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 Series of mechanical laboratory testing and numerical modeling have been 

carried out to assess the geomechanical performance of rock salt formation in the 

northeast of Thailand for the nuclear waste repository.  Results from the existing 

boreholes and geophysical data have suggested that the stratigraphic sequences in the 

Maha Sarakham Salt Formation of three areas pose geological suitability for the 

underground repository.  The uniaxial and triaxial creep tests have been performed on 

the salt core specimens under isothermal conditions.  The results are used in the 

calibration of the stiffness, strength, instantaneous responses and time-dependent 

behavior of the salt.  Finite element analyses use the laboratory-calibrated properties 

to assist in the design of the repository dimensions and layout under a variety of 

loading and boundary conditions.  The numerical model employing the visco-elastic 

and visco-plastic constitutive equations predicts the time-dependent stresses and 
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CHAPTER I 

INTRODUCTION 

 

1.1 Objectives 

 The objective of this research is to study the mechanical behavior of rock salt 

in the Maha Sarakham Formation for nuclear waste disposal.  The research effort 

includes laboratory testing on rock salt samples and computer modeling on the 

designed excavations.  The parameters used in the computer models are determined 

from the laboratory testing results.  The suitability of the repository will be evaluated 

in terms of the mechanical stability and hydrological integrity of the host salt for the 

following 500 years after waste emplacement. 

 

1.2 Problem and Rationale 

 The increasing amounts of radioactive waste from hospitals, chemical 

industries and agriculture in Thailand calls for a permanent and long-term solution, or 

requires an isolation period as long as 500 years or at least until the radionuclide level 

is acceptably low (depending upon the half-life of the elements).  More important in 

the future, Thailand as a developing country may have to rely on nuclear power plants 

to serve the energy consumption of her citizens, as the fossil fuel (oil and gas) is 

rapidly depleting.  One of the problems resulted from the nuclear energy is the 

radioactive wastes obtained from the cooling ponds, fuel rods, plant facilities, etc. 

(Viboonsawat, 1998).  The Office of Atomic Energy for Peace (OAEP) has taken the 
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responsibility on collecting liquid nuclear waste about 20,000 litters with an 

increasing amount of 30 m3 per year.  A common solution to this problem, that has 

been practiced internationally, is to dispose such wastes into deep geological media, 

for example rock salt bearing formations.  It is necessary for Thailand that a 

preliminary study is carried out to assess the possibility of using the rock salt 

formation as a host rock for the waste repository. 

 During the past 30 years extensive research has been conducted on the 

performance of rock salt under repository environment.  Such efforts have been made 

in the United States, Canada and Germany with the main objective to develop their 

national repository site.  Rock salt is one of the prime candidates for the repository, 

due to its low permeability, healing capacity and availability (Wallner, 1984; 

Matalucci and Hunter, 1984; Berest et al., 1988; Habib and Berest, 1993; Broek and 

Heilbron, 1997).  The assessment of the main properties of several potential host 

rocks (e.g. granite, basalt, shale and rock salt) are composed and rated in Table 1.1.  

The comparison clearly shows the advantage of rock salt as the prime geological 

media for nuclear waste deposition (Herrmann, 1998). 

 

1.3 Scope and Limitations of the Study 

 This research involves laboratory testing and computer modeling to predict the 

behavior of rock salt around the openings for radioactive or nuclear waste disposal.  

Since there is neither a plan for nuclear waste disposal nor a specific site, the study 

will not include in-situ testing or measurements and will not focus on any site 

selection.  Rock salt samples from the Maha Sarakham Formation (Sakon Nakhon 

Basin) will be used in the laboratory experiments.  The current radioactive waste in 
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Table 1.1  Relative assessment of properties of potential rocks used for the deposition  

                 of radioactive waste (Herrmann, 1998).  Numbers indicated represent 

rating; 3 means a positive, 2 an intermediate, and 1 a negative property. 

Property Granite Basalt Shale Rock salt 

Natural water content of the rock 3 3 2 3 

Strength 3 3 2 1 

Linear expansion coefficient 3 3 3 2 

Heat capacity 2 2 2 3 

Heat conductivity 2 1 2 3 

Solubility 3 3 3 1 

Permeability 3 3 3 3 

Porosity 3 3 1 3 

Tendency of fracturing 1 1 1 3 

Tendency of getting open joints 1 1 1 3 

Tendency of plastic deformation 1 1 1 3 
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Thailand is classified as low-level waste (becoming harmless after 500 years).  In the 

computer models the horizontal variations of the chemical compositions and 

mechanical properties have not been taken into consideration since such variations 

remain unknown.  The in-situ stresses are equivalent to the hydrostatic pressure of the 

rock.  All simulations will be carried out up to 500 years and under constant and 

ambient temperature.  Since the long-term behavior is of interest, it is assumed that all 

openings in the model are simultaneously excavated.  The design recommendations 

obtained for the rock salt formation in northeastern Thailand therfore may not be 

applicable to rock salt formations from other locations. 

 

1.4 Research Procedure 

 The research efforts are divided into seven tasks, including literature review, 

sample collection and preparation, laboratory testing, construction of finite element 

models, computations, data analysis, and design of the underground layout.  Some 

tasks are performed in paralled.  Figure 1.1 shows the path of the main activities 

performed in this research. 

 1.4.1 Literature Review 

 All relevant information and data will be requested from the Department 

of Mineral Resources (DMR) and the Office of Atomic Energy for Peace (OAEP).  

These data will include detailed geological information in relation to the rock salt 

sequences in northeastern Thailand, mechanical, physical, chemical and rheological 

(if available) properties of the rock salt, in-situ stress states, etc. (Japakset, 1985; 

Gevantman et al., 1981).  Relevant literatures on the mechanical and hydrological 

behaviour of rock salt and on the geologic repository will be searched and reviewed to 



 

 

5

Figure 1.1  Study program for the mechanical performance of underground 

excavations in rock salt formation for nuclear waste repository 

in northeastern Thailand. 
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understand the state-of-the-art in these fields.  Results from the literature study will be 

summarized in the thesis. 

 1.4.2 Sample Collection and Preparation 

 Rock salt samples used in this research have been donated by Asia 

Pacific Potash Corporation Limited, Udon Thani Province.  The salt cores have a 

diameter of 6 centimeters.  They are drilled from the Middle and Lower Salt members 

of the Maha Sarakham Formation in Sakon Nakhon Basin.  Preparation of these 

samples will follow, as much as practical, the standard practices of the American 

Society for Testing and Materials (ASTM D4543-85). 

 1.4.3 Experimental Work 

 The laboratory mechanical testing will be performed on salt specimens 

prepared from task 1.4.2.  The essential laboratory testing includes uniaxial and 

triaxial creep testing on salt specimens.  There are five specimens for each test.  The 

testing period is about one month for each specimen. The constant axial stresses, used 

in the uniaxial creep testing, are varied from 4 to 14 MPa.  The constant axial stresses 

used in the triaxial creep testing are between 14 and 34 MPa and constant confining 

pressures are between 3 and 7 MPa.  The test results are used to calibrate the rock salt 

property parameters for the computer simulations. 

 1.4.4 Construction of Finite Element Models 

 Vertical finite element models will be constructed in 2-D to graphically 

represent the formations of rock salt and associated rocks around the openings in the 

repository.  The dry salt mining concept will be used to develop the disposed 

openings.  The opening shapes will be determined with different room and pillar 

widths.  The salt roof and floor will be varied for different depths selected to 
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determine the most suitable design.  The spacing between the adjacent openings will 

be varied depend on the pillar width.  A minimum of three depths will be simulated to 

determine the most suitable repository horizon. 

 1.4.5 Computations 

 The non-linear finite element code “GEO” will be used in the 

computation of the creep stress and strain induced in the rock salt around the openings 

through 500 years of the isolation.  The algorithm of the computer code is designed to 

compute the stress and displacement in time domain.  It consists of eight main 

modules; elastic, visco-elastic, visco-plastic, strain-softening, strain-hardening, 

deterioration, dilation and permeability increase.  This program can therefore disclose 

a more realistic rheological behavior of the rock salt, than other conventional 

computer codes (Serata and Fuenkajorn, 1991, 1992a, 1992b; Stormont and 

Fuenkajorn, 1994; Fuenkajorn and Serata, 1994).  Information and model in tasks 

1.4.3 and 1.4.4 will be used to calibrate the property parameters of the constitutive 

equations in the GEO program.  These parameters include the elastic modulus, 

Poisson’s ratio, shear modulus, bulk modulus, visco-elastic and visco-plastic 

parameters, deterioration, and dilation. 

 1.4.6 Data Analysis 

 The results will be graphically presented in terms of the principal 

stresses and strains, displacement of the salt roof, floor and pillar, and the subsidence 

of overlying formations and ground surface.  Comparison of the results will be made 

to determine the optimum opening geometry and depths.  The final result will reveal 

the most suitable excavation layout and depth for long-term isolation of the nuclear 

wastes. 
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 1.4.7 Design of Underground Layout 

 The underground layout will be designed, including mine depths, 

configurations, positions, and dimensions of the repository room, accesses (shafts or 

ramps), adits, and main entry.  Accommodation for the amount of wastes collected 

through the next 50 years (repository life) will be considered in the design. 

 

1.5 Expected Results 

 The research results will disclose if the salt in the Maha Sarakham Formation 

has the mechanical potential for the nuclear waste repository.  The suitability will be 

determined in terms of the long-term mechanical stability and hydrological integrity 

of the salt around the openings.  The mechanical and rheological properties of the salt 

will be revealed.  The expected results will be in accordance with the research 

objectives in task 1.1.  The concept of using dry salt mining for geologic disposal in 

northeastern Thailand will be verified.  The magnitude of the surface subsidence as 

well as the distribution of the stress, strain and permeability of the host rock salt will 

be predicted up to 500 years after the waste emplacement. 

 

1.6 Thesis Contents 

 The objectives of this research, the problems and rationale, the research 

procedure, and the expected results are described in Chapter I.  Chapter II presents 

summary of the literature review on the hazardous waste disposal in rock salt 

formations, the salt properties, the experimental research on salt, the mechanical 

constitutive laws, the computer modeling, the dry salt mining technology, and the salt 

formations in the Khorat Plateau.  Chapter III explains the salt sample collection and 
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preparation, and laboratory testing.  Chapter IV describes the constitutive laws and the 

salt parameter calibrations.  Chapter V presents the computer modeling and proposes 

the conceptual design for the nuclear waste disposal.  Chapter VI summarizes the 

research results, and provides recommendations for future research studies. 

 



 

CHAPTER II 

LITERATURE REVIEW 

 

2.1 Objectives 

 Literatures related to the dry salt mining technology for nuclear waste 

repository created in rock salt formations and salt domes have been reviewed in this 

research.  This research emphasizes the mechanical potential of rock salt formations 

to be applied in this technology.  The related knowledge is categorized into eight 

groups: 1) hazardous waste disposal in rock salt formation, 2) salt properties, 3) 

experimental research on salt, 4) mechanical constitutive laws, 5) computer modeling, 

6) dry salt mining technology, 7) salt bearing formations in Khorat Plateau, and 8) 

previous research on waste disposal in Thailand. 

 

2.2 Hazardous Waste Disposal in Rock Salt Formations 

 During the past 30 years, extensive research has been conducted on the 

disposal of hazardous waste in geological media.  Several performance aspects within 

the parameters of geological media under repository environments have been 

investigated.  The researches have been conducted in the United States of America, 

Germany, Finland, and Canada for the primary objective of developing the national 

hazardous waste repository sites.  Rock salt formations are one of the prime 

candidates for the host rock, because they have favorable characteristics, such as low 
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permeability, ability to healing, resisting to high temperature, and low humidity 

(Bechthold et al., 1999). 

 Matalucci and Hunter (1984) reported that the US Department of Energy 

(DOE) is developing the Waste Isolation Pilot Plant (WIPP) Project in southeastern 

New Mexico as a research and development (R&D) facility to demonstrate the safe 

disposal of radioactive wastes in bedded (layered) salt.  This project is resulted from 

earlier work on the disposal of nuclear waste in geological media, originated in 1957 

when a National Academy of Sciences committee recommended guidelines for 

permanent deep disposal in bedded salt deposit or other sedimentary basins.  In 1960, 

the Oak Ridge National Laboratories (ORNL) conducted in-situ experimental 

programs in Lyons, Kansas called Project Salt Vault.  Subsequent evaluations of salt 

basins in the United States by ORNL and the United States Geological Survey 

(USGS) in 1970 lead to the field investigation of the southeastern New Mexico salt 

deposits and the conceptual definition of the WIPP Project. 

 A conceptual plan for in-situ measurements in access shafts and underground 

openings was developed in the WIPP project.  This was soon followed by a 

preliminary plan and by proposed test room configurations for the underground 

experimental program.  These plans, combined with update technical and institutional 

information obtained from WIPP and other waste management R&D programs, 

resulted in a baseline documentation defining an in-situ testing program to address 

technical issues of waste disposal in bedded salt (Matalucci and Munson, 1988). 

 Harrington et al. (1984) analyzed the WIPP room geometry at about 650-meter 

depth under isothermal conditions.  The analysis evaluated the stability of the room 

design over a ten-year period.  The presence of stiff anhydrite layers and clay seams, 
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as determined from field investigations, was implemented.  The clay seams were 

treated as joints in the model with the influence of the joint properties evaluated 

parametrically.  The results indicated that the behavior of the room was governed by 

the locations and properties of the clay seams and stiff anhydrite layers.  Hence, for 

the design of actual mine rooms which were required to remain open for several 

years, the determination of the exact local geology and the properties of the clay 

seams or joints and other interbeds was of prime importance. 

 Germany disposed short-lived low and intermediate level radioactive wastes 

from the operation of nuclear power plants and the application of radionuclides in 

research, medicine, and industry, in the former Geman Democratic Republic in 

abandoned salt mine located near the village of Morsleben (now in the State of 

Sachsen-Anhalt).  The salt was excavated to form room and pillar down to a depth of 

about 500 meters so that mine openings resulted with a maximum length of about 150 

meters, a maximum width of 30 meters and a maximum height of about 30 meters.  In 

total, a volume of about 7.6 × 106 m3 was excavated and partly backfilled (2.1 × 106 

m3).  Until 1991, radioactive wastes with a total emplacement volume of 

approximately 14,500 m3 and about 6,200 radiation sources were disposed.  In total, 

this represents an activity of 1.8 × 1014 Bq.  The activity of alpha emitters amounted 

to 1.6 × 1011 Bq, and the activity of beta/gamma emitters, to 1. 8 × 1014 Bq.  The 

waste was mainly delivered by combined rail-and-road transports using standardized 

freight containers.  About 2,900 of such containers were delivered until 1991. 

 The Gorleben salt dome has been under scrutiny since 1979 to host a 

repository at depth between 840 and 1200 m, mainly for high level and/or alpha 

bearing wastes and spent fuel.  Site investigations and planning are at pressure based 
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on a nuclear capacity of 2500 GWa, leading to a total activity of about 1021 Bq and an 

alpha activity of about 1019 Bq.  The following work from above ground was carried 

out between 1979 and 1985 to investigate the geology and hydrogeology of the 

Gorleben site (Langer and Rothemeyer, 1996). 

 Heusermann et al. (1998) reported that the German concept for the final 

disposal of radioactive waste comprised both reprocessing and direct disposal of spent 

fuel elements used at Asse salt mine in Germany.  The disposal involved placing the 

fuel rods in self-shielding Pollux casks which were emplaced in drifts of a repository 

in rock salt.   These drifts were backfield with crushed salt.  The planned disposal 

drifts were several hundred meters in length and are designed to contain up to 30 

casks.  There are two parallel drifts at the 800 meters level in the Asse salt mine, 

several observation drifts at the 750 meters and 800 meters levels and several access 

drifts.  The two test drifts are each 70 m long, 3.5 m high and 4.5 m wide.  The drift 

axes are 14.5 m apart.  Each drift contains three heater casks of 5.5 m length, diameter 

1.5 m and mass 65 t. 

