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SALT/DILATION/STRENGTH/STRENGTH CRITERION 

 

The objective of this study is to determine the mechanical stability of support 

pillars in potash mines openings excavated in the MahaSarakham formation. 

Mechanical characterization tests have been performed on the potash specimens with 

carnallite contents (C%) varying from 0% to 100%. The compressive and tensile 

strengths and elastic moduli of the specimens exponentially decrease with increasing 

C%. The effects of the carnallite contents tend to act equally throughout the range of 

the confining pressures used here (0-12 MPa). The extraction ratios decrease with 

increasing C% and depth. Since the carnallite contains 26.8% by weight of sylvite 

(KCl), when C% increases, the pillar strength and extraction ratio decrease, but the 

excavated rock contains higher concentration of KCl. The strength criteria are derived 

as a function of C% and used to determine the extents of dilation and failure zones in 

rock salt around circular opening. The thickness of these zones increases with depth 

and C%. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background of problems and significance of this study  

The rapid growth of resources exploitation and the potential development of 

underground space utilization has called for a true understanding of the mechanical 

behavior of the MahaSarakham rock salt, particularly those of the Middle and Lower 

Members. Little, however, has been known or published about the salt mechanical 

properties as compared to other geological data of the formation.  One distinct 

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

high variations (Fuenkajorn, 2011).  These variations may be caused by internal 

(intrinsic) factors (i.e., differences in grain sizes, carnallite 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 reliability of laboratory-determined properties when 

applied to the design and analyses of engineering structures in salt mass. 

Inclusions and impurities in salt can affect its creep deformation and strength.  

The degree of impurity is different for different scales.  Handin et al. (1984) state that 

natural rock salt may contain three forms of impurities: (i) extraneous minerals may 

be disseminated between halite grains, (ii) some water may be trapped in the halite 

crystal structure or it may appear in brine filled fluid inclusions or along grain 

boundaries; (iii)  
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foreign ions such as K
+
, Ca

2+
, Mg

2+
, Br

-
 and I

-
 may be embedded in the crystal 

structure.  
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The coupled effects of impurities on the mechanical properties of salt can be 

verycomplicated (Franssen and Spiers, 1990; Raj and Pharr, 1992; Senseny et al., 

1992).  Handin et al. (1984) compare the steady-stateflow parameters obtained for 

pure halite with those for salt samples with 0.6% MgCl2 inclusions and with 0.1% 

KCl inclusions, and conclude that the inclusions appreciably affect the creep rate of 

salt.  The quantitative effect of these inclusions, however, cannot be determined due 

to insufficient data.Potash has become one of the prominent ores associated with 

MahaSarakham salt.  In the SakonNakhon basin, Asia Pacific Potash Corporation 

(APPC) has carried out an extensive exploration program, and drawn a detailed mine 

plan for extracting sylvite from the upper portion of the Lower Salt member (Crosby, 

2005). It has been estimated that the inferred reserves of sylvite are about 30210
9
 t 

for the Udon South deposit and 66510
9
 t for the Udon North deposit.  In the Khorat 

basin, Asean Potash Mining Company (APMC) has also conducted extensive studies 

and developed exploratory inclined shafts to investigate the feasibility of extracting 

carnallite from the Lower Salt member. 

Extensive laboratory testing has been performed to determine the mechanical 

and rheological properties and behavior of the MahaSarakham rock salt under a 

variety of boundary and loading conditions.  Wisetsaen et al. (2015) suggests that the 

tensile elastic modulus of the salt linearly decreases with increasing temperature.  The 

salt specimens also exhibit time-dependent behavior under tension, particularly under 

high temperatures and low loading rates.  Fuenkajorn et al. (2012) conclude from their 

experimental results that the salt elasticity and compressive strength increase with the 

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

Sriapai et al. (2013) find that the intermediate principal stress (2) or Lode parameter 
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can affect the compressive strengths of the MahaSarakham salt.  The salt elasticity 

however tends to be independent of 2. 

The researches above concentrate their efforts on the properties and behavior 

of rock salt with virtually pure halite.  The effects of carnallite content on the 

mechanical and rheological properties have never been addressed and investigated. 

Such knowledge can improve the understanding of the creep flowage and existing 

structures of the in-situ salt and carnallite.  It is also important for the carnallite ore 

exploitation and excavation design in the basins. 

The objective of this study is to determine the effects of carnallite contents on 

the strength and elasticity of the MahaSarakham rock salt. The effort involves 

characterization testing of the rock salt specimens with various carnallite contents.  

Uniaxial and triaxial compression tests are performed to determine the elastic 

parameters and compressive strengths of the specimens. The tensile strengths are 

investigated by performing the Brazilian tension test.  Hoek-Brown criterion is 

derived as a function of carnallite contents to determine the extents of dilation and 

failure zones in rock salt around vertical shaft. The minimum lining strength and 

thickness are calculated based on the strain energy density principle. 

 

1.1 Research objectives 

The objective of this study is to determine the effects of carnallite contents on 

the strength and elasticity of the MahaSarakham rock salt.  The effort involves 

performing characterization testing of the rock salt specimens with various carnallite 

contents.  Uniaxial and triaxial compression tests are performed to determine the 

elastic parameters and compressive strengths of the rocks.  The tensile strengths are 
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investigated by performing the Brazilian tension test.  The modes of failure and 

deformations of the specimens are identified and discussed. Suitable strength criteria 

are proposed to describe the specimen failure as a function of carnallite contents and 

confining pressure. The effects of the carnallite contents (C% percentage weight) on 

the borehole stability, pillar strength and extraction ratio are demonstrated. 

 

1.3 Research methodology 

The research methodology shown in Figure 1.1 comprises 7 steps; 

including literature review, sample preparation, laboratory test, analysis, 

applications, discussions and conclusions and thesis writing. 

1.3.1  Literature review 

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

basic properties of potash, mechanical properties of salt, extraction ratio and strength 

criterion.  The sources of information are from books, journals, technical reports and 

conference papers, journals, technical reports and conference papers.  A summary of 

the literature review is given in the thesis. 

1.3.2  Sample preparation 

The salt and potash (Carnallite) specimens are prepared with nominal 

dimensions of 5.4×5.4×10.8 cm
3
 for uniaxial and triaxial compression tests, and  62 

mm diameter for Brazilian tensile strength and point load test.  The all specimens are 

collected from depths ranging between 100 and 250 m at ASEAN Potash Mining Co., 

Ltd. (APMC) in the northeast of Thailand. The specimen belong to the 

MahaSarakham formation. The sample preparation and test procedures follow as 
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much as practical the ASTM standard practices (i.e. ASTM D3967-81, ASTM 

D5731-95 and ASTM D7012-07). 

1.3.3  Laboratory testing 

The laboratory testing includes uniaxial compression test, triaxial 

compressiontest, point load test and Brazillian tension test.   The rate of the applied 

stress is 0.1 MPa/s for the compression test. A polyaxial load frame is used to apply 

lateral confiningpressures of 1.7, 3, 5, 7, 9 and 12 MPa.  Over 100 specimens are 

tested to determine the uniaxial and triaxial compressive strengths.  The point load 

strength 
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Figure 1.1 Research methodology. 

index and Brazillian tension tests use over 90 specimens. 

1.3.4  Analysis and assessment 

Mathematical equations are derived to describe the rock strength and 

elasticity as a function of carnallite contents. 

1.3.5 Potential applications  

The obtained strength criteria are used to determine to suitable 

extraction ratio of salt and potash mines and to assess the stability of borehole and 

shaft in the formations. 

1.3.6 Discussions and conclusions 

Discussions are made on the reliability and adequacies of the 

approaches used here.  Future research needs are identified.   

1.3.7  Thesis writing and presentation  

All research activities, methods, and results are documented and 

complied in the thesis.  The research or findings are published in the international 

conference proceedings. 

 

1.4  Scope and limitations 

The scope and limitations of the research include as follows. 

1. All specimens will be prepared from the MahaSarakham formation 

(ASEAN Potash Mining Co., Ltd.). 

2. The nominal diameters are 62 mm for Brazilian tensile strength and point 

load test, and 5.4×5.4×10.8 cm
3
 for uniaxial and triaxial compression tests. 
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3. The confining pressures are maintained constant at 1.7, 3, 5, 7, 9 and 12 

MPa. 

4. The rate of the applied stress is 0.1 MPa/s. 

5. Over 100 specimens are tested. 

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

as practical. 

7. All tests are conducted at ambient temperature. 

 

1.5 Thesis contents 

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

methodology of the research. Chapter II present results of the literature review of 

basic properties of rock salt, strength criteria, extraction ratio in salt mine and 

borehole stability.  Chapter III describes the rock salt sample collection and 

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

describes the strength criteria. Chapter VI and Chapter VII describes the stability of 

pillar and shaft base on strength criteria.  Chapter VIII summarizes the research 

results, and provides recommendations for future research studies. 



 

CHAPTER II 

LITERATURE REVIEW 

 

2.1  Introduction  

Relevant topics and previous research results are reviewed to improve an 

understanding ofbasic properties of potash and mechanical properties of salt.  This 

review also includes the investigation of the extraction ratio and borehole stability.  

The summary of the results of this literature review is described below. 

 

2.2 Basic properties of rock salt 

Suwanich (2007) studies the potash-evaporite deposits in the northeastern 

portion of Thailand. The northeastern Thailand forms as the landscape of low 

elevation plateau (about 150-220 m. above mean sea level). This is called Khorat 

plateau. The Khorat plateau is divided into 2 basins, the north basin or SakhonNakhon 

basin and the south basin or Khorat basin. The potash minerals are deposited in the 

MahaSarakham Formation which is the rock salt main deposits. The MahaSarakham 

Formation is consisted of 3 layer salt beds, the Upper, Middle and Lower salt layers. 

