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CHAPTER I 

INTRODUCTION 

 

1.1 Background and rationale 

 Time-dependent deformation (creep) of rock salt is commonly determined by 

subjecting salt specimen to constant deviatoric and mean stresses (ASTM D7070-08).  

The measured strain-time curves can be used to develop constitutive models which 

can range from simple rheological equations to complex visco-elastic and visco-

plastic equations.    The compressive strength of salt is commonly required for the 

design of the mine openings.  It can be obtained from separated test configurations 

(ASTM D7012-07).  Based on the standard practice the salt specimen is subjected to a 

constant loading rate (normally specified as 0.1 MPa/s).  The salt strengths obtained 

under such relatively rapid loading however may not truly represent those under in-

situ condition due to the fact that the mechanical responses of rock salt are sensitive to 

loading and strain rates (Liang et al., 2010, Fuenkajorn and Daemen, 1988, and 

Fuenkajorn et al., 2012).  To obtain a long-term strength a wider range of loading or 

strain rates is required to impose on the salt specimens while monitoring the changes 

of the stresses and strains.  The time-dependent strengths are important for the 

stability analysis of the salt mines and storage caverns.  To ensure the long-term 

stability of the underground structures (e.g., supported pillars, shaft foundationsand 

borehole stability) the relationship between the strength, time and applied stress is 

needed.
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1.2 Research objectives 

 The objective of this research is to determine the time-dependent strengths of 

rock salt as applied to the stability prediction of salt pillars.  The effort involves 

performing uniaxial and triaxial compression tests on rock salt specimens under 

constant axial strain rates ranging from 10
-7

 to 10
-4

 s
-1

, development of strain energy 

density criterion of the salt specimens, and prediction of the time-dependent dilation 

and failure strengths of the salt pillars. 

 

1.3 Research methodology 

 The research methodology shown in Figure 1.1 comprises 7 steps; including 

literature review, sample preparation, uniaxial and triaxial strength testing, assessment 

of strength criterion, analysis and prediction and discussions and conclusions. 

 1.3.1 Literature review 

  Literature review is carried out to study the previous researches on the 

effect of rate on compressive strength and deformability of rock salt, salt behavior, 

creep model, strength criteria and stability of salt pillar.  The sources of information 

are from text books, journals, technical reports and conference papers.  A summary of 

the literature review is given in the thesis. 

 1.3.2 Sample Preparation 

  Rock samples used here have been obtained from the Middle members 

of the MahaSarakham formation in the northeastern Thailand.  The rock salt is 

relatively pure halite.  Sample preparation is carried out in the laboratory at 
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SuranareeUniversity of Technology.  Samples prepared for compressive strength test 

are 54×54×108 mm
3
. 

 1.3.3 Laboratory Testing 

  The laboratory testing includes uniaxial and triaxial compression tests.  

Axialstrain rates vary from 10
-7

, 10
-6

, 10
-5

 to 10
-4

 s
-1

.  A polyaxial load frame 

developed by Fuenkalorn et al. (2012) is used to apply confining pressures from 0, 3, 

7 to 12 MPa.   

The test methods and calculation follow relevant ASTM standard practices.  The 

elasticmodulus and compressive strength are measured.  Perforated neoprene sheets 

have been  
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Figure 1.1  Research Methodology. 

 

placed at the interface between loading platens and rock surfaces to minimize the 

friction.  The loading is applied until the measured axial stress reaches the strain 

softening region andapproachesthe defined confining pressure. During the test, the 

axial stress and lateral strain are monitored.  The stresses at dilation and at failure are 

identified. 

 1.3.4 Strength Criterion 

  Results from laboratory measurements in terms of the principal 

stresses at dilation and at failure and axial, lateral and volumetric strains are used to 

formulate mathematical relations. The studied strengthcriteria include the Coulomb, 

Hoek and Brown and the strain energy criteria. 

 1.3.5 Pillar Stabilities 

  The strain energy density criterion under various constant axial strain 

rates and confining pressureare used to develop the creep models to determine the 

time-dependent dilation and failure of pillar in salt mines.  Governing equations for 

the stabilities of pillars can be derived.  The research findings are described. 

 1.3.6 Discussions and Conclusions 

  Discussions and conclusionsare made on the reliability and 

inadequacies of the approaches used here. Future research needs are identified. 

 1.3.7 Thesis Writing 

  All research activities, methods, and results are documented and 

compiled in the thesis.  The research or findings are published in the conference 

proceedings or journals. 
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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 MahaSarakham formation in northeastern Thailand. 

 2.The salt specimens are prepared as rectangular blocks with nominal

 dimensions of 54×54×108 mm
3
. 

3. The applied axial strain rates range from 10
-7

 to 10
-4

 s
-1

with the 

confiningpressures varying from 0, 3, 7 to 12 MPa. 

 4. The test procedures follow the relevant ASTM standard practices, as much 

as practical. 

 5. All tests are conducted under ambient temperature. 

 6. Testing is made under dry condition. 

 

1.5 Thesis contents 

 Chapter I describes the background and rationale, the objectives, the 

methodology and scope and limitations of the research.  Chapter II present results of 

the literature review on strain rate effects on salt, salt behavior, creep model, strength 

criteria and application.  Chapter III describes the salt sample collection and 

preparation.  Chapter IV describes the laboratory testing and test results.  Chapter V 

describes the strength criteria.Chapter VI describes the application of this 

research.Chapter VII is the discussions, conclusions andrecommendations for future 

studies. 

  

  



CHAPTER II 

LITERATURE REVIEW 

 

2.1 Introduction 

 Relevant topics and previous research results are reviewed to improve an 

understanding the effect of strain rate on strength and deformability of 

MahaSarakham salt. The effects of strain rate on salt strength and elasticity are also 

investigated. Initialreview results are summarized below. 

 

2.2 Strain Rate Effect on Salt 

 Fuenkajorn and Deamen (1988) conducted the strain-rate controlled uniaxial 

test performed by loading 94 mm diameter cylinders at a constant strain rate ranging 

from 110
-3

 to 110
-5

 s
-1

, and monitoring the axial stress.  Four salt specimens show 

strain-softening, with an ultimate stress and tangent elastic modulus of 18±1.5 MPa 

and 25±1 GPa respectively. The constant strain rate uniaxial test is performed by 

axially loading a salt cylinder at a constant strain rate and recording the change in the 

axial stress as a function of time.  The failure started developing at the midsection of 

the sample, as shown by chipping of small salt fragments and development of small 

vertical cracks (10-20 mm long) around the sample circumference.  The modes of 

failure are similar to the first twosamples.  All salt samples have an ultimate stress 

near 18 MPa.  The strength seems to beindependent of strain rates.  The stresses 

before peak stress 
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mightoverestimate the actual stress, while the stresses after the peak stress 

underestimatethe actual stress since the cross-sectionalarea of the samples increases 

due to spalling.  Also they have performed triaxial testing on fifteen 57 mm diameter 

salt cylinders at constant strain rates and confining pressures ranging from 110
-4

 to 

110
-6

 s
-1

 and from 0.3 to 7 MParespectively.  At a strain rate of 4.510
-5

 s
-1

, brittle-

to-ductile transition pressures are 3.4-4 MPa, where salt behaves as strain-softening at 

strain rates higher than 210
-4

 s
-1

, and as strain-hardening for rates lower than 210
-5

 

s
-1

.  The salt samples tend to behave as a brittle (strain-softening) material when they 

are subjected to high strain rates (greater than 210
-4

 s
-1

) and as ductile (strain-

hardening) at lower strain rates (less than 210
-5

 s
-1

).  This could be better 

demonstrated if a larger range of strain rates was used.  At a strain rate of 4.510
-5

 s
-1

, 

brittle-to-ductile transition confining pressures are 3.4-4 MPa, where the salt sample 

behaves as a perfectly plastic material.  The salt behaves as strain-hardening under 

confining pressures of 4.0 MPa and larger, and as strain-softening under confining 

pressures lower than 3.4 MPa. The transition pressure would be higher if lower strain 

rates were used. The sample volume tends to decrease at the beginning of loading and 

increase approximately after the peak stress has been reached. 