 Table 2.1 summarizes locations and dimensions of nuclear wastes repository 

in rock salt formation. 

 

2.3 Mechanical Properties of Rock Salt 

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

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

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

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

(1992, 1993, 1998, 1999) conclude that the rock salt behavior should be brittle-to- 
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Table 2.1  Locations and dimensions of openings repository in rock salt. 

Locations Depth Dimension References 

New Mexico, USA 659 m 10 x 100 x 4 m Matalucci and Munson (1988) 

Asse salt mine, 
Germany 800 m 4.5 x 70 x 3.5 m Heusermann et al. (1998) 

Gorleben, Germany 840 m N/A 

Morsleben, Germany 500 m 30 x 150 x 30 m 

Langer and Rothemeyer (1996)
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ductile materials or elastic-plastic behavior.  This also agrees with the finding by 

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

 Jeremic (1994) discusses the mechanical characteristics of the salt.  They are 

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

behavior.  The elastic behavior of rock salt is assumed to be linearly elastic with 

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

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

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

elasticity of rock salt is relatively low.  The elastic and plastic behavior of rock salt 

can be investigated from the rock salt specimen.  The confined rock salt specimen at 

the beginning of incremental loading shows linear elastic deformation but with further 

load increases the plastic behavior is induced, which continues until yield failure.  

Elastic deformation and plastic deformation are considered as separated modes of 

deformability in the great majority of cases.  The salt material simultaneously exhibits 

both elastic strain and plastic strain.  The difference between elastic behavior and 

plastic behavior is that elastic deformation is temporary (recoverable) and plastic 

deformation is permanent (irrecoverable).  The degree of permanent deformation 

depends on the ratio of plastic strain to total strain.  The elastic and plastic 

deformation can also be observed by short-term loading, but at higher load 

magnitude.  The plastic behavior of rock salt does not occur if the applied stress is 

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

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

strain limit of the rock salt beyond its strength causes it to fail.  The deformation of 
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rock salt by the increase of temperature can also result in the transition of brittle-to-

ductile behavior. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

load.  The dimensions of a pillar in visco-elastic and visco-plastic rock should be 
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established on the basis of a prediction of its long-term strain, to guard against 

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

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

 The mechanical behavior of rock salt is complex and is affected by many 

factors, such as grain size, bonding between grains, time, temperature, humidity, and 

inclusions, and more.  The effects on rock salt characteristics by these factors are 

normally shown by the differences in deformation and creep properties. 

 The effects of grain size on the creep behavior and strength of rock salt in 

laboratory and field conditions are described by Fokker (1998).  The average grain 

size of salt visually observed from the core and post-failure specimens is 5 mm × 10 

mm × 10 mm.  It is concluded that the large size of the salt crystals increases the 

effect of the crystallographic features (i.e. cleavage planes) on the mechanics of 

deformation and failure of the samples.  This also agrees with the finding by Aubertin 

(1996).  The dislocations and plastic flows in single crystals of halite are studied by 

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

1992; Wanten et al., 1996).  They conclude that the shear strength and deformation of 

halite crystals are orientation-dependent.  The small size of the sample may not 

provide good representative test results.  This also reflects on the specifications by 

ASTM (ASTM D2664, D2938 and D3967).  The ASTM standard methods specify 

that to minimize the effect of grain size the sample diameter should be at least ten 

times the average grain size. 

 Bonding between grains can affect the creep rate and the strength of 

salt.  Allemandou and Dusseault (1996) observe the post-failure from the Brazilian 

strength tests and uniaxial compressive strength tests.   They report that strength 
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depends on the boundary between grains.  This also agrees with the laboratory results 

obtained by Fuenkajorn and Daemen (1988) who report that weakness or brittleness 

of the crystal boundary of salt is observed during sample preparation.  It is unlikely 

that a long intact core can drill through the salt formation.   

 The time-dependent behavior of salt under differential stress raises the 

question of the significance of time-related test parameters such as loading rate, 

testing period, and loading sequence.  The effects of stress rate and strain rate on the 

deformation and strength of salt samples have long been recognized (Farmer and 

Gilbert, 1984; Dusseault and Fordham, 1993).  The loading rate must be maintained 

constant and measured as precisely as possible during the test.  The loading sequence 

and the duration for which each load is sustained by the salt specimens are important 

since salt tends to behave as a plastic creep material with low yield stress.  This 

situation is found in the triaxial compressive strength test where the confining 

pressure is applied to the salt cylinder prior to the axial load.  Due to the nonlinear 

behavior of salt, the analysis of stress induced in a salt specimen is complex and the 

Boltzmann law of superposition cannot be used. 

 Temperature or heating affects the creep deformation, because they increases 

the plastic property of salt and long-term deformation (Broek et al., 1994; Pudewills 

et al., 1995).  Jeremic (1994) postulates that rock salts lose their brittleness after 

extension tempering at approximately 600 °C and exhibit a critical shear stress up to 1 

MPa.  Hamami et al. (1996) study the effect of temperature and conclude that the 

temperature increase, as for the deviatoric stress, results in an increase of the material 

deformation.  Cristescu and Hunsche (1996) study the temperature effect on the strain 

rate suitable for laboratory testing.  They suggest that the appropriate strain rate for 
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testing at 100 °C and 200 °C is 10-8 s-1 and 10-7 s-1 because the temperature can affect 

the creep deformation and strength of salt under high temperatures. 

 Humidity affects salt properties by reducing the strength of rock salt (Hunsche 

and Schulze, 1996; Cleach et al., 1996).  Hydrated reaction between water and salt 

occurs when salt contacts with air humidity.  The temperature effects can catalyze the 

hydration.  They find that when subjecting to air humidity, the strength of salt can be 

decreased by up to 1 MPa (normally, strength of 30 MPa). 

 Inclusions and impurities in salt have an effect on to the creep deformation 

and strength of salt.  The degree of impurity is varying for different scales of the rock 

salt.  On a small scale, such as for laboratory specimens, the impurities of salt involve 

ferruginous inclusions and thin clay seams along grain boundaries or bedding planes.  

The impurities distribute uniformly in the salt may affect the strength of rock salt.  

This can decrease the creep deformation and strength of rock salt.  These phenomena 

have been reported by Franssen and Spiers (1990), Raj and Pharr (1992) and Senseny 

et al. (1992), as well. 

 

2.4 Experimental Research on Salt 

 Rock salt has mechanical behavior that differs from most rocks.  Basic 

mechanical laboratory tests that have been carried out on rock salt include uniaxial 

compressive strength testing, triaxial strength testing, uniaxial creep testing, multi-

steps testing, triaxial creep testing, tensile strength testing, cyclic loading testing and 

permeability measurment testing.  The main objective of these tests is to study the 

strength and the time-dependent deformations of the rock. 
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 The uniaxial compression tests determine the compressive strength of rock salt 

under unconfined condition.  The salt specimens are subjected to the uniaxial load 

until failure.  The compressive strength can be varied with the applied stress and 

strain rates.  Hansen et al. (1984) performs the uniaxial compressive strength tests on 

rock salt from ten different locations in the United States.  The results indicated that 

compressive strengths vary from 13.3 to 33.6 MPa (see Table 2.2).  Fuenkajorn and 

Daemen (1988) study the compressive strength of rock salt from Permian basin, New 

Mexico.  The results are 18.44 MPa of compressive strength, 36 degrees of internal 

friction angle, 3.42 GPa of tangent modulus, and 5.13 GPa of secant modulus.  

Ratigan and Vogt (1993) summarize the compressive strengths of salt with values 

ranging from 15 MPa to 30 MPa.  Wanten et al. (1996) studies the uniaxial 

compressive strength under different strain rates. The strain rate ranging from 10-4 s-1 

to 10-7 s-1 is applied on the crystal (salt grain) at temperature of 20 °C to 200 °C.  The 

results indicate that the salt samples show work hardening behavior.  Microstructure 

studies revealed high dislocation densities but little or no sub-grain development or 

cross-slip.  Comparison of the results with micro-physical models suggests that 

obstacle limited dislocation glide is the controlling deformation mechanism.  

Boontongloan (2000) studies the uniaxial compressive strength with controlled 

loading rate on salt cores drilled in Sakon Nakhon Basin in Udon Thani Province, 

Thailand.  The uniaxial load is applied within 5 to 10 minutes.  The results indicate 

that the Upper Salt has the uniaxial compressive strength of 18.5 MPa and the Middle 

Salt has uniaxial compressive strength of 26 MPa.  The tangent and secant elastic 

moduli equal 5.6 GPa and 9.9 GPa.  The Lower Salt has uniaxial compressive 

strength of 25 MPa.  The tangent and secant elastic moduli equal 6.4 GPa and 11.4  
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Table 2.2  The results of uniaxial and triaxial compressive strength tests and Brazilian  

  tensile strength tests on rock salt from ten different locations in the United 

States (from Hansen et al., 1984). 

Uniaxial 
compressive 
strength test 

Brazilian 
tensile 

strength test 

Triaxial compressive 
strength test 

Locations 

σc (MPa) σB (MPa) C (MPa) φ (degrees) 

S. E. New Mexico 
(1900′ level) 16.9 1.26 2.31 59.5 

S. E. New Mexico 
(2700′ level) 25.7 1.63 3.24 61.7 

Lyons 25.2 1.56 3.14 62.1 

Permian 22.1 1.72 3.08 58.8 

Paradox 33.6 2.61 4.68 58.9 

Jefferson Island 24.0 1.54 3.04 61.6 

Week’s Island 13.9 1.24 2.08 56.7 

Cote Blanche 25.2 1.93 3.49 59.1 

Avery Island 23.1 1.17 2.60 64.6 

Richton 13.3 1.32 2.10 55.0 

Vacherie 15.3 1.12 2.07 59.7 

Notes: σc = Uniaxial compressive strength C = Cohesion compressive strength 

 σB = Brazilian tensile strength φ = Internal friction angle 
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GPa.  The Poisson’s ratio varies between 0.35 and 0.42.  Wetchasat (2002) performs 

the uniaxial compressive strength with controlled loading rates.  The loading rate 

ranging from 0.01 to 1.0 MPa/s are applied on salt specimens from Sakon Nakhon 

basin in Udon Thani Province, Thailand.  The results indicated that the average 

compressive strength from thirteen specimens is 27.4 MPa. 

 The triaxial testing is conducted to determine the compressive strengths of 

rock salt under confined conditions.  The axial load and the confining pressure are 

increased simultaneously, until the predetermined test level for the confining pressure 

is reached.  Subsequently, the confining pressure shall be maintained to within 2 % of 

the prescribed value.  The axial load on the specimen shall then be increased 

continuously at a constant stress rate such that failure will occur within 5 to 10 

minutes of loading.  The maximum axial load and the corresponding confining 

pressure on the specimen are recorded.  Hansen et al. (1984) performs the triaxial 

compressive strength tests on rock salt from ten different locations in the United 

States.  The results indicated that cohesion compressive strengths (C) are varying 

from 2.07 to 4.68 MPa and 55 to 64.6 degrees of internal friction angle (φ), as shown 

in Table 2.2.  Fuenkajorn and Daemen (1988) perform strain rate-controlled triaxial 

tests on Salado salt samples at confining pressures ranging from 1.54 MPa to 8.18 

MPa and constant strain rates ranging from 2.25 × 10-5 to 2.08 × 10-4 s-1.  The salt 

tends to behave as brittle material (strain-softening) when it is subjected to high strain 

rates and as ductile material (strain-hardening) for lower strain rates.  The sample 

volume tends to decrease at the beginning of loading and it starts increasing shortly 

before the peak stress has been reached.  Therol and Ghoreychi (1996) study the 

triaxial compressive strength tests on rock salt with measurements of the volumetric 
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strains.  They report that the initiation of damage is supposed to be linked to the 

change of curvature of volumetric strain from compressibility to dilatancy due to 

microcracking.  Wetchasat (2002) conducts the triaxial compressive strength tests on 

rock salt from salt cores in Sakon Nakhon Basin in Udon Thani Province, Thailand.  

The results are 8 MPa of cohesion compressive strength and 49 degrees of internal 

friction angle.  The linear equation of Coulomb’s criterion is given by τ = 8 + σ tan 49° 

MPa. 

 The cyclic loading test consists of the loading and unloading system, which 

causes the fatigue in salt specimen and reduces the ultimate compressive strength 

(Allemandou and Dusseault, 1996).  Results of these tests can be shown by the stress, 

strain, and numerical cycle's graph.  The graph shows fatigue concentration of each 

cycles and ultimate strength at failure.  The cyclic loading test can be modified for 

long-term testing called creep-cyclic loading tests.  These results are presented as the 

relationship between strain and time.  Results of all creep-cyclic loading test show a 

classical creep response with high strain rates at the beginning, gradually decreasing 

with time towards an identical asymptotic value from cycle to cycle (Thoms and 

Gehle, 1984).  Wetchasat (2002) performs the uniaxial cyclic loading tests on rock 

salt from salt cores in Sakon Nakhon Basin in Udon Thani Province, Thailand to 

determine the uniaxial compressive strength and the elastic modulus.  The average 

uniaxial compressive strength from eighth specimens is 23.6 MPa and 19.9 GPa for 

the average elastic modulus. 

 Uniaxial creep testing is conducted to determine the time-dependent 

deformation of rock salt.  The uniaxial loading is maintained constant during the test 

while recording the axial strain and time.  The results are commonly shown as a strain 
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and time curve.  Normally, the curve of creep testing is divided into three stages: 1) 

transient or preliminary creep stage, 2) steady or secondary creep stage, and 3) tertiary 

creep stage (Figure 2.1).  Hunsche and Schulze (1996) perform the uniaxial creep 

testing, and find that different layer formations have different creep properties.  The 

temperature of test varies from 22 °C to 630 °C.  The salt is close to the plastic 

behavior under a high temperature.  Pudewills and Hornberger (1996) study the 

uniaxial creep testing at different temperatures. The result shows that the creep 

deformation (strain) at 200 °C is higher than the creep deformation at 100 °C.  A 

study by Fuenkajorn and Daemen (1988) demenstrated that the strain rate at steady 

state is 17×10-6 hours-1 and equal zero when the time of testing is about 300 to 800 

hours.  Yin (1998) performs uniaxial creep tests on rock salt from different areas 

(Canada and Thailand).  The results indicate that lateral and axial deformations are 

about 60% and 70% of sample length.  The deformation increases rapidly when axial 

stress is more than the yield stresses (8 MPa).  Micro-cracks are developed when axial 

stress is equal 12 MPa.  Wetchasat (2002) performs uniaxial creep tests to determine 

time-dependent parameters of rock salt from Sakon Nakhon basin in Udon Thani 

Province, Thailand.  The results are 1.1 GPa of retarded shear modulus (G2), 9.1 

GPa⋅day of elasto-viscosity (V2), and 4.9 GPa of retarded bulk modulus (K2). 

