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CHAPTER I 

INTRODUCTION 

1.1 Background and Rationale 

 Several aspects of the mechanical properties of Maha Sarakham salt have been 

investigated for the past decade. Most laboratory testing and analyses have been 

conducted on the salt specimens with bedding planes normal to the core axis (major 

principal stress direction). A primary concern arises when one of the service mine 

panels (of Thai Kali Co., Ltd.) showing the support pillars and sidewall of the openings 

intersecting flanks of a salt fold. As a result, many pillars contain salt beds that are in 

vertical and nearly vertical. A question arises as how the effect of transverse isotropy 

of the salt affects the strengths and deformability of the supported pillars and sidewalls.  

1.2 Research Objective   

The objective of this study is to determine the effects of transverse isotropy on 

the compressive strength and elastic properties of Maha Sarakham salt. The tasks 

involve preforming uniaxial and triaxial compression tests on rock salt, developing a 

strength criterion that can incorporate the transversely isotropic effect, and calculating 

the elastic moduli and Poisson’s ratios of rock salt under various bedding orientations 

based on Amadei’s solutions. 

1.3 Scope and Limitations 

The scope and limitations of the research include as follows.
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1) Laboratory testing is conducted on rock salt specimens from Maha 

Sarakham formation. 

2) Triaxial compression tests are performed with confining pressures up to 15 

MPa. 

3) The salt specimens are prepared to have different bedding plane 

orientations with respect to the applied loading direction. 

4) Up to 30 samples are tested, with the nominal dimensions of 54×54×108 

mm3. 

5) All tests are conducted under ambient temperature.  

6) The research findings are published in conference paper or journal.  

1.4 Research Methodology 

The research methodology shown in Figure 1.1 comprises 8 steps; including 

literature review, salt specimen preparation, uniaxial and triaxial compression tests, 

development of strength criterion, determination of elastic parameters, applications to 

salt pillar analysis, discussions and conclusions, and thesis writing. 

1.4.1 Literature Reviews 

    Literature review will be carried out to study researches on mechanical 

properties of Maha Sarakham salt, effect of transverse isotropy on rock strength, effect 

of transverse isotropy on elastic properties of rocks, and analysis of transversely 

isotropic effect on elastic property of materials. The sources of information are from 

journals, technical reports and conference papers.   
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Figure 1.1 Research methodology. 

1.4.2 Salt Specimen Preparation  

   Rock samples used here have been obtained from underground openings 

of Thai Kali Co., Ltd.  They belong to the Lower Salt member of the Maha Sarakham 

formation.  Sample preparation will be carried out in the laboratory at Suranaree 

University of Technology. The specimens are prepared to obtain rectangular blocks 

with nominal dimensions of 54×54×108 mm3 for different bedding plane orientations 

with respect to the applied loading direction. 

 

Discussions and 
Conclusions 

 

Literature Review 

Salt Specimen Preparation 

Uniaxial and Triaxial Compression Tests 

Development of 
Strength Criterion 

Determination of 
Elastic Parameters 

Applications to Salt Pillar Analysis  

Thesis Writing 
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 1.4.3  Uniaxial and Triaxial Compression Tests 

 A polyaxial load frame (Walsri et al., 2009) is employed to apply 

constant confining pressures from 0 to 15 MPa. Neoprene sheets are inserted to 

minimize the friction at all interfaces between the loading platens and the rock surface. 

The axial stress is increased until failure occurs. The confining pressure is maintained 

constant. The digital displacement gages are installed to measure the axial and lateral 

deformations. The load at failure and failure modes are recorded. They are used to 

calculate the strength and deformation modulus of the specimen. 

 1.4.4 Development of Strength Criterion 

 The strength result obtained from uniaxial and triaxial compression 

testing are used to develop failure criterion. The criterion will incorporate the effect of 

transverse isotropy caused by various orientations of bedding planes. 

 1.4.5 Determination of Elastic Parameters   

   The Amadei (1996) solutions are applied to evaluate the elastic moduli 

and Poisson’s ratios of the salt specimens under various orientations of bedding planes. 

 1.4.6 Applications to Salt Pillar Analysis  

 The research findings in terms of the strength criterion of Maha 

Sarakham salt is used to analyze the mechanical stability of salt pillars that contain 

different orientations of bedding planes.   

 1.4.7 Discussions and Conclusions 

   Discussions are made to describe the reliability and adequacy of the test 

data. Comparison of the results obtained here with those obtained elsewhere is made in 

terms of similarity and discrepancy. Explanations on these issues are offered. 

Conclusions from the research study will be drawn. 
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 1.4.8 Thesis Writing 

 All research activities, methods, and results are documented and 

complied in the thesis.  The research findings in the forms of strength criterion and 

deformability equations can be used to determine the mechanical stability and 

deformation of supported salt pillars that contain various orientations of bedding planes 

in the salt and potash mines. The findings will be published in the conference 

proceedings or journals. 

1.5 Thesis Contents 

Chapter I describes the background of problems and significance of the study. 

The research objectives, methodology, scope and limitations are identified. Chapter II 

summarizes the results of the literature review. Chapter III describes the sample 

preparations. Chapter IV describes the laboratory testing. Chapter V presents strength 

criteria. Chapter VI describes the transversely isotropic effect on salt elasticity. 

Chapter VII describes the salt pillar stability analysis. Chapter VIII discusses and 

concludes the research results and provides recommendations for future research 

studies. 

 

 



CHAPTER II 

LITERATURE REVIEW 

 This chapter describes research results on the mechanical behavior of Maha 

Sarakham salt that have been conducted by several investigators. 

2.1  Mechanical Properties of Maha Sarakham  

  Samsri et al. (2010) determine effect of intermediate principal stress on creep 

of Maha Sarakham salt. The results indicate that the salt stiffness does not depend on 

the intermediate principal stress (σ2), but it increases with shear stress. Under the same 

deviatoric stress, the creep parameters increase with σ2 from the triaxial compression 

to the triaxial extension conditions.  

  The intrinsic variability of Maha Sarakham salt is examined by Fuenkajorn et 

al. (2011). The compressive strength linearly increases with anhydrite inclusions. The 

anhydrite inclusion also increases salt elasticity from 22 GPa to 36 GPa. Tensile 

strengths also increase with anhydrite inclusion, particularly when the content is greater 

than 60% by weight.  

  The strain energy density criterion is used by Sriapai et al. (2012) to predict the 

salt strength and deformability under elevated temperatures. The test results show that 

distortional strain energy increases with the mean strain energy. The increasing rates 

are the same for all temperatures.  