These salt beds are interbedded by clastic sediments of sticky reddish brown mainly 

clay. The potash minerals have been found only at the top of the Lower Salt. There 

are only 2 kinds, carnallite (KMgCl36H2O) and sylvite (KCl). They are usually 

deposited and interlocking with halite or rock salt grains and called the carnallitite and 
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sylvite strata. The other evaporate minerals mostly found in the potash minerals are 

tachyhydrite (Mg- 
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rich mineral) and rare boracites and gypsum. The structure of the MahaSarakham 

Formation varies from common salt strata to salt domes. The Lower Salt in domed up 

through the Middle and Upper Salt closing to the surface. The peak or highest point of 

the domes is leached by groundwater remaining only the salt whereas the flank 

around the domes still remains the potash mineral containing sylvinite mainly. The 

carnallite is usually found beyond the flank of the domes. The theory said that the 

carnallite is the primary mineral while the sylvite is the secondary deposit altered 

from carnallite reacting with the groundwater in suitable condition. 

Mellegard et al. (2012) investigate the mechanical properties of potash in the 

laboratory.  The test specimens contained varying amounts of sylvite and carnallite.  

The use of X-Ray Diffraction (XRD) are costly and required destruction of the post-

test sample. An alternative approach are to use the mineralogical assay result obtained 

by the mining company through use the X-Ray Fluorescence (XRF).  Analysisof the 

laboratory testing data include sorting the test result into two separate databases,one 

for halite and one for sylvite.  Initially, the shorting of the data are bases on the bulk 

density of each specimen that was calculated during the specimen fabrication process.  

The density of halite is reported as 2.16 g/cc, while the density of sylvite is reported 

as 1.99 g/cc (Hurlbut and Klein, 1977).  Therefore, low-density specimens assumed to 

be high in either sylvite or carnallite, were categorized as having a density that ranged 

from 1.99 to 2.11 g/cc.  High-density assumed to be high in halite content, were 

categorized as having a density that ranged from 2.12 to 2.19 g/cc. The bulk density 

measurements preformed in the laboratory can be correlated to the mineralogical 

results. Using the percentage of mineral constituent, along with their respective 

densities, and estimated bulk density for each test specimen could be computed.  A 
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ratio of the estimated bulk density to the measured bulk density was computed and 

plotted as shown in Figure 2.1.  The plot in Figure 2.1 indicates that the measured 

bulk density values compare within ± 10 percent of the predicted density using the 

mineralogy result and that on average, the measured density is smaller than the 

predicted density, likely because the true porosity of the specimen is greater than zero. 

Weck et al. (2014) reported density functional calculations of the structures 

and properties of carnallite (KClMgCl26H2O) that possesses the orthorhombic space 

group Pnna, with Z = 12, and computed lattice parameters: a = 16:28 Å, b = 22:83 Å, 

c = 9:59 Å;  =  =  = 90° (V = 3564.13 Å
3
; b/a = 1:40; c/a = 0:59) (Figure 2.2). The 

crystal structure of carnallite consists of a network of face-sharing KCl6octahedra and 

of isolated Mg(H2O)6octahedra occupying the openings in the KCl network, with the 

water molecules acting as charge transmitters between Mg
2+

and Cl
-
 ions. The 

computed interatomic distances are 2.06-2.09 Å for Mg-OH2 and 3.18-3.36 Å for K-

Cl forming  
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Figure 2.1 Comparison of estimated bulk density from mineralogical result of 

measured bulk density for test specimens. (Mellegard et al., 2012) 

octahedra and the H···Cl hydrogen bonds are predicted to be in the range 2.14-2.19 

Å.The computed structure is about 3.0% larger than the structure characterized by 

Schlemper and co-workers (Schlemper et al., 1985) using XRD (Table 2.1), with good 

agreement found between calculated and measured axial ratios (i.e. b/a = 1:394; c/a = 

0:592). The measured interatomic distances in the octahedra are 2.027-2.053 Å for 

Mg-OH2 and 3.154-3.321 Å for K-Cl and the experimental H···Cl hydrogen bonds are 

in the range 2.255-2.429 Å. 

Tables 2.2-2.3 summarize the basic properties of rock salt from the laboratory 

tests from various sources. 
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Figure 2.2 Crystal unit cells of carnallite (KClMgCl26H2O; Pnna; Z = 12) optimized 

at the GGA/PBE level of theory. Color legend: K, purple; Ca, blue; Mg, 

orange; O, red; Cl, green; H, white; S, yellow. (Weck et al., 2014) 

Lajtai and Duncan (1988) Specimens of potash rock from the Rocanville mine 

of the Potash Corporation of Saskatchewan were subjected to uniaxial compression 

tests and to time-dependent creep tests under static, uniaxial loading.During the first 

cycle of loading, the main sources of the measured strain are compaction and dilation 

at grain boundaries and consolidation of the clay phase. The crystals of halite and 

sylvite deform elastically at low stress and in a brittle manner at high stress. There is 

little, if any, evidence for constant-volume plastic deformation at any level of uniaxial 

stress. The stress-strain curve can be divided into three parts, each representing a 

different dominant deformational process: a low-stress quasi-elastic, an intermediate-

stress ductile, and a high-stress brittle mechanism. The three parts are separated by the 

yield point (1-8 MPa) and the crack initiation point (10-13 MPa). The strength of the 

Rocanville potash specimens ranged between 15 and 18 MPa.The deformation of 

potash rock is strongly time dependent. There is evidence for the existence of all three 

stages of creep: transient, steady-state, and tertiary. There is very little 

interrelationship between the axial and lateral creep strains; the volumetric strain is 

negative at low stress and positive (dilatant) at high stress, but rarely, if ever, 

constant.  

Schlemper et al. (1985) study unit cell and the atomic parameters of carnallite 

were refined from three-dimensional X-ray diffraction data (a = 1.6119(3) nm, b = 

2.2472(4)nm, c = 0.9551(2) nm, space group: Pnna, Z = 12). The structural model 

determining the hydrogen positions and refining anisotropic temperature coeflicients. 
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The unique crystal structure of carnallite consists of a network of face-sharing 

KCl6octahedra and of isolated Mg(H2O)6octahedra occupying the openings in the KCl 

network. The water molecules act as charge transmitters between Mg
2+

 and Cl
1-

 ions.  

 

Table 2.1 Crystallographic data calculated at the GGA/PBE level of theory. 

(Hawthorne and Ferguson, 1976) 

Name Sp. gp. 

Z 

CarnallitePnna 

12 

a (Å) 16.28 

b (Å) 22.83 

c (Å) 9.59 

(◦) 90 

 (◦) 90 

 (◦) 90 

V (Å
3
) 3564.13 

The average interatomic distances are 0.2045 and 0.3238 nm, for Mg-(H2O) and K-Cl, 

respectively. 

 

2.3 Strength criteria 

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

and minor principal stresses at failure as: 

 
2

c3c31 sm   (2.1) 

where 1 and 3 are the effective major and minor principal stresses, respectively, 

atfailure; c is the uniaxial compressive strength of the intact rock; m, s and a are the 
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strength parameters depending on the quality of the rock mass, and can be estimated 

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

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

= 0.5) has 

Table 2.2 Comparison of Brazilian tensile strengths, uniaxial compressive strengths, 

elastic modulus and Poisson’s ratio of salt from various sources. (
1
Hansen 

et al., 1984; 
2
Boontongloan, 2000; 

3
Wetchasat, 2002; 

4
Devries et al., 2002; 

5
Jandakeaw, 2003 and 

6
Phueakhum, 2003) 

Locations 

Brazilian 

Tensile 

Strength 

(MPa) 

Uniaxial 

Compressiv

e Strengths 

(MPa) 

Elastic 

Modulus, E 

(MPa) 

Poisson’s 

ratio,  

Vacherie
1
 1.1 15.3 31.1 0.34 

Petal
4
 1.2 14.9 - - 

Avery Island 1.2 23.1 30.6 0.38 

Syracuse 1.2 - 14.6 0.28 

McInosh
4
 1.3 18.1 - 0.32 

Richton
1
 1.3 13.3 31.5 0.36 

Mississippi Hub 1.4 - 9.5 0.31 

Spindletop
4
 1.4 22.5 - - 

Thapra, Upper Salt (DEDE) 1.4 28.4 - - 

Week’s Island
1
 1.5 13.9 30.5 - 

Jefferson Island
1
 1.5 24 29.5 0.29 

UdonThani, Middle Salt
3
 1.5 30.2 24.7 - 

UdonThani, Lower Salt 1.5 31.1 28.2 0.37 

Napoleonville
4
 1.6 21.2 - - 

Trapra
5
 1.6 29 - 0.40 

New Mexico
1
 1.6 26 25.4 - 

Permain
1
 1.7 22.2 26.6 0.33 

Cote Blanche
1
 1.9 25.2 24.1 0.41 
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UdonThani, Middle Salt
6
 1.9 30.2 - - 

UdonThani, Middle Salt
2
 2.2 25.7 - - 

Paradox
1
 2.6 33.3 31.0 0.36 

 

 

not been changed and is given by Hoek et al. (2002) propose a generalized form of the 

Hoek-Brown criterion as: 

 1 = 3 + (m3 c + sc 
2
)
a
 (2.2) 

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 

particle interlocking.  Although it has been noted that Equation 2.2 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 n and the shear stress τ across this plane are related by 

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

ni0
S   (2.3) 

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 linearized form of the Mohr failure criterion may 

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

3C1
q  (2.4) 
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where:     2/4/tan1q 2
2

2

i

2/12

i
  (2.5) 

where1 is the major principal effective stress at failure,  3 is the least principal  

effective stress at failure, c is the uniaxial compressive strength and ϕ is the angle of 

Table 2.3 Comparison of cohesion and Internal friction angles of salt from various 

sources. (
1
Hansen et al., 1984; 

2
Lux and Rokahr, 1984 and 

3
Wetchaset, 

2002) 