 Liang et al. (2011) study effect of strain rate on the mechanical properties of 

salt rock by uniaxial compression test under loading with   values of 2×10
-5

, 2×10
-4

 

and 2×10
-3

 s
-1

.  Average UCS values are 13.6, 13.9, and 12.4 MPa, respectively for   

values of 2×10
-5

, 2×10
-4

 and 2×10
-3 

s
-1

.  From the results of uniaxial compression test 

with different strain rates 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 
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less.  For example, the strain-to-failure is 1.3-1.7% (specimen #1, #2) when  = 2×10
-

5
 s

-1
; however, it decrease to 0.3-0.7% (specimen #5, #6) when   is increased to 

2×10
-3

 s
-1

. 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. 

 Liang et al. (2007) studied the mechanical properties of bedded salt rock.  The 

uniaxial and triaxial compression tests are performed on rock salt (halite), interlayers 

(anhydrite) and bedded composite specimens (anhydrite-halite and mudstone-halite).  

The confining pressure is maintained constant ranging from 0, 5, 10 to 15 MPa.  The 

applied constant strain rate is 5×10
-5

 s
-1

.  Halite begins to act viscoplastically at about 

σ310 MPa, and this has a profound effect on the behavior of composite specimens.  

In the anhydrite-halite specimens, the discrepancy between the strengths of the 

beddedcomposite specimen and the constitutive component specimens (pure halite 

and anhydrite specimens) becomes less as the confined stress is increased.  The effect 

of confining stress on Young’s modulus and Poisson’s ratio.  These effects were 

attributed to sampling damage for some of the changes in stiffness response with σ3, 

particularly at the lower confining stress values, and data reporting the nominal 

Poisson’s ratio were attributed to the viscoplastic and dilatant behavior of halite at 

low stresses and high strain rates. 

 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 

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

compression, five different strain rates were used: 0.035, 0.11, 1.75, 3 and 25 /s.  

For the triaxial tests, only three rates: 0.11, 1.75 and 25 /s were employed.  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 look servo-controlled testing machine at stress rates 

ranging from 9.1210
-3

 MPa/minute to 9.12 MPa/minute.  The stress-strain curves 

obtained by compression of rock salt specimen at various stress rates exhibit similar 

pattern but there are distinct differences in geometry.  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 rates decrease the peak stress and yield 

stress decreases and compaction stress and the compaction strain increases. 

 Sriapai et al. (2011) studied the uniaxial and triaxial compression tests have 

been performed on Maha Sarakham salt to assess the influence of loading rate on the 

compressive strength of the rock.  The salt specimens with a nominal dimension of 

5.4×5.4×5.4 cm
3
 are compressed to failure using a polyaxial load frame.  The lateral 
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confining pressures are maintained constant at 0, 3, 7, 12, 20 and 28 MPa while the 

axial stresses are applied at constant rates of 0.001, 0.01, 0.1, 1.0 and 10 MPa/s.  The 

salt strengths exponentially increase with the loading rates. The effect is more 

pronounced under high confining pressures. 

 

2.3 Salt behavior 

 Researchers from the field of material sciences believe that rock salt behavior 

shows many similarities with that of various metals and ceramics (Munson and 

Wawersik, 1993; Chokski and Langdon, 1991).  However, because alkali halides are 

ionic materials, there are some important differences in their behavior.  Aubertin et al. 

(1992, 1993, 1998, and 1999) conclude that the rock salt behavior should be brittle-to-

ductile materials or elastic-plastic behavior.  This also agrees with the finding by 

Fuenkajorn and Daemen (1988), Fokker (1995, 1998), and Fokker and Kenter (1994). 

 Bonding between grains can affect the creep rate and the strength of salt. The 

bonding between the crystals is weak in rock salt. Allemandou and Dusseault (1996) 

observe the post-failure from the Brazilian strength test and uniaxial compressive 

strength tests. They report that stress depends on the boundary between grains and 

crystals. 

 They are divided into three characteristics: the elastic, the elastic-plastic, and 

the plastic behaviors.  The elastic behavior of rock salt is assumed to be linearly 

elastic with brittle failure.  The rock salt is observed as linear elastic only for a low 

magnitude of loading.  The range of linear elastic mainly depends on the content of 

elastic strain and can be used to formulate the modulus of elasticity.  Normally, the 

modulus of elasticity of rock salt is relatively low.  The elastic and plastic behavior of 
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rock salt can be investigated from the rock salt specimen.  The confined rock salt 

specimen at the beginning of incremental loading shows linear elastic deformation but 

with further load increases plastic behavior is induced, which continues until yield 

failure.  Elastic deformation and plastic deformation are considered as separated 

modes of deformability in the great majority of cases.  The salt material 

simultaneously exhibits both elastic strain and plastic strain.  The difference between 

elastic behavior and plastic behavior is that elastic deformation is temporary 

(recoverable) and plastic deformation is permanent (irrecoverable).  The degree of 

permanent deformation depends on the ratio of plastic strain to total strain.  The 

elastic and plastic deformations can also be observed by short-term loading, but at 

higher load magnitude.  The plastic behavior of rock salt does not occur if the applied 

stress is less than yield stress.  The rock salt is deformed continually if the high stress 

rate is still applied and is more than the yield stress.  Increasing the load to exceed the 

strain limit of the rock salt beyond its strength causes it to fail.  The deformation of 

rock salt by the increase of temperature can also result in the transition of brittle-to-

ductile behavior. 

 The time-dependent deformation (or creep) is the process at which the rock 

can continue deformation without changing stress.  The creep strain seldom can be 

recovery fully when loads are removed, thus it is largely plastic deformation.  Creep 

deformation occurs in three different phases, as shown in Figure 2.1, which relatively 

represents a model of salt properties undergoing creep deformation due to the 

sustained constant load.  Upon application of a constant force on the rock salt, an 

instantaneous elastic strain (εe) is induced.  The elastic strain is followed by a primary 

or transient strain, shown as Region I.  Region II, characterized by an almost constant 



12 
 

slope in the diagram, corresponds to secondary or steady state creep.  Tertiary or 

accelerating creep leading to rather sudden failure is shown in Region III.  Laboratory 

investigations show that removal of applied load in Region I at point L will cause the 

strain to fall rapidly to the M level and then asymptotically back to zero at N.  The 

distance LM is equal to the instantaneous strain εe. No permanent strain is induced 

here.  If the removal of stress takes place in the steady-state phase the permanent 

strain (εp) will occur.  From the stability point of view, salt structure deformations 

after constant load removal have only academic significance, since the stresses 

imposed underground due to mining operations are irreversible.  The behaviour of the 

salts with time-dependent deformation under constant load is characterized as a visco-

elastic and visco-plastic phenomenon.  Under these conditions the strain criteria are 

superior to the strength criteria for design purposes, because failure of most salt pillars 

occurs during accelerated or tertiary phase of creep, due to the almost constant applied 

load.   
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Figure 2.1  The typical deformation as a function of time of creep materials (modified 

from Jeramic, 1994). 