            Empirical strength criteria are used by Fuenkajorn et al. (2012) to predict the 

salt strength. Compression tests are performed to assess the effect of loading rate on the
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 strength and deformability of salt. The elastic parameters are independent of the 

confinement. The strains at failure reduce with increasing loading rate. Shear strain 

energy at dilation and at failure from different loading rates varies with mean normal 

stress.    

  The loading rate and temperature effects on tensile strength and deformation of 

salt under temperatures from 273 to 375 K are examined by Wisetsaen et al. (2015). 

The tensile strength increases with loading rate, and reduces when the temperatures are 

increased.  

  Chobsranoi and Fuenkajorn (2016) identify experimentally the effects of 

loading rate on tensile strength of salt under various carnallite contents. The creep 

tensile strengths are determined with carnallite contents from 0 to 95%. The tensile 

strengths decrease with increasing the carnallite contents. The strength however 

increases with the stress rates (σR) decrease.   

  Archeeploha et al. (2017) determine effects of intermediate principal stress (σ2) 

on creep of salt. The creep parameters significantly increase with σ2. It was concluded 

that the conventional creep test results may overestimate the actual closure of 

cylindrical and spherical caverns by as much as 15% and 35%.  

  Luangthip et al. (2017) study the influence of carnallite on strength, elasticity, 

and creep of Maha Sarakham salt. The compressive and tensile strengths and elastic 

moduli decrease with increasing carnallite. Carnallite can increase dilation of salt 

specimens. The effect of carnallite decreases when confining pressures increase. The 

elastic moduli decrease with increasing carnallite. Pure halite behaves as the Burgers 

material while pure carnallite behaves as the Maxwell material.     

  Junthong et al. (2019) determine the creep strengths of salt mine pillars. A 
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higher strain rate applied leads to a higher stiffness of salt. Poisson’s ratios also decrease 

when strain rates increase.   

  Artkhonghan et al. (2018) study the stress paths effect on strengths of Maha 

Sarakham salt. Under constant σm, the salt fails under low stress than when it is under 

constant σ3. The modified Wiebols and Cook and Mogi criteria derived from constant 

σ3 test results can estimate salt strength under constant σm.   

  Phatthaisong et al. (2018) assess the thermal and rate effects on mechanical 

properties of salt. The salt strength and stiffness increase when loading rate increases. 

The decrease of the salt strength as the temperature increases indicates that the thermal 

energy can weaken the salt and makes it more plastic. The salt, then, fail at lower stress 

and lower stiffness.  

2.2  Effect of Transverse Isotropy on Rock Strength   

  McLamore et al. (1967) determine the compressive strengths of three 

anisotropic rocks. The plane of anisotropy is from 0° to 90° with respect to loading axis. 

The anisotropic rocks fail and deform by shear along the bedding plane.  

Colak and Unlu (2004) investigate the effect of joint orientation on the strength 

of sandstone, siltstone and claystone. The samples show orientations (β) at 0, 30, 45, 

60 and 90°. Values of mi(β) of Hoek-Brown criterion vary with orientation angle. A 

suitable function that can used to define the normalized value of mi(β) is obtained: 

mi(β)

mi(90)
= 1-A exp �- � β-B

C+Dβ�
4

�                                                                                      (2.1) 

where mi (90) is reference value of mi, B is value of β at which mi(β) is minimum, and A, 
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C and D are statistical parameters. Figure 2.1 shows the curves of the above equation. 

From Equation (2.1), the parameter mi(β) can be further defined as:  

 σ1(β)/σci (β) = σ3/σci (β) + (m i (β)σ3/σci (β) + 1)0.5                                                              (2.2) 

Goshtasbi et al. (2006) propose the criterion for predicting the anisotropic 

strength of rocks. Figure 2.2 shows the compressive strength as a function of orientation  

 

Figure 2.1 Result of Colak and Unlu (2004). 

angles. The slate has a U-shaped anisotropy. Figure 2.3 shows the strength as a function 

of orientation angles and confining pressures. The maximum and minimum strengths 

are obtained at β = 90° and 30°. Liao and Hsieh (Liao and Hsieh, 1999) and 

Ramamurthy criteria (Ramamurthy, 1993) also conclude that both criteria can well fit 

the test results.  
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Figure 2.2 Strength results of Goshashi et al. (2006). 

 

Figure 2.3 Strengths under different angles (Goshashi et al., 2006). 

  Figures 2.4 show the results between the predicted strengths and the test results 

under different confining pressures. Hoek and Brown and Mclamore criteria can well 

predict the strength data.  

  The modified Hoek-Brown criterion is proposed by (Saroglou and Tsiambaos, 

2008) and incorporating parameter (kβ) to consider the effect of strength anisotropy. 

The compression tests are performed on gneiss, schist and marble specimens in which 

the planes of anisotropy were from to 0° to 90°. 
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Figure 2.4 Comparison of Goshashi et al. (2006). 

Cho et al. (2012) study the anisotropy behavior of Asan gneiss, Boryeong shale 

and Yeoncheon schist in Korea. The anisotropy ratios (maximum to minimum 

strengths) are 2.6, 2.6 and 18.6 for the gneiss, shale and schist. The anisotropy ratios of 

tensile strengths are 3.2, 2.2 and 7.1 for gneiss, shale and schist.  

  Miller et al. (2013) study the anisotropic effect on compressive strength of 

calcareous mudstone. The anisotropy decreases with increasing confining stress (Figure 

2.5). Strength anisotropy is nearly identical to the anisotropy in the unloading modulus, 

with the material becoming isotropic under confining pressures.  

2.3  Effect of Transverse Isotropy on Elastic Properties of Rocks  

  Hakala et al. (2007) study the anisotropy of Olkiluoto mica gneiss. Compared the 

elastic parameter from Amadei’s solution with previous test results, the apparent Young’s 

modulus and Poisson’s ratio are similar.  
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Figure 2.5 Results of Miller et al. (2013). 

Miller et al. (2013) study the effect of anisotropy on static and dynamic elastic 

properties of a block of calcareous mudstone. The result indicate that the effect of 

anisotropy decreases under high confining pressures.  