Locations 
Cohesion  

(MPa) 

Internal friction angles 

(Degrees) 

Vacherie
1
 2.07 59.5 

Week’s Island
1
 2.08 55.0 

Richton
1
 2.10 51.6 

S.E. New Mexico (1900’ level)
1
 2.31 59.1 

Avery Island
1
 2.60 - 

Jefferson Island
1
 3.04 59.7 

Permain1 3.08 56.7 

Lyons
1
 3.14 - 

S.E. New Mexico (2700’ level)
1
 3.24 61.6 

Cote Blanche
1
 3.49 58.9 

Paradox
1
 4.68 58.8 

Thhapra (DEDE) 5.00 49.0 

UdonThani (DEDE) 6.00 49.7 

Udon Thani
3
 8.00 45 

Gernany
2
 10.00 - 

internal friction equivalent to tan
-1

 µi. This failure criterion assumes that the 

intermediate principal stress has no influence on failure. 
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Wiebols and Cook (1968) proposed a model which describes the impact of the 

intermediate principal stress (2) on rock strength. By considering shear strain energy 

of micro cracks in the rock, they gave physical description of sliding microcracks 

surfaces which cause failure when the stress condition meet frictional criterion. In 

better words, by micromechanical analysis of sliding cracks, Wiebols and Cook 

concluded the rock will fail when shear strain energy which is enclosed with 

microcracks reaches a critical level. A model which presented later on (Zhou, 1994) 

as an extension of circumscribed Drucker Prager is a nonlinear criterion which is 

called Modified Wiebols-Cook due to similarities to the original model by Wiebols 

and Cook (Zhou, 1994).  

2

11
1/2
2 CJBJAJ   (2.6) 

where J1 is the mean effective confining stress and J2 is the second  invariant 

ofdeviatoric stress related to octahedral shear stress. The mean normal stress 

component in Modified Wiebols-Cook has quadratic form while in the Drucker-

Prager criterion has linear form. The parameters A, B, and C can be determined from 

result of conventional triaxial test under different conditions. The Mohr-Coulomb 

criterion parameters including uniaxial compressive strength (c) and flow factor (q) 

can be used as input for determination of A, B, and C. 

























2q

1q

)σ1q2(2C

)σ1(qC

)σ1(qC2

27
C

c31

c31

c31

 (2.7) 

where the coefficient of internal is frictional angle and presented. 
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ci1 )μ0.61(C   (2.8) 

c is uniaxial compressive strength of the rock 

 i = tan 

 q = {(i
2
 + 1)

1/2
 + i}

2
 = tan

2
 (/4 +  / 2) 

And parameter A is function of B and C: 

3c
)σ2(q2(

3

C

2q

)1(q3
B 




  (2.9) 

C
9

B
33

A

2

ccc








  (2.10) 

The criterion can also be expressed in terms of the principal stresses at failure as:  

)σ(σ
Cσ

)Bσ(A3)(6
σ

32

m

m

1








 
  (2.11) 

where )σσ(σ 2

3

2

2

2

1
  

 )σσσσσ(σ
323121

  

 Rafiai (2011) proposes a new criterion for prediction of intact rock and rock 

mass failure under polyaxial state of stresses. A comprehensive database of the results 

of uniaxial, triaxial, and polyaxial tests on the intact rock are utilized for evaluation of 
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the new criterion and comparison of its accuracy with the most accurate and 

frequently used criteria. Analysis of 195 individual data groups of brittle failure in the 

form of (3, 1)for twelve different rock types showed that the proposed criterion lead 

to determination coefficients higher than 0.99 in most cases. It also gave the lower 

values of root mean squared errors relative to Mohr-Coulomb and Hoek-Brown 

criteria in fitting the normalized strength data for each rock type. The criteria were 

used to fit a typical series of triaxial strength data including brittle and ductile 

behavior. It showed that the new criterion can maintain its accuracy over a wider 

range of stresses. In the absence of rock mass strength data, the applicability of the 

new criterion for rock mass are verified by fitting it to typical Hoek-Brown failure 

envelopes. Regression analysis of the polyaxial strength data in the form of (3, 2, 

1) for six rock types showed that the new criterion in all cases. 

Fuenkajorn et al. (2012) proposed strain energy criterion for salt at dilation 

and at failure from various loading rates.  Several forms of the strength and dilation 

criteriahave been derived.  It is found that the Wd,d-Wm,d criterion is the most 

comprehensive formulation, and perhaps is the most reliable. It implicitly incorporates 

the rate effect, and requires complete stress-strain relations that must be obtained from 

compression testing under various loading rates. The oct,f-∂oct/∂t and oct,d-∂oct/∂t 

criteria are the simplest. They do not consider the induced strains, but explicitly 

incorporate the effects of the shear rate and mean stress into their formulation. The 

shear strains induced at dilation and failure are added into the formulation of the oct,f-

oct,fand oct,d-oct,dcriteria to implicitly consider the rate effect.  

Artkhonghan and Fuenkajorn (2015) proposed energy criterion derived from 

constant mean stress data, which tends to give the most conservative results.  The 
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strain energy 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 3 and m. 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. 

 

2.4 Extraction ratio 

The tributary area theory, also known as extraction ratio approach, is based on 

simple equilibrium analysis. The extraction ratio depends on the pillar layout; pillar 

load is calculated based on the geometry and dimension of room and pillar. For the 

describing pillar stress in term of extraction ratio, the following expressions modified 

by Biron and Arioglu (1980) can be used: 

P

H
1e




  (2.12) 

where e is extraction ratio, p is horizontal stress,  is unit weight of rock material and  

H is depth. 

Hedley (1967) proposed the strain is constant as the pillar height changes. This 

causes the convergence to change proportionally to the pillar height. The pillar height 
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does not affect the extraction ratio because the extraction ratio is only dependent on 

the area. The extraction ratio is a function of the pillar width and the room width, and 

it is defined by the following: 

 
  arearepository

arearoomexcaveted

WW

WWW
ratioextraction

2

R

22

R 



  (2.13) 

where W is the pillar width of a square pillar and WR is the room width. The 

extraction ratio is decided based on the depth of the mine and strength of the rock salt. 

Most room and pillar salt mines use an extraction ratio of approximately 0.55, which 

is generally the most accepted economical and stable value in practice. However, 

there have been extraction ratios ranging from 0.20 to 0.90 for some room and pillar 

salt mines. Low extraction ratios are usually due to pillars widths much larger than 

room widths which result in low convergence rates. 

 

2.5 Borehole Stability 

Infante and Chenevert (1989) presented a mathematical and laboratory 

analysis that provides solutions to the problem of plastic flow of salt formations into 

wellbores. The predict show the salt will flow and what type of mud might be used to 

control such flow for various well conditions.  In the mathematical analysis, it is 

assumed that the incipience of plasticity in the formation is regulated by the level of 

octahedral shear stress and that the formation is neither permeable nor porous, but 

homogeneous and isotropic. The stress distribution in the neighborhood of the 

borehole is studied, and conditions under which this distribution is elastic, 

elastoplastic, or plastic are determined. Equations are derived that, in terms of two 
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constants of the formation material, yield, and the limit of elasticity.  Factors 

calculated include the radius of the plastic front and the percent of the borehole-

diameter shrinkage as a function of mud weight used. This study was prompted by 

past failures in drilling through the Louannsalt formation at depths of 12,500 to 

14,000 ft (3810 to 4270 m), a formation that exhibits rapid plastic flow at low mud 

weights and at the temperatures and pressures encountered. The techniques presented 

were applied to subsequent drilling of this salt section, and the zone are penetrated 

without the problem of plastic flow.  Salt-property constants were developed at 

elevated temperatures and pressures for the Louann salt formation by use of the 

triaxial test cell.  Data are presented for elastic, plastic, and creep deformation of salt 

for pressures to 13,200 psi (91 MPa) and temperatures to 350 °F (177 °C). 

Nomographs are also presented to facilitate the rapid determination of salt behavior, 

for a given depth and temperature, it is possible to specify a mud weight so that the 

salt will behave either elastically, in creep flow, or plastically. If plastic flow is 

predicted, the amount of borehole-diameter reduction is specified. 

Morita (2004) studies laboratory and field borehole stability data, an empirical 

correlation of borehole size and stress gradient effects is derived. Using the 

correlation, the well orientation effect on borehole stability is numerically studied. 

The study shows that the borehole stability is controlled, under the normal condition, 

by the largest in-situ stress in the radial borehole direction so that the borehole 

orientation effect for a horizontal well is not significant if two horizontal stresses are 

less than the vertical overburden pressure, however, if one horizontal stress is greater 

than the vertical stress, the orientation significantly affects the borehole stability. 



CHAPTER III 

SAMPLE PREPARATION 

 

3.1  Sample preparation 

Rock salt blocks (0.5×0.5×0.7 m
3
) are collected from an underground 

carnallite mine in the northeast of Thailand.  They belong to the Lower Salt member 

of the MahaSarakham formation.  The carnallite beds are commonly found near the 

top of the Lower Salt member.  Hite and Japakasetr (1979), Hite (1982) and Suwanich 

(1984) state that the carnallite origin should be a primary mineral and is often found 

near flanks or shelves of salt domes or anticlines.  Only rock salt blocks that contain 

halite and carnallite are used to prepare the specimens in this study.  The carnallite 

appears as crystalline or granular masses.  In some blocks the interbeddings of 

carnallite and halite can be clearly seen.  In some blocks the contacts between the two 

minerals cannot be defined.  An attempt was made here to obtain rock cores by using 

an impregnated diamond coring bit with 54 mm diameter.  During drilling, the high 

carnallite contents specimens tended to break along the bedding planes.  The obtained 

core length was less than twice the core diameter.  The specimens used for the 

uniaxial and triaxial compression tests are therefore prepared as rectangular blocks 

with nominal dimensions of 54×54×108 mm
3
.  Figure3.1 shows some examples of the 

rectangular block specimens.  For the Brazilian tension test, 62 mm diameter disks 

can be prepared with thickness-to-diameter ratio of 0.5.   