 Triaxial creep testing is conducted to determine the time-dependent 

deformation of rock salt under confined conditions.  The triaxial creep test is close to 

in-situ stress conditions when applying confining pressures.  Ong et al. (1998) study 

creep deformation of salt and potash from Patience Lake Member in the United 

States.  They perform the long-term triaxial creep tests.  Adjustment of the desired 

axial and confining stress levels is quick.  The axial and confining stresses are 
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maintained.  The test is either a single stage test or multiple stage test which lasts for 

90 days.  The data storage interval at the start of a test is usually 5 minutes; it is 

changed to one hour when the creep rate decreased.  Upon unloading, the sample is 

inspected and measured dimensionally.  They find that the salt is close to plastic 

behavior under high confining pressure.  Hamami et al. (1996) study the triaxial creep 

testing on salt with low deviatoric stress under an axial stress varying between 5.5 and 

15 MPa with a step of 2.5 MPa each 3 months.  The triaxial creep test with constant 

deviatoric stress (under an axial stress of 13 MPa) and decreasing (and increasing) the 

temperature form 20 °C to 90 °C (and 90 °C to 20 °C) with a step of 10 °C each 1.5 

months.  They summarize that if the temperature increases, the deviatoric stress 

results in an increase of the material deformation.  A decrease in temperature 

remarkably reduces the sample deformation, which is subjected to a deformation at 

higher temperatures in the beginning of test.  This phenomenon is called strain 

hardening.  The strain rate depends on the stress, the temperature and the previous 

strain. This also agrees with the finding by Korthaus (1996). 

 Hansen et al. (1984) compare the Brazilian tensile strength of rock salt from 

ten different locations in the United States.  The results indicated that tensile strengths 

are varying from 1.12 to 2.61 MPa (see Table 2.2).  Senseny et al. (1992) perform 

Brazilian tensile strength on rock salt obtained from Permian basin.  During the test, 

the axial load is applied along diametrical specimen with loading rates of 0.057 to 

0.342 MPa/s until the specimen fails.  The Brazilian tensile strength is ranging from 

1.3 MPa to 1.6 MPa.  The high loading rate reduces the tensile strength.  Studies by 

Hunsche (1993) show the suitable loading rates for the tensile strength test which are 

from 0.017 MPa/s to 0.248 MPa/s.  These rates do not affect the tensile strength of 
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rock salt.  Hardy (1998) uses fine-grained rock salt for tensile strength tests under 

conditions of direct-pull, diametric loading (Brazilian tensile strength test), and hoop-

stress loading.  Acoustic emission is monitored during these tests.  The tests use the 

loading rates ranging from 0.003 MPa/s to 0.059 MPa/s.  The results of direct-pull, 

diametric loading and hoop-stress loading are 1.63 MPa, 3.97 MPa and 0.68 MPa, 

respectively.  Wetchasat (2002) performs Brazilian tensile strength test on the Maha 

Sarakham Formation in the Sakon Nakhon Basin.  The tensile strength averaged from 

thirteen specimens is 1.5 MPa. 

 In the past decade, many researchers studied the permeability of salt by 

laboratory and field tests.  Gas or brine is pressurized through salt specimen and 

crushed salt specimen for permeability measurment.  The permeability of in-situ and 

undisturbed salt ranges from 10-21 m2 to 10-20 m2 (Stormont et al., 1992; Fuenkajorn, 

2000).  The permeability of crushed salt depends on the bulk density.  Brodsky et al. 

(1998) report that the fractional density from 0.85 to 0.90 of the crushed salt, gives 

permeability ranging from 10-15 m2 to 10-12 m2.  The permeability of crushed salt is 

normally higher than the permeability of salt specimens.  The permeability of salt is 

still very low but salt may increase its permeability with mechanical damages such as 

induced cracks around openings on caverns in the salt formations.  Phueakphum 

(2003) perfroms fracture healing tests under uniaxial and radial loading on rock salt 

from Sakon Nakhon Basin.  The result indicated that confining pressure has an 

advantage over uniaxial loading, in term of the maximum applied pressures on the 

tested salt fracture.  The applied load is limited by the compressive strength of the 

salt.  The maximum axial stress used is therefore limited to 7.8 MPa or about 30% of 

the strength.  For the confined conditions, the specimen can subject to the confining 
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pressure as high as 20 MPa.  The results suggest that both applied pressure and time 

are important factors for fracture healing.  The healing effectiveness of salt fractures 

depends heavily on the origin of the fractures.  If a fracture is formed by the 

separation or splitting of salt crystals, it can be easily healed even under relatively low 

stress for a short period.  The splitting failure of salt crystals occurs by a separation of 

cleavage planes.  This means that healing is effective if the salt crystals on both sides 

of the cleavage plane return to their original position.  For the fractures formed by 

separation of inter-crystalline boundaries or by crystals with different orientations on 

the opposite sides, healing will not be easily achieved.  The hydraulic conductivity for 

all salt fractures decreases with increasing applied confining pressure and time.  This 

implies that the fracture healing is accompanied by the fracture closure.  Both processes 

are time-dependent.  The closure involves the visco-plastic deformation for the salt on 

both sides of the fracture.  The healing involves a chemical process.  It is permanent and 

remains even after the load is removed.  Owing to the surface smoothness, the polished 

fractures show a lower permeability than do the tension-induced fractures.  This 

however does not necessarily mean that the polished fractures heal more effective than 

do the tension-induced fractures.  A reduction of fracture permeability does not 

necessarily mean that the healing has occurred.  This is evidenced by that even the 

polished fracture has been compressed until its hydraulic conductivity becomes lower 

than 10-8 m/s, no healing has taken place in the fracture (Phueakphum, 2003). 

 

2.5 Mechanical Constitutive Laws of Rock Salt 

 During the past two decades, several mechanical constitutive laws of rock salt 

have been developed, which vary from simple visco-elastic models to complicated 
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dislocation theory models.  Most of the laws emphasize long-term mechanical 

behavior under a veriety of pressures, and temperatures.  The constitutive models for 

salt can be divided into three groups: 1) rheological, 2) empirical, and 3) physical 

models.  

 The rheological models describe the mechanical behavior of salt but ignore the 

actual mechanisms of deformation.  The deformational characteristics are assumed to 

be governed by two basic physical elements: spring elasticity and dashpot viscosity.  

The mechanical behavior of salt is modeled by a combination of these elements.  

Since the structure of the rheological models is not related to any particular test, the 

model can be applied to general problems of time-dependent behavior without 

requiring additional assumptions.  The theories of rheological models have been 

studied by Fuenkajorn and Daemen (1988), Serata and Fuenkajorn (1992a), 

Fuenkajorn and Serata (1992, 1994), Stormont and Fuenkajorn (1994), Cristescu 

(1996), Massier (1996) and Jin and Cristescu (1998) 

 The empirical models generally are arbitrary functions formulated to fit a set 

of experimental results.  Similar to the rheological approach, developing the empirical 

laws ignores the actual mechanism of deformation of salt.  By fitting curves to a set of 

data, certain relationships among the data can be established.  The empirical laws can 

be presented in several forms (power, exponential, polynomial, etc.), depending upon 

the characteristics of the data.  Several forms of empirical model can be studied from 

Farmer (1982), Fokker and Kenter (1994), Pudewills and Hornberger (1996), Zhang 

et al. (1996), Callahan et al. (1998), and Spiers and Carter (1998). 

 The physical theory models start from the analysis of the microscopic 

structural variation of the material observed under loading, and incorporate a 
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theoretical explanation of the basis of the time-dependent behavior.  The method 

originated in metallurgy and is later introduced into rock mechanics.  Rocks, however, 

are a much more complex material than metals.  The atomic bond in natural rock is 

always a chemical bond rather than a metallic bond; furthermore, most rocks are 

multigranular-structured in contrast to the relatively homogeneous structure of metals.  

The physical theory models are therefore considered inappropriate for describing the 

time-dependent behavior of rock salt (Korthaus, 1996; Durup and Xu, 1996; Eduardo 

et al., 1996; Weidinger et al., 1998; Senseny and Fossum, 1998; Aubertin et al., 1998, 

1999; Hampel et al., 1998; Korthaus, 1998). 

 

2.6 Computer Models 

 The main objective of this section is to address several computer models 

(programs) and analytical methods for describing the rock salt behavior.  The 

computer models have been generally developed to simulate the time-dependent 

brittle-ductile behavior of rock salt and to analyze of complex material behavior under 

a variety of loading and thermal conditions (Juliend et al., 1998).  It is difficult to 

obtain an accurate calculation of salt behavior with respect to time by human.  

Advantages of the computer programs are easy to use and rapidly computing.  So, the 

computer programs are used for simulating and predicting the rock salt behavior 

under in-situ conditions.  The computer models for continuous media such as rock salt 

can be divided into two groups: 1) boundary methods and 2) domain methods.  The 

boundary methods include boundary element method (BEM) and displacement 

discontinuity method (DDM).  The domain methods include finite element method 
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(FEM) and finite difference method (FDM).  Several computer programs for there 

two groups are listed in Table 2.3. 

 The boundary element method derives its name from the fact that only the 

boundaries of the problem geometry are divided into elements.  In other word, only 

the excavation surfaces, the free surface for shallow problems, joint surfaces where 

joints are considered explicitly and material interfaces for multi-material problems are 

divided into elements.  Several types of boundary element methods are collectively 

referred to as the boundary element method.  These models may be grouped as 

follows. Direct method, so named because the displacements are solved directly for 

the specified boundary conditions.  Displacement discontinuity (indirect) method, so 

named because it represents the result of an elongated slit in an elastic continuum 

being pulled apart.  Fictitious stress (indirect) method, so named because the first step 

in the solution is to find a set of fictitious stresses which satisfy prescribed boundary 

conditions.  These stresses are then used in the calculation of actual stresses and 

displacements in rock mass. 

 The finite element method is well suited to solving problems involving 

heterogeneous or non-linear material properties, since each element explicitly models 

the response of its contained material.  However, the finite element method is not well 

suited to modeling infinite boundaries, such as in underground excavation problems.  

One technique for handling infinite boundaries is to discrete beyond the zone of 

influence of the excavation and to apply appropriate boundary conditions to the outer 

edges.  Another approach has been to develop elements for which one edge extends to 

infinity (i.e. so-called infinity finite element).  Efficient pre- and post-processors 

allow the user to perform parametric analyses and assess the influence of  
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Table 2.3  Some computer programs used for describing the rock salt behavior. 

Code Names Methods References 
BEFE BEM (3D) Beddoes (1994) 
VELMINA DDM (3D) Frayne (1998) 
VNFOLD DDM (3D) Beddoes (1994) 
FLAC FDM (2D) Itasca (1992) 
FLAC FDM (3D) Itasca (1994), and Frayne (1996, 1998) 
ADINA FEM  (2D) Pudewills and Hornberger (1996) 
ANSALT FEM (2D) Heusermann et al. (1998) 
ANSPRE FEM (2D) Honecker and Wulf (1988) 
ANTEMP,ANSPP FEM (2D) Honecker and Wulf (1988) 
ASTHER FEM (2D) Rolnik (1988) 
CODE-BRIGHT FEM (2D) Olivella et al. (1996, 1998a, 1998b) 
COYOTE FEM (2D) Gartling (1981a) 
DAPROK FEM (2D) Harrington et al. (1991) 
FAST-BEST FEM (2D) Pudewills (1998) 
GEO/REM FEM (2D) Serata (1991), and Serta and Fuenkajorn (1993) 
GEOMEC FEM (2D) Nguyen-Minh and Menezes (1996) 
GEOROC FEM (2D) Rizkalla (1991) 
JAC FEM (2D) Biffle (1984) 
LUBBY-1 FEM (2D) Rokahr and Staudtmeister (1996) 
LUBBY-2 FEM (2D) Lux and Schmidt (1996) 
MARC FEM (2D) Van Eekelen (1988) 
MERLIN FEM (2D) Gartling (1981b) 
SANCHO FEM (2D) Stone et al. (1985), and Hansen (1996) 
SPECTROM-32 FEM (2D) Callahan et al. (1989) 
VIPLEF FEM (2D) Vouille et al. (1996) 
VISCOT FEM (2D) INTERA (1982), and Frayne (1996) 
SUVIC-D FEM (2D/3D) Julien et al. (1998) 
VISAGE FEM (3D) Ong (1994) 

Note:  FEM is finite element method, FDM is finite difference method, DDM is 

displacement discontinuity method, BEM is boundary element method, 2D is two-

dimension,and 3D is three-dimension. 
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approximated far-field boundary conditions.  The time required for this process is 

negligible compared to the total analysis time.  Joints can be represented explicitly 

using a specific joint element.  Once the model has been divided into elements, 

material properties have been assigned and loads have been prescribed, some 

technique must be used to redistribute any unbalanced loads and thus determine the 

solution to the new equilibrium state.  Available solution techniques can be broadly 

divided into two classes, implicit and explicit.  Implicit techniques assemble systems 

of linear equations, which are then solved using standard matrix reduction techniques.  

Any material non-linearity is accounted for by modifying stiffness coefficients (secant 

approach) and/or by adjusting prescribed variables (initial stress or initial strain 

approach).  These changes are made in an iterative manner such that all constitutive 

and equilibrium equations are satisfied for the given load state.  Several computer 

programs for the finite element methods can be studied from INTERA (1982), 

Honecker and Wulf (1988), Honecker and Wulf (1988), Rolnik (1988), Callahan et al. 

(1989), Blanquer-Fernandez (1991), Harrington et al. (1991), Serata and Fuenkajorn 

(1993), Ong (1994), Nguyen-Minh and Menezes (1996), Lux and Schmidt (1996), 

Rokahr and Staudtmeister (1996), Vouille et al. (1996), de Vries and Callahan (1998), 

Heusermann et al. (1998), Salzer and Scheriner (1998), Julien et al. (1998), and 

Pudewills (1998). 

 The finite difference method is well suited to solving problems involving 

inhomogeneous, complicated geometry, and non-linear material properties.  The FDM 

is a method for approximating derivatives in the equations of motion.  Continuous 

derivatives in differential equations are replaced by finite difference approximations 

at a discrete set of points in space and time. The resulting set of equations, with 
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appropriate restrictions, can then be solved by algebraic methods.  A finite difference 

model is one, which employs finite difference methods.  The resolution of a finite 

difference model is determined by the spacing of the discrete set of points (grid 

points) used to approximate the derivatives.  The FDM is applied for modeling 

geomechanical problems that consist of several stages, such as sequential excavation, 

backfilling and loading.  Some computer programs for describing the rock salt 

behavior can be studied from Itasca (1992, 1994). 

 

2.7 Constitutive Law used in this Study 

 The constitutive law used in this study is developed by Fuenkajorn and Serata 

(1992, 1993, 1994) and Serata and Fuenkajorn (1992).  The rheological constitutive 

model used here is capable of simulating the elastic, viscoelastic, viscoplastic, strain-

softening and dilation behavior of time-dependent materials, such as rock salt.  These 

equations have been incorporated into a finite element code, named GEO.  A brief 

discussion identifying its unique derivation of the constitutive equations is given 

below. 

 The von Mises criterion is used to describe the failure surface and to develop a 

strain-softening model for geologic materials.  It is proposed that the octahedral shear 

strength KO increases with an increase of the mean stress σm toward an ultimate value.  

The rate change of KO with respect σm can be expressed as, 

 ∂KO/∂σm = α(KB – KO), (2.1) 

where α is a yield surface coefficient, and KB is an ultimate octahedral shear strength.  