 The results of Hu et al. (2017) indicate that rock mechanical behavior are 

affected by stress and rock anisotropy. The Young’s modulus of sandstone at angle    

θ = 0° was greater than that of θ = 90° (Figure 2.6). The bedding plane at θ = 90° closed 

under the application of axial stress and resulted in a high axial strain. A θ = 0°, the 

axial loading closes the matrix, and hence the axial strain becomes smaller. At θ = 30°, 

a sliding failure along bedding planes is observed. This axial strain larger than the other 

two axes.  
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Figure 2.6 Results of Hu et al. (2017). 

2.4  Analysis of Transversely Isotropic Effect on Elastic Property of 

 Materials 

  Amadei (1996) propose solutions for transversely isotropic materials based on 

theory of elasticity. He assumes uniform stresses and strains in the test specimen. The 

strains εx, εy, εz and γxy can be related to the stress, σ, as follows :  

εx = a12σ;     εy = a22σ;     εz = a23σ;     γxy = a26σ              (2.3) 

with 

' ' 2
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' '
2 2

26 ' ' ' '
1 1 sin 2 cos 2a sin 2 cos sin

EE E E 2G
    ν ν θ θ

= θ θ + − θ + −    
    

                             (2.4) 

Equations (2.3) and (2.4) can be used to calculate the apparent Young’s 

modulus, Ey, and apparent Poisson’s ratios νyx and νyz. 

y
22

1E
a

= ;     12
yx

22

a
a

ν = − ;     23
yz

22

a
a

ν = − .                                                              (2.5) 

Figure 2.7 gives an example of Ey, νyx and νyz under different anisotropic plane 

angle (θ). 

 

 

 

 

 

Figure 2.7  Examples of Amadei calculations. 

The predictions (solid lines) agree with the test data. Figure 2.8 give the 

apparent Young’s modulus under different angles θ. The simple model based on 

equations (2.3), (2.4) and (2.5) suggests that the elastic parameters of an anisotropic 

rock can vary widely if different specimens are cut in different orientations with respect 

to the anisotropy planes.   
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Figure 2.8 Young’s modulus predicted by Amadei (1996). 

 

 



CHAPTER III 

SAMPLE PREPARATION 

3.1  Introduction  

   This chapter describe sample preparation for the compression testing. The 

specimen dimensions are given. Mineral compositions of some specimens are 

determined by x-ray diffraction analysis. 

3.2  Sample preparation  

   Salt blocks (0.5×0.5×1.0 m3) are collected from an underground mine opening 

of Thai Kali Co., Ltd.  They belong to the Lower Salt member of the Maha Sarakham 

formation (Figure 3.1).  

  The specimens are virtually pure halite with slight amount of clay mineral and 

anhydrite inclusions (less than 1%). The average density is 2.16 ± 0.09 g/cc. The salt 

blocks are cut using organic oil as lubricant to obtain rectangular specimens with 

nominal dimensions of 54×54×108 mm3. Twenty-six specimens have been prepared. 

They contain different bedding plane orientations. The angles between the major axis 

and the normal to bedding planes (β) vary from 0, 25, 45, 60 to 90 degrees. Figure 3.2 

shows pictures of some specimen. For all specimens, the bedding plane strike is parallel 

to one of the specimen sides. Sample preparation carried out in the laboratory at 

Suranaree University of Technology. Table 3.1 lists the specimen dimensions and 

orientations of bedding plane. The angle β measured between the normal to bedding 

plane and the major axis of the specimen.  
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Figure. 3.1 Location of Thai Kali Co., Ltd. in Khorat salt basin and typical geologic 

sequence of Maha Sarakham formation at mine site. 

The specimens are virtually pure halite with slight amount of clay mineral and 

anhydrite inclusions (less than 1%). The average density is 2.16 ± 0.09 g/cc. The salt 

blocks are cut using organic oil as lubricant to obtain rectangular specimens with 

nominal dimensions of 54×54×108 mm3. Twenty-six specimens have been prepared. 

They contain different bedding plane orientations. The angles between the major axis 

and the normal to bedding planes (β) vary from 0, 25, 45, 60 to 90 degrees. Figure 3.2 

shows pictures of some specimen. For all specimens, the bedding plane strike is parallel 

to one of the specimen sides. Sample preparation carried out in the laboratory at 

Suranaree University of Technology. Table 3.1 lists the specimen dimensions and 

orientations of bedding plane. The angle β measured between the normal to bedding 

plane and the major axis of the specimen. 

 



18 
 

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

Specimen No. Width (mm) Length (mm) Height (mm) β (degrees) 

LS-UCS-01 51.90 49.85 106.30 0 

LS-UCS-02 54.62 54.52 108.10 25 

LS-UCS-03 58.34 59.32 106.26 45 

LS-UCS-04 53.98 54.30 109.36 60 

LS-UCS-05 54.20 53.80 105.60 90 

LS -TRI-01 52.57 55.19 108.56 0 

LS -TRI-02 53.00 53.15 105.19 0 

LS -TRI-03 54.00 53.35 109.00 0 

LS -TRI-04 53.85 53.75 109.75 0 

LS -TRI-05 58.27 57.75 107.02 0 

LS -TRI-06 54.29 54.45 104.33 0 

LS -TRI-07 55.40 55.45 109.10 25 

LS -TRI-08 53.90 54.30 106.13 25 

LS -TRI-09 52.46 54.78 105.35 25 

LS -TRI-10 53.85 54.75 101.65 45 

LS -TRI-11 53.38 54.03 106.58 45 

LS -TRI-12 52.95 53.10 107.46 45 

LS -TRI-13 54.51 55.06 108.50 60 

LS -TRI-14 54.72 53.49 107.90 60 

LS -TRI-15 55.75 55.04 108.23 60 

LS -TRI-16 54.80 55.00 107.20 90 

LS -TRI-17 51.70 52.80 108.05 90 

LS -TRI-18 53.20 54.40 107.80 90 

LS -TRI-19 53.6 53.95 109.45 90 

LS -TRI-20 55.60 56.19 108.30 90 

LS -TRI-21 56.33 52.77 108.49 90 
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3.3 X-ray diffraction analysis  

 The X-ray diffractometer (Bruker, D2 Phaser) has been used to determine 

mineral compositions of two salt specimens. Table 3.2 given the results. 

Table 3.2 Results of X-ray diffraction analysis. 

Sample 
No. 