 



24 

 
3.2  Chemicalcomposition 

Chemical analyses by X-ray diffraction (XRD) performed on some specimens 

show that the primary mineral compositions of the specimens are halite and carnallite, 

which are of interest in this study (Table 3.1).  The halite crystals are about 2-5 mm.  

The size of carnallite crystals varies greatly from 1 mm to 2 cm.  Other minerals are 

relatively small and tend to appear about the same amounts in all specimens.  Due to 

the difference of densities between halite and carnallite, the carnallite contents (C%) 

for each specimen can be estimated by:  

100C
cs

s
% 














  (3.1) 

whereis specimen density,s is density of halite (2.16 g/cc) andc is density of 

carnallite (1.60 g/cc) (Klein et al., 1998).  The discrepancy between the carnallite 

contents obtained by the chemical analyses and by density ratio in equation (1) may 

be caused by the preparation procedure to obtain powder samples for the XRD 

analysis.  Some hydroxyls may be lost during grinding of the rock 

fragments.Appendix A show summarizes the specimen number, dimensions, density 

and carnallite content of Brazilian tension test, uniaxial compression tests, point load 

test and triaxial compression tests. After preparation the specimens are wrapped with 

plastic sheet at all time to prevent it from subjecting to the surrounding humidity. 
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Figure 3.1Some specimens prepared for the laboratory test. 

 

Table 3.1 Chemical compositions of some specimens. 

Components 
Sample  

no. 1 

Sample 

no. 2 

Sample 

no. 3 

Sample 

no. 4 

Carnallite (KMgCl3 6H2O) 0.05 24.75 38.31 52.98 

Halite (NaCl) 92.40 64.60 42.80 35.97 

MgCl2 5.71 8.93 9.69 5.55 

Calcite (CaCO3) - 0.21 0.48 1.92 

Anhydrite (CaSO4) 0.11 0.17 0.65 1.23 

Sylvite (KCl) 0.09 0.19 6.10 1.01 

Hydrophilite (CaCl2) - - 1.64 0.56 

Wuestite - 0.06 0.43 0.44 

Calcium Chloride (CaCl) 1.65 1.08 0.89 0.33 

Density (g/cc) 2.11 1.96 1.89 1.76 

C% (determined by density ratio) 8.56 36.12 49.01 71.08 
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CHAPTER IV 

LABORATORY TESTING 

 

4.1  Introduction  

The objective of this section is to describe the test methods and results of the 

effects of carnallite content on strength and deformability of the MahaSarakham. All 

proposed testing procedures and equipment are also described. 

 

4.2  Brazilian tension test 

The Brazilian tension test method and calculation follow the ASTM (D3967-

81) standard practice and the ISRM suggested methods (Brown, 1981).  Over sixty 

specimens with various carnallite contents have been tested.  The specimens have 

nominal diameters of 54 mm with length-to-diameter of 0.5.  The bedding planes are 

parallel to the specimen axis (Figure 4.1).    

 

4.3 Uniaxial compression test 

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

strength and the deformability of the specimens under uniaxial load at various 

carnallite content. The test procedures follow the American Society for Testingand 

Materials (ASTM D 7012-07) and the suggested methods by ISRM (Bieniawskiand 
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Bernede, 1978). The tests are performed by applying uniform axial stress 

underconstant rate at
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Figure 4.1Rock salt specimen with diameter placed under uniaxial load frame. 

 

0.1 MPa/s to the rectangular rock specimen and measuring the increase of axial strains 

as a function of time (Figure 4.2). The post-failure characteristics are observed and 

recorded. 

 

4.4 Point Load Test 

The point load strength test is performed using irregular shaped specimens 

with nominal dimensions of 10-20 cm.  The test method follows the ASTM (D5731-

95) standard practice.Over fifty specimens have been tested.  The loading direction is 

normal to the bedding planes whenever they can be defined (Figure 4.3) 
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Figure 4.2Rock salt specimen with dimensions of 54×54×108 mm
3
 placed under 

uniaxial load frame. 

 

 

Figure 4.3Point load testing on rock salt specimen. 
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4.5 Triaxial compression tests  

A polyaxial load frame (Figure 4.4) has been used to apply lateral and axial 

stresses on the rectangular specimens.  Sixty specimens have been tested.  Except for 

the specimen geometry the test procedure and calculation follow the ASTM (D7012-

07)standard practice.Exhaustive reviews of the polyaxial load frame have recently been 

 

 

Figure 4.4Polyaxial load frame used in this study (Walsri et al., 2009). 
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given in Fuenkajorn et al. (2012). The testing system is always calibrated before 

testing. In this study, σ2 and σ3 are equal ranging from 1.7, 3, 5, 7, 9, 12 MPa.  

Perforated neoprene sheets have been placed at the interface between loading platens 

and rock surfaces to minimize the friction for saturated condition. After installing the 

rectangular specimen into the load frame, dead weights are placed on the steel bar to 

obtain the pre-defined magnitude of the uniform lateral stress (σ3) on the specimen. 

The test is started by increasing the vertical 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 are recorded and mode 

of failure examined.  

 

4.6  Test results 

 4.6.1  Brazilian tension test 

Figure 4.5 plots the Brazilian tensile strengths (B) as a function of C% 

varying from 0% (pure halite) to 94%.  Post-test observations show that there are two 

combined modes of fracturing in the specimens: cleavage fracturing in halite and 

conchoidal fracturing in carnallite.  The tensile strengths decrease exponentially with 

increasing carnallite contents: 

B = 1.88exp(-0.020C%) MPa  (4.1) 

The tensile strengths for pure carnallite specimens are about 14% of those of 

pure halite.  The strengths show relatively high intrinsic variability (R
2
 = 0.873) for 

all C%’s. This could be explained by the fact that the tensile splitting of the disk 
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specimen may be governed by the orientations and amounts of halite and carnallite 

along the  

 

 

Figure 4.5Brazilian tensile strengths as a function of carnallite content. 

 

loading diameters.  Under the same C%, the specimens may show high strengths if the 

tensile splitting occurs through salt crystals.  The low strengths may be obtained for 

the tensilecracks that are largely induced through the carnallite crystals. 

 4.6.2 Uniaxial compression test 

  The uniaxial compressive strengths (c) as a function of C% at dilation 

and at failure are shown in Figure 4.6. 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 show that the strengths at dilation (c,d) and at failure 

(c,f) exponentially decrease with increasing C%, and can be represented by: 
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c,d = 8.89 exp(-0.021C%) MPa  (4.2) 

c,f = 23.19 exp(-0.012C%) MPa (4.3) 

The exponential equations above fit relatively well to the strength results (R
2
 

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

with pure halite (C% = 0), and about 10% of the failure strength for specimens with 

over  

80% carnallite content.  Shear fractures are induced in all specimens.  They cut 

through both halite and carnallite crystals.  No distinctive difference of the failure 

mode is found among specimens with different C%.   

4.6.3  Point load test 

The relations between the point load strength index (Is) and C% are 

shown inFigure 4.7(a). Mode of failure shows extensile splitting between the loading 

points. The point load strength index (IS) exponentially decreases with increasing C%:   
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Figure 4.6Dilation and failure strengths as a function of carnallite content. 

 

 

 

Is = 1.77 ·exp (-0.011·C%) MPa  (4.4) 

The stress conversion factor (k) between c and IS for various carnallite 

contents can be determined.  The values of k slightly decrease with increasing C% 

(Figure 4.7(b)) and can be represented by:   

k = (c/Is) = -0.013·C%+ 13.091 (4.5) 

4.6.4  Triaxial compression tests 

Figure 4.8shows the stress-strain curves monitored from the triaxial 

test specimensunder various carnallite contents and confining pressures.  The effect of 

carnallite contents can be observed by the reduction of failure stresses, and the 

increase 
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Figure 4.7Point load strength index (a) and strength conversion factor (b) as function  

ofcarnallite content. 

 

of the failure strains, particularly under low confining pressures.  All post-test 

specimens show multiple shear failures shown in Figure 4.9.   
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Figure 4.8Stress-strain curves obtained for triaxial strength testing. 
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Figure 4.9 Some post-test specimens showing combination of shear failures. 

 

 

4.6.5  Elastic parameter 

The elastic modulus (E) and Poisson’s ratio () of the specimens can 

be determined by assuming that the specimens are isotropic, and hence the shear 

(rigidity) modulus (G), Lame constant (), and Poisson’s ratio () can be calculated 

from (Jaeger et al., 2007): 

G = (1/2) (oct / oct)  (4.6) 

3m = (3 + 2G) v  (4.7) 

 =  / (2 ( + G))  (4.8) 
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E = (2 (1 + )) G  (4.9) 

whereoct, oct, m and v are the octahedral shear stress and strain, mean stress, and 

volumetric strain at dilation (the point where the elastic parameters are determined).  

The elastic modulus rapidly decreases with increasing C% (Figure 4.10(a)):   

E = 16.81 exp(-0.021C%) GPa (4.10) 

Extrapolation of the above equation suggests that pure carnallite specimens 

would have the elastic modulus of less than 2 GPa.  The increase of the Poisson’s 

ratio with increasing carnallite contents can be represented by a linear equation 

(Figure 4.10(b)): 

 = 0.002  C% + 0.26 (4.11) 

Table 4.1 summarizes the strengths and elastic parameters obtained from 

triaxial testing.The results suggest that under loading the carnallite tends to dilate 

more than testing.The results suggest that under loading the carnallite tends to dilate 

more than halite.  This is probably due to the fact that carnallite is softer and has no 

cleavage while the stronger halite crystal has three mutually perpendicular cleavage 

planes. 
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Figure 4.10 Elastic modulus (a) and Poisson’s ratio (b) as function of carnallite 

content. 
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Table 4.1 Summary of the strength results and Elastic parameters obtained from 

triaxial 

compression tests. 