 The dimensions of a pillar in visco-elastic and visco-plastic rock should be 

established on the basis of a prediction of its long-term strain, to guard against 

adequate safety factor accelerating creep (Fuenkajorn and Daemen, 1988; Dusseault 

and Fordham, 1993; Jeremic, 1994; Knowles et al., 1998). 

 

2.4 Creep Model 

 The Burgers model is one of linear visco-elastic models. These models yield a 

linear relationship between stress (σ) and strain rate (  ) as follows:   
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 The Burgers models can describe equations for uniaxial constant stress, 

constant stress rate and constant rate testing. The derivation is made by using a 

Laplacetransformation. For uniaxial constant stress, visco-elastic are presented as 

function of constant axial stress (σ0), time and spring and dashpot constant shown in 

Figure 2.2 and equations as follows: 
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 Langer (1984) and Farmer (1983) presented 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 
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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 model 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: 

    TtKt  (transient) (2.3) 

   CBTAt   (steady-state) (2.4) 

For the isothermal condition, the equation reduce to: 

    tKt  (transient) (2.5) 

   BAt   (steady-state) (2.6) 

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

time and temperature in exponential form: 

    TexptBt nm   (2.7) 
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Figure 2.2  Burger model built up of combination of linear spring and dashpots. 

where(t) is transient creep strain,  (t) is steady-state creep strain rate, σ is stress, t is 

time, T is absolute temperature and, α, β, , A, B, C, B, m, n, are empirical 

constants. 

 

2.5 Strength Criteria 

   The Hoek-Brown (1980) criterion defines the relationship between the major 

and minor principal stresses at failure as: 

 2
C3C31 sm   (2.8) 

where σ1 and σ3 are the effective major and minor principal stresses, respectively, at 

failure; σC is the uniaxial compressive strength of the intact rock; m, s and a are the 

strength parameters depending on the quality of the rock mass, and can be estimated 

by empirical expressions involving the geological strength index (GSI) and 

disturbance factor.  Moreover, the original form of intact rock material (i.e. s = 1 and 

a = 0.5) has not been changed and is given by Hoek et al. (2002) propose a 

generalized form of the Hoek-Brown criterion as: 

 σ1 = σ3 + (mσCσ3 + sσC
2
)
a
 (2.9) 

where m is the Hoek-Brown parameter for intact rock material. The parameter m is 

dimensionless, and its value is affected by inter-particle friction and the degree of 
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particle interlocking.  Although it has been noted that Eq. 2.9 is applicable to isotropic 

rocks, it may be modified to predict the failure of anisotropic intact rocks. 

 Coulomb criterion indicates that when shear failure takes place across a plane, 

the normal stress σn and the shear stress τ across this plane are related by functional 

relation characteristics of the material (Jaeger et al., 2007): 

 ni0S   (2.10) 

where S0 is the shear strength or cohesion of the material and µi is the coefficient of 

internal friction of the material. Since the sign of τ only affects the sliding direction, 

only the magnitude of τ matters. The linearzed form of the Mohr failure criterion may 

also be written as (Jaeger et al., 2007): 

 σ1 = σC + qσ3 (2.11) 

where:    2/4/tan1q 2
2

2
i

2/12
i 






   

where σ1 is the major principal effective stress at failure,  σ3 is the least principal  

effective stress at failure, σc is the uniaxial compressive strength and ϕ is the 

internalfriction angle equivalent to tan
-1

 µi. This failure criterion assumes that the 

intermediate principal stress has no influence on failure. 

 Sriapai et al. (2012) used the strain energy density criterion to describe the salt 

strength and deformability under different temperatures. It is assumed that under a 

given mean strain energy and temperature the distortional strain energy required to 

fail the salt specimens is constant. Regression on the test results shows that the 

distortional strain energy (Wd) increases linearly with the mean strain energy (Wm).  It 
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is interesting to note that the rates of the increase of Wd with respect to Wm are 

virtually the same for all temperature levels. 

 Fuenkajorn et al. (2012) were proposed empirical strength criteria base on the 

strain energy density principle of rock salt.  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 alt. The salt specimens with a 

nominal dimension of 5.4×5.4×5.4 cm
3
 are compressed to failure using a polyaxial 

load frame. 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. The salt elasticity and strength increase with the 

loading rates. The elastic (tangent) modulus determined 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. Various multiaxial formulations of 

loading rate dependent strength and deformability are derived. The variation of the 

octahedral shear stresses and strains induced at dilation and at failure with the applied 

shear stress rates can be best described by power relations. The distortional strain 

energy at dilation and at failure from various loading rates varies linearly with the 

mean normal stress. The proposed empirical criteria are applied to determine the safe 

maximum withdrawal rate of a compressed-air energy storage cavern in the Maha 

Sarakham salt formation. The strain energy criterion that considers both distortional 

and mean stress-strains at dilation tends to give the most conservative results.    

 Artkhonghan (2015) proposed energy criterion derived from constant mean 

stress data, which tends to give the most conservative results.  The strain energy 
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density assumes that the stress-strain relations are linear. In reality, however, non-

linear behavior has been observed for all test conditions and stress paths, in particular 

for the salt under large σ3 and σm. As a result the strain energy determined here likely 

underestimates the energy that the in-situ salt can sustain before failure. This makes 

the application of the strain energy criterion to the stability evaluation even more 

conservative. The advantage of the application of the strain energy criterion over the 

traditional strength criteria is that it considers both shear stress and strain at failure, 

and hence their results would be more comprehensive than the modified Wiebols and 

Cook and Mogi criteria, particularly for soft and creeping rocks, such as salt, where 

their strains at failure are large. 

 Sartkaew and Fuenkajorn (2013) have been performed the uniaxial 

compression test 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. 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.The testing is assumed 

to be under isothermal conditions (constant temperature with time during loading). 

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 and shear moduli. 
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2.6 Pillar Stabilities 

 Hyder et al. (2011) propose simulation and modeling of pillar stability and 

analysis of safety factor. The material properties assigned to the model are obtained 

by testing the representative samples taken from the selected locations of the mine. 

The mine under investigation has 50 ft wide pillars and 50 ft wide rooms under an 

average overburden of 650 feet. The effect of reduced pillar dimensions and increased 

roof span on overall stability of mine and extraction ratio is analyzed using LaModel 

software. The mine consists of many thousands of such section so it is a huge 

recovery of salt.   The modeling can provide the basis for actual mine implementation 

of this model and optimum resource utilization can be achieved efficiently.  The 

mechanical properties were determined in the rock mechanics laboratory on the 

representative samples of salt. The following mechanical properties were determined. 

 Uniaxial compressive strength 

 Poisson’s ratio 

 Modulus of elasticity 

 Tensile strength 

The study finds that the pillars have excessively large dimensions and large quantities 

of salt can be recovered by pillar reductions without affecting the safety of mine and 

operations. The result indicates that by reducing the size of pillars from 50 ft100 

ft16 ft to 30 ft80 ft16 ft, 117, 363 metric tons of salt can be recovered from the 

section understudy, comprising of a series of 510 pillars. This modeling can provide 
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the basis for actual mine implementation of this model and optimum resource 

utilization can be achieved efficiently. They was found that the present practice of 

having 50 ft wide pillars and 50 ft wide rooms irrespective of overburden depth and 

other relevant factors was unnecessarily resulting in low extraction ratio, so it should 

be revised to optimize the size of pillar and roof span to get better extraction ratio 

without compromising safety. 