Halite  
(%) 

Anhy
drite 
(%) 

Sylvite 
(%) 

Gypsum 
(%) 

Dickite 
(%) 

Mont
morill
onite 
(%) 

Illite 
(%) 

Tachy
hydrit

e 
(%) 

1 95.48 0.31 0.36 1.69 0.31 0.64 0.79 0.42 
2 95.52 0.24 0.26 1.96 0.01 0.97 0.55 0.49 

 

Figure. 3.2 Examples of specimens prepared for uniaxial compression and triaxial 

testing 

 

 

 

 

 



CHAPTER IV 

LABORATORY TESTING 

4.1 Introduction  

  The objective of the laboratory testing is to physically reveal the effect of 

transverse isotropy on the strength and deformation properties of Maha Sarakham salt. 

Described in this chapter are the method and results of the laboratory testing. The tests 

are divided into two groups; uniaxial compression tests and triaxial compression tests. 

The results are combined to determine the effects of transverse isotropy on the 

compressive strength and elastic properties of the salt. The results obtained here are 

also compared with those supported elsewhere. 

4.2  Test Methods   

   The uniaxial and triaxial compression tests are performed to determine the 

ultimate strength and the deformability under unconfined and confined conditions for 

various orientations of bedding planes in the salt specimens. A polyaxial load frame 

(Figure 4.1) is used to apply constant confining stresses to salt specimens while the 

axial stress is increased at the rate of 0.1 MPa/s until failure occurs. Exhaustive reviews 

of the polyaxial load frame have recently been given in Fuenkajorn et al. (2012). Except 

for the specimen geometry, the test procedure and calculation follow the ASTM D7012-

14 (2014) standard practice. The testing system is calibrated before testing. In this 

study, the lateral stresses (σ2 and σ3) are equal ranging from 0, 5, 8 to 15 MPa, and the 

various orientations of bedding planes (β) varying from 0, 25, 45, 60 to 90 degrees, 
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Figure 4.1 Polyaxial load frame employed in uniaxial and triaxial testing (Fuenkajorn  

                    et al., 2012). 

where β is the angle between the specimen main axis and the normal to bedding planes. 

Neoprene sheets are used to reduce the friction at the interfaces between loading platens 

and rock surfaces. Figure 4.2 shows the applied principal stress directions with respect 

to the bedding planes. Note that all specimens have been prepared such that the bedding 
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plane strike is parallel to one of the specimen side. After installing the rectangular 

specimen into load frame, dead weights are placed on the steel bar to obtain a pre-

defined lateral stresses (σ3) on the specimen. The test is started by increasing the vertical 

stress at the rate of 0.1 MPa/s using a hydraulic pump. The digital displacement gages 

are used to measure axial and lateral deformations until failure occurs. The load at 

failure and modes of failure are identified. They are used to calculate the strength and 

deformation moduli of the salt.  

 

Figure 4.2 Loading directions with respect to bedding planes (a). Elastic parameters  

                for transversely isotropic conditions (b). 

 



23 
 

4.3  Test results  

   All post-test specimens of uniaxial compression testing show plane failures 

along the salt bedding (Figure 4.3).  Under uniaxial stress, the transverse elastic moduli 

along major principal (axial) direction (E1) and along the two minor principal axes that 

are normal (E3O) and parallel (E3P) to bedding planes are calculated from the set of 

equations modified from those of Jaeger et al. (2007) as follows:  

ε1 = σ1/ E1 − (ν1,3P σ3P)/E3P − (ν1,3Oσ3O)/E3O (4.1) 

ε3P = − (ν1,3P σ1)/E1 + σ3P/ E3P − (ν3P,3O σ3O)/E3O (4.2) 

ε3O = − (ν1,3O σ1)/E1 − (ν3P,3O σ3P)/E3P + σ3O/E3O  (4.3) 

where σ1 is the major principal stress, σ3O and σ3P are the minor principal stresses that 

are normal and parallel to the strike of bedding planes, ε1 is the major principal strain, 

ε3O and ε3P are the minor principal strains measured normal and parallel to the strike of 

bedding planes, ν1,3P and ν1,3O are Poisson’s ratio’s between major principal axis and 

the directions that are parallel and normal to the strike of beds, and ν3P,3O is Poisson’s 

ratio between directions that are parallel and normal to strike of beds. The transverse 

elastic moduli and Poisson’s ratios under triaxial stresses condition can be, however, 

calculated only for the conditions where β = 0 and 90 degrees because beyond these 

conditions, the unknows are more than the number of equations, and hence they become 

indeterminate. The failure stresses and calculated results are summarized in Table 4.1.   

Figures 4.4 through 4.8 shows the stress–strain curves monitored from the test 

specimens under various confining pressures and bedding orientations. The effect of 
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transverse isotropic on lateral strain can be clearly observed by increasing β. The 

variation of strengths with loading orientations shows U-shaped anisotropy curve where 

the strength is largest when loading is normal to the anisotropic plane and the lowest 

strength occurs when β = 60 degrees (Figure 4.9). This observation is also found from 

the rock specimens with one set of discontinuity by Al-Harthi (1998), especially under 

lower confining pressures.    

Table 4.1 Compression test results. 

Orientation σ3P = σ3O 
(MPa) 

σ1, f 
(MPa) 

E1 
(GPa) 

E3P 
(GPa) 

E3O 
(GPa) ν1,3P ν1,3O ν3P,3O 

β = 0° 

0 25.1 1.35 2.40 2.40 0.35 0.35 0.32 
2 43.1 1.46 2.42 2.42 0.35 0.35 0.32 
3 51.2 1.60 2.42 2.42 0.34 0.34 0.31 
5 60.3 1.72 2.43 2.43 0.34 0.34 0.32 
8 70.3 2.01 2.45 2.45 0.33 0.33 0.31 
12 80.5 2.16 2.45 2.45 0.33 0.33 0.32 
15 87.2 2.37 2.46 2.46 0.31 0.32 0.32 

β = 25° 

0 19.3 1.46 1.51 1.46 0.33 0.35 0.32 
5 56.6 - - - - - - 
8 68.0 - - - - - - 
15 86.3 - - - - - - 

β = 45° 

0 13.6 1.61 1.71 1.61 0.33 0.35 0.34 
5 50.2 - - - - - - 
8 62.9 - - - - - - 
15 82.9 - - - - - - 

β = 60° 

0 11.4 1.92 2.04 1.92 0.32 0.36 0.33 
5 46.9 - - - - - - 
8 60.7 - - - - - - 
15 81.3 - - - - - - 

β = 90° 

0 16.3 2.40 2.40 1.35 0.31 0.36 0.36 
2 32.1 2.42 2.42 1.45 0.31 0.36 0.36 
3 43.5 2.42 2.42 1.60 0.32 0.35 0.35 
5 53.9 2.43 2.43 1.72 0.31 0.34 0.34 
8 65.4 2.45 2.45 2.02 0.31 0.33 0.33 
12 77.8 2.45 2.45 2.15 0.32 0.33 0.33 
15 85.4 2.46 2.46 2.37 0.32 0.32 0.32 

Note: Since specimens are not isotropic, their elastic parameter for 0° < β < 90° under 

σ3 > 0 can not be determined from measurements. 