 

3 

(MPa) 
C% 

1,d 

(MPa) 

1,f 

(MPa) 

G 

(GPa) 


(GPa) 


E 

(GPa) 

0 

96 1.09 7.3 0.7 6.7 0.45 2.1 

95 1.21 7.4 0.8 7.1 0.45 2.3 

94 1.09 7.5 0.7 6.1 0.45 2.1 

92 1.29 7.7 0.8 6.7 0.44 2.4 

91 1.32 7.8 0.9 6.6 0.44 2.5 

90 1.34 7.9 0.9 6.5 0.44 2.5 

84 1.52 8.5 1.0 6.0 0.43 2.9 

81 1.62 8.8 1.1 5.8 0.42 3.1 

78 1.73 9.1 1.2 5.7 0.42 3.3 

77 1.76 9.2 1.2 5.7 0.41 3.3 

75 1.84 9.4 1.2 5.6 0.41 3.5 

73 1.92 9.7 1.3 5.6 0.41 3.6 

70 2.04 10.0 1.4 5.5 0.40 3.9 

69 2.09 10.1 1.4 5.5 0.40 3.9 

68 2.13 10.3 1.4 5.5 0.40 4.0 

65 2.27 10.6 1.5 5.5 0.39 4.3 

62 2.42 11.0 1.7 5.5 0.38 4.6 

61 2.47 11.2 1.7 5.5 0.38 4.7 

60 2.52 11.3 1.7 5.5 0.38 4.8 

57 2.69 11.7 1.8 5.5 0.37 5.1 

55 2.80 12.0 1.9 5.5 0.38 5.3 

54 2.86 12.1 2.0 5.5 0.37 5.4 

53 2.92 12.3 2.0 5.5 0.37 5.5 
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Table 4.1 Summary of the strength results and Elastic parameters obtained from 

triaxial 

3 

(MPa) 
C% 

1,d 

(MPa) 

1,f 

(MPa) 

G 

(GPa) 


(GPa) 


E 

(GPa) 

0 

51 3.05 12.6 2.1 5.5 0.36 5.8 

50 3.11 12.7 2.2 5.6 0.36 5.9 

46 3.38 13.4 2.4 5.6 0.35 6.4 

45 3.46 13.5 2.4 5.6 0.35 6.5 

44 3.53 13.7 2.5 5.7 0.35 6.7 

37 4.09 14.9 2.9 5.8 0.33 7.7 

24 5.37 17.4 3.9 6.2 0.31 10.2 

19 5.97 18.5 4.3 6.4 0.30 11.3 

14 6.63 19.6 4.9 6.6 0.29 12.5 

14 6.63 19.6 4.9 6.6 0.29 12.5 

13 6.77 19.8 5.0 6.6 0.29 12.8 

11 7.06 20.3 5.2 6.7 0.28 13.3 

11 7.06 20.3 5.2 6.7 0.28 13.3 

9 7.36 20.8 5.4 6.8 0.27 13.9 

9 7.36 20.8 5.4 6.8 0.28 13.9 

9 7.36 20.8 5.4 6.8 0.29 13.9 

7 7.67 21.3 5.7 6.9 0.28 14.5 

5 8.00 21.8 6.0 7.0 0.27 15.1 

5 8.00 21.8 6.0 7.0 0.25 15.1 

4 9.17 22.7 6.1 7.0 0.27 15.3 

4 8.14 22.1 6.2 7.6 0.26 15.5 

4 9.57 23.1 6.4 7.0 0.27 15.7 

0 8.89 24.2 6.7 7.2 0.26 16.8 
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compression tests (cont.). 

 

Table 4.1 Summary of the strength results and Elastic parameters obtained from 

triaxial 

0 8.56 21.2 6.7 7.5 0.26 17.0 

3 

(MPa) 
C% 

1,d 

(MPa) 

1,f 

(MPa) 

G 

(GPa) 


(GPa) 


E 

(GPa) 
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compression tests (cont.). 

 

Table 4.1 Summary of the strength results and Elastic parameters obtained from 

triaxial 

0 

0 8.84 23.2 6.7 7.6 0.25 16.2 

0 8.89 27.9 6.9 7.7 0.26 18.7 

0 8.51 25.2 7.0 7.9 0.27 16.6 

0 8.86 23.4 6.7 7.6 0.26 17.3 

1.7 

94 6.7 25 1.3 1.0 0.35 3.3 

57 8.9 28.1 2.0 1.8 0.33 5.1 

31 12.4 32.5 2.8 2.4 0.29 9.9 

0 18.5 37.6 8.2 6.0 0.27 20 

3 

79 12.3 32.8 1.6 1.6 0.34 4.4 

48 15.4 36.9 1.8 5.2 0.32 6.1 

0 24.7 45.1 7.0 6.4 0.26 15.8 

0 26.3 41.9 7.7 7.8 0.27 16.6 

5 

94 13.0 39.7 0.9 1.6 0.4 2.4 

54 17.7 45.1 2.0 1.9 0.33 5.7 

44 22.3 47.4 2.1 3.4 0.31 8.6 

20 25.0 51.9 3.6 4.1 0.3 10.5 

0 32.4 54.1 9.5 11.3 0.27 16.9 

0 32.1 56 8.0 14.9 0.27 17.1 

7 

93 16.8 46 0.8 1.9 0.38 3.0 

71 19.4 50.4 1.4 2.7 0.35 4.2 

45 24.3 52.7 2.4 3.4 0.31 7.0 

25 28. 56.1 3.9 6.1 0.28 9.9 

0 37.7 63.6 10.1 13.8 0.26 16.1 

0 38.4 60 7.01 15.3 0.26 16.5 
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compression tests (cont.). 

 

 

 

3 

(MPa) 
C% 

1,d 

(MPa) 

1,f 

(MPa) 

G 

(GPa) 


(GPa) 


E 

(GPa) 

9 

90 18.9 50.2 0.8 2.1 0.4 2.9 

78 21.8 53 1.0 2.3 0.37 4.2 

66 24.5 54.7 1.5 3.0 0.35 5.3 

24 31.9 60.8 3.9 9.0 0.29 10.2 

0 42.6 67 7.4 14.57 0.27 16.1 

12 

93 23.9 55.8 0.7 2.6 0.4 3.5 

75 27.9 61.4 1.2 2.9 0.38 4.8 

52 35.1 63.6 2.4 4.9 0.34 7.7 

26 41.0 68.1 4.1 7.2 0.3 10.8 

0 41.0 71.1 6.6 15.4 0.26 16.3 

0 51.0 81.2 10.9 4.5 0.26 16.9 



CHAPTER V 

STRENGTH CRITERIA 

 

5.1  Introduction 

The strength criteria used in this study include the Hoek and Brown, Yudhbir, 

empirical equation and strain energy density criteria. The principal stresses at failure 

are used to calibrate the strength parameters. The coefficient of correlation is 

calculated for each criterion to determine its predictive capability. These calibrated 

criteria will be used to predict the extraction ratio and stability condition of circular 

hole in infinite medium which will be presented in chapter VI and VII 

 

5.2  Strength criteria 

Hoek and Brown strength criterion 

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

describe the relationship between the major (1) and minor (3) principal stresses at 

dilation and at failure of the triaxial test results: 

1 = 3 + (m3 c + sc 
2
)
1/2

  (5.1) 

wherem and s are material constants.  For intact specimens used in this study, s = 1.  

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

failure: 
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1,d= 3 + (md 3 c,d+ sc,d
2
)
1/2

 (5.2) 

1,f =3 + (mf 3 c,f+ sc,f
2
)
1/2

           (5.3) 

wheremd and mf represent the conditions at dilation and at failure.  Via regression 

analysis they can be defined as a function of C% as: 

md = -0.085 C% + 14.73  (5.4) 

mf = -0.033 C% + 18.09 (5.5) 

By substituting Equations (4.2), (4.3), (5.4) and (5.5) into Equations (5.2) and 

(5.3), the complete dilation and failure criteria for specimens with varied C% can be 

obtained.  Figure 5.1 compares the criteria with the strength data. Good correlation is 

obtained (R
2
> 0.9). The results suggest that the specimens becomes softer as the C% 

increases, as evidenced by the decrease of parameter m (Figure 5.2). 

 

Yudhbircriterion 

Yudhbir et al. (1983) modify the original Bieniawski criterion (1974). The 

new criterion can be written in a more general form as: 

σ1,d/σc=A+B(σ3/σc,d)
b
 (5.6) 

σ1,f/σc=A+B(σ3/σc,f)
b
 (5.7) 
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where A is b dimensionless parameter whose value depends on rock mass quality, and 

B is material constant depending on rock type. Figure 5.3 compare the criterion with 

the test results in the terms of σ1 as a function of σ3 at dilation and at failure. 

 

 

Figure 5.1Major principal stresses at dilation (a) and at failure (b) as a function of 

minor principal stress.Hoek-Brown strength criterion fitted to strength 

data.  Numbers in the diagrams indicate carnallite contents. 
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Figure 5.2 Hoek-Brown parameter m as a function of carnallite content. 

 

Empirical equation 

An empirical equation is proposed to predict the compressive strengths under 

various confining pressures and carnallitecontents: 

σ1,d= C+D σ3
d 

(5.8)
 

σ1,f = C+D σ3
d 

(5.9)
 

whereσc is the salt compressive strength (MPa), C, D and dare empirical constants. 

Figure 5.4 compares the test data with curve fits of the strength criterion in the terms 

of σ1 as a function of σ3 at dilation and at failure.Good correlation is obtained for both 

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

minor principal stress.Yudhbircriterion fitted to strength data.  Numbers 

in the diagrams indicate carnallite contents. 
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Figure 5.4Major principal stresses at dilation (a) and at failure (b) as a function of 

minor principal stress.Empirical equation fitted to strength data.  