 Lau (2010) explain the convergence rate decreased as the pillar width to pillar 

height ratio increased. In addition, the convergence rate began to stabilize for salt 

thicknesses larger than 15 m for the modeled pillar width to pillar height ratios. This 

is due to the limitations of the stress bulb, where the overbearing capacity affects the 

stress in the underlying material until a certain depth. Vertical and horizontal stresses 

were also observed to verify the modeled results reflected actual room and pillar 

behavior in salt mines. After simulating the model for 20 years, the vertical stresses 

were the largest in the center of the pillar and near zero at the edges of the pillar. The 

convergence rate and the pillar width to pillar height ratio exhibited an exponential 

relationship for all modeled pillar width to pillar height ratios, which was used as the 

base for the developed relationship between convergence rate and pillar width to pillar 

height ratio. The convergence rate found from modeling and the convergence rate 

calculated from the developed relationship showed a strong correlation. The average 

percentage error between the modeled results and the calculated results was 5.92% for 

all of the simulations. The percentage error was higher for salt thicknesses larger than 

10 m. 

 Sambeek (1997) used the finite element method to determine the pillar strain 

rates and room closure rates or deformation rates for various pillar width to pillar 
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eight ratios. The purpose was to validate the pillar design equations by comparing the 

results of the equations with modeling results. The pillar height and extraction ratio 

was kept constant. Pillar width to pillar height ratios of one to five was used in the 

modeling.  Van proposed the average horizontal stress and the average vertical stress 

are related by 10 percent of the pillar with to pillar height ratio. When determining 

equations to predict the average effective stress, it was found that as the pillar width to 

pillar height ratio becomes large, the effective stress approaches zero rapidly. Also, 

plane strain conditions are approached when pillars are long in one dimension. When 

using the equations developed by Van Sambeek for determining pillar creep rates, it 

was found that the pillar compression rate for rectangular pillars is 50 percent less 

than a square pillar with the same width, pillar height, and extraction ratio. 



CHAPTER III 

SAMPLE PREPARATION 

 

3.1 Sample preparation  

 This chapter describes sample preparation and specifications of the tested rock 

salt. The method follows as much as practical the standard practices.  The salt 

specimens tested here are obtained from salt block of ASEAN Potash Chaiyaphum 

Public Company Limited, Chaiyaphum province.  They are from the Lower members 

of the Maha Sarakham formation in the northeastern Thailand.  This salt member has 

long been considered as ahost rock for compressed-air energy storage by the Thai 

Department of Energy.  The specimens are dry cut and ground as shown in Figure 3.1.  

The salt specimens are prepared as rectangular blocks with nominal dimensions of 

54×54×108 mm
3
 as shown in Figure 3.2.   The rock salt is relatively pure halite with 

slight amount (less than 1-2%) of anhydrite, clay minerals and ferrous oxide.  Warren 

(1999) gives detailed descriptions of the salt and geology of the basin. Sample 

preparation is conducted in laboratory facility at the Suranaree University of 

Technology. A total of 16 specimens are prepared for testing. Table 3.1 summarizes 

the specimen number, dimensions and density.
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Figure 3.1 A salt specimen is dry cut by a cutting machine. 

 

Figure 3.2Some rectangular block specimens of salt used in the uniaxial and 

triaxialtesting. 
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Table 3.1Salt specimens prepared for uniaxial and triaxial compression tests. 

Specimen No. Width (mm.) Length (mm.) Height (mm.) Density (g/cc) 

LS-TRI-01 53.63 53.16 103.94 2.12 

LS-TRI-02 54.43 54.56 108.00 2.12 

LS-TRI-03 52.94 54.14 107.51 2.14 

LS-TRI-04 53.93 53.85 107.75 2.12 

LS-TRI-05 53.78 53.49 108.20 2.11 

LS-TRI-06 51.70 53.80 108.13 2.18 

LS-TRI-07 53.83 52.80 109.03 2.13 

LS-TRI-08 53.88 54.23 108.45 2.11 

LS-TRI-09 55.30 54.55 111.43 2.11 

LS-TRI-10 54.18 54.53 108.43 2.10 

LS-TRI-11 54.38 54.28 107.50 2.09 

LS-TRI-12 54.65 55.05 107.30 2.08 

LS-TRI-13 54.40 54.95 108.18 2.10 

LS-TRI-14 54.00 54.28 107.68 2.10 

LS-TRI-15 54.60 54.55 110.18 2.13 

LS-TRI-16 55.05 54.15 106.33 2.10 

 



CHAPTER IV 

LABORATORY TESTING 

 

4.1 Introduction 

 The objective of the laboratory testing is to assess the effects of strain rate on 

compressive strength and deformability of the MahaSarakham salt.  This chapter 

describesthe method and results of the laboratory experiments. The tests are divided 

into two groups; uniaxial and triaxial compression tests.  The results have been 

studied to determinethe effects of strain rate effects on compressive strength and 

deformation properties of rock salt. The results obtained have are also compared with 

other researches.  A total of 16 specimens have been tested. 

 

4.2 Uniaxial compression test 

 The objective of the uniaxial compression tests is to determine the ultimate 

strength and the deformability under uniaxial load at various strain rates. The test 

procedures follow the American Society for Testing and Materials (ASTM D 7012-

07) and the suggested methods by ISRM (Bieniawski and Bernede, 1978).  The tests 

are performed by applying uniform axial stress under constant rate to the rectangular 

rock specimen and measuring the increase of axial stress and lateral strain as a 

function of time (Figure 4.1). The specimens areloadedfailure under strain rates varying 

from 10
-7
, 10

-6
, 10

-5
 to 10

-4
 s

-1
.The failure stresses and lateral strains are recorded.
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4.3 Triaxial compression tests 

 The test are conducted using a polyaxial load frame (Figure 4.2)apply constant 

anduniform lateral stresses (confining pressures) to the rock specimens while the axial 

strain is increased at a constant rate until failure occurs and continue to softening 

behavior. Exhaustive reviews of the polyaxial load frame have recently been given in 

Fuenkajorn et al. (2012). The testing system is always calibrated before testing. In this 

study, theconfining pressure (σ2 and σ3) are equal ranging from 3, 7 to 12 MPa, and 

the constant axial strain rates from 10
-7

, 10
-6

, 10
-5

 to 10
-4

 s
-1

.  Perforated neoprene 

sheets are used to minimize the friction at all interfaces between the loading platen 

and the rock surface.  After installing the rectangular specimen into the load frame, 

dead weights are placed onthe steel bar to obtain the pre-defined magnitude of the 

uniform confining pressure (σ3) on the specimen. The test is started by increasing the 

vertical  
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Figure 4.1  Salt specimen placed under uniaxial load frame. 

stress at the predefined rate using the hydraulic pump.  Both the axial strain and 

lateral strain were properly recorded directly by a dial gage during the testing. The 

failure stresses and lateral strains are recorded. 

 

Figure 4.2Polyaxial load frame used in this study (Fuenkajorn et al., 2012). 

 



28 
 

 

4.4 Test results 

 This section describes test results in terms of strength and elasticity. The 

measured sample deformations are used to determine the stress along the principal 

axes during loading. The axial stress and lateral and volumetric strains are measured.   

 4.4.1 Strength results 

  The uniaxial compressive strengths (σc) as a function of axial strain 

rates at dilation and at failure are shown in Figure 4.3.  The dilation strength is the 

point at which the specimen is loaded and deformed to its elastic limit.  Beyond this 

point the micro-cracks are initiated, the specimen volume increases, and the axial 

stress-strain relation is no longer linear.  The results showthat the strengths at dilation 

(σc,d) and at failure (σc,f)logarithmically increase with increasing axial strain rate (  ), 

and can be represented by: 
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Figure 4.3  Uniaxial compressive strengths as a function of axial strain rates (  ). 