 



25 
 

 

Figure 4.3 Some post-test specimens of uniaxial and triaxial compression test. White  

                   lines indicate induced fractures. 
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Figure 4.4 Stress-strain curves from compression tests on salt specimens with β = 0°  

                   shows notations used in stress-strain diagrams. 
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Figure 4.5 Stress-strain curves from compression tests on salt specimens with β ≈ 25°  

                   shows notations used in stress-strain diagrams. 
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Figure 4.6 Stress-strain curves from compression tests on salt specimens with β ≈ 45°  

                   shows notations used in stress-strain diagrams. 
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Figure 4.7 Stress-strain curves from compression tests on salt specimens with β ≈ 60°  

                   shows notations used in stress-strain diagrams. 
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Figure 4.8 Stress-strain curves from compression tests on salt specimens with β = 90°  

shows notations used in stress-strain diagrams. 

Figure 4.10 shows the elastic moduli as a function of β for different confining 

pressures (σ3).  The results indicate that the elastic modulus increases with increasing 

β, especially under uniaxial condition. Under high confining pressures, the effect of 

transverse isotropic on bedded salt specimens tends to decrease. This is because the 

specimens can be self-healed, and hence they can be restored to the homogeneous rocks. 

 

 



31 
 

 

Figure 4.9 Compressive strengths as a function of  β for different confining pressures   

(σ3). 

 

Figure 4.10 Elastic moduli as a function of β for different confining pressures (σ3). 
 

 

 



 
 

CHAPTER V 

STRENGTH CRITERIA 

5.1  Introduction 

This chapter presents the strength results obtained from uniaxial and triaxial 

compression testing. Hoek-Brown, Coulomb and strain energy criteria are used to describe the 

strength data obtained from various bedding orientations. The criteria incorporate the effect of 

transverse isotropy caused by the bedding planes, which can be applied to determine the salt 

strengths under in-situ conditions.     

5.2 Hoek and Brown criterion  

  Hoek–Brown criterion (Hoek and Brown, 1980) describes the relationship 

between the major (σ1) and minor (σ3) principal stresses at failure of the triaxial test 

results:   

 
σ1  = σ3 + (mσc′σ3 + sσc′2)1/2                (5.1) 

where σc′ is the uniaxial compressive strength, and m and s are material constants. 

Constant m is depending on the properties of rock and s = 1 for intact rocks. The 

criterion has long been used to describe the strength of intact rock and rock mass, particularly 

for those that have anisotropic properties. Regression analysis has been performed on the 

strength data based on the failure criterion given in equation (5.1). Figure 5.1 shows the 

failure envelopes for different loading orientations with respect to the bedding planes. 
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The results indicate that the strengths increase with increasing confining pressure. The 

maximum compressive strength is obtained for β = 0°. For β = 60°, the strength is 

lowest. The parameter m varies with the orientations β as shown in Table 5.1. Failure 

envelopes in Figure 5.1 suggest that the effect of transversely isotropy could gradually 

decreases when the rocks are subjected to higher confining pressures and could reach 

the isotropic and homogeneous conditions under σ3O = σ3P of about 30 MPa.   

 

Figure 5.1 Hoek–Brown criterion of salt specimens with different bedding plane 

angles.  

Table 5.1 Orientation angles and their constants calibrated from compression test data. 

β 
(Degrees) 

σc′ 
(MPa) m R2 

0 33.4 8.89 0.935 
25 27.9 11.04 0.956 
45 20.4 14.38 0.982 
60 16.4 17.30 0.990 
90 24.1 12.68 0.973 
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  The constant m and the calculated uniaxial compressive strength (σc) vary with 

angle β. Via regression analysis, their relationships can be expressed in the forms of 

polynomial equations, as follows: 

m = (-7.00×10-5)⋅β3 + (7.20×10-3)⋅β2 + (-4.65×10-2)⋅β + m(0)  (5.2 ) 

σc′ = (8.00×10-5)⋅β3 + (-5.90×10-3)⋅β2 + (-1.92×10-1)⋅β + σc(0)     (MPa) (5.3 ) 

where m(0) is a material constants at β = 0° and σc(0) is the uniaxial compressive strength 

at β = 0°. The polynomial equations fit well to the parameter m and σc′ results, with R2 

greater than 0.9. Figure 5.2 plots the parameter m and calculated uniaxial compressive 

strength (σc′) as a function of β varying from 0 to 90 degrees. 

 

Figure 5.2 Hoek-Brown parameter m (a) and calculated uniaxial compressive strength 

σc (b) as a function of β. 
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  Figure 5.3 shows the strengths (σc) obtained from uniaxial compression test as 

a function of calculated strength (σc′) from Hoek and Brown criteria. The linear 

equations fit well to the σc and σc′ results, with R 2greater than 0.9.  

 

Figure 5.3 Uniaxial compressive strength (σc) as a function of calculated strength (σc′). 

5.3 Coulomb criterion  

   Based on the Coulomb strength criterion, the internal friction angle (φ) and 

cohesion (c) of rock salt specimens can be determined for each bedding plane 

orientation. The Coulomb strength criterion can be written as (Jaeger et al., 2007):  

 
σ1 = σc + σ3 tan2φ                           (5.4) 

 c = σc/(2tanφ)                   (5.5) 

  φ = 2 α−(π/2)                   (5.6) 
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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 

stresses at failure obtained under different orientation angles. The regression results 

show good correlations (R2>0.9) between the criterion and the test data. The parameter 

α is then used to calculate the friction angle and cohesion by using equations (5.5) and 

(5.6). The φ and c values for each angle are summarized in Table 5.2, and are plotted 

as a function of the confining stresses (σ3) in Figure 5.4  .The cohesions tend to decrease 

with increasing angle β. The internal friction angles, however, tend to increase with 

angle β in Figure 5.5. Another form of the Coulomb criterion, the shear strength (τ) can 

be represented by:  

 
τ = c + σn tan φ                           (5.7) 

where σn is normal stress, φ is friction angle and c is cohesion.  

Table 5.2 Friction angles and cohesions for difference orientation angles from the test 

data.  