Numbers in the diagrams indicate carnallite contents. 
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5.3 Strength criterion based on strain energy principle 

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

and deformation under different confining pressure. The distortional strain energy at 

dilation (Wd,d) and at failure (Wd,f) can be calculated from the shear modulus and 

octahedral shear stresses for each rock specimen as follows (Jaeger et al., 2007):  

Wd = (3/2)oct,foct,f (5.10) 

Wd,d= (3/2)oct,doct,d (5.11) 

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

octahedral shear strain at failure and at dilation. 

 It is assumed that under a given mean stress the distortional strain energy 

required to dilate and to fail the rock salt specimens is constant. The distortional strain 

energy linearly increases with the mean stress: 

Wd,d= {[(-C%) + ]m) + ((-C%) + ) MPa (5.12) 

Wd,f= {[(-C%) + ]m) + ((-C%) + ) MPa (5.13) 

where , , , , , ,  and are empirical constants. For the MahaSarakham salt 

they are defined as: 0.00011, 0.027, 0.0001, 0.031, 0.00015, 0.038, 0.0004 and0.055, 

respectively. Equations (5.12) and (5.13) can be used to predict the rocksalt strength 

and dilation in terms of the maximum distortional strain energy that salt can absorb 

before dilation or failure occurs. Figure 5.5 compares the strength criteria with the 
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strength data. Vary good correlation coefficients are obtained both at dilation and 

failure. 

 

Figure 5.5Distortional strainenergyat dilation (Wd,d) and at failure (Wd,f) as a function 

ofmean stress (σm) for various confining pressures (σ3) and carnallite 

content (C%). 



CHAPTER VI 

PILLAR STABILITY 

 

6.1 Introduction 

The objective of this chapter is to determine the stability of pillars and 

extraction ratios of potash mines. The strength criteria developed byHoek and Brown, 

Yudhbir, empirical equation and strain energy density principle given in the previous 

chapter will be applied in the analysis. 

 

6.2  Extraction ratio 

The tributary area concept is first applied here to determine the extraction ratio 

of mine horizon at different depths (100 m-400 m).  To describe the extraction ratio in 

terms of pillar stress, the expression obtained by Biron and Arioglu (1980) can be 

u s e d : 

e = 1- [(·H) /p] ×100 (6.1) 

where e is the extraction ratio, H is depth of cover, is average rock unit weight, and 

p is the pillar stress. 

The pillar stress can be calculated from the compressive strength of the rock 

with appropriate factor of safety (FS.) 
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p = c / FS. (6.2) 
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where (c) represents the uniaxial compressive strength at dilation andat failure under 

various carnallite contents.Figures 6.1 and 6.2compare theextraction ratios as a 

function of carnallite content at dilation and at failure. Extraction ratio depends on the 

strength of the rock salt, depth and factor of safety.The ratios at dilation and at failure 

decrease with increasing C% and depth. Figure 6.1(a) shows extraction ratio calculated 

by Hoek and Brown criteria (Equations 5.2 and 5.3).Figure 6.1(b) shows the Yudhbir 

criterion (Equations 5.10 and 5.11). The result indicate that the extraction ratio at 

failure is greater than at dilation. The extraction ratiosfrom empirical equation shown 

in Figure 6.2(a) and in Figure 6.2(b) are obtained by the strain energy density 

criterion. They are lower than those obtained fromother strength criteria.This is 

because the strain energy density considers both stress and strain at failure, and hence 

their results would be more comprehensive than the others. 

Based on the chemical compositions the carnallite contains 26.8% by weight 

of sylvite (KCl) which is of interest here (Klein et al., 1988). At 100, 200, 300and 400 

m depths, and for the factor of safety of 1.1 the amount of KCl can be related to the 

extraction ratio as: 

KCl = [(26.8·C%) / 100]×e (6.3) 

Figures 6.3 and 6.4 show the weigh percent of sylvite (KCl) as a function of 

C% for various depths under F.S = 1.1 at 100, 200, 300 and 400 m depths.Figure 6.3 

shows the weigh percent of sylvite (KCl) calculated by the Hoek and Brown criterion 

andYudhbir criterion. Figure 6.4 shows weigh percent of sylvite (KCl) calculated 

byempirical equation and by strain energy density criterion.The amount of KCl that 

can 
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Figure 6.1 Extraction ratio as a function of carnallite content (C%) from Hoek and 

Brown criterion (a) and Yudhbir criterion (b) for various depths. 
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Figure 6.2 Extraction ratio as a function of carnallite content (C%) from empirical  

equation(a) and strain energy density criteria (b) for various depths. 
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be extracted initially increases with C% until an optimum value is reached. Then the 

extracted KCl decreases under large amount of C%. The lower depths show lower 

extracted KCl. The extracted KCl is greatest when Yudhbir criterion is used, and is 

lowest when the strain energy principle is applied. The diagrams in Figures 6.3 and 

6.4 can be used to make an initial plan for the potash mines while considering the 

amount of carnallite, depth and factor of safety. Note that different FS. values can also 

be applied to calculate the amount of KCl as a function of depth and C%. The FS. 

value of 1.1 is used here is only for an example of calculation. If different FS. values 

are used, if is likely that different optimum extracted KCl will be obtained. 
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Figure 6.3 Weigh percent of sylvite (KCl) as a function of C% from Hoek and Brown 

criterion (a) and Yudhbir criterion(b) for various depths. 
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Figure 6.4 Weigh percent of sylvite (KCl) as a function of C% from empirical 

equation (a) and strain energy criterion (b) for various depths. 

 

 



CHAPTER VII 

SHAFT STABILITY 

 

7.1  Introduction 

The objective of this chapter is to determine stability of shaft in potash mines. 

The Hoek and Brown, Yudhbir, empirical equation and strain energy density criteria 

derived as a function of C%are used to determine the extents of dilation and failure 

zones in rock salt around circular opening. 

 

7.2  Shaft stability 

 To investigate the stability of shaft that penetrates rock salt with varied 

carnallite contents, the Kirsch’s solution is adopted here to determine the stress 

distribution around circular hole in infinite plate subjected to uniform external 

pressures without internal pressure. The radial (r(r)) and tangential ((r)) stresses 

can be calculated by (Jaeger et al., 2007): 
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wherePo is external pressure, a is hole radius and r is radial distance from the center.  

Under plane strain condition the axial stress is defined as: σz(r) =  (σr(r) + σ(r)).  

The calculated tangential and radial stresses for r a are compared against the strength 

criteria (chapter V) to determine the extents of the dilation and failure zones.  The 

factors of safety are calculated for the depths of 100, 200, 300 and 400 m which are 

equivalent to Poof 2.7, 5.4, 8.1 and 10.8 MPa.  

 The factors of safety at dilation and failure are defined as: 

 FS. = 1,d(r)/(r) (7.3) 

 FS. = 1,f(r)/(r) (7.4) 

where1,d is major principal stressat dilationand 1,f is major principal stressat failure. 

From the strength criteria in Chapter V1,d and 1,fcan be written as a function 

ofmajor and minor principal stresses in terms of Kirsch’s solution: 

Hoek and Brown Criterion: 1,d(r)= r(r) + (mr(r) c,d+ sc,d
2
)
1/2

 (7.5) 

 1,f(r)= r(r) + (mr(r) c,f+ sc,f
2
)
1/2

 (7.6) 

Yudhbir Criterion: 1,d(r)/σc = A + B (r(r) /σc,d)
b
 (7.7) 

 σ1,f(r)/σc = A + B (r(r) /σc,f)
b
 (7.8) 

Empirical Equation: σ1,d(r)= C + Dr(r)
d
 (7.9)
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 σ1,f(r) = C + Dr(r)
d
 (7.10) 

wherecis compressive strength at dilation (c,d) and at failure (c,f). By substituting 

Equations (7.5), (7.7) and (7.9) into Equations (7.3) for the strength criteria at 

dilation. At failure substituting Equations (7.6), (7.8) and (7.10) into Equations (7.4). 

The zones of FS. 1.0 at dilation and failure around borehole can be presented as a 

function of r/a for various C% values in Figures 7.1 through 7.3, for FS. 1.0. The 

dilation and failure zones increase with carnallite contents and depths. The 

distortional strain energy at dilation and at failure is used to predict the stability zones 

along the borehole wall.The factors of safety at dilation and at failure are defined as: 

 FS. = Wd,d(r)/Wd(r) (7.11) 

 FS. = Wd,f(r)/Wd(r) (7.12) 

 The radial (ur) and tangential (u) displacements around the cylindrical hole 

under uniform stress field obtained from the elastic solution (Brady and Brown, 1985) 

can be expressed as: 
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 The calculation results are shown in Figures 7.1 through 7.4. For the four 

criteria used in this study the extents of these zones increase with depth and C%. 

Yudhbir criterion gives the smallest dilation and failure zone while the strain energy 

density criterion gives the largest values.The diagrams suggest that rock salt around 

the shaft at depths beyond about 300 m for Yudhbir criterion may require artificial 

supports, particularly when it contains C% above 50% (Figure 7.1) and for Hoek and 

Brown criteriabeyond about 200 m, particularly when it contains C% above 90%. The 

empirical equation and strain energy density criterionsuggest that artificial supports 

are required around the shaft at depths beyond about 200 m, particularly when it 

contains C% above 70% (Figures 7.3 and 7.4).
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Figure 7.1Dilation and failure zones induced in circular opening in rock salt under 

various carnallite contents for depths of 100 m (a), 200 m (b), 300 m (c), 

and 400 m (d) for Yudhbir criterion. 
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Figure 7.2Dilation and failure zones induced in circular opening in rock salt under 

various carnallite contents for depths of 100 m (a), 200 m (b), 300 m (c), 

and 400 m (d) for Hoek and Brown criterion. 
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Figure 7.3Dilation and failure zones induced in circular opening in rock salt under 

various carnallite contents for depths of 100 m (a), 200 m (b), 300 m (c), 

and 400 m (d) for empirical equation. 
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Figure 7.4 Dilation and failure zones induced in circular opening in rock salt under 

various carnallite contents for depths of 100 m (a), 200 m (b), 300 m (c), 

and 400 m (d) for strain energy density criterion. 