Equation (2.1) leads to the following expression of a compressive failure criterion, 

which is applicable for brittle to ductile materials, 
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 KO = KA + (KB – KA) [1 – exp(-ασm)],  (2.2) 

where KA is an unconfined octahedral shear strength.  During strain softening, the 

strength of rock decreases or deteriorates.  The ultimate deterioration of the material is 

defined as the state at which the inter-crystalline cohesive bonds are completely lost, 

as in a mass of loose sand.  The strength KO in this state then becomes the residual 

strength KR, which reflects the internal friction strength in the pulverized mass, given 

by the function of confinement σm, 

 KR = KB σm/P,  (2.3) 

where KB/P is friction tangent (tan θ), P is the plastic transition pressure, and θ is the 

angle of internal friction.  Rock deterioration progresses from the intact to the residual 

strength (KO to KR) with an increase in the excess octahedral shear strain ∆γO.  The 

KO of the deteriorated rock can be determined by adding the residual strength KR to 

the variable portion ∆KO, which varies from 0 to 100 %, depending on the amount of 

the deterioration.  Thus the strength can be defined as, 

 KO = fD ∆KO + KR,  (2.4) 

where fD is the deteriorating function and ∆KO is the variance portion of the strength 

which equals [KA + (KB – KA) (1 – exp (-ασm)] – KR.  fD can be related to the excess 

octahedral shear strain as, 

 fD = exp[-C(γO - γC)/γC]; γO > γC,  (2.5) 

where C is a deterioration coefficient, γC is a critical strain of elastic limit, and γO is 

the induced octahedral shear strain.  By introducing equation (2.5) into equation (2.4), 

the strength deterioration function describing the strain-softening behavior of rock 

after γO exceeds γC, can be established, 

 KO = exp[-C(γO - γC)/γC] {[KA + (KB – KA) (1 – exp(-ασm))] - KBσm/P} 
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 + KBσm/P.  (2.6) 

For viscoelastic behavior (VE), its state is defined as the state in which the octahedral 

shear stress τo is less than the octahedral shear strength Ko.  No viscoplastic creep 

tanks place in this state.  The VE strain can be directly identified using the results 

from creep testing (Serata et al., 1991).  The time-dependent strain resulting from 

viscoelastic creep can best be described by a set of three or more Kelvin components 

as, 

 γ.
total

VE =  γ.
23

VE  + γ.
22

VE  + γ.
21

VE 

 =  (τo/V21) exp (-G21t/V21) + (τo/V22) exp (-G22t/V22) 

 + (τo/V23) exp (-G23t/V23). (2.7) 

Where:  γ.
23

VE, γ.
22

VE,γ.
21

VE  = short-, medium-, and long-term viscoelastic strain 

rates; G21, G22, G23 = retarded shear moduli for short-, medium-, and long-term VE 

strain; V21, V22, V23 = elastoviscosity coefficients for short-, medium-, and long-term 

VE strains. 

 Figure 2.2 shows the behavioral system of GEO model.  The formulation 

separates the octahedral shear stress-strain (σm-εm) relation.  These relations act in 

parallel and are related via failure and post-failure conditions (i.e. deterioration 

coefficient C).  The program carries out the explicit time-domain integration, and 

hence allows updating the element strength and state (elastic or plastic) through 

different time steps.  The formulation is designed such that when the induced shear 

strain (γO) is less than the critical shear strain (γC), element behaves as an elastic or 

visco-elastic, and does not dilate.  Immediately after γO exceeds γC and σm us less than  
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Figure 2.2  Rheological components of the GEO program (modified from Serata

and Fuenkajorn, 1993). 
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P, KO decreases, and results in a strain-softening behavior.  Under this condition, the 

calculation for a new failure surface and volumetric dilation will be carried out for 

that particular element.  The new KO is then returned to the main algorithm to 

compare with the current stress state.  The calculated εVD is added to the elastic and 

plastic strain components in the minimum principal stress direction.  Under large 

confinements (σm > P), the strength will not deteriorate, and dilation will not occur. 

The element may deform in strain hardening mode or may flow plastically, depending 

on the amount of γO. 

 

2.8 Dry Salt Mining 

 The dry salt mining method can be divided into two types based on the 

configurations and layout of the excavations, room-and-pillar and long-wall mining. 

 For room-and-pillar mining, there are a wide variety of angular pillar shapes, 

either by design or by irregularities of the deposit.  Room and pillar mining can be 

planned as either a one-pass advanced mining system, where the pillars are left in 

place, or as a two-pass advance and retreat sequence, where the pillars are partially or 

totally recovered in the retreat phase.  To a large part, the layout of the angular pillar 

is influenced by the excavation methods and equipment.   Mining can be drilling and 

blasting (cyclic mining), by road headers, drum miners, and more (Jeremic, 1994). 

 Square pillars have been used extensively in the mining of all types of 

evaporite deposits.  The common application is in flat-bedded deposits with thickness 

up to 2.5 m which are sandwiched between rock strata.  Figure 2.3 shows the layout 

example for square pillar mining. 
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 Square pillar Not to scale 

Figure 2.3  Layout of square pillars mining. (modified from Michalk, 1980). 

    DISCHARGE ON CONVEYOR 
DISTRICT HAULAGE 
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 Rectangular pillars have also been applied to the mining of evaporite deposits 

in a close parallel to square pillar mining.  It is currently limited generally to drill and 

blast operations (Jeremic, 1994). 

 Long-wall mining of potash beds is widely practiced in Europe, including the 

USSR.  The first long-wall face was set up in France in 1948, and was then adapted to 

the more regular deposits of Spain in 1963 and the USSR in 1972.  Long-wall mining 

was a complete departure from the normal room and pillar operations used in 

evaporite deposit mines with flat and moderate thick beds.  Success depended on the 

close cooperation between the mine operators and mine equipment manufacturers.  

This allowed equipment, designed for long-wall coal mining, to be modified for use in 

the very different strata conditions and ground behavior associated with the mining of 

salt.  Long-wall salt mining, at the beginning, followed the coal mining practice of 

face undercutting followed by blasting.  Loading was done manually or with a 

scraper-hoist system.  Developments in mechanized long-wall coal extraction were 

immediately transferred to salt mining operations. Figure 2.4 shows the example of 

layout by square pillar mining (Herget, 1986; Jeremic, 1994). 

 Jeremic (1982, 1985a, and 1985b) reported that the most common and 

simplest approach to pillar loads is through the tributary area theory, which depends 

on a number of simplifications.  The pillars have an open face on all four sides and 

thus are uniaxially loaded by the superimposed overburden.  The average stress in 

pillars with an adequate size in relation to mine depth to not fail, is calculated on the 

assumption that the pillars uniformly support the entire load of the overlying strata 

above both the pillars and the mine-out areas.  The effects of deformation and failure 

of the roof strata are disregarded.  The concept of abutment pillar design was  
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Pillar

Not to scale

Figure 2.4  Layout of long-wall mining.  (modified from Molavi and Wooley, 1986).
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introduced in underground mining long ago to improve ground conditions in ore 

extraction areas.  The concept is based on the stress diversion from the mining 

extraction panel onto the abutment pillars.  It is accomplished through the use of inter-

room yielding pillars which can only support a limited load.  The magnitude of the 

load resting on the abutment pillars depends on the shape and size of the arch of 

equilibrium above the mining panel.  For the practical purpose of the load calculation 

on abutment pillars, an arch of equilibrium is approximated by a trapezoidal shape 

(Jeremic, 1994). 

 Van Sambeek (1998) presented that specification of properly sized pillars to 

support the overburden is one of the most challenging aspects of salt mine design.  

Consideration of salt mine design include average vertical pillar stress, average 

horizontal stresses, average effective stress, pillar creep rates, and pillar strength.  

Kwon and Miller (1998) reported that prediction of the deformational behavior of 

excavation in rock salt is complex due to the time-dependent behavior of rock salt as 

well as many other parameters, which can exert an influence on the deformation 

mechanism of these openings.  Important parameters may include, as follows; depth, 

width and height of excavation, pillar size and elapse time. 

 

2.9 Salt Bearing Formation in Khorat Phateau 

 The rock salt formation in Thailand is located in the Khorat plateau as shown 

in Figure 2.5.  The Khorat plateau covers 150,000 square kilometers, from 14° to 19° 

northern latitude and 101° to 106° eastern longitude.  It has high escarpment up to 900 

meters above mean sea level along the western and southern edges and mesa 

topography over parts of its area whereas its middle area elevation is about 140 meters  
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Figure 2.5  A simplified geological map of the Khorat plateau.  (modified from

Utha-aroon, 1993 adapted from DMR’s Geological Map of Thailand

scale 1:2,500,000). 
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above mean sea level.  The northern and eastern edges of the plateau lie close to Laos 

and the southern one close to Cambodia (Utha-aroon, 1993). 

 The Khorat plateau is divided into two features: the edge group and the basin 

group.  The edge group consists of Huai Hin Lat Formation, Nam Phong Formation, 

Phu Kradung Formation, Phra Wihan Formation, Sao Khua Formation and Phu Pan 

Formation.  The basin group consists of Khok Kruat and Maha Sarakham Formations.  

Yumuang et al. (1986), Supajanya et al. (1992), Utha-aroon (1993) and Warren 

(1999) describe these formations from the youngest to oldest, as follows. 

1) Phu Thok Formation consists of brown to reddish brown sandstone, 

siltstone, and mudstone in the upper Tertiary age. 

2) Maha Sarakham Formation consists of three evaporation cycles (e.g., rock 

salt) and clastic rocks (e.g., sandstone, siltstone, and shale), upper cap 

anhydrite and basal anhydrite in the top and bottom of the formations.  

They are in the Lower Cretaceous age. 

3) Khok Kruat Formation consists of sandstone, reddish brown mudstone, and 

conglomerate in the Middle Cretaceous age. 

4) Phu Phan Formation consists of conglomerate and white and light gray 

sandstone in the Upper Cretaceous age. 

5) Sao Khua Formation consists of sandstone, siltstone, mudstone, and red 

conglomerate in the Lower Jurassic age. 

6) Phra Wihan Formation consists of white sandstone, reddish brown shale and 

massive sandstone with conglomerate in the Middle Jurassic age. 

7) Phu Kradung Formation consists of reddish brown mudstone and siltstone 

in the Upper Jurassic age. 
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8) Nam Phong Formation consists of sandstone and reddish brown 

conglomerate.  The top and bottom of the bed are mudstone interbedded 

with siltstone in the Upper Jurassic age. 

 Rock salt in the Khorat plateau is separated into 2 basins: Sakon Nakhon basin 

and Khorat basin.  The Sakon Nakhon basin in the north has an area of about 

seventeen thousand square kilometers.  It covers the area of Nong Khai, Udon Thani, 

Sakon Nakorn, Nakorn Phanom, and Muk Dhahan Provinces and extends to some part 

of Laos.  The Khorat basin is in the south, which has about thirty thousand square 

kilometers.  The basin covers the area of Nakhon Ratchasima, Chaiyaphum, Khon 

Kaen, Maha Sarakham, Roi Ed, Kalasin, Yasothon, Ubol Ratchathani provinces and 

the north of Buri Ram, Surin and Si Sa Ket provinces (Suwanich, 1986). 

 Both basins contain three cycles of evaporated deposits within the Maha 

Sarakham salt-bearing strata (Suwanich and Rattanajaruraks, 1982).  The lower cycles 

consist of the lower clastic cycle and the lower evaporated cycle.  The lower clastic 

cycle (the marine transgression) has been formed as a substratum to the evaporated 

deposits and mainly consists of ferruginous clastic sediments and calcareous 

sandstone.  The lower evaporated cycle (the marine regression) has been formed 

which causes penesaline conditions inducing anhydrite precipitation.  By further 

concentration of the saline, water halite and the sylvite are deposited marking the 

termination of the restricted environment.  The middle cycles consisted of the middle 

clastic cycle and the middle evaporated cycle.  The middle clastic cycle (the marine 

transgression) has been formed after the lower evaporated cycle ceases and is replaced 

by sedimentation of mudstone and clay stone.  The middle evaporated cycle (the 

marine regression) has under restrictive marine conditions.  The brine concentration 
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increased due to saline conditions and the lower middle halite sub-facies 

reprecipitated.  Increasing in the salinity of basin water is interrupted by marine 

influxes as evidenced by thin anhydrite layers.  The rejuvenation of brine 

concentrations results in precipitation of the upper middle halite sub-facies.  The 

upper cycles consisted of the upper clastic cycle and the upper evaporated cycle.  The 

upper clastic cycle (the marine transgression) has been formed after the deposition of 

the halite sub-facies ceased because the depositional basin was opened for 

sedimentation of fine grain clastic sediments, namely, mudstone and clay stone.  The 

upper evaporated cycle (the marine regression) marked the end of both the evaporated 

and clastic sedimentation (Suwanich, 1986). 

 From 1973 to 1983, the Department of Mineral Resources (DMR) explored 

the potash deposits in the Korat Basin and drilled 118 exploratory boreholes 

(Japakasetr and Workman, 1981).  Some boreholes are drilled into the Khok Kruat 

Formation.  The core logs reveals the stratigraphy of the Maha Sarakham sequence 

and its relationship to the underlying Khorat Group as shown in Figure 2.6.  The 

Maha Sarakham Formation can be briefly described from top to bottom as follows 

(Suwanich, 1978; Yumuang, 1983; Sattayarak, 1985; Tabakh et al., 1995). 

1) Clay and claystone are reddish brown.  Some siltstone and sandstone may 

occur occasionally. 

2) Upper anhydrite is thin layer with white to gray. 

3) Upper salt is dirty, light brown to smoky or orange when it is filled with 

clay. The thickness is between 3 to 65 meters. 

 4)  Middle clastic includes reddish brown clay and mudstone, and some   

  interbedded gypsum. 
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Note: M.A. = Million ages
 F.M. = Formations 

Figure 2.6  Stratigraphy of the Khorat Basin in the Northeast of Thailand, with

a more detail section of the Maha Sarakham Formation (right).

(From Utha-aroon et al., 1995). 
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5) Middle salt is dirty, light brown to smoky, thicker than the upper salt with 

70 meters in thickness.  The lower part may contain carnallite or sylvinite. 

6) Lower clastic includes reddish brown clay and mudstone. 

7) Rock salt, very thin layer (three meters thick) with various colors such as 

red, orange, brown, gray, and white. 

8) Potash found in the study areas can be divided into two types: Carnallite 

(KCl⋅MgCl2⋅6H2O) and Sylvite (KCl).  Carnallite is commonly orange, 

red, and pink while sylvinite is white or light orange that may be occurred 

by the chemical changing of carnallite nearby salt domes. Another mineral 

named tachyhydrite (CaCl2⋅ 2MgCl2⋅12H2O) that likely occurs 

accompanied with carnallite.  It is orange or yellow, and can be easily 

dissolved in water. 

9) Lower rock salt is the thickest and clean salt unit in the Maha Sarakham 

Formation.  Lower rock salt formation in some areas is over 400-1000 

meters thick.  The average thickness is 134 meters. 

10) Basal anhydrite is found at the base of the Maha Sarakham Formation 

throughout both the Khorat and the Sakon Nakhon Basins.  It overlies 

Khok Kruat sandstones of the Khorat Group.  Generally reddish-color 

sandstones of the Khok Kruat are typically greenish and may be Cu-

stained in proximity to this contact. 

 

2.10 Research on Nuclear Waste Repository in Thailand 

 Wetchasat (2002) studies the mechanical performance of the rock salt 

formations for the nuclear waste disposal.  The concept of salt solution mining is 
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used.  Research procedures are divided into three tasks: 1) mechanical laboratory 

testing, 2) salt property calibrations, and 3) computer model simulation.  The 

computer models are constructed from 5 geologically favorable areas.  A time-

dependent finite element analyses determine the mechanical stability of the caverns 

under isothermal conditions during the waste emplacement for the next 500 years.  

The results from the computer prediction suggest that the spherical shape shows the 

most suitable geometry for the disposal cavern.  The effects of depths and thickness of 

salt formations has also been studied.  The results suggest that the disposal caverns 

should be solution-mined below 585 meters depth.  The diameter of the spherical 

shaped cavern should be 40 meters.  The vertical and horizontal cavern closures are 

calculated to be less than 0.5 %.  The surface subsidence is calculated to be less than 

0.22 meter for the next 500 year after waste emplacement. 