  σc,d = 2.04ln(  ) + 43.871 (4.1) 

  σc,f= 2.89ln(  ) + 64.31 (4.2) 

The exponential equations above fit relatively well to the strength results (R
2
 0.9).  

The dilation strength is about 40% of the failure strength for rock salt specimens. 

  For triaxial compression testing, the constant and uniform lateral 

stresses (σ2=σ3) range from 3, 7 to 12 MPa.  The specimen deformations are 

monitored along the three loading directions and are used to calculate the principal 

strains during loading.  Figure 4.4 shows the measured vertical stresses as a function 

of axial, lateral and volumetric strain for salt under different axial strain rates and all 

confining pressures (0, 3, 7 to 12 MPa).  The specimens tend to show nonlinear 

behavior, particularly under low axial strain rates.  The specimens loaded under high 

axial strain rates (  ), show higher peak stress (σ1) than those under lower axial strain 

rates.  Under the same axial strain rate the compressive strength (σ1) increases with 

increasing confining pressures (σ3).  Similar testing results have been observed by 

Liang et al. (2010), Fuenkajorn and Daemen (1988) and Fuenkajorn et al. (2012).  The 

salt strengths obtained under such relatively rapid loading however may not truly 

represent those under in-situ condition due to the fact that the mechanical responses of 

rock salt are sensitive to loading and axial strain rates.   

  The octahedral shear stresses (τoct) and shears trains (γoct) at failure are 

also determined using the following relations (Jaeger et al., 2007): 
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  oct=(1/3)·[(σ1σ2)
2
+(σ2σ3)

2
+(σ3 σ1)

2
]
1/2

 (4.3) 

  oct=(1/3)·[(12)
2
+(23)

2
+(31)

2
]
1/2

 (4.4) 

where σ1,σ2 andσ3 are the major and minor principal (when σ2=σ3) stresses and1,2 

and3are the major, intermediate and minor principal strains. 

 

Figure 4.4  Axial stress (σ1) as a function of axial (1), lateral (3) and volumetric (v) 

strains for various confining pressures (σ3) and strain rates (  ). 
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 To show the effects of strain rate on the salt strength and deformability the 

applied octahedral shear stresses are plotted as a function of octahedral shear strainin 

Figure 4.5.Higher strain rates applied result in higher shear strengths and lower shear 

strains at failure.  The effects of the strain rate on the salt strength become larger 

under higher confining pressures.  

 

Figure 4.5  Octahedral shear stress (oct) as a function of octahedral shear strain (oct) 

for various confining (σ3) and axial strain rates (  ). 
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 4.4.2 Elastic parameter 

  The elastic modulus (E) and Poisson’s ratio () are determined from 

the three-dimensional stress-strain relations where the axial and lateral stresses and 

strains at dilation are taken from the diagrams shown in Figure 4.4.  The dilation 

strength is determined as the point where the specimen volume starts increasing.  

Assuming that the specimens are isotropic, the shear (rigidity) modulus (G), Lame 

constant (), and Poisson’s ratio () can be calculated from the following relations 

(Jaeger and Cook (1979)): 

  G = (1/2)·(oct/oct) (4.5) 

  3σm=(3λ+ 2G)·v (4.6) 

  ν= (λ/2)·(λ+ G) (4.7) 

  E=2G·(1+ ν) (4.8) 

whereσm and v are the mean stress, and volumetric strain at dilation (the point where 

the elastic parameters are determined).   

  The calculations of elastic parameter are made at the dilation strength. 

The dilation strength is determined as the point where the specimen volume starts 

increasing.  The salt elastic moduli increase linearly with strain rate (Figure 4.6(a)):   

  E = 0.227ln(  ) + 4.422 (4.9) 



33 
 

And the decrease of the Poisson’s ratio with increasing axial strain rate can be 

represented by this equation (Figure 4.6(b)): 

   = -0.008ln(  ) + 0.274 (4.10) 

Good correlations between the equations above with the test data are obtained.Table 

4.1 gives the dilation and failure strengths and elastic parameter for each axial strain 

rate and confining pressure. 

 Table 4.2 summarizes some laboratory-determined mechanical properties. One 

distinct implication is that the mechanical properties of MahaSarakham salt tend to 

have high variations. These variations may be caused by internal (intrinsic) factors 

(i.e., differences in grain sizes, inclusion contents, and cohesive forces between 

grains), and by external factors (differences in specimen sizes, loading rate, stress-

paths, and testing temperature). These uncertainties have raised a question about the 

representation and 
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Figure 4.6  Elastic parameters obtained from uniaxial and triaxial testing. 

reliability of laboratory determined properties when applied to the design and 

analyses of engineering structures in salt mass. 

Table 4.1  Summary of the strength results on salt specimen at dilation and at failure 

under various strain rates. 

  
(s

-

1
) 

σ3 

(MPa

) 

σ1,d 

(MPa

) 

σ1,f 

(MPa

) 

τoct,d(MPa

) 

τoct,f(MPa

) 

oct,d 

(10
-

3
) 

oct,f 

(10
-

3
) 

E 

(GPa

) 

 

10
-4

 

0 17.61 38.67 12.15 18.23 8.43 
19.5

5 
2.29 

0.3

2 

3 28.28 49.12 13.37 21.74 8.72 
22.7

0 
2.31 

0.3

3 

7 40.96 62.92 16.01 26.36 
10.4

4 

29.0

3 
2.42 

0.3

3 

12 53.10 80.59 19.38 32.33 
12.9

6 

32.8

8 
2.53 

0.3

4 

10
-5

 

0 15.19 30.03 9.46 14.15 
11.1

4 

23.2

4 
1.59 

0.3

9 

3 24.74 40.10 11.38 17.49 
12.0

9 

27.4

2 
1.76 

0.3

7 

7 37.29 55.38 15.52 22.81 3.00 
32.4

8 
1.81 

0.3

9 

12 48.52 69.88 18.58 27.28 
17.2

4 

36.0

8 
1.82 

0.3

9 

10
-6

 

0 12.07 23.68 6.72 11.16 
12.5

0 

26.9

1 
1.10 

0.3

8 

3 23.80 33.26 10.48 14.26 
14.0

8 

29.0

1 
1.17 

0.3

8 

7 34.56 48.29 14.25 19.46 
16.7

8 

35.8

8 
1.29 

0.3

9 

12 44.80 61.65 16.00 23.40 
18.7

7 

41.2

4 
1.32 

0.3

4 

10
-7

 

0 11.30 18.64 5.70 8.78 
14.2

5 

34.2

2 
0.72 

0.3

9 

3 21.27 30.97 5.88 13.18 
16.0

0 

39.8

4 
0.78 

0.4

1 



35 
 

7 28.95 40.89 10.93 15.98 
17.2

6 

41.2

9 
0.88 

0.4

2 

12 39.47 50.13 13.13 17.97 
20.3

7 

45.9

7 
0.90 

0.3

5 
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Table 4.2Published mechanical properties of MahaSarakham salt. 

Testing Salt Member 
σC 

(MPa) 

E  

(GPa) 
 

Uniaxial compression test  

Luangthip et al. (2016) 
Lower salt 39.5-69.1 16.89-22 0.27-0.31 

Uniaxial and triaxial 

compression test 

Thongprapha et al. (2016) 

Lower salt 372.5 9-24 0.370.48 

Uniaxial and triaxial 

compression test 

Fuenkajorn et al. (2012) 

Middle salt 16.5-119.7 15-25 0.23-0.43 

Uniaxial and triaxial 

compression test  

Sriapai et al. (2010) 

Middle salt 23-106.4 22.22.74 0.370.05 

Uniaxial and temperature  

Sartkaew (2013) 
Lower salt 29.19-37.23 20.31-24.06 0.31-0.42 

 

  

 



CHAPTER V 

STRENGTH CRITERIA 

 

5.1 Introduction 

 This chapter describes the strength analysis at dilation and at failure under 

differentaxial strain rates. The strength criteria used in this study include the 

Coulomb, Hoek and Brown and the strain energy density criteria.  Representativeness 

of these criteria can be discussed. 