 



CHAPTER VIII 

DISCUSSIONS, CONCLUSIONS AND 

RECOMMENDATIONS FOR FUTURE STUDIES 

 

8.1  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. 

 The numbers of the test specimens seem adequate, as evidenced by the 

goodcoefficients of correlation for all confining pressure and carnallite content.   

 The test results in terms of the stress-strain relations and strengths are 

believed to be reliable.  They are agreed reasonably well with the related test results 

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

(2013). 

 The proposed criteria are capable of describing the extents of dilation and 

failure zones in rock salt around circular opening. It is not intended here that the 

dilation associated criteria are better than the strength criteria. Depending on the site-

specific requirements and local regulations, the factor of safety around circular 

opening may be defined by using other criteria.  
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 The strain energy density determined here is by assuming that the stress-

strain relations are linear.  In reality, however, non-linear behavior has been observed
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for all test schemes and stress paths, in particular for the salt under large 3 and m 

magnitudes.  As a result the strain energy determined here is likely to underestimate 

the energy that the in-situ salt can absorb before dilation and failure.  This makes the 

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

conservative. 

 The advantage of the application of the stain energy density criterion over 

the strength criterion is that it considers both stress and strain at failure, and hence 

their results would be more comprehensive than the strength criteria. 

 Calculation of the FS for the shaft clearly indicates that the stress 

distribution around the circular opening in salt mass is likely to increase with depth 

and carnaillite content. This enhances the significance of the careful design of the 

shaft stability in potash mining. 

 

8.2 Conclusions 

(1) The effect of carnallite content can be observed from tensile strength and 

compressive strength decrease with increasing carnallite content, due to the fact that 

the orientations and amounts of halite and carnallite along the loading diameters and 

low strengths may be obtained for the tensile cracks that are largely induced through 

the carnallite crystals. 

(2) The characterization results clearly show that the carnallite content can 

significantly reduce the strengths and elastic moduli of the rock salt.  The tensile 

strength can reduce to less than 0.5 MPa when the C% approaches 100%.   

 (3) The uniaxial compressive strengthsof the pure carnallite is about 10 MPa 
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or less than half of those of the pure halite.  The elastic modulus rapidly decreases 

from about 17GPa for pure halite to less than 2 GPa for pure carnallite specimens.   

(4) The increases of the Poisson’s ratio as the C% increases is supported by the 

fact that the halite crystals contain cleavages and intergranular boundaries that can be 

compressed under loading.  The carnallite crystals however have no cleavage and are 

relatively soft.  As a results they are less compressible and tend to dilate more, as 

compared to the halite crystals. 

(5) This study proposed strength criteriaincludethe Hoek and Brown, Yudhbir, 

empirical equation and strain energy density criterion.  The four criteria can predict 

the salt strength under various carnallite content and confining pressure.  The strain 

energy criterion is more conservative as it considers both stresses and strain at failure, 

which is similar to those of the actual condition occurred is soft rock, such as rock 

salt. Nevertheless, derivation of the strain energy criterion requires a more 

comprehensive measurements of the stress and strain at failure or at dilation during 

the laboratory testing. 

(6) The strength criteria can represent the strengths of rock salt for the entire 

range of carnallite contents, both at dilation and at failure. The criterion indicates that 

the dilation and failure zones around circular hole increase with depth. These zones 

become significantly larger when the surrounding rock salt contains higher C%.  

 

8.3 Recommendations for future studies 

 Some uncertainties of the investigation and results discussed above lead to 

therecommendations for further studies. More testing is required on a variety of 

specimen with different of carnallite content. Determine contamination of 
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carnallitecontent by density may be inaccurate. Methods to determine the 

carnallitecontent inclusionsshould be developed for more precisely determination. 

The test results under higher confining pressure should be obtained. 

 Verification of the accuracy of the proposed criteria should be made by 

comparing with the actual salt opening (such as boreholes and shafts).   
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TableA1 Specimen dimensions prepared for Brazilian tension test. 

Specimen  

No. 

Diameter 

(mm) 

Length  

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

BZ-01 63.1 30.3 193.3 2.05 20 

BZ-02 60.0 29.5 180.9 2.17 0 

BZ-03 62.5 28.1 170.2 1.97 33 

BZ-04 61.5 29.4 170.3 1.95 37 

BZ-05 63.6 30.8 182.1 1.86 53 

BZ-06 62.8 31.4 187.1 1.92 42 

BZ-07 62.9 30.3 157.6 1.67 87 

BZ-08 62.8 30.5 159.8 1.68 85 

BZ-09 62.9 30.5 163.5 1.72 78 

BZ-10 62.8 30.5 185.2 1.96 35 

BZ-11 61.4 30.6 179.3 1.98 32 

BZ-12 62.8 29.9 178.6 1.93 41 

BZ-13 62.9 29.6 179.9 1.96 36 

BZ-14 62.9 29.7 185.7 2.01 26 

BZ-15 62.6 30.2 196.5 2.12 8 

BZ-16 63.1 30.7 196.6 2.05 20 

BZ-17 63.1 30.4 191.4 2.01 26 

BZ-18 63.3 29.1 188.7 2.06 18 

BZ-19 63.1 29.4 181.7 1.98 33 

BZ-20 61.9 27.2 142.0 1.74 76 

BZ-21 63.4 31.4 162.2 1.64 93 

BZ-22 62.8 30.1 156.0 1.67 87 

BZ-23 62.8 28.3 167.1 1.91 45 
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TableA1 Specimen dimensions prepared for Brazilian tension test (cont.). 

Specimen  

No. 

Diameter  

(mm) 

Length  

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

BZ-24 62.7 29.4 162.7 1.79 65 

BZ-25 63.0 30.6 170.4 1.79 67 

BZ-26 62.6 29.6 165.4 1.82 61 

BZ-27 62.9 28.8 157.7 1.76 71 

BZ-28 63.0 28.0 154.4 1.77 70 

BZ-29 62.7 29.5 162.2 1.78 68 

BZ-30 62.5 29.4 160.2 1.78 68 

BZ-31 62.9 30.0 165.1 1.77 69 

BZ-32 62.8 27.7 167.2 1.95 38 

 BZ-33 63.4 28.0 180.0 2.04 22 

BZ-34 63.0 29.0 176.0 1.95 38 

BZ-35 61.8 28.6 178.2 2.08 15 

BZ-36 62.6 28.8 149.3 1.69 85 

BZ-37 62.8 29.3 162.6 1.79 66 

BZ-38 62.8 28.6 148.3 1.67 87 

BZ-39 62.9 28.0 161.7 1.86 54 

BZ-40 63.0 29.0 159.8 1.77 70 

BZ-41 61.7 30.0 150.2 1.68 87 

BZ-42 62.8 28.9 150.1 1.68 86 

BZ-43 47.4 23.7 89.3 2.14 0 

BZ-44 47.4 23.7 85.4 2.04 0 

BZ-45 47.4 23.7 97.8 2.34 0 

BZ-46 62.8 31.3 207.2 2.14 0 

BZ-47 62.7 31.0 203.9 2.13 0 
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TableA1 Specimen dimensions prepared for Brazilian tension test (cont.). 

Specimen  

No. 

Diameter  

(mm) 

Length  

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

BZ-48 62.9 30.8 201.6 2.11 0 

BZ-49 62.7 33.4 217.5 2.11 0 

BZ-50 62.7 32.5 209.6 2.09 0 

BZ-51 62.7 30.8 199.2 2.10 0 

BZ-52 62.1 30.6 201.3 2.17 0 

BZ-53 62.0 30.7 200.7 2.17 0 

BZ-54 62.4 32.0 202.4 2.07 0 

BZ-55 62.3 30.7 202.1 2.16 0 

BZ-56 62.2 30.1 199.7 2.18 0 

BZ-57 62.2 30.4 197.7 2.14 0 

BZ-58 62.0 30.7 200.4 2.16 0 

BZ-59 62.7 32.1 217.5 2.20 0 

BZ-60 63.1 32.3 211.3 2.09 0 
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TableA2 Specimen dimensions prepared for uniaxial compression testing. 

Specimen 

No. 

Width 

(mm) 

Length 

(mm) 

Height 

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

UCS-01 54.6 53.8 108.9 526.8 1.65 92 

UCS-02 54.6 55.2 110.9 623.5 1.86 53 

UCS-03 54.5 53.8 110.6 656.0 2.02 24 

UCS-04 51.9 49.1 107.4 423.0 1.61 100 

UCS-05 54.6 54.9 111.3 569.8 1.71 81 

UCS-06 55.0 56.9 107.4 547.0 1.63 95 

UCS-07 53.4 53.5 110.4 559.0 1.77 69 

UCS-08 54.2 54.7 109.7 590.8 1.82 61 

UCS-09 55.8 56.2 110.1 646.8 1.87 51 

UCS-10 52.9 53.4 101.8 500.5 1.74 75 

UCS-11 53.9 54.3 107.7 561.3 1.78 68 

UCS-12 57.0 55.8 110.7 633.3 1.80 65 

UCS-13 50.3 53.6 111.2 517.5 1.73 78 

UCS-14 54.9 53.4 107.6 600.0 1.90 46 

UCS-15 53.4 53.7 108.0 582.3 1.88 50 

UCS-16 53.3 56.0 109.5 625.0 1.91 44 

UCS-17 52.8 55.7 111.0 541.0 1.66 90 

 UCS-18 55.2 55.3 109.2 720.3 2.16 0 

UCS-19 53.9 53.2 108.9 565.0 1.81 62 

UCS-20 55.0 55.7 107.7 694.0 2.10 0 

UCS-21 53.1 54.9 107.8 665.3 2.12 0 

UCS-22 55.3 56.3 110.0 599.5 1.75 73 

UCS-23 55.0 55.3 110.2 577.8 1.72 78 

UCS-24 56.3 53.5 105.8 621.5 1.95 37 
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TableA2 Specimen dimensions prepared for uniaxial compression testing (cont.). 