 



 

CHAPTER III 

EXPERIMENTAL WORK 

 

3.1  Objectives 

 Laboratory experiments have been performed to determine the mechanical and 

rheological properties of the Maha Sarakham rock salt.  The experiments concentrate 

on the instantaneous and long-term mechanical response to obtain the relationship 

between stress, strain and time for use in the calibrations of the visco-plastic 

properties and the prediction via computer modeling.  The experiments include long-

term uniaxial and triaxial creep tests.  All experiments are conducted under isothermal 

conditions (room temperature).  The sample preparation, test methods, results, and 

discussions for both experiments are described in the following sections. 

 

3.2 Sample Collection and Preparation 

 Rock salt samples used in this research are obtained from Asia Pacific Potash 

Corporation, Udon Thani Province.  They are collected from two deep boreholes 

(BD99-1 and BD99-2) located in Khumpawapi District.  They are obtained from the 

Sakon Nakhon Basin (Figure 3.1).  The core specimens have been drilled from the 

Middle Salt and the Lower Salt members at the depths ranging between 250 meters 

and 400 meters.  They are cylindrical shaped with 60 millimeters in diameter.  Some 

rock salt cores are shown in Figure 3.2.  Preparation of these samples follows, as 

much as practical, the ASTM standard practice (ASTM D4543-85).  There are two  
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Figure 3.1  Locations where the salt cores are obtained from Sakon Nakhon

Basin in the northeast of Thailand.  (modified from Japan

International Cooperation Agency, 1981). 
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Figure 3.2  Some salt core samples donated by Asia Pacific Potash Corporation,

Udon Thani Province.  They are collected from borehole no. BD99-1

located in Khumpawapi District.  These core samples are from the

depths ranging from 419 to 422 meters. 
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groups of specimens for different test methods, i.e. uniaxial and triaxial creep tests.  

Five specimens are prepared to have a norminal length to diameter ratio (L/D) equal 

to 2.5 for the uniaxial creep tests. Four specimens are prepared to have L/D ratio of 

2.0 for the triaxial creep tests.  The specimens are cut by cutting machine using 

saturated brine as cutting fluid (Figure 3.3).  The saw-cut surfaces are ground flat by 

the grinding machine (Figure 3.4).  All specimens are measured to determine the 

precise dimensions to the nearest 0.01 in.  The depth is determined and recorded on 

each specimen.  The rock characteristics (mineral composition, grain size, density, 

color, etc.) are described.  After finishing the preparation, the specimens are labeled 

and wrapped with plastic film.  The identification of specimens is given, which 

includes rock type, borehole number, core number, core diameter, type of experiment 

and sample number.  Rock salt from boreholes in Udon Thani Province has more than 

99 percent halite (NaCl).  The mineral composition is determined by X-ray 

Diffractometer.  The salt is coarsely crystalline.  The crystal size varies from 1 

millimeter to 10 millimeters.  The average density is 2,160 kg/m3.  The color is clear 

or white, but sometimes pink and gray can be found.  Most often the crystals are 

rough, vitreous, and transparent to translucent. 

 

3.3 Uniaxial Creep Tests 

 The objective of the uniaxial creep tests is to determine visco-plastic 

parameters of the salt specimens under unconfined condition.  The time-related 

parameters are monitored, recorded and analyzed. 
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Figure 3.3  Core sample is cut to obtain the desired length. 
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Figure 3.4  Grinding of core samples for smooth and parallel end surfaces. 
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 3.3.1 Test Methods 

 The uniaxial creep tests have been performed on five salt specimens.  

The salt specimens are loaded by constant uniaxial stresses at 4.1, 7.1, 9.1, 11.1, and 

14.1 MPa (one stress per specimen).  The experimental procedure follows the ASTM 

standards (ASTM D4405 and D4341).  A compression machine (Consolidation 

machine, capacity of 5,000 kN) is used to apply constant axial load onto the 

specimens.  The digital gages with a precision of 0.001 millimeter are installed to 

measure the axial displacement of the specimens (Figure 3.5).  The specimens are 

loaded continuously for a period of 22 to 56 days, depending on the displacement 

results.  During the test, the axial deformation, time, and failure modes are recorded.  

The frequency of readings is once every minute at the beginning of the test, and 

gradually reducing to once a day after the first few days of the test.  This also depends 

on the deformation rate of each specimen.  The results are presented by strain-time 

curves.  The axial stress and axial strain values are calculated by : 

 σaxial = Pa/A, (3.1) 

 εaxial    = ∆L/L, (3.2) 

where σaxial is axial stress, Pa is applied axial load, A is the cross-section area normal 

to the direction of load, εaxial is engineering axial strain, ∆L is the axial deformation, 

and L is the original length. 

 3.3.2  Test Results 

 Table 3.1 summarizes the uniaxial creep test results.  The axial strain-time 

curves are given in Figure 3.6.  The curve represents instantaneous, transient, and 

tertiary creep states of salt specimens under a constant axial load.  The specimens are 

rapidly loaded and subsequently the axial strains increase.  The instantaneous  
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Constant axial stress

Figure 3.5  Uniaxial creep test set-up.  The cylindrical salt specimen is 

loaded vertically using the compression machine, while

displacement digital gages measured the axial deformation on

opposite sides of the specimen. 
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Table 3.1  Summary of the uniaxial creep test results. 

Specimen No. 

Depth 
 
 

(m) 

Average Diameter 
D 

(mm) 

Average 
Length 

L 
(mm) 

Constant 
Axial Stress 

σaxial 
(MPa) 

BD99-1-CP01 402.80 61.11 155.21 7.1 

BD99-1-CP02 403.00 61.17 154.27 11.1 

BD99-1-CP03 403.20 61.12 155.07 4.1 

BD99-1-CP06 266.20 61.08 152.06 9.1 

BD99-1-CP07 266.36 61.08 156.48 14.1 
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Figure 3.6  Results of the uniaxial creep testing for different constant axial 

stresses  (σaxial). 
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strains range from 0.8 × 10-3 to 8.0 × 10-3.  Four specimens, under constant axial stress 

of 4.1, 7.1, 9.1, and 11.1 MPa, show the transient and steady creep phases.  Only one 

specimen, under constant axial stress of 14.1 MPa, shows complete creep phase: the 

transient, steady, and tertiary creep phases. 

 3.3.3 Discussions 

 The value of instantaneous creep strain increases with the constant axial 

stress.  Figure 3.6 gives the strain-time curves of salt specimens tested under high and 

low constant axial stresses. The axial stress also increases the creep strains.  In the 

transient creep phase, the strain rate increases with the applied stresses.  In most cases 

the strain rate under high axial stresses is greater than the one under low axial stresses.  

The effect of inclusion in specimen may make the strain rate under low stress higher 

than the one under higher stress, as found in specimen no. BD-99-1-CP02.  The 

steady state strain rate determined here is higher than the one given by Fuenkajorn 

and Daemen (1988), 408 × 10-6 day-1.  This is probably due to the significant amount 

of inclusions, which include anhydrite and iron oxides. 

 

3.4 Triaxial Creep Tests 

 The objective of the triaxial creep tests is to determine visco-plastic 

parameters of the salt specimens under confined condition.  The time-related 

parameters are monitored, recorded and analyzed.  The salt specimens tested are 

selected from borehole no. BD99-1. 

 3.4.1 Test Methods 

 Four salt specimens are tested under constant axial stresses from 16.6 to 

27.6 MPa and constant confining pressures between 3.4 and 6.9 MPa for a period of 
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about one month.  The experimental procedure follows the ASTM standard (ASTM 

D4406-93).  A compression machine (Consolidation machine, capacity of 5,000 kN) 

is used to apply constant axial load onto the specimens.  The salt specimens are placed 

into a triaxial (Hoek) cell to provide constant confining pressure.  The digital gages 

are installed to measure the axial deformation (Figure 3.7).  The specimens are 

instantaneously loaded to desired axial stress at 16.6 and 24.1 MPa for confining 

pressure of 3.4 MPa, and at 20.7 and 27.6 MPa for confining pressures of 6.9 MPa.  

During the test, the axial deformation and time are recorded.  The frequency of 

reading is once every minute at the beginning of the test, and gradually reducing to 

once a day after the first few days of the test.  This also depends on the deformation 

rate of each specimen.  The results are presented by strain-time curves.  The axial 

stress and axial strain values are calculated by Equations (3.1) and (3.2). 

 3.4.2 Test Results 

 Table 3.2 summarizes the triaxial creep test results.  The axial strain-time 

curves are given in Figure 3.8.  The curve represents instantaneous and transient creep 

states of salt specimens under a constant axial load and confining pressure.  The 

instantaneous strains observed immediately after loading range from 4.0 × 10-3 to 17.0 

× 10-3.  All specimens show the transient and steady creep phases until the end of the 

test.  The axial strain rates in the steady state creep phase are 0.1 × 10-3 to 0.6 × 10-3 

day-1.  Post-tested observations the deformation increases rapidly at the beginning to 

the first few days of the test and tends to remain constant after that.  All specimens 

have not been failed after finished test duration. 
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Triaxial 
(Hoek) cell

Constant axial stress

Figure 3.7  Triaxial creep test with constant axial load under confining

pressure.  The cylindrical specimen placed inside Hoek cell is

loaded vertically using the compression machine.  Digital gages

measure the axial deformation. 
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Table 3.2 Summary of the triaxial creep test results on rock salt. 

Specimen No. Depth 
 
 

(m) 

Average 
Diameter 

D 
(mm) 

Average 
Length 

L 
(mm) 

Constant 
Axial Stress 

σ1 
(MPa) 

Constant 
Confining Pressure 

σ3 
(MPa) 

BD99-1-TC01 419.03 55.42 113.00 24.1 3.4 

BD99-1-TC03 419.95 55.47 111.33 16.6 3.4 

BD99-1-TC10 210.99 55.52 110.00 20.7 6.9 

BD99-1-TC11 325.17 55.57 110.00 27.6 6.9 
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σ1 =  16.6 MPa 

σ3 =    3.4 MPa

σ1 =  24.1 MPa 

σ3 =    3.4 MPa

σ1 =  27.6 MPa 

σ3 =    6.9 MPa

σ1 =  20.7 MPa 

σ3 =    6.9 MPa

Figure 3.8  Results of the triaxial creep testing. The confining pressures (σ3)  

= 3.4 and 6.9 MPa. The axial stresses (σ1) vary from 16.6 MPa to 

27.6 MPa. 
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 3.4.3 Discussions 

 The instantaneous creep strain depends on the axial stress and confining 

pressure.  In general the increase of the constant axial stress induces a larger axial 

strain.  The strain rate under higher axial stresses is greater than the one under lower 

axial stresses for the same constant confining pressure.  The larger the confining 

pressure, the smaller the induced strain.  Comparison of the results obtained from 

Maha Sarakham salt with those from other rock salts indicates that the strain rate 

depends on the stress and the previous strain. This also agrees with the finding by 

Korthaus (1996) and Ong et al., (1998) who describe that the salt is close to plastic 

behavior under high confining pressure.  The axial strain rates in the steady state 

creep phase of Patience Lake Member are 2.0 × 10-3 to 9.4 × 10-3 day-1 (Ong et al., 

1998). 

 



 

CHAPTER IV 

CALIBRATION OF ROCK SALT PROPERTIES 

 

4.1 Objectives 

 The objective of this chapter is to describe the methods to determine the 

property parameters (constitutive parameters) for the rock salt by using the data from 

laboratory experiments.  These properties include the shear modulus (G1), the retarded shear 

modulus (G2), the elastoviscosity (V2), the plastoviscosity (V4), the ultimate bulk 

modulus (K1), the retarded bulk modulus (K2), the critical shear strain  (γc), and the 

density gradient (ρ).  The test results in terms of stress-strain-time relationship have been 

used to calibrate these properties via the computer simulation.  These tests include the 

uniaxial creep tests and the triaxial creep tests. 

 

4.2 Constitutive Law used in this Study 

 The constitutive law used here is called GEO (Fuenkajorn and Serata, 1992; 

Serata and Fuenkajorn, 1993).  It is capable of simulating the elastic, visco-elastic, 

visco-plastic, strain softening and dilation behavior of time-dependent materials, such 

as rock salt.  The detailed formulation and algorithm of the constitutive equations are 

described in Chapter II.  These equations have been incorporated into a finite element 

code, named GEO. 

 



 

 

65

 

4.3 Calibration and Calculation of Salt Property Parameters 

 Wetchasat (2002) performs the uniaxial cyclic loading tests and the short and 

long-term uniaxial creep test on rock salt specimens from the same source of this 

research.  The results are used to determine the basic parameters for salt properties.  

The average shear modulus, the ultimate bulk modulus, the retarded shear modulus, 

the retarded bulk modulus, the elastoviscosity, the plastoviscosity and the critical 

shear strain equal 8.8 GPa, 41.1 GPa, 1.1 GPa, 4.9 GPa, 9.1 GPa⋅day, 17.2 GPa⋅day 

and 2 × 10-3, respectively (see Table 4.1).  By assuming that the results obtained from 

Wetchasat are applicable to the rock salt tested in this research, his properties are 

therefore used as basic properties here.  The plastoviscosity represent the time-

dependent deformations of the salt.  Wetchasat performed only the uniaxial creep tests 

on three salt specimens for determination of plastoviscosity.  The in-situ conditions of 

the salt are under confined conditions.  The triaxial creep tests will be necessitated to 

determine the plastoviscosity. 

 4.3.1 Determination of Plastoviscosity from Uniaxial Creep Test 

 The objective of this task is to determine the visco-plastic coefficient of 

the salt.  A single element mesh (Figure 4.1) is constructed to represent a vertical 

cross-section of the salt specimen.  The mesh is designed for axisymmetric analysis 

by using the salt specimen axis as a centerline.  It represents the top-right quarter of a 

salt specimen.  It is 30 millimeters wide and 78 millimeters long.  The left boundary 

of the mesh represents the centerline of the specimen.  It is fixed in lateral direction.  

The bottom boundary of the mesh does not allow vertical displacement.  The right 
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boundary of the mesh can be freely deformed in both lateral and vertical directions.  

The top boundary of the mesh is subject to the uniform loads. 

Table 4.1  Properties used in computer modeling (Wetchasat, 2002). 

Behavior Properties Units Ranges Average 
values 

Test 
types

  Shear Modulus GPa 8.7 - 9 8.8 CY 
 Elastic 

  Ultimate Bulk Modulus  GPa 40.6 - 42 41.1 CY 

  Retarded Shear Modulus (τ0< K0) GPa 0.2 - 2.1 1.1 CR 

  Retarded Bulk Modulus  GPa 0.9 - 9.8 4.9 CR  Visco- 
 Elastic 

  Elastoviscosity (τ0< K0) GPa⋅day 0.1 - 17 9.1 CR 

 Visco- 
 Plastic   Plastoviscosity (τ0< K0) GPa⋅day 6.9 - 27.6 17.2 CP 

 Strength   Critical Shear Strain at Failure 10-3 2 2 CY 

Note: CY = Uniaxial cyclic loading tests; CR = Short-term uniaxial creep tests 

 CP = Long-term uniaxial creep tests 
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Figure 4.1  Single element mesh used in the calibration of the uniaxial creep 

test results. 
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 Initial (average) values of the shear modulus, the ultimate bulk modulus, the 

retarded shear modulus, the retarded bulk modulus, the elastoviscosity and the critical 

shear strain obtained from Wetchasat (2002) are set in the computer modeling.  The 

instantaneous strain in the strain-time curves (Figure 4.2) is adjusted from the initial 

values until the instantaneous strain from the computer simulation matches the actual 

experimental results.  The slopes and the curvatures (in visco-elastic phase) are also 

adjusted from the initial values until the slopes and the curvatures from the simulation 

match the actual experimental results.  The best value of plastoviscosity is obtained by 

adjusting the computer simulation until it matches the actual experimental results.  