β 
(Degrees) 

φ 
(Degrees) 

c 
(MPa) R2 

0 30.73 10.01 0.927 
25 38.61 6.57 0.919 
45 39.51 4.93 0.935 
60 39.78 4.26 0.944 
90 38.84 6.08 0.941 
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Figure 5.4 Maximum principal stress (σ1) as a function of confining stress (σ3) at failure 

for various orientation angles. 

The cohesion (c) and friction angle (φ) of intact salt vary with angle β. Via regression 

analysis, polynomial equations can represent their relation as follows: 

c = (8.00×10-6)⋅β3 + (5.00×10-4)⋅β2 + (-1.52×10-1)⋅β + c(0)      (MPa) (5.8 ) 

φ = (4.00×10-5)⋅β3 + (-8.10×10-3)⋅β2 + (4.82×10-1)⋅β + φ(0)     (degrees)  (5.9 ) 

where c(0) is a cohesion at β = 0° and φ(0) is the friction angle at β = 0°. The polynomial 

equations fit well to the cohesion and friction angle, with R2 greater than 0.9. Figure 

5.5 plots the cohesion and friction angle as a function of β varying from 0 to 90 degrees. 
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Figure 5.5 Cohesion, c (a) and internal friction angel, φ (b) as a function as of β. 

5.4 Strength criterion based on strain energy density  

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

and deformation under different orientation angles. The distortional strain energy (Wd) at 

failure can be calculated from the octahedral shear stresses and octahedral shear strain 

obtained from compression test data for each rock salt specimen, as follows (Jaeger et al., 

2007):  

 
Wd = (3/2)τoctγoct (5.10) 

 
where γoct and τoct are octahedral shear strains and octahedral shear stresses at failure. The mean 

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

salt specimen using the following relation (Jaeger et al., 2007):  

 σm = (σ1 + 2σ3) /3                (5.11) 
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  The calculated Wd-σm relations at failure can be represented by a linear relation, 

as shown in Figure 5.6 which can be best represented by:  

  Wd = Kσm                            (5.12) 

  The parameters K is empirical parameters. The linear equations fit well to the 

Wd and σm results, with R  2greater than 0.9. The parameter K varies with the orientations 

β as shown the results indicate that the parameter K decrease with increasing 

orientations. The maximum parameter K is obtained for β = 0°. For β = 60°, the 

parameter K is lowest. The Wd-σm relation above can be used as a strength criterion, 

where it implicitly considers the transversely isotropic strength of the salt. It’s therefore 

more suitable to describe the salt pillar or salt wall stability in the mine, as compared to 

the conventional strength criteria that exclude transversely isotropic effect. Results for 

the octahedral shear strains (γoct), octahedral shear stresses (τoct), distortional strain 

energy density (Wd) and mean stress (σm) at failure are interpreted from these curves 

and listed in Tables 5.3. 

5.5 Discussions of the test results  

  The results of strength criterion representations indicate that the strengths 

increase with increasing confining pressure. It also suggests the strength criteria may 

follow closely the Hoek–Brown criterion, as non-linear σ1 and σ3 curves are clearly 

observed. Therefore, the Mohr–Coulomb criterion may be used only as an 

approximation in the low confining pressure range. For a wider range of confining 

pressures, Hoek–Brown criterion should be applied to the test results. Figures 5.7 
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Figure 5.6 Distortional strain energy (Wd) at at failure as a function mean stress (σm)  

Table 5.3 Strain energy of each specimen. 

β 
(Degrees) 

σ3 
(MPa) 

σm 
(MPa) 

Wd 
(MPa) K R2 

0 

0 8.37 0.37 

0.066 0.987 5 23.43 1.52 
8 28.77 1.92 
15 39.06 2.58 

25 

0 6.44 0.24 

0.056 0.992 5 22.20 1.25 
8 28.00 1.58 
15 38.75 2.21 

45 

0 4.82 0.14 

0.053 0.988 5 20.07 0.92 
8 26.29 1.23 
15 37.64 1.82 

60 

0 4.55 0.10 

0.047 0.993 5 18.95 0.77 
8 25.56 1.14 
15 37.09 1.67 

90 

0 5.43 0.16 

0.044 0.987 5 21.28 1.19 
8 27.14 1.47 
15 38.38 s2.01 
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Figure 5.7 Mohr’s circles form triaxial compressive strength tests on salt specimens 

with β = 0°  in forms of Coulomb and Hoek–Brown criteria. 

 

Figure 5.8 Mohr’s circles form triaxial compressive strength tests on salt specimens 

with β = 25°  in forms of Coulomb and Hoek–Brown criteria. 
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Figure 5.9 Mohr’s circles form triaxial compressive strength tests on salt specimens 

with β = 45°  in forms of Coulomb and Hoek–Brown criteria. 

 

Figure 5.10 Mohr’s circles form triaxial compressive strength tests on salt specimens 

with β = 60°  in forms of Coulomb and Hoek–Brown criteria.  
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Figure 5.11 Mohr’s circles form triaxial compressive strength tests on salt specimens 

with β = 90°  in forms of Coulomb and Hoek–Brown criteria. 

 



 
 

CHAPTER VI 

TRANSVERSELY ISOTROPIC EFFECT ON SALT 

ELASTICITY 

6.1  Introduction 

  An attempt is made here to determine the elastic parameters (elastic modulus 

and Poisson’s ratio) under varied directions with respect to the orientations of bedding 

planes. An approximate solutions proposed by Amadei (1996) have been applied. This 

chapter presents a determination of rock anisotropy, and the calculations of the 

approximate values of elastic modulus and Poisson’s ratio. 

 

6.2  Degrees of rock anisotropy 

 Several investigators (Gerrard, 1975; Batugin and Nirenburg, 1972; Amadei et 

al., 1987; Ramamurthy, 1993; Hakala et al., 2007) have determined the degrees of rock 

anisotropy using the ratio of E (maximum elastic moduli in the plane of transverse 

isotropy) to E′ (minimum elastic moduli in direction normal to the plane of transverse 

isotropy). The high values of E/E′ ratio indicate the stronger degree of anisotropy. Based 

on the test results reported in previous chapter, the E/E′ ratios of Maha Sarakham salt 

have been calculated. The results are given in Table 6.1. The ratios are also plotted as a 

function of confining pressure in Figure 6.1. The anisotropic ratios reduce from 1.78 

under unconfined condition (σ3 = 0) to 1.04 under confining pressure of 15 MPa.
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The diagram in the figure suggests that the salt tends to become more isotropic as the 

confining pressure increases. The ratios exponentially decrease as the confining 

pressure increases, which can be represented by:  

E/E′ = 1.713⋅exp (-0.036σ3) (6.1) 

where E′ and E are the minimum and maximum elastic moduli in direction normal and 

parallel to the plane of transverse isotropy (bedding plane). The exponential equation 

fits well to the test results, with R2 greater than 0.9. 