Specimen 

No. 

Width 

(mm) 

Length 

(mm) 

Height 

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

UCS-25 53.9 53.4 106.5 563.5 1.84 57 

UCS-26 54.5 54.7 110.0 541.5 1.65 91 

UCS-27 55.6 56.2 110.5 609.8 1.77 70 

UCS-28 51.0 52.1 106.1 536.3 1.90 46 

UCS-29 53.5 52.6 104.7 460.8 1.56 106 

UCS-30 54.0 53.6 108.4 581.0 1.85 55 

UCS-31 55.5 55.9 110.2 711.3 2.08 14 

UCS-32 53.5 54.8 109.7 586.3 1.82 60 

UCS-33 57.9 54.1 109.8 639.6 1.86 54 

UCS-34 55.0 54.8 110.3 633.4 1.91 45 

UCS-35 54.3 54.6 110.4 554.0 1.69 84 

 UCS-36 54.8 54.1 109.6 641.6 2.06 19 

UCS-37 55.6 54.9 110.0 567.0 1.69 84 

UCS-38 56.1 57.2 111.6 619.4 1.73 77 

UCS-39 57.5 56.8 110.5 604.4 1.67 87 

UCS-40 55.1 55.9 110.4 574.9 1.69 84 

UCS-41 53.4 53.6 109.5 667.3 2.13 5 

UCS-42 53.3 53.4 109.1 664.5 2.14 0 

UCS-43 52.8 53.7 109.2 665.7 2.15 0 

UCS-44 55.2 56.0 109.2 742.6 2.20 0 

UCS-45 53.9 56.0 108.8 702.8 2.14 0 

UCS-46 55.0 55.3 109.5 703.2 2.11 9 
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TableA2 Specimen dimensions prepared for uniaxial compression testing (cont.). 

Specimen 

No. 

Width 

(mm) 

Length 

(mm) 

Height 

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

UCS-47 53.1 53.2 107.8 642.6 2.11 9 

UCS-48 55.3 55.7 107.8 700.1 2.11 9 

UCS-49 55.0 54.9 109.0 687.4 2.09 13 

UCS-50 56.3 56.3 109.2 727.1 2.10 11 

UCS-51 53.9 55.3 108.8 675.0 2.08 14 

UCS-52 54.5 53.5 108.8 662.8 2.09 13 

UCS-53 55.6 53.4 109.0 679.8 2.10 11 

UCS-54 51.0 54.7 109.5 650.7 2.13 5 

UCS-55 53.5 56.2 108.6 692.2 2.12 7 

UCS-56 57.9 52.1 109.1 704.3 2.14 4 

UCS-57 55.0 52.6 109.1 675.7 2.14 4 

UCS-58 54.3 53.6 109.1 679.9 2.14 4 

UCS-59 54.8 55.9 109.0 710.9 2.13 5 

UCS-60 55.5 55.1 109.0 713.8 2.14 0 
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TableA3 Specimen dimensions prepared for point load test. 

Specimen  

No. 

Diameter  

(mm) 

Length  

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

PL-01 64.0 38.5 252.1 2.04 22 

PL-02 62.1 58.4 381.7 2.16 0 

PL-03 89.0 41.0 491.7 1.93 41 

PL-04 62.0 48.5 284.8 1.95 38 

PL-05 62.0 69.3 452.6 2.16 0 

PL-06 62.1 82.2 495.9 1.99 30 

PL-07 60.5 53.4 308.9 2.01 26 

PL-08 62.0 30.9 196.9 2.16 0 

PL-09 81.6 117.0 1263.5 1.72 79 

PL-10 61.7 58.4 356.3 2.06 17 

PL-11 60.9 64.3 520.9 1.70 83 

PL-12 60.4 84.0 809.0 1.81 62 

PL-13 95.0 75.0 809.3 1.67 87 

PL-14 53.3 53.7 268.5 1.65 92 

PL-15 61.9 35.1 227.7 2.16 0 

PL-16 62.2 72.9 480.2 2.16 0 

PL-17 78.7 106.6 737.3 1.79 67 

PL-18 54.1 70.8 342.1 1.64 92 

PL-19 61.9 29.8 184.6 2.06 18 

PL-20 64.2 64.6 355.0 1.62 97 

PL-21 61.5 82.5 496.2 1.69 85 

PL-22 61.0 40.6 557.9 1.87 51 

PL-23 61.1 92.1 473.8 1.62 97 
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TableA3 Specimen dimensions prepared for point load test (cont.). 

Specimen  

No. 

Diameter  

(mm) 

Length  

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

PL-24 56.0 154.1 967.5 1.68 86 

PL-25 53.1 54.4 205.7 1.92 42 

PL-26 63.2 81.4 522.1 2.05 20 

PL-27 62.6 88.0 451.6 1.60 100 

PL-28 56.2 86.1 448.5 1.82 60 

PL-29 58.0 54.4 489.3 1.91 44 

PL-30 48.5 47.2 218.3 1.99 31 

PL-31 52.2 77.7 370.4 1.69 84 

PL-32 56.9 57.7 317.8 2.16 0 

PL-33 66.2 69.0 445.0 1.77 69 

PL-34 52.0 69.9 318.6 1.60 100 

PL-35 52.0 51.4 272.0 1.96 35 

PL-36 51.0 80.6 298.0 1.60 100 

PL-37 49.1 53.0 465.7 1.62 96 

PL-38 67.3 61.4 340.5 1.64 92 

PL-39 56.0 54.5 329.0 2.00 29 

PL-40 62.3 74.3 456.0 2.16 26 

PL-41 62.1 72.5 383.2 2.16 74 

PL-42 62.1 63.4 353.6 2.16 57 

PL-43 63.1 75.1 490.0 2.16 13 

PL-44 62.7 48.3 285.9 2.16 43 

PL-45 62.5 62.5 383.5 2.16 28 

PL-46 62.2 31.2 188.4 2.16 31 

PL-47 63.2 32.1 163.8 2.16 95 
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TableA3 Specimen dimensions prepared for point load test (cont.). 

Specimen  

No. 

Diameter  

(mm) 

Length  

(mm) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

PL-48 62.2 80.1 495.8 2.16 22 

PL-49 62.7 73.9 492.6 2.16 10 

PL-50 62.1 74.1 458.6 2.16 21 
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TableA4 Specimen dimensions prepared for triaxial compression test. 

Specimen  

No. 

Width 

(mm.) 

Length 

(mm.) 

Height 

(mm.) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

TRI-01 55.5 55.7 109.9 554.5 1.63 94 

TRI-02 56.5 54.6 104.8 595.9 1.84 57 

TRI-03 54.7 55.6 109.3 659.4 1.99 31 

TRI-04 54.8 54.6 108.3 680.2 2.10 0 

TRI-05 54.2 53.4 109.8 545.6 1.72 79 

TRI-06 51.7 53.4 111.3 581.8 1.89 48 

TRI-07 59.4 55.8 110.4 713.0 1.95 38 

TRI-08 54.4 54.6 108.0 680.5 2.12 0 

TRI-09 55.4 53.5 111.2 537.9 1.63 94 

TRI-10 55.6 56.2 109.6 634.9 1.86 54 

TRI-11 55.0 55.7 111.7 654.9 1.92 44 

TRI-12 54.2 54.6 111.2 673.0 2.05 20 

TRI-13 53.5 53.6 109.6 659.1 2.10 0 

TRI-14 53.9 55.5 109.2 537.0 1.64 93 

 TRI-15 55.0 56.0 107.8 585.2 1.76 71 

TRI-16 54.5 53.9 110.1 618.9 1.91 45 

TRI-17 53.8 55.2 109.2 656.1 2.02 25 

TRI-18 56.5 57.0 113.1 604.1 1.66 90 

TRI-19 55.6 55.7 110.9 591.7 1.72 78 

TRI-20 55.6 53.9 109.8 591.8 1.79 66 

TRI-21 55.5 53.8 109.7 665.4 2.03 24 

TRI-22 57.4 57.4 110.0 595.0 1.64 93 

TRI-23 55.5 55.0 104.1 555.3 1.74 75 

TRI-24 54.7 53.5 109.5 599.6 1.87 52 
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TableA4 Specimen dimensions prepared for triaxial compression test (cont.). 

Specimen  

No. 

Width 

(mm.) 

Length 

(mm.) 

Height 

(mm.) 

Wight 

(mm) 

Density 

(g/cc) 
C% 

TRI-25 53.5 54.5 111.3 655.1 2.01 26 

TRI-26 56.5 54.6 104.8 657.1 2.16 0 

TRI-27 55.6 56.2 109.6 535.0 2.16 0 

TRI-28 56.5 57.0 113.1 583.2 2.16 0 

TRI-29 55.6 55.7 110.9 616.9 2.16 0 

TRI-30 54.7 53.5 109.5 654.1 2.16 0 

TRI-31 56.5 54.6 104.8 602.1 2.16 0 

TRI-32 59.4 55.8 110.4 589.7 2.16 0 

TRI-33 55.0 55.7 111.7 589.8 2.16 0 

TRI-34 54.5 53.9 110.1 634.9 2.16 0 

TRI-35 53.8 55.2 109.5 537.0 2.16 0 
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