Table 4.2 summarizes the property parameters of the salt specimens obtained from the 

computer modeling for the uniaxial creep tests.  The average value from three 

specimens is 12.4 GPa⋅day. 

 4.3.2 Determination of Plastoviscosity from Triaxial Creep Test 

 Figure 4.3 shows the single element mesh used in calibration of the 

triaxial creep test results to determine plastoviscosity.  It has the same characteristics 

and properties as the single element mesh used in calibration of the uniaxial creep test 

results, except the right boundary of the element mesh is compressed by confining 

pressure. 

 Results from the long-term triaxial creep tests are used to determine 

plastoviscosity.  Methods of calibration are similar to the calibration of the uniaxial 

creep test results.  Figure 4.4 shows calibration results.  Table 4.3 summarizes the 

property parameters of the salt specimens obtained from the computer modeling for 

the triaxial creep test.  The average plastoviscosity from four specimens is 52.0 

GPa⋅day. 
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Figure 4.2  Comparisons between the simulation and the experimental results 

for the uniaxial creep test at constant axial stresses of 4.1, 7.1, 9.1, 

11.1, and 14.1 MPa. 
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Table 4.2  Summary of the property parameters of the salt specimens obtained from  

 the computer modeling for the uniaxial creep tests. 

Constant axial stresses 

Property 
Sy

m
bo

l 
Unit 

Initial 
value

7 
.1

 M
Pa

 

11
.1

 M
Pa

 

4.
1 

M
Pa

 

9.
1 

M
Pa

 

14
.1

 M
Pa

 

Results 
from 

calibration

(average) 

Shear modulus G1 GPa 8.8 2.1 1.2 1.7 0.4 0.4 - 

Retarded shear  
modulus G2 GPa 1.1 0.9 0.8 1.4 0.3 0.4 - 

Elastoviscosity V2 GPa⋅day 9.1 1.2 1.4 1.4 0.6 0.8 - 

Plastoviscosity V4 GPa⋅day - 27.6 17.2 6.9 7.7 2.4 12.4 

Ultimate bulk modulus K1 GPa 41.1 9.7 5.8 7.6 27.6 27.6 - 

Retarded bulk modulus K2 GPa 4.9 4.1 3.9 7.6 4.8 4.8 - 

Critical shear strain at  
failure γc 10-3 2 2 2 2 2 2 - 
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Figure 4.3  Single element mesh used in calibration of the triaxial creep test results. 
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σaxial =  24.1 MPa (3.4 MPa)
Sample No. BD99-1-TC01

σaxial=  27.6 MPa (6.9 MPa)
Sample No. BD99-1-TC11

σaxial =  20.7 MPa (6.9 MPa)
Sample No. BD99-1-TC10

σaxial =  16.6 MPa (3.4 MPa)
Sample No. BD99-1-TC03

Experimental results

Simulation results

Figure 4.4  Comparisons between the simulation and the experimental results for 

the triaxial creep test results at constant axial stress of 20.7 and 27.6 

MPa (for constant confining pressure of 6.9 MPa) and 16.6 and 24.1 

MPa (for constant confining pressure of 3.4 MPa). 
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Table 4.3  Summary of the property parameters of the salt specimens obtained from  

 the computer modeling for the triaxial creep test. 

Property 
Sy

m
bo

l 
Unit Initial 

value

24
 .1

 M
Pa

* 
(5

00
 p

si
 *

*)
 

16
.6

 M
Pa

* 
(5

00
 p

si
 *

*)
 

20
.7

 M
Pa

* 
(1

00
0 

ps
i *

*)
 

27
.6

 M
Pa

* 
(1

00
0 

ps
i *

*)
 

Results 
from 

calibration
(average) 

Shear modulus G1 GPa 8.8 1.1 0.5 0.93 2.4 - 

Retarded shear   
modulus G2 GPa 1.1 0.003 0.03 0.04 3.4 - 

Elastoviscosity V2 GPa⋅day 9.1 3.7 1.3 3.80 3.4 - 

Plastoviscosity V4 GPa⋅day - 5.8 29.9 93.10 79.3 52.0 

Ultimate bulk modulus K1 GPa 41.1 12.1 1 13.10 6.6 - 

Retarded bulk modulus K2 GPa 4.9 0.4 0.7 0.70 0.6 - 

Critical shear strain at  
failure γc 10-3 2 1 1 1.00 1.0 - 

Note: * Constant axial stresses 

 ** Constant confining pressure 
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4.4 Discussions 

 By using the finite element code GEO, the property parameters of the salt 

specimens are simulated and compared with the experimental results.  The model 

simulations provide good fit to the experimental results.  Table 4.4 compares the 

range of parameters and the selected values. 

 The values of the plastoviscosity obtained from the uniaxial and triaxial creep 

tests vary from 2.4 to 93.1 GPa⋅day (specimens no. CP02, CP06, CP07, TC01, TC03, 

TC10, and TC11).  In most cases the plastoviscosity are calibrated from test results of 

specimens under high axial stresses is greater than the one under low axial stresses.  

The long-term creep simulations provide a good fit for each constant stress.  The 

actual experimental results have sufficient data to simulate the value of 

plastoviscosity.  Variations may be caused by intrinsic variabilities of salt such as 

inclusion (anhydrite and iron oxide).  The plastoviscosity is relatively high as 

compared with those from Serata and Fuenkajorn (1993) and Wetchasat (2002). 
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Table 4.4  Comparison of the range of parameters and the selected values. 

Phase Properties Units Ranges Average 
values 

Test 
types 

  Shear Modulus GPa 8.7 – 9.0 8.8 CY 
Elastic 

  Ultimate Bulk Modulus  GPa 40.6 – 42.0 41.1 CY 

  Retarded Shear Modulus (τ0< K0) GPa 0.2 – 2.1 1.1 CR 

  Retarded Bulk Modulus  GPa 0.9 – 9.8 4.9 CP Visco-  
Elastic 

  Elastoviscosity (τ0< K0) GPa⋅day 0.1 – 17.0 9.1 CR 

Visco-  
Plastic   Plastoviscosity GPa⋅day 2.4-93.1 33.6 CP & TC 

Strength   Critical Shear Strain at Failure 10-3 2 2 CY 

Note: CY = cyclic loading tests, 

 CR = short-term uniaxial creep tests, 

 CP = long-term uniaxial creep tests, and 

 TC = long-term triaxial creep tests 

 



 

CHAPTER V 

COMPUTER MODELING 

 

5.1 Objectives 

 The objective of the computer modeling is to determine the time-dependent 

ground surface subsidence through 500 years after emplacement, the vertical opening 

closure, the salt pillar, roof and floor deformations, the octahedral shear stress and 

strain and the principal stresses and strains around the salt opening through 50 years.  

The results are compared to study the effect of opening widths, pillar widths and 

depths for three example areas.  The results are compared to select the most suitable 

opening width, pillar width and opening depth for the repository.  The non-linear 

finite elements program, GEO (Serata and Fuenkajorn, 1991, 1992a, 1992b; Stormont 

and Fuenkajorn, 1994; Fuenkajorn and Serata, 1994) and the salt property parameters 

(in Chapter IV) are used in the computer modeling.  The GEO constitutive equations 

are given in Chapter II. 

 

5.2 Rock Salt Formations used in this Study 

 The sequences of rock salt in Thailand have been compiled by many 

investigators (Japan International Cooperation Agency, 1981; Suwanich et al., 1982; 

Suwanich and Ratanajaruraks, 1986).  They are obtained from the logging of 194 

exploratory boreholes drilled as part of the potash exploration project in the northeast 

of Thailand.  The locations of the 194 boreholes are shown in Figures 5.1 and 5.2  
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(Japakasetr, 1985).  For this research, no attempt has been made at performing 

additional in-situ drilling or conducting any geological and geophysical exploration.  

It is assumed here that the pre-existing information is correct and reliable.  

 For an ease of modeling and design, the stratigraphic formations of rock salt 

and associated rocks have been reclassified here into three main geomechanics 

groups: 1) associated rocks, 2) rock salt, and 3) sandstone/siltstone groups.  The 

associated rocks include all geological formations between and above the salt 

formations (e.g., anhydrite, mudstone, clay, clay stone, siltstone, conglomerate, terrain 

sediment, alluvial deposits, and more).  The rock salt group represents the Upper Salt, 

Middle Salt and Lower Salt members.  The sandstone/siltstone group represents all 

rock formations above and below the Lower Salt member. 

 One of the difficulties in selecting a suitable repository site is that the salt 

formations in Thailand are relatively thin and shallow.  The selected criteria used here 

are the thickness and depth of the rock salt formations as compares with other 

repository sites as described in chapter II (see Table 2.1).  Based on these case studies 

and from the available information from the drilled holes, three areas in the Khorat 

Plateau have been taken into consideration.  These areas will be used as case 

examples because they provide suitable geology in terms of salt thickness and depth.  

The study areas are shown in Figure 5.3.  Figure 5.4 shows the simplified stratigraphy 

of the three areas that have been reclassified in this study based on the above criteria.  

The locations are referred to by using the name of the areas where the corresponding 

original drilled holes are located.  The original stratigraphy is shown in Figures A.1 -

A.3 in Appendix A.  Table 5.1 lists the names of these locations for both Sakon 

Nakhon and Khorat basins. 
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Figure 5.3  Locations of the three study areas in Khorat and Sakon Nakhon basins 

in the northeast of Thailand. 

K-006 = Ban Kao, Muang District, Udon Thani Province  

K-055 = Ban Kudjig, Wanon Niwat District, Sakon Nakhon Province 

K-089 = Ban Nong Plue, Borabue District, Maha Sarakham Province 

(modified from Japan International Cooperation Agency, 1981) 
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Figure 5.4  Simplified stratigraphy of salt and associated rocks in Sakon

Nakorn and Khorat basins, after reclassification into three

geomechanics groups. 
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Table 5.1  Selected areas in Sakon Nakon and Khorat basins used in this research. 

Basin Location Borehole No. Model 

1) Ban Kao, Muang District,  
Udon Thani Province K-006 

KM-P1, KM-P2,  
KM-P3, KM-P4,  
KM-P5, KM-P9, 
KM-R4, KM-R6,  
KM-R8 Sakon Nakhon 

2) Ban Kudjig, Wanon Niwat 
District, Sakon Nakhon 
Province 

K-055 KW-P4 

Khorat 
1) Ban Nong Plue, Borabue 

District, Maha Sarakham 
Province 

K-089 NB-P4 

Notes: KM = Ban Kao, Muang District, Udon Thani Province 

 KW = Ban Kudjig, Wanon Niwat District, Sakon Nakhon Province 

 NB = Ban Nong Plue, Borabue District, Maha Sarakham Province 

 P1, P2, P3, P4, P5, P9 = Pillar width = 4, 8, 12, 16, 20, 36 meters 

 R4, R6, R8 = Room width = 4, 6, 8 meters 
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5.3 Property Parameters used in Computer Modeling 

 Table 5.2 summarizes the property parameters for three material groups used 

in the computer model.  Three material groups include of associated rocks, rock salt, 

and sandstone/siltstone formations.  Numerical values of the salt property parameters 

are obtained from the calculation and calibration in Chapter IV and Wetchasat (2002).  

The average numerical values are selected for the computer modeling for a 

conservative approach.  The properties of associated rocks and the sandstone/siltstone 

are taken from GEO database because the specimens are not available for testing.  

Conservative approach has also been taken into the assignment of each parameter. 

 In-situ stress is taken to be hydrostatic for conservative assumption.  The 

density gradient of rock salt is 21.1 kPa/m and 27.1 kPa/m of clay stone and silt/sand 

stone. 

 

5.4 Underground Repository 

 This task describes the concept used to design the repository rooms.  The key 

design requirements include, 1) the mechanical stability during the emplacement 

period of 50 years, 2) the containment integrity for the repository during the isolation 

period of 500 years, and 3) minimization of the movement of the surrounding rock 

formations.  To meet these requirements, the longwall pillar concept is proposed.  The 

repository rooms are arranged in a parallel pattern, connecting to a main entry.  The 

height of the repository room is defined to be 4 meters to satisfy most available 

equipment.  The longwall pillar mining method is described in detail by Jeremic 

(1994).  The design parameters for the repository room are shown in Figure 5.5.  An 

important advantage of this method is that nuclear wastes can be removed from  
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Table 5.2  Material properties used in computer modeling (from Wetchasat, 2002). 
B

eh
av

io
r Properties Units Associated

Rocks 
Rock 
Salt 

Sandstone/
Siltstone 

  Shear Modulus GPa 0.3 8.8 13.8 

El
as

tic
 

  Ultimate Bulk Modulus GPa 1.7 41.1 82.8 

  Retarded Shear Modulus GPa 0.3 1.1 13.8 

  Retarded Bulk Modulus GPa 1.4 4.9 82.8 

  Elastoviscosity GPa⋅day 0.3 9.1 3.4 

V
is

co
-E

la
st

ic
 

  Plastoviscosity GPa⋅day 2.8 33.6 13.8 

  Critical Shear Strain at Failure 10-3 10 2 2 
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  Density Gradient MPa/m 0.027 0.021 0.027 
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Figure 5.5  Design parameters for repository rooms. 
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underground if later prooved that the repository is unsafe.  This study assumes that the 

backfills are installed at 50 years after emplacement.  The computations of room 

behavior are concentrated at 50 years after waste emplacement.  The surface 

subsidence is however calculated at 500 years after opening. 

 

5.5 Finite Element Mesh for Repository Room 

 Three series of finite element analyses have been carried out to design the 

most suitable width and depth of the repository room and pillar size.  Details of the 

mesh design for each series of analysis are given in the following subsections. 

 5.5.1  Study on the Effect of Opening Widths 

 The geologic sequence at Ban Kao, Muang District, Udon Thani Province is 

used to construct three finite element models (models KM-R4, KM-R6 and KM-R8) 

that have the room widths varying from 4, 6 to 8 meters.  Figure 5.6 shows the 

geometry and geology of the repository room in rock salt formation for these models.  

The finite element models include square and rectangle openings with different 

widths.  Figure 5.7 shows the close-up finite element mesh of model KM-R4.  The 

complete mesh is constructed to represent a vertical cross-section of the repository 

room.  The surrounding rocks are discretized from the ground surface to the depth of 

800 meters.  The mesh is designed for plane strain analysis using the opening and 

pillar axes as centerlines.  It covers a horizontal distance of 40 meters.  The left 

boundary represents the opening centerline and is laterally constrained.  The right 

boundary represents the pillar centerline.  In order to show the opening boundaries, 

the elements inside the room are not drawn in the Figure.  The top and bottom of the 

repository room are located at depths of 502 meters and 506 meters.  The opening is  
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Figure 5.6  Repository rooms in rock salt formation designed to study the

effect of room width.  Stratigraphy of salt and associated rocks in

Ban Kao, Muang District, Udon Thani Province is used in the

study.  The room widths vary from 4, 6 to 8 meters. 
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Figure 5.7  Close-up finite element mesh for model KM-R4 at Ban Khao,

Muang District, Udon Thani Province.  Room width is 4 meters.
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assumed to be a square opening with a room width of 4 meters and height of 4 meters.  

Small elements (0.5 meters × 0.5 meters) are used adjacent to and near the opening 

boundaries to capture the detailed distribution of the stresses and strains under high 

gradients.  Larger elements are used in the overburden (far from the salt roof), as its 

behavior does not impact the opening stability.  The overburden is included in the 

analysis in order to provide the gravitational force on the salt opening, and to allow an 

assessment of the ground surface subsidence.  Figures 5.8 and 5.9 show the close-up 

finite element mesh of models KM-R6 and KM-P8.  The model characteristics (the 

mesh construction, the analysis method and the opening depth) are similar to those of 

the model KM-R4.  They are assumed to be rectangle opening with room width of 6 

meters and 8 meters.  Small elements (0.5 meters × 0.6 meters) are close to the 

opening boundaries. 