 

5.2 Coulomb criterion 

 Based on the Coulomb strength criterion the cohesion (c) and internal friction 

angle () of the salt can be determined in terms of the principal stresses at dilation and 

at failure and the uniaxial compressive strength (σc) which can be written as: 

 σ1 = σc + σ3tan2 (5.1) 

 c = σc/(2tan) (5.2) 

  = 2- (/2) (5.3) 

The cohesion and friction angle of intact salt can be obtained from regression analyses  

of the uniaxial compressive strength and a set of major (σ1) and minor (σ3)principal 
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stresses at dilation and at failure obtained under the same strain rate.  It’s found that 

the regression results show good correlations (R
2
>0.9) between the criterion and the 

testdata. The parameter  is then used to calculate the cohesion and friction angle by 

using Eqs. (5.2) and (5.3). The c and  values for each strain rate are summarized in 

Table 5.1, and are plotted as a function of strain rate in Figure 5.1.  The cohesions 

tend to increase with strain rate, particularly for the peak strength. The internal 

friction angles however tend to be independent of the strain rate.  The shear strength 

(τ) and normal stress (σn) can also be represented by: 

  = (1/2)·(σ1σ3)sin2 (5.4) 

 σn = (1/2)·(σ1 + σ3) + (1/2)·(σ1 + σ3)·cos2 (5.5) 

where  = (/2) - (tan
-1

/2) and  = tan.  Figure 5.2 compares the Coulomb criterion 

predictions with the test data at dilation and at failure. 

Table 5.1 Cohesions and friction angles at dilation and at failure for each axial strain 

rate. 

Strength   (s
-1

) c (MPa)  (Degrees) 

At dilation 

10
-4

 2.69 12.6 

10
-5

 2.27 12.6 

10
-6

 1.84 12.6 

10
-7

 1.42 12.6 

At failure 

10
-4

 11.21 31.2 

10
-5

 9.09 31.2 

10
-6

 6.98 31.2 

10
-7

 4.86 31.2 
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Figure 5.1  Cohesion, c (a) and internal friction angel,  (b) as a function of axial 

strainrate (  ). 

 

Figure 5.2  Shear strength () as a function of normal stress (σn) for various axial 

strainrates (  ). 
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5.3 Hoek and Brown criterion 

 The Hoek-Brown strength criterion (Hoek and Brown, 1980) is used here to 

describe the relationship between the major (σ1) and minor (σ3) principal stresses at 

dilation and at failure of the triaxial test results: 

 σ1 = σ3 + (m·σ3·σc + sσc
2
)
1/2

 (5.6) 

where m and s are material parameters.  For intact specimens used in this study, s = 1.   

 The criterion can be rewritten as function of principal stresses at dilation and at 

failure:  

 σ1,d = σ3 + (mf·σ3·σc,f + sσc,f
2
)
1/2

 (5.7) 

 σ1,f = σ3 + (md·σ3·σc,d + sσc,d
2
)
1/2

 (5.8) 

where md and mf represent the conditions at dilation and at failure.  Via regression 

analysis they can be defined as a function of axial strain rates (  ) as: 

 md =-0.0002(  ) + 6.52 (5.9) 

 mf =0.00001(  ) + 4.40 (5.10) 

 By substituting Eqs. (4.1), (4.2), (5.9) and (5.10) into Eqs. (5.7) and (5.8), the 

complete dilation and failure criteria for specimens with varied axial strain rates (  ) 

can be obtained.  Figure5.3 compares the criteria with the strength data which shows 



40 
 

 
 

good correlations (R
2
> 0.8).  Parameter m however tends to be independent of the 

axial  

strain rate (Figure 5.4). 

 

Figure 5.3  Major principal stresses at dilation (a) and at failure (b) as a function of minor 

principal stress.  Hoek-Brown strength criterion fitted to strength data. 
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Figure 5.4Hoek-Brown parameter m as a function of axial strain rates (  ). 
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5.4 Strain energy density criterion 

 The strain energy density principle is applied to describe the salt strength and 

deformability under different axial strain rates. A similar approach has been used by 

Fuenkajorn et al. (2012) to derive a loading rate-dependent strength for salt. The 

distortionalstrain energy at dilation (Wd,d) and at failure (Wd,f) can be calculated from 

the octahedral shear stresses and strains for each salt specimen using the following 

relations (Jaeger et al., 2007): 

  

doct,γ

0

octdoct,dd, dγτ
2

3
W  (5.11) 

  

foct,γ

0

octfoct,fd, dγτ
2

3
W  (5.12) 

whereoct,d, oct,f are octahedral shear stresses at dilation and at failure andoct,d, oct,f 

are octahedral shear strains at dilation and at failure.  The mean stress at dilation (σm,d) 

and at failure (σm,f) can be calculated from axial stress (σ1) and confining pressure (σ3) 

for eachsalt specimen using the following relations: 

 σm,d = (σ1,d + 2σ3)/3 (5.13) 

 σm,f = (σ1,f + 2σ3)/3 (5.14) 

 The calculated Wd-σm relations at dilation and at failure can be represented by 

a linear relation, as shown in Figure 5.5. The Wd-σm relation above can be used as a 
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strength criterion, where it implicitly considers the time-dependent strength of the 

salt.It’s therefore more suitable to describe the salt pillar stability, as compared to the 

conventional strength criteria that exclude thetime-dependent effect.Results for the 

octahedral shear stresses (τoct), octahedral shear strains (γoct), mean stress (σm) and 

distortional strain energy density (Wd) at dilation and at failure are interpreted from 

these curves and listed in Tables 5.2.  

 

Figure 5.5  Distortional strain energy (Wd) at dilation and at failure as a function 

mean stress (σm). 
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Table 5.2Strainenergy of each specimen. 

 (s
-1

) 
σ3 

(MPa) 

Wd,d 

(MPa) 

σm,d 

(MPa) 

Wd,f 

(MPa) 

σm,f 

(MPa) 

10
-4

 

0 0.10 8.59 0.40 12.89 

3 0.11 12.45 0.59 18.37 

7 0.14 18.32 0.79 25.64 

12 0.22 25.70 1.13 34.86 

10
-5

 

0 0.10 6.69 0.38 10.01 

3 0.13 11.05 0.52 15.37 

7 0.20 17.98 0.72 23.13 

12 0.30 25.14 1.00 31.29 

10
-6

 

0 0.08 4.75 0.35 7.89 

3 0.14 10.41 0.46 13.09 

7 0.22 17.08 0.72 20.76 

12 0.28 23.31 0.96 28.55 

10
-7

 

0 0.07 4.02 0.30 6.21 

3 0.13 9.28 0.43 12.32 

7 0.16 14.73 0.65 18.30 

12 0.24 21.28 0.83 24.71 

 



CHAPTER VI 

PILLAR STABILITIES 

 

6.1 Introduction 

 The objective of this chapter is to determine the long-term strengths of pillars 

insalt mines in the MahaSarakham formation, northeast of Thailand based on strain 

energy density criterion.One of the design requirements is that the pillarsmust 

remainmechanically stable up to the time of backfill installation.   