Table 6.1 Results of E/E′ ratios. 

σ1 
(MPa) 

σ3 
(MPa) 

E′ 
(GPa) 

E 
(GPa) E/E′ 

25.1 0 1.35 2.40 1.78 
60.3 5 1.72 2.43 1.41 
70.3 8 2.01 2.45 1.22 
87.2 15 2.37 2.46 1.04 

 

Figure 6.1 Variation of E/E′ ratios as a function of confining pressure. 
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6.3 Transverse isotropic parameters 

  Applying Amadei’s solution to the test results, the apparent elastic modulus (Ey) 

and Poisson’s ratios ( νyx and νyz)  for different bedding plane angles of (β) can be 

calculated. The normal strains εx, εy, εz and shear strain γxy can be related to the stress, 

σ, as follows:  

εx = a12σ;     εy = a22σ;     εz = a23σ;     γxy = a26σ              (6.2) 

where 

' ' 2
4 4

12 ' ' ' '
sin 2 1 1 1a sin cos

4 E E GE E

ν ν β  = − β − β + + − 
 

    

4 4 2 '

22 ' ' '
cos sin sin 2 1 2a

E 4E G E
 β β β ν

= + + − 
 

 

'
2 2

23 'a cos sin
EE

ν ν
= − β − β               

' '
2 2

26 ' ' ' '
1 1 sin 2 cos2a sin 2 cos sin

EE E E 2G
    ν ν β β

= β β + − β + −    
     

                    (6.3) 

G′ is the apparent shear modulus, and ν′ is the Poisson’s ratio variable. 

Equations (6.2) and (6.3) can be used to calculate the apparent elastic modulus, Ey, and 

apparent Poisson’s ratios νyx and νyz of rock salt, as follows:  

y
22

1E
a

= ;     12
yx

22

a
a

ν = − ;     23
yz

22

a
a

ν = − .                                                              (6.4) 
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Table 6.2 Apparent elastic properties determined on rock salt using uniaxial and triaxial 

compression test results.   

Orientation σ3P = σ3O 
(MPa) 

Ey 
(GPa) νyz νyx 

β = 0° 

0 1.35 0.35 0.31 
5 1.72 0.32 0.34 
8 2.01 0.31 0.33 
15 2.37 0.32 0.32 

β = 25° 0 1.43 0.32 0.35 
β = 45° 0 1.64 0.31 0.37 
β = 60° 0 1.93 0.31 0.36 

β = 90° 

0 2.40 0.31 0.35 
5 2.43 0.34 0.34 
8 2.45 0.33 0.33 
15 2.46 0.31 0.32 

 6.3.1 Apparent elastic modulus 

   The measured elastic modulus varies from 1.35 to 2.46 GPa, depending 

on the orientations of bedding planes. With larger orientation angles (β) the elastic 

modulus is higher. Figure 6.2 shows variation of apparent elastic modulus (Ey) under 

different β angles. The apparent elastic moduli are lower in the direction normal to 

bedding plane than those parallel to the bedding plane. Under higher confining 

pressures, the effect of transverse isotropic however tend to decrease. 

 6.3.2 Apparent Poisson’s ratio 

   The measured Poisson’s ratios vary from 0.31 to 0.36, depending on the 

β angles. They are calculated from the axial and tangential of the stress-strain curves at 

about 50% of the failure stress. The Poisson’s ratios between the directions that are 

parallel to strike of beds (νyz) are slightly lower than those between normal to the strike 

of beds (νyx). Figure 6.3 shows variation of apparent Poisson’s ratio under different β 
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angles. Dash line is the apparent Poisson’s ratio under uniaxial compression test and 

solid line is the apparent Poisson’s ratio with different angles β under confining 

pressure of 15 MPa. Poisson’s ratio tend to be independent of β when the confining 

pressure increases diagrams in Figures 6.2 and 6.3 suggest that under higher confining 

pressures both elastic moduli and Poisson’s ratios of rock salt tend to be insensitive to 

the transverse isotropic plane (bedding plane). In other word, the salt tend to behave as 

an isotropic material under confinement. This may be due to the healing mechanism of 

the intergranular boundaries of the salt.  

 

Figure 6.2 Variation of apparent elastic modulus (Ey) under different β angles. Lines 

are the calculated Ey. Data points are test results 
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Figure 6.3 Variation of apparent Poisson’s ratio νyx (a) and νyz (b) under different 

β angles. Lines are the calculated apparent Poisson’s ratio. Data points are 

test results. 

 



 
 

CHAPTER VII 

SALT PILLAR STABILITY ANALYSIS  

7.1  Introduction 

 This chapter presents a potential application of the research findings here to the 

initial stability analysis of salt pillars in the area where the salt bedding orientations can 

be varied. Tributary area concept is applied to determine pillar stresses under different 

depths and extraction ratios.  

7.2  Pillar Stress 

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

factor of safety (FS.) for the extraction ratios (e) of 20%, 30%, 40% and 50%. The mine 

depths are in the range between 200 and 400 m. The stresses on salt pillars can be 

written as (Hoek and Brown, 1980):  

  σP = [(ρH)/(1 - e)]× 100 (7.1) 

where ρ is in-situ stress gradient of overburden (approximated here as 0.022 MPa/m), 

and H is the mine depth. The calculations are made for the depths from 200 to 400 m. 

The factor of safety (FS) can be determined as:  

 
FS = σc(β)/σP                  (7.2) 

where σc(β) is the uniaxial compressive strength of salt specimens tested under different
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β angles, and σP is pillar stress. Figures 7.1 through 7.5 show the factors of safety as s 

function of pillar stress (σP) for different orientation angles. The results suggest that 

the factor of safety decreases with increasing pillar stresses, as shown in Table 7.1. The 

factors of safety linearly decrease with increasing of the extraction ratios. Largest 

factors of safety are obtained for β = 0° (bedding planes are in horizontal). The lowest 

factors of safety are at  β = 60°. This parametric study results can be used to draw a 

preliminary design of the mine panels where the salt bedding planes are varied.  