 5.5.2 Study on the Effect of Pillar Widths 

 The study area at Ban Kao, Muang District, Udon Thani Province is 

selected for studying the effect of pillar widths.  Six finite element models (models 

KM-P1, KM-P2, KM-P3, KM-P4, KM-P5 and KM-P9) are constructed to represent 

the repository rooms that have the pillar widths varying from 4, 8, 12, 16, 20 to 36 

meters.  The geometry and locations of the repository rooms in rock salt formation for  

these models are show in Figure 5.10.  The room width and height of all finite 

element models are 4 meters.  Figures 5.11 – 5.16 show the close-up finite element 

mesh of models KM-P1, KM-P2, KM-P3, KM-P4, KM-P5 and KM-P9.  The model 

characteristics (the mesh construction, the analysis method and the opening depth) are 

similar to those of the model KM-R4.  They are assumed to be square opening with  
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Figure 5.8  Close-up finite element mesh for model KM-R6 at Ban Khao,

Muang District, Udon Thani Province.  Room width is 6 meters. 
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Figure 5.9  Close-up finite element mesh for model KM-R8 at Ban Khao,

Muang District, Udon Thani Province.  Room width is 8 meters. 
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Figure 5.10  Repository rooms in rock salt formation defined to study the effect

of pillar width.  Stratigraphy of salt and associated rocks in Ban

Kao, Muang District, Udon Thani Province is used in the study.

The pillar widths vary from 4, 8, 12, 16, 20 to 36 meters. 
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Figure 5.11  Close-up finite element mesh for model KM-P1 at Ban Khao,

Muang District, Udon Thani Province.  Room and pillar widths

are 4 meters. 
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Figure 5.12  Close-up finite element mesh for model KM-P2 at Ban Khao,

Muang District, Udon Thani Province.  Room and pillar

widths are 4 and 8 meters, respectively. 
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Figure 5.13  Close-up finite element mesh for model KM-P3 at Ban Khao,

Muang District, Udon Thani Province.  Room and pillar widths

are 4 and 12 meters, respectively. 
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Figure 5.14  Close-up finite element mesh for model KM-P4 at Ban Khao,
Muang District, Udon Thani Province.  Room and pillar widths
are 4 and 16 meters, respectively. 
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Figure 5.15  Close-up finite element mesh for model KM-P5 at Ban Khao,

Muang District, Udon Thani Province.  Room and pillar widths

are 4 and 20 meters, respectively. 
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Figure 5.16  Close-up finite element mesh for model KM-P9 at Ban Khao,

Muang District, Udon Thani Province.  Room and pillar

widths are 4 and 36 meters, respectively. 
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pillar widths varying from 4, 8, 12, 16, 20 to 36 meters.  Small elements (0.5 meters × 

0.5 meters) are close to the opening boundaries. 

 5.5.3 Study on the Effect of Room Depth  

 Three finite element models (models KM-P4, KW-P4 and NB-P4) are 

constructed to represent the repository rooms.  The study area at Ban Kao, Muang 

District, Udon Thani Province (model KW-P4), Ban Kudjig, Wanon Niwat District, 

Sakon Nakhon Province (model KW-P4) and Ban Nong Plue, Borabue District, Maha 

Sarakham Province (model NB-P4) are used to study the effect of room depths.  

Figure 5.17 shows the geometry and locations of the repository rooms in rock salt 

formation for these models.  The room width and height of all finite element models 

are 4 meters and the pillar width of 16 meters.  The finite element mesh of model 

KM-P4 is shown in Figure 5.13.  Figures 5.18 and 5.19 show the finite element mesh 

of models KW-P4 and NB-P4.  The model characteristics (the mesh construction and 

the analysis method) are similar to those of the model KM-R4.  They are assumed to 

be square opening.  The top and bottom of the opening are located at depths of 603 

and 607 meters (model KW-P4) and 817 and 821 meters (model NB-P4).  Small 

elements (0.5 meters × 0.5 meters) are close to the opening boundaries. 

 Summary of the shapes and dimensions of repository rooms used in the 

modeling are listed in Table 5.3.  Table 5.4 summarizes numbers of nodes and 

elements for all finite element models.  The stress field at the sites is assumed to be 

hydrostatic.  The vertical stress at any point in the model is calculated from the depth 

and density of the overburden.  Table 5.2 lists the density gradients of all rock 

formations.  The internal pressure in the repository room is taken to be zero.  All 

modeling is assumed to have not support for conservative condition.  The analysis of  
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Figure 5.17  Comparisons of the disposal rooms located in rock salt formation to

study the effect of room depth.  Stratigraphy of salt and associated

rocks in 1). Ban Kao, Muang District, Udon Thani Province (model

KM-P4), 2) Ban Kudjig, Wanon Niwat District, Sakon Nakon

Province (model KW-P4) and, 3) Ban Nong Plue, Borabue District,

Mahasarakham Province (model NB-P4) are used in the study.  The

room height and width are 4 meters and 16 meters of pillar width. 
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Figure 5.18  Close-up finite element mesh for model KW-P4 at Ban Kudjig,

Wanon Niwat District, Sakon Nakon Province.  Room and pillar

widths are 4 and 16 meters, respectively. 
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Figure 5.19  Close-up finite element mesh for model KW-P4 at Ban Nong

Plue, Borabue District, Mahasarakham Province.  Room and

pillar widths are 4 and 16 meters, respectively. 
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Table 5.3  Shape and size of salt openings used in the modeling. 

Model Room 
Width/Pillar 
Width Ratio 

Room 
Width 

(m) 

Room 
Width/Height 

Ratio 

Depth to 
the Roof 

(m) 

Remarks 

KM-R4 1:20 4 1:1 502 

KM-R6 1:20 6 3:2 502 

KM-R8 1:20 8 2:1 502 

Study the 
effect of 

room width 

KM-P1 1:1 4 1:1 502 

KM-P2 1:2 4 1:1 502 

KM-P3 1:3 4 1:1 502 

KM-P5 1:5 4 1:1 502 

KM-P9 1:9 4 1:1 502 

Study the 
effect of 

pillar width 

KM-P4 1:4 4 1:1 502 

KW-P4 1:4 4 1:1 603 

NB-P4 1:4 4 1:1 817 

Study the 
effect of 

depth 

Note: 1) All models are square openings shaped, except models KM-R6 and KM-R8 

are rectangle openings shaped. 

 2) The room height is defined to be 4 meters to satisfied the available 

equipment. 
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Table 5.4  Number of nodes and elements in finite element models. 

Models Number of Nodes Number of Elements 

KM-P1 784 628 

KM-P2 528 424 

KM-P3 567 459 

KM-P5 786 680 

KM-P9 969 864 

KM-R4 988 918 

KM-R6 1097 1024 

KM-R8 1194 1124 

KM-P4 710 598 

KW-P4 764 634 

NB-P4 776 642 
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computer modeling is plane strain.  The openings are assumed to construct at the 

same time. 

 

5.6 Modeling Results 

 The results of computer simulation are evaluated in terms of the mechanical 

stability at 500 years after waste emplacement.  Considerations are specifically given 

on the ground surface subsidence through 500 years, the vertical opening closure, the 

salt pillar, roof and floor deformations, the octahedral shear stress and strain and the 

principal stresses and strains around the salt opening through 50 years.  The effect of 

the opening width, pillar width and the room depths among the three study areas are 

assessed. 

 5.6.1 The Results of Study on the Effect of Room Width 

 The results of study on the effect of room width are show in Appendix B.  

Figure B.1 compares the surface subsidence at the centerline of the opening for 

various geometries (square and rectangular shapes).  The square (model KM-R4) and 

the rectangular shapes (models KM-R6 and KM-R8) show surface subsidence equal 

0.4, 0.5, and 0.6 centimeters, respectively.  The surface subsidence of all shapes is 

rapidly increased during the first 10 years after the waste emplacement and remains 

constant through the next 500 years.  The vertical opening closures at the centerline of 

the opening for various geometries are compared in Figure B.2.  The models KM-R4, 

KM-R6 and KM-R8 show vertical closures about 6.7, 8.6, and 10.4 centimeters, 

respectively.  Figure B.3 compares the salt roof deformation at the centerline of 

opening for various geometries.  The square (model KM-R4) and the rectangular 

shapes (models KM-R6 and KM-R8) show salt roof deformation equal 3.3, 4.3 and 
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5.3 centimeters, respectively.  Figure B.4 compares the salt floor deformation at the 

centerline of opening for various geometries.  The square (model KM-R4) and the 

rectangular shapes (models KM-R6 and KM-R8) show salt floor deformation equal 

3.4, 4.3 and 5.2 centimeters, respectively.  The vertical closures, the salt roof and 

floor deformations of all shapes are rapidly increased during the first 10 years after 

the waste emplacement and remain constant through the next 50 years. 

 The contours of octahedral shears stresses near the salt opening are 

shown in Figures B.5 - B.7.  The octahedral shear stresses concentrate at the opening 

top and bottom corners for the all shapes.  The model KM-R8 shows the highest value 

of octahedral shear stress about 3.4 MPa.  The models KM-R4 and KM-R6 show the 

same octahedral shear stress about 3.1 MPa.  Figures B.8 - B.10 show the contours of 

octahedral shears strains near the salt opening.  The octahedral shear strains 

concentrate at the opening top and bottom corners for all shapes.  The model KM-R4 

shows the lowest value of octahedral shears strains about 27 × 10-3 %.  The models 

KM-R6 and KM-R8 show the octahedral shear strains about 33 × 10-3 % and 39 × 10-3 

%.  The distributions of the stress vectors are shown in Figures B.11 - B.13.  It is 

found that all models show similar the maximum stresses about 7.8 MPa.  The largest 

stresses concentrate at the opening top and bottom corners for all shapes.  The 

distributions of the strain vectors are shown in Figures B.14 - B.16.  The model KM-

R8 shows the maximum strains about 2.61 %.  The models KM-R4 and KM-R6 show 

the maximum strain equal 1.81 and 2.16 %, respectively.  The strains of all shapes 

concentrate at the opening top and bottom corners. 
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 5.6.2 Results of Study on the Effect of Pillar Width 

 The results of study on the effect of pillar width are summarized in 

Appendix C.  The comparison of the surface subsidence under the effect of different 

pillar widths is shown in Figures C.1 and C.2.  It is found that the models KM-P1, 

KM-P2, KM-P3, KM-P4, KM-P5 and KM-P9 show surface subsidence about 108.3, 

18.2, 4.6, 1.9, 1.5 and 0.8 centimeters, respectively.  The surface subsidence of these 

models are rapidly increased during the first 10 years after the waste emplacement 

and remain constant through the next 500 years.  Figures C.3 and C.4 compare the 

vertical closures at the centerline of the opening under the effect of different pillar 

widths.  The models KM-P1, KM-P2, KM-P3, KM-P4, KM-P5 and KM-P9 show the 

vertical closure about 127.3, 27.1, 9.4, 6.1, 5.9 and 5.9 centimeters, respectively.  The 

comparisons of the salt roof deformations under the effect of different pillar widths 

are shown in Figures C.5 and C.6.  It is found that the models KM-P1, KM-P2, KM-

P3, KM-P4, KM-P5 and KM-P9 show the salt roof deformation about 64.6, 13.6, 4.6, 

3.0, 3.0 and 2.9 centimeters, respectively.  Figures C.7 and C.8 compare the salt floor 

deformations under the effect of different pillar widths.  The results indicated that the 

models KM-P1, KM-P2, KM-P3, KM-P4, KM-P5 and KM-P9 show the salt floor 

deformation about 62.7, 13.5, 4.6, 3.0, 3.0 and 3.0 centimeters, respectively.  Figures 

C.9 and C.10 compare the pillar yielding at the centerline of pillar under the effect of 

different pillar widths.  It is found that the models KM-P1, KM-P2, KM-P3, KM-P4, 

KM-P5 and KM-P9 show the pillar yielding about 85.8, 13.3, 2.6, 0.5, 0.3 and 0.1 

centimeters, respectively.  The vertical closures, the salt roof and floor deformations 

and the pillar yielding of these models are rapidly increased during the first 10 years 

after the waste emplacement and remain constant through the next 50 years. 
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 The contours of octahedral shears stresses near the salt opening are 

shown in Figures C.11 - C.16.  The octahedral shear stresses concentrate at the 

opening top and bottom corners for the all models.  All models show similar the 

octahedral shear stress about 3.4 MPa.  Figures C.17 - C.22 show the contours of 

octahedral shears strains near the salt opening.  The octahedral shear strains 

concentrate at the opening top and bottom corners for all models.  These models show 

the octahedral shears strains ranging from 1.8 - 55×10-2%.  The distributions of the 

stress vectors are shown in Figures C.23 - C.28.  It is found that these models show 

the maximum stresses ranging from 17.8 to 17.9 MPa.  The largest stresses 

concentrate at the opening top and bottom corners for all models.  The distributions of 

the strain vectors are shown in Figures C.29 - C.34.  These models show the 

maximum strains ranging from 1.23% to 34.32 %.  The strains of all models 

concentrate at the opening top and bottom corners. 

 5.6.3 Results of Study on the Effect of Room Depth 

 Summaries of the study results on the effect of room depth are show in 

Appendix D.  The comparison of the surface subsidence at the centerline of the 

opening for various depths (at 502, 603 and 817 meters) is shown in Figure D.1.  It is 

found that the models KM-P4 (502 meters room depth), KW-P4 (603 meters room 

depth) and NB-P4 (817 meters room depth) show surface subsidence about 1.9, 6.4 

and 27.1 centimeters, respectively.  The surface subsidences of these models are 

rapidly increased during the first 10 years after the waste emplacement and remain 

constant through the next 500 years.  Figure D.2 compares the vertical closures at the 

centerline of the opening under the effect of different room depths.  It is found that the 

models KM-P4, KW-P4 and NB-P4 show the vertical closure about 6.1, 17.2 and 74.2 
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centimeters, respectively.  The comparison of the salt roof deformations at the 

centerline of opening for various depths is shown in Figure D.3.   The models KM-P4, 

KW-P4 and NB-P4 show salt roof deformation about 3.0, 5.4 and 36.9 centimeters, 

respectively.  Figure D.4 compares the salt floor deformations under the effect of 

different room depths.  It is found that the models KM-P4, KW-P4 and NB-P4 show 

the salt floor deformation about 3.0, 11.8 and 37.3 centimeters, respectively.  Figure 

D.5 compares the pillar yielding at the centerline of pillar for various depths.  The 

models KM-P4, KW-P4 and NB-P4 show pillar yielding about 0.5, 3.2 and 15.1 

centimeters, respectively.  The vertical closures, the salt roof and floor deformations 

and the pillar yielding of these models are rapidly increased during the first 10 years 

after the waste emplacement and remain constant through the next 50 years. 

 The contours of octahedral shears stresses near the salt opening are 

shown in Figures D.6 - D.8.  The octahedral shear stresses concentrate at the opening 

top and bottom corners for the all models.  All models show similar the octahedral 

shear stress about 3.4 MPa.  Figures D.9 - D.11 show the contours of octahedral 

shears strains near the salt opening.  The octahedral shear strains concentrate at the 

opening top and bottom corners for all models.  These models show the octahedral 

shears strains ranging from 2.4 - 24 × 10-2 %.  The distributions of the stress vectors 

are shown in Figures D.12 - D.14.  It is found that these models show the maximum 

stresses ranging from 17.8 to 29.6 MPa.  The largest stresses concentrate at the 

opening top and bottom corners for all models.  The distributions of the strain vectors 

are shown in Figures D.15 - D.17.  These models show the maximum strains ranging 

from 1.57 to 16.18 %.  The strains of all models concentrate at the opening top and 

bottom corners. 
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5.7 Design of Underground Layout 

 The objective of this task is to design the underground layout of the disposal.  