 

6.2 Calibration parameters 

 The objective of the calibration is to determine the properties parameters of 

thetests.  The time-related parameters are monitored, recorded and analyzed. Results 

from the test provide the data basis for the time-dependent properties of rock salt 

based on the conventional approach. A simple rheological creep model is used to 

describe behavior of the salt, i.e., potential creep law.   

 The total strain in salt can be divided into two parts, elastic strain (linear and 

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

strain): 

 [
T
] = [

e
] + [

c
] (6.1)
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where [
T
], [

e
] and [

c
] are three-dimensional vectors of total, elastic and time-

dependent plastic strains. 

 The elastic strain for triaxial compression stress state can be obtained from the 

generalized Hooke’s law the axial (principal) strain can be written as: 

 
e
 = (σ1 - 2σ3) (6.2) 

where
e
 is axial strain, σ1 is axial stress, σ3  is confining pressure, E is elastic modulus 

and  is Poisson’s ratio.  These elastic parameters can be obtained from relatively 

quick loading as those performed by Luangthip et al. (2016).  They define these 

parameters as E = 20.23 GPa and  =0.29. 

 The plastic creep strain can be derived from the theory of plasticity based on 

the associated flow rule (Senseny, 1983 and Nair et al., 1974)  The equivalent creep 

strain (
*c

) is first obtained from one dimensional creep law which presents the plastic 

strain as a function of stress and time (Nair and Boresi, 1970): 

 
*c

 = 
e
 + (

3

2
σ

*
)

t
-1

 (6.3) 

where ,  and  are material parameters and σ
*
is equivalent (effective) stress. 

 Based on the von Mises flow rule, andare defined as: 

 σ
*
 = (1/2)·[(σ1  σ2)

2 
+ (σ2  σ3)

2 
+ (σ3  σ1)

2
]
1/2

 (6.4) 

 
*
 = (1/2)·[( 1 2)

2 
+ (2 3)

2 
+ (3 1)

2
]
1/2

 (6.5) 
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Substituting equations (6.4) and (6.5) into (6.3) and taking under triaxial stress (σ2= 

σ3and 2=3) we obtain the following: 

          1
31331

γ

β

21 t
3

2
EE σσκγνσσεε

3

2 
 



















  (6.6) 

where1 is axial strain, 2 is lateral strain, E = 20.23 GPa and  = 0.29. 

 Regression analyses on the Equation (6.6) using test data (σ1, σ3, 1 and 3) 

with the SPSS statistical software (Wendai, 2000) can determine the parameters ,  

and  for each specimen.  Table 6.1 summarizes the potential law parameters for all 

confining pressures and axial strain rates.  The parameters ,  and tend to be 

independent of the axial strain rate and confining pressure as shown in Figure 6.1. 

Table 6.1  Potential law parameters based on E = 20.23 GPa and  = 0.29 

Parameters 
3 

(MPa) 

 (s
-1

) 
MEAN  SD 

10
-4

 10
-5

 10
-6

 10
-7

 

 

(10
-7

/MPa·s) 

0 1.602 1.330 1.209 1.342 

1.414  0.19 
3 1.513 1.331 1.599 1.645 

7 1.257 1.263 1.193 1.519 

12 1.305 1.272 1.377 1.873 

 

0 2.211 2.310 2.094 2.391 

2.219  0.14 
3 2.198 1.986 1.947 2.477 

7 2.289 2.328 2.221 2.333 

12 2.234 2.067 2.208 2.206 

 

0 0.345 0.243 0.243 0.325 

0.303  0.06 
3 0.424 0.235 0.324 0.377 

7 0.357 0.324 0.264 0.233 

12 0.284 0.244 0.274 0.354 
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6.3 Prediction of pillar stabilities 

 The tributary area concept is applied here to determine the pillar stress (σP) for 

the extraction ratios between 30% and 50%,assuming that the factor of safety (FS.) is 

1.0.  The pillar stress in terms of the extraction ratio (e) can be written as (Hoek and 

Brown, 1980): 

 σP = (·H)/(1 - e) 100 (6.7) 

 

Figure 6.1  Potential law parameters as a function of axial strain rate (  ). 
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where H is the mine depth, and  is in-situ stress gradient of overburden 

(approximated here as 0.027 MPa/m).  The calculations are made for the depths from 

100 to 400 m. 

 In order to describe the increase of the pillar deformation (strain) with time 

under the uniaxial (σ2=σ3=0) condition, the potential law in Equation (6.6) can be 

used. By substituting the material parameters E,,  and  in to Equation (6.3) to 

determine the pillar strain (P) or axial strain can be rewritten for uniaxial and 

constant stress condition for each depth and extraction ratio as:  

 P = (σP/E) + ·σP

·t

 (6.8) 

 A series of axial strain-time curves for salt pillars under various depths and 

extraction ratios can be developed (Figure 6.2).The pillar strains and their 

corresponding time at the point where the dilation and failure would occur can be 

determined by comparing thestresses and time-dependent strains at various pillar ages 

with the distortional strain energy criterion in Figure 5.5. 

 The calculated strain energy fordeterminingthe time-dependent strength of 

pillars for each depth and extraction ratio can be representedfor the distortional strain 

energy and mean stress at dilation and failure: 

 Wd,d = (3/2)·(oct·oct,d) (6.9) 

 Wd,f = (3/2)·(oct·oct,f) (6.10) 

 σm,d = σP,d/3 (6.11) 
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Figure 6.2  Strain time curves under uniaxial condition for each depths and extraction 

ratios. 
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 σm,f = σP,f/3 (6.12) 

whereoct,d is octahedral shear stresses. The pillar stresses at dilation point and at 

failurepoint are equal.  Theoct,d and oct,fvalues are octahedral shear strains at dilation 

and atfailurewhich can be calculated by: 

 oct,d = (2/3)·σP (6.13) 

 oct,d = 
3

2
·(A,d - L,d) (6.14) 

 oct,f = 
3

2
·(A,f - L,f) (6.15) 

whereL,d and L,f are lateral strain at dilation and at failure. The axial strain from 

Equation (6.8) can be used to calculate the lateral strain (L) by relation L = -A 

(using =0.29).  The relation between the distortional strain energy and mean stress 

can be obtained from Figure 5.5: 

 Wd,d = 0.009σm,d + 0.031 MPa (6.16) 

 Wd,f = 0.030σm,f + 0.081 MPa (6.17) 

 The time at dilation and at failurefrom Equation (6.8) is trialed until the 

Wdreaches the envelopes of dilation and failure.Figure 6.3 shows the time at which 

the salt pillars reach their dilation and failure points. The results suggest that the 

duration under stable condition decreases with increasing pillar stresses. The diagrams 
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can be used as a guideline to ensure that the salt pillars will remain stable up to the 

time at which the backfill is installed. 

 

6.4 Comparison potential parameter 

 The objective of the comparison is to determine the parameters from different 

tests and the times at which the salt pillars reach their dilation and failure point, the 

strain energy density principle is applied to develop strength criterion for the salt 

pillars. 

 Wilalak et al. (2016) perform creep testing on the MahaSarakham formation.  

Each specimen is tested up to 21 days.  The specimens are tested under the axial 

stresses of 2, 4, 6.5, 13 and 16 MPa.  Regression analyses on the strain-time curves 

based on 
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Figure 6.3  Design criteria representing mining depths as a function of time at 

dilation and at failure. 

 

potential law using the SPSS statistical software (Wendai, 2000) are performed to 

determine the potential parameters for salt specimen.  The Poisson's ratio () is 

approximated as 0.288.  The calibration results are obtained as: elastic modulus (E) = 

4.25 GPa,  = 0.0003 /MPa·day,  = 1.414 and  = 0.199.  

 Archeeploha and Fuenkajorn(2013)conducted uniaxial creep tests and cyclic 

loading test to assess the influence of loading cycles on the time-dependent behavior 

of the MahaSarakham salt. The constant axial stresses are 6.5, 10, 13, and 16 MPa. 