 

Figure 7.1 Factors of safety as a function of extraction ratio for five mine depths with 

β = 0°. Solid line indicate factors of safety equal to 1. 
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Figure 7.2 Factors of safety as a function of extraction ratio for five mine depths with 

β = 25°. Solid line indicate factors of safety equal to 1. 

 

Figure 7.3 Factors of safety as a function of extraction ratio for five mine depths with 

β = 45°. Solid line indicate factors of safety equal to 1. 
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Figure 7.4 Factors of safety as a function of extraction ratio for five mine depths with 

β = 60°. Solid line indicate factors of safety equal to 1. 

 

Figure 7.5 Factors of safety as a function of extraction ratio for five mine depths with 

β = 90°. Solid line indicate factors of safety equal to 1. 
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Table 7.1 Depth and factors of safety at different orientation angles.  

Depth 
(m) 

Extraction 
ratio, e 

(%) 

Factors of safety (FS) 

β = 0° β = 25° β = 45° β = 60° β = 90° 

200 

20 6.37 5.31 3.88 3.13 4.59 
30 5.57 4.64 3.39 2.74 4.01 
40 4.77 3.98 2.91 2.35 3.44 
50 3.98 3.32 2.42 1.96 2.87 

250 

20 5.09 4.25 3.10 2.50 3.67 
30 4.46 3.71 2.71 2.19 3.21 
40 3.82 3.18 2.33 1.88 2.75 
50 3.18 2.65 1.94 1.57 2.29 

300 

20 4.24 3.54 2.58 2.09 3.06 
30 3.71 3.10 2.26 1.83 2.68 
40 3.18 2.65 1.94 1.57 2.29 
50 2.65 2.21 1.62 1.30 1.91 

350 

20 3.64 3.03 2.22 1.79 2.62 
30 3.18 2.65 1.94 1.57 2.29 
40 2.73 2.27 1.66 1.34 1.97 
50 2.27 1.90 1.38 1.12 1.64 

400 

20 3.18 2.65 1.94 1.57 2.29 
30 2.79 2.32 1.70 1.37 2.01 
40 2.39 1.99 1.45 1.17 1.72 
50 1.99 1.66 1.21 0.98 1.43 

 

 

 



 
 

CHAPTER VIII 

DISCUSSIONS AND CONCLUSIONS 

8.1  Discussions  

   1) It is found here that the minimum strength of salt occurs when the normal 

to bedding planes makes an angle (β) of 60 degrees with the loading direction, 

especially under low confining pressures. This agrees with the test results obtained by 

McLamore and Gray (1967) on slate and shale, Al-Harthi (1998) and Colak and Unlu 

(2004) on sandstones, siltstone and claystone, and Saeidi et al. (2013) on sandstone, 

limestone, shale, slate, gneiss and schist. 

 2) The effect of transverse isotropy decreases when salt is subjected to higher 

confining pressures and could reach the isotropic behavior, which is different from the 

strength envelopes obtained by Jaeger et al. (2007). Colak and Unlu (2004) and 

Saroglou and Tsiambaos (2008) show that the transversely isotropic effect of most 

sedimentary rocks remains unchanged even under high confining pressures.   

  3) The decrease of transversely isotropic effect on rock salt is probably due to 

that rock salt specimens are capable of self-healing under high confining pressure as 

suggested by Fuenkajorn and Phueakphum (2011) and Konsaard et al. (2019). 

  4) The Mohr–Coulomb criterion is applicable under low confining pressures. 

For a wider range of confinements, Hoek–Brown criterion is more suitable to the test 

results, as non-linear σ1 − σ3 curves are clearly observed, as shown in Figures 5.11 

through 5.15.
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 5) Testing prismatic shaped specimens allows accurate measuring the 

deformations in the direction parallel and normal to the strike of bedding planes. Such 

measurement is not possible for cylindrical specimens.  

 8.2  Conclusions  

  1) The variation of strength with loading orientations shows U-shaped 

anisotropy curve where the strength is maximum when loading is perpendicular to the 

bedding (anisotropic) planes.   

  2) Hoek and Brown, Coulomb and strain energy criteria can incorporate the 

effect of transverse isotropy caused by the bedding planes, which can be applied to 

determine the salt strengths under in-situ conditions. All strength criteria used here give 

a good estimation of the salt specimen compressive strengths. 

 3)  The Hoek and Brown criterion can well describe the salt strength where the 

constant m is defined as polynomial function of angle β. The criterion can be useful for 

the design and stability analysis of support pillars in salt mines where the excavations 

intersect salt beds that are not in horizontal. 

 4)  The salt strengths increase with increasing confining pressure. The effect of 

transversely isotropy gradually decreases when the rocks are subjected to higher 

confining pressures and could reach the isotropic condition. This agrees with the test 

results obtained by Miller et al. (2013) on mudstone. 

 5)  The measured elastic modulus varies from 1.35 to 2.46 GPa, depending on 

the orientations of bedding planes. The results show transversely isotropic properties 

where the elastic modulus in the direction parallel to the bedding planes is greater than 

that normal to the bedding planes. 

 



57 
 

  6)  The measured Poisson’s ratios vary from 0.31 to 0.36, depending on the 

bedding orientations. The Poisson’s ratio on the plane parallel to the bedding is lower 

than those on the plane normal to the bedding. 

  7)  Based on the Amadei solutions, the apparent elastic modulus (Ey) is lower 

in the direction normal to bedding plane than those parallel to the bedding plane. The 

apparent Poisson’s ratios between the directions that are parallel to strike of bedding 

plane (νyz) are slightly lower than those normal to the strike of bedding plane (νyx). 

Poisson’s ratio tends to be independent of β under high confining pressures. 

 8)  Under higher confining pressures both apparent elastic moduli and 

Poisson’s ratios of rock salt tend to be insensitive to the transverse isotropic plane 

(bedding plane). In other word, the salt tend to behave as an isotropic material under 

confinement. This may be due to the healing mechanism of the intergranular boundaries 

of the salt. 

8.3  Recommendations for future studies 

  The uncertainties of the investigation and results discussed above lead to the 

recommendations for further studies as follows.  

1.  Increasing the number of the specimens would statistically enhance the 

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

2.  Mathematical relation between elastic moduli, Poisson’s ratio and bedding 

orientations under confinement is highly desirable.  

3.  Testing of rock salt under confining pressures greater than those used here 

would confirm the postulation that the bedded salt could become isotropic under very 

high confinement. 
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