).

Fig. 2 Salt specimen placed in the consolidation load
frame and inside the cooling system for low
temperature at 273 K.

4. TEST RESULTS

Fig. 4 shows the stress-strain curves monitored
from some of the salt specimens under different stress
rates and temperatures. Tab. 1 gives the test results.
The specimens tend to show nonlinear behavior,
particularly under high temperatures. All post-test
specimens show shear failure mode (Fig. 5). Under
the same loading rate (Coi/ct), the compressive
strength (o,) decreases with increasing specimen
temperatures. The mean stresses (o;,) and strains (&,)
and octahedral shear stresses (7,,) and shear strains
(%) at failure are determined using the following
relations [13]:

6, = (o1t0y+G3)/3 1)

Fig. 3 Salt specimen wrapped with the heating tape
and insulator for high temperature testing at

343 and 373 K.
& =(atate)3 (2)
, 5 L2
r,w.=(lf‘3i[(a,—az)'+(o,—a;]'+{o:—m}'] 3)

Voay =(I "3)[(":' =g Vorlei=g) #(es —&):]1 4

where 0; 0> and oy are the major, intermediate and
minor principal stresses at failure.

The applied octahedral shear stresses are plotted
as a function of octahedral shear strain in Fig. 6. The
shear stress-strain relations are nonlinear, particularly
under low loading rates and high temperatures.
Higher shear strengths and lower shear strains are
observed under low stress rates and high temperatures.

The variation of the shear strengths can be
observed from the 7, - g, diagram, as shown in
Fig. 7. The linear relation between the octahedral
shear strength and the mean stress at failure and can
be best represented by:

Toers= 1.412-0;,+ 0.022 MPa  (5)

5. SALT DEFORMATIONS
The total compressive strain is divided here
into two parts; elastic strain (linear and recoverable

strain) and plastic creep strain (time-dependent and
nonrecoverable strain):

£, =€, tE (6)

where &, is the total compressive strain, & is elastic

strain, & is plastic creep strains.
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Fig. 4 Stress-strain curves obtained from some salt specimens with different loading rates (0o/0t) and temperatures (7).

The elastic strain can be calculated from the
current stress state using classical elastic theory [13]:

£, =

o,
E

where o is the compressive stress, £ is the elastic
modulus. The exponential creep law is used to describe
time-dependent strain of the salt [14]:

el =a-c’ 1" exp (—/] O]
T
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Tab. 1 Salt strengths under various loading rates and

temperatures.
Average Stress  Compressive Mk Shieds
Temperature  rate Strength

®  OMPUS  ypy g

273 0.1 38.79 12.93
0.01 3494 11.65
0.001 33.22 11.07
0.0001 29.78 9.93

303 0.1 37.23 12.41
0.01 34.56 11.52
0.001 32.59 10.86
0.0001 29.19 9.73

343 0.1 35.78 11.93
0.01 3351 11.17
0.001 29.69 9.90
0.0001 26.58 8.86

373 0.1 34.60 11.53
0.01 31.51 10.50
0.001 28.11 9.37
0.0001 25.16 8.39

where @, 8, k and 4 are empirical constants and 7'is
constant temperature in Kelvin. Substituting equations
(7) and (8) into (6) we obtain:

o

o . -A
e =—=+a-6" 1" -exp| —| (9
et ()

Similarly the creep parameters can also be
derived in the forms of the octahedral shear strain:

Voo = T—"+ a-tl 1" exp(-A/T) (10)
2G ’

where ¥ is the octahedral shear strain, 7 __ is the

4 oct oct
octahedral shear stress, (7 is shear modulus, ¢ is stress
constant, S is stress exponent, ' is temperature
(Kelvin), ¢ is time, k is time exponent and A is
temperature constant.

For the stress-rate controlled condition the
octahedral shear stress at any loading time (7) can be
expressed as:

T ! - s g
o () =—2—+q-exp| — |-7" " (11)

Assuming that the salt elasticity varies linear
with temperature [9]:

G=yT+G (12)

doifdt= 001 0001 0.0001

0.1MPa/s
T a3 &4 73
0 5 10 20 cm

Fig. 5 Post-test specimens from uniaxial compressive
strength testing under different loading rates
(0oy/0t) and temperatures (7).

where Gy is shear modulus at zero Kelvin and v is the
empirical constant. Substitute equation (12) into (11)
we obtain:

‘i'.m ! B (BN -A ?
Youll)=———+a-tL, 1" exp — | (13)
2w-T+G,) 1

where 7, is the octahedral shear stresses rate, v, Gy,
a, f, k., / are empirical constants. Regression analysis
on the test data using SPSS statistical software [15]
these parameters are defined as: v = -54.04; G, =
2582, a =001, p=2018 k= 10.129 and A =
1559.24.

The elastic parameters £, G and v can therefore
be determined as:

E =-0.145T + 69.20 GPa  (14)
G =-0.054T + 25.82 GPa  (15)
v=(2x10%T+026 (16)
The elastic and shear modulus linearly decrease
with increasing temperature. The Poisson’s ratio
however tends to be independent of the temperature
(Fig. 8).
6. STRAIN ENERGY DENSITY CRITERION

The strain energy density principle is applied
to describe the salt strength and deformability
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Fig. 6 Octahedral shear stress (7, as a function of octahedral shear strain (},,) for various loading rates (Ja;/ct)

and temperatures (7).
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Fig. 7 Octahedral shear stress at failure (7, of salt
as a function of mean stress.

under different loading rates and temperatures. A
similar approach has been used by Fuenkajorn et al.
|5] to derive a loading rate-dependent strength for
salt. The distortional strain energy at failure () can
be calculated from the octahedral shear stresses and

strains for each salt specimen using the following
relations [13]:

Wa= (312) Tocr.s Yocrr (17

The distortion strain energy at failure (W) is
presented as a function of the mean strain energy
density at failure (W,,) which can be calculated from
,, and &, as follows:

W, = (3/2) -0, &, (18)

Fig. 9 shows a lincar relation of W, -W,, which
can be represented by:
W, = oW, - v (19)
The parameters @ and v are empirical parameters.
Tab. 2 gives W, and W, values calculated from the
test results. The proposed criterion considers both
stress and strain at failure, and hence isolating the
effect of stress rate and temperature. If the salt
temperature is known its strength can be determined
from equation (19) regardless the loading rate.
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7. DISCUSSIONS AND CONCLUSIONS

The effect of loading rate and temperature on the
compressive strength and deformability are determined
for cylindrical salt specimens obtained from the Maha
Sarakham formation. The applied axial stresses increases
at constant rates of 0.0001, 0.001, 0.01 and 0.1 MPa/s.
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