After static loading for 21 days the applied stresses are alternated from 0 to the 

maximum selected stress.  Each cycle takes 24 hours.  The calibration results are: E = 

4.56 GPa,  = 2.08410
-9

 /MPa.day,  = 1.434 and  = 0.188.  Define the Poisson’s 

ratio = 0.287 to the calibration parameters.  

 Khathipphathee (2012) performsthe uniaxial creep test on rock salt.The 

applied constant axial stresses are 6.5, 9.6, 13.0, 14.8 and 16.0 MPa (about 20% to 

50% of the uniaxial compressive strength).  The uniaxial creep test is performed under 

constant temperatures at 0 and 30 degree Celsius.   The specimen deformations are 

monitored along the three principal axes for up to 21 days.The Poisson’s ratio () 

approximate here as 0.29 from Laungthip et al. (2016).  The calibration results for 

ambient temperature (30 degree Celsius) are G = 4.18 GPa,  = 0.0004 /MPa.day,  = 

1.528 and  = 0.107.Where G = E/(2(1+)). 
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 Substituting the material parameters E, , ,  and  from each test above into 

Equation (6.3) a series of axial strain-time curves for salt pillars under various depths 

and extraction ratios can also be developed and compared.  The pillar strains and their 

corresponding time at the point where the dilation and failure would occur can be 

determined by comparing the stresses and time-dependent strains at various pillar 

ages with the distortional strain energy criterion in Figure 5.5.  Figure 6.4 shows the 

time at which the salt pillars reach their dilation and failure points for each test.  It can 

be seen that the parameters obtained from the strain rate test here give more 

conservative results in term of the pillar stability than those obtained from the creep 

testing. 
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Figure 6.4Prediction time-dependent strength from uniaxial creep test (Wilalak et al., 

2016) (a), uniaxial creep tests and cyclic loading test (Archeeploha 

andFuenkajorn, 2013) (b)and uniaxial creep test under constant 

temperatures at 30Celsius(Khathipphathee, 2012) (c)representing mining 

depths as afunction of time at dilation and at failure. 



 

CHAPTER VII 

DISCUSSIONS AND CONCLUSIONS 

 

7.1 Discussions  

 This section discusses the key issues relevant to the reliability of the test 

schemes and the adequacies of the test results. Comparisons of the results and 

findings from this study with those obtained elsewhere under similar test conditions 

have also been made. 

 Goodcoefficients of correlation are obtained for all strain rates and 

confining pressures, suggesting the reliability of the test procedure.  

 The test results agree reasonably well with the test results on the 

MahaSarakham salt obtained by Sriapai et al. (2012), (2013) and Sartkaew (2013). 

 A difficulty is the rate controlling of the applied principal strains to obtain 

the desired test.  A high precision digital pressure and displacement gages are used 

here while the pressures in the hydraulic pump are manually controlled.  Results of 

the specimens that aresubjected to the strains that deviate for the designed schemes 

have been discarded.   

 The axial strain rate used in this study is relatively high as compared to 

those of the salt pillar or storage cavern.  It is recognized that rock under high strain 

rate would give higher strength and lower strain than that under lower strain 

rates(Fuenkajorn and Deamen (1988), Liang et al. (2010), Liang et al. (2007), 
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Lajtai et al.(1991)andFuenkajorn et al. (2012)).  As a results the salt strengths 

and 
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theircorresponding criteria derived here may also over-estimate those of the in-situ 

salt where it is likely to subject to much lower strain rates. 

 The distortional strain energy required to dilate and to fail the specimens 

can be calculated and presented as a function of the mean stress.  The specimen under 

condition of constant confining pressure (σ3), the distortional strain energy are 

independent of axial strain rate. 

 The advantage of the application of the strain energy criterion over the 

Coulomb and Hoek and Brown criteria is that it considers both stress and strain at 

dilation and at failure because rock salt is time-dependent material, and hence their 

results would be more comprehensive than the Coulomb and Hoek and Brown 

criteria. 

 By calibrating the potential creep law against the test results, the pillar 

verticalstrain under any vertical stress can be described as a function of time.  The 

pillar distortional strain energy at dilation and at failure can therefore be determined 

and used to calculate the corresponding strains and time after excavation.  The 

strength criterion based on the strain energy principle is probably more suitable and 

conservative than the conventional strength criteria.  This is because it can incorporate 

the time - dependent effect by considering both salt strengths and strain at dilation and 

at failure under various deformation rates.  This also suggests that obtaining the salt 

strengths under a wider range of the strain rates would enhance the representativeness 

of the proposed strain energy criterion. 
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7.2 Conclusions 

 All objectives and requirements of this study have been met. The results of the 

laboratory testing and analyses can be concluded as follows: 

(1) Higher strain rates result in higher peak (failure) strengths, which agree 

with the experimental results on rock salt performed byFuenkajorn and Deamen 

(1988), Liang et al. (2010), Dubey and Gairola(2005) and Sriapai et al. (2011).  

Beyond the dilation point the micro-cracks are probably induced which lead to an 

increase of the salt specimen volume (Figure 4.4).  The specimen laterally dilates 

beyond the original volume after the peak strength has been reached. A higher strain 

rate applied results in a higher elastic modulus of the salt.The salt elastic modulus 

varies from 0.72 to 2.53GPa.  The Poisson’s ratio from 0.32 to 0.42, and tend to be 

independent of the applied axial strain rates.  

(2) The distortional strain energy required to dilate (Wd,d) and to fail (Wd,f) the 

specimens can be calculated and presented as a function of the mean stress (σm).  The 

distortional strain energy decreases with increasing confining pressure. The strain 

energy criterion agrees well with the strength results from different confining 

pressure.  

(3) This study proposed strength criteria including the Coulomb, Hoek and 

Brown and the strain energy density criteria.  The three criteria can predict the salt 

strength under various axial strain rate and confining pressure.  The strain energy 

criterion is more conservative as it considers both stresses and strain at dilation and at 

failure.  Nevertheless, derivation of the strain energy criterion requires a more 
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comprehensive measurements of the stress and strain at dilation or at failure during 

the laboratory testing. 

(4) The simplified approach of pillar design presented here is merely to 

demonstratethe potential application of the strain energy criterion for the analysis of 

salt structures. It is based on the tributary area concept while ignoring the shape 

(height-to-width ratio) size, and end effects. A more comprehensive analysis on these 

and other relevant factors would be needed to obtain a more realistic design result, 

which depends upon the site-specific conditions and engineering requirements. 

 

7.3 Recommendations for future studies 

 Recognizing that the numbers of the specimens and the test parameters used 

here are limited, more testing and measurements are recommended, as follows: 

(1) Larger specimen size should be used to enhance the representativeness of 

the test results.  This is invoked by the scale effect that that normally occurs when 

laboratory test results are applied to the in-situ conditions. 

(2) Different strain rates should be used in the test to assess the rate-dependent 

strength of the salt.  The strain rate effects should explicitly include in the strength 

criteria. 

(3) Verification of the accuracy of the proposed criteria should be made by 

comparing with the actual salt opening stability. 

(4) The effect of temperature should be assessed in the laboratory.  The 

specimens should be tested under the range of temperatures expected to occur in the 

salt around the openings. 
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(5) Increasing the number of the specimens would statistically enhance the 

reliability of the test results and the predictability of the proposed strength criterion.  
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