It can be deviled three main groups; repository room, main entry and barrier pillars 

(see Figure 5.20).  The repository rooms are 4 m wide, 4 m high and 50 m long, 

separated by 16 m wide pillar.  It requires 25 rooms to accommodate the nuclear 

waste amount of 33,000 m3 and increasing in next 50 years. 

 The main entry is 4.5 m high, 5 m wide and 50 m long, separated by 20 m 

wide pillar.  Figure 5.21 shows the finite element mesh of main entry.  The mesh is 

constructed to represent a vertical cross-section of the double opening.  The 

surrounding rocks are discretized from the ground surface to the depth of 800 meters.  

The mesh is designed for plane strain analysis using the opening and pillar axes as 

centerlines.  It covers a horizontal distance of 400 meters.  The left boundary 

represents the opening centerline and is laterally constrained.  The right boundary 

represents the pillar centerline.  In order to show the opening boundaries, the elements 

inside the room are not drawn in the Figure.  The top and bottom of the opening are 

located at depths of 502 meters and 506.5 meters.  The opening is assumed to be a 

square opening with a room width of 5 meters and height of 4.5 meters.  Small 

elements (0.5 meters × 0.5 meters) are used adjacent to and near the opening 

boundaries to capture the detailed distribution of the stresses and strains under high 

gradients.  Larger elements are used in the overburden, as its behavior does not impact 

the opening stability.  The overburden is included in the analysis in order to provide 

the gravitational force on the salt opening and to allow an assessment of the ground 

surface subsidence. 
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Figure 5.20  Underground layout for the repository at Ban Kao, Muang District, Udon Thani

Province. 
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Figure 5.21  Finite element mesh for model main entry at Ban Kao,

Muang District, Udon Thani Province.  The main entry is

5 m wide and 4.5 m high, separated by 20 m wide pillar. 
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 The results of computer simulation as show in Appendix E are evaluated in 

terms of the mechanical stability at 500 years after waste emplacement.  Figure E.1 

shows the surface subsidence at the left centerline of finite element mesh equals 0.3 

centimeters.  It is rapidly increased during the first 10 years after the waste 

emplacement and remains constant through the next 500 years.  The comparisons of 

vertical opening closures at the centerline between room no.1 (inner) and room no.2 

(outer) are similarly about 7 centimeters (Figure E.2).  Figure E.3 compares the salt 

roof deformation at the centerline between room no. 1 and room no. 2 equal 1.8 and 

1.9 centimeters.  Comparison of the salt floor deformation at the centerline of room 

no. 1 and room no. 2 is shown in Figure E.4.  They are about 1.8 and 1.9 centimeters.  

Figure E.5 compares the pillar yielding at the centerline of room no. 1 and room no.2.  

It is found that the room no. 1 and room no. 2 show similar pillar yielding about 0.4 

centimeters.  The vertical opening closure, the salt pillar, roof and floor deformation 

of both rooms are rapidly increased during the first 10 years after the emplacement 

and remains constant to the next 50 years. 

 The contour of octahedral shears stresses near the main entry is shown in 

Figures E.6.  The octahedral shear stresses concentrate at the opening top and bottom 

corners.  The octahedral shear stress value is about 3.4 MPa.  Figure E.7 shows the 

contour of octahedral shears strains near the main entry.  The octahedral shear strains 

concentrate at the opening top and bottom corners.  The value of octahedral shears 

strains about 14 × 10-3 %.  The distributions of the stress vectors are shown in Figures 

E.8.  It is found that the maximum stresses about 17.7 MPa.  The largest stresses 

concentrate at the opening top and bottom corners.  The distribution of the strain 
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vector is shown in Figures E.9.  The maximum strains about 1.0 %.  The strains 

concentrate at the opening top and bottom corners. 

 

5.8 Discussions 

 The time-dependent vertical closures, salt roof and floor deformations, pillar 

yielding and surface subsidence are considered in the analysis for the long-term 

geomechanical stability.  This also conforms to the approach used by several 

researchers (Nguyen-Minh et al., 1996; Rolfs, 1996; Frayne, 1996; Kwon and Miller, 

1998; De Menezes and Nguyen-Minh, 1998; Pudewills, 1998).  Studying the effect of 

opening geometries includes the square and rectangular shapes with room widths 

varying from 4, 6 to 8 meters.  The area at Ban Khao, Muang District, Udon Thani 

Province has been used.  The computer simulation suggests that the square shaped 

openings show the lowest vertical closure of about 6.7 centimeters.  The salt roof and 

floor deformations are less than 3 centimeters.  The surface subsidence is about 0.4 

centimeter at 500 years after emplacement.  Studying the effect of pillar widths 

includes the models of square shaped rooms with different pillar widths varying from 

4, 8, 12, 16, 20 to 36 meters.  The area at Ban Khao, Muang District, Udon Thani 

Province has been used.  The modeling results indicate that the square shaped room 

with 16 to 36 meters of pillar width shows the lowest vertical closures of about 6.1 

centimeters.  The salt roof and floor deformations are about 3 centimeters.  The pillar 

yielding is about 0.5 centimeter.  The surface subsidence is less than 2 centimeters at 

500 years after emplacement.  Studying the effect of different room depths includes 

three areas on the Khorat Plateau.  The three areas are Ban Khao, Muang District, 

Udon Thani Province (model KM-P4), Ban Kudjig, Wanon Niwat District, Sakon 
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Nakhon Province (model KW-P4) and Ban Nong Plue, Borabue District, Maha 

Sarakham Province (model NB-P4).  The modeling results indicate that the square 

shaped room with 16 meters pillar width and 502 meters room depth shows the lowest 

vertical closures of about 6.1 centimeters.  The salt roof and floor deformations are 

about 3 centimeters.  The pillar yielding is about 0.5 centimeter.  The surface 

subsidence is less than 2 centimeters at 500 years after emplacement. 

 The main entry is 4.5 m high, 5 m wide and 50 m long, separated by 20 m wide pillar.  The minimum width 

for the barrier and protective pillars is 400 meters. 

 



 

CHAPTER VI 

DISCUSSIONS, CONCLUSIONS AND 

RECOMMENDATIONS 

 

6.1 Discussions 

            Research discussions provided in this chapter emphasize the sufficiency and 

suitability of test methods and results, constitutive laws, computer program, and the 

advantages and disadvantages of the proposed disposal concept. 

 6.1.1 Sufficiency and Suitability of Test Results 

 The results from the tests indicate that rock salt in the northeast of 

Thailand have a relatively high intrinsic variability, as suggested by the high standard 

deviation of the calibrated parameters.  The amounts of salt core specimens are 

limited, and hence may not provide a representative result for the actual in-situ 

condition.  This research however assumes that the mechanical properties of the salt 

in northeastern Thailand are similar for all areas. 

 The borehole data also concentrate in small areas.  They may not 

represent the entire Sakon Nakhon and Khorat basins.  The borehole logs indicate that 

the depths and thickness of salt beds in both basins vary significantly.  The creep 

properties of rock salt are also affected by inclusions.  For the final design after site 

selection, a more site-specific study is deemed necessary. 
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 6.1.2 Experimental Methods 

 The diameter of the salt specimens used in this research is relatively 

small compared to those recommended by the ASTM and ISRM standard practices.  

The salt core specimens that donated by Asia Pacific Potash Corporation are 6 cm in 

diameter, while the average salt grain size is about one centimeter.  As a result the 

rock salt deformation in steady-state creep phase from small specimens may be lower 

than that from the larger specimens.  The visco-plastic coefficient of the salt in this research may therefore be 

high as compared with those from other sites. 

 6.1.3 Suitability of Constitutive Law 

 Researchers have purposed numerous constitutive equations to describe 

the mechanical behavior of the salt (described in Chapter II).  Each constitutive 

equation has specific advantages and disadvantages.  In the design and analysis of 

engineering structures in rock salt the constitutive equation that suitable to the specific 

objectives should be used.  The constitutive law used in this study is developed by 

Fuenkajorn and Serata (1992, 1993, 1994) and Serata and Fuenkajorn (1992).  The 

rheological constitutive model used here is capable of simulating the elastic, 

viscoelastic, viscoplastic, strain-softening and dilation behavior of time-dependent 

materials, such as rock salt.  These equations have been incorporated into a finite 

element code, named GEO.  A brief discussion identifying its unique derivation of the 

constitutive equations is given in Chapter II.  A limitation of this equation is that it 

can not calculate the deformation under elevated temperatures.  This does not affect 

the outcome of this research because the nuclear waste studied here is classified as low-level and low-
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temperature waste.  The constitutive law used in this study is still considered suitable for the 

analysis and design of the repository in rock salt. 

 6.1.4 Advantages and Disadvantages of Proposed Concept 

 It is proposed here that the underground repository should invoke the 

long-wall pillar concept.  This concept is being used to design the nuclear waste 

repository at the WIPP site in New Mexico (Matalucci and Munson, 1988).  A comparison between the dry salt mining and 

solution mining concepts is summarized in Table 6.1 (Fuenkajorn, 2003).  The table shows the advantages and 

disadvantages of the two concepts. 

 

6.2 Conclusions 

 The objective of this research is to assess the mechanical performance of the 

rock salt formations in northeastern Thailand for nuclear waste disposal.  The 

sequences of rock salt in Khorat Plateau have been reclassified in this research into 

three main geomechanics groups: associated rocks, rock salt and sandstone/siltstone 

groups.  One of the difficulties in selecting a suitable repository area is that the salt 

formations in Thailand are relatively thin and shallow.  The selected criteria used here 

are the thickness and depth of the rock salt formations.  Three areas in the region have 

been taken into consideration, including 1) Ban Khao, Muang District, Udon Thani 

Province, 2) Ban Kudjig, Wanorn Niwat District, Sakon Nakorn Province, and 3) Ban 

Nong Plue, Borabue District, Mahasarakham Province. 

 Rock salt samples used in the laboratory experiments are obtained from Udon 

Thani Province (in Sakon Nakorn Basin).  The core specimens are collected from the 

Middle and the Lower Salt members at depths ranging between 250 meters and 400 
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meters.  The core specimens are in cylindrical shapes with 60 millimeters in diameter.  

 

Table 6.1  Comparison the advantages and disadvantages of disposal concepts 

between dry salt mining and solution mining (Fuenkajorn, 2003). 

Criterions Dry salt mining Solution mining 

Construction cost 3,000 - 5,000 MM Bath Less than 500 MM Bath 

Stability monitoring Direct measurement Indirect measurement 

Waste emplacement Convenient, safety and reliability Complicated 

Retrievability  Simple Difficult 

Containment 
monitoring Direct measurement Indirect measurement 

Backfill installation Complicated and high cost Simple and low cost 

Mechanical stability High Fairly high 

Surface subsidence Relatively high Low 

Mine tailing / waste Used as backfill Disposed 

Construction duration Long Short 
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They contain more than 99 percent of halite (NaCl).  The rock salt is coarsely 

crystallined.  The crystal size varies from 1 to 10 mm.  The average density is 2,170 

kg/m3.  The color is clear or white, but sometimes pink and gray can be found. 

 The sample preparations follow the ASTM standards practice (ASTM D4543) 

as much as practical.  The procedures for the triaxial creep test also follow the ASTM 

standards (ASTM D4341, D4405 and D4406).  The creep tests are divided into 2 

groups, uniaxial and triaxial creep tests.  The results from the tests are used to calibrate 

the visco-plastic parameter (plastoviscosity) of the rock.  The computer program used 

to calibrate the plastoviscosity is called GEO.  The average plastoviscosity is about 

33.6 GPa⋅day. 

 Eleven finite element models are constructed to represent the geologic 

sequences of the three study areas in two-dimensional.  The studies are divided into 

three groups.  The first group is to assess the effect of the opening geometry.  The 

excavation is assumed to be square and rectangular shape with different room widths.  

The area at Ban Kao, Muang District, Udon Thani Province (Sakon Nakhon Basin) is 

selected to assess the opening stability.  The second group is designed to determine 

the optimum pillar width.  The last group is to assess the effect of different depths of 

salt.  The simulation results suggest that the repository rooms should be 4 m wide and 

4 m high, separated by 16 m wide pillar.  The excavations should be at approximately 

502 meters depth.  The main entries are 4.5 m high, 5 m wide, 50 m long and are separated by 20 m wide pillar.  The 

minimum width for the barrier and protective pillars is 400 meters.  Under these 

design parameters, the predicted vertical and horizontal closures are about 0.5 %.  The 

surface subsidence is calculated to be less than 0.22 meter through the next 500 years. 

6.3 Recommendations for Future Research Study  
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 For an actual site-selection more salt specimens are needed for the determination of the 

salt constitutive parameters (properties).  The specimens should be obtained from both 

Khorat and Sakon Nakhon basins.  They should be collected from only the Lower Salt 

Member at various depths because the suitable rock salt formation used for nuclear 

waste repository is Lower Salt Bed.  Larger core specimens (at least 102 inches in 

diameter) are required to ensure the representativeness of the results.  The creep testing 

under a wider range of loading and test period (more than one month) is also desirable to obtain a more representative 

result.  GEO program may not adequately describe the salt behavior, particularly for 

short-term prediction.  Different creep laws and computer codes should be used to confirm the correctness of the 

calculation and prediction.  Other constitutive laws, such as FLAC program (Itasca, 1992; 

1994) may be used in the simulations and for the redundant analyzes.  For the final 

design after site selection, a more site-specific study will be necessary.  The 

investigation should include core logging, geophysical exploration, hydrogeology and chemical studies for true site-

specific design. 
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Figure A.1  Stratigraphic column of rock salt and associated rocks at Ban Khao,

Muang District, Udon Thani Province (borehole no. K-006). 
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Figure A.2  Stratigraphy column of rock salt and associated rocks at Ban

Kudjig, Wanon Niwat District, Maha Sarakham Province

(borehole no. K-055). 
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Figure A.3  Stratigraphy column of rock salt and associated rocks at Ban

Nong Plue, Borabue District, Maha Sarakham Province

(borehole no. K-089). 
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RESULTS FROM THE COMPUTER MODELING TO 

STUDY THE EFFECT OF ROOM WIDTH 
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Figure B.1  Predicted surface subsidence induced by repository rooms

for various room widths.  The room depth is 502 meters. 

Figure B.2  Predicted vertical closure of repository rooms for various

room widths.  The room depth is 502 meters. 
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Figure B.3  Predicted roof deformation of repository rooms for

various room widths.  The room depth is 502 meters. 

Figure B.4  Predicted floor deformation of repository rooms for 

various room widths.  The room depth is 502 meters. 
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Figure B.6  Contour of octahedral shear stress around repository room (model

KM-R6) at 50 years after emplacement  (the maximum octahedral

shear stress = 450 psi).  The room width is 6 meters. 

Figure B.5  Contour of octahedral shear stress around repository room (model

KM-R4) at 50 years after emplacement  (the maximum octahedral

shear stress = 450 psi).  The room width is 4 meters. 
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Figure B.7  Contour of octahedral shear stress around repository room (model

KM-R8) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room width is 8 meters. 

Figure B.8  Contour of octahedral shear strain around repository room (model

KM-R4) at 50 years after emplacement  (the maximum octahedral

shear strain = 27 × 10-3%).  The room width is 4 meters. 
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Figure B.9  Contour of octahedral shear strain around repository room (model

KM-R6) at 50 years after emplacement  (the maximum octahedral

shear strain = 33 × 10-3%).  The room width is 6 meters. 

Figure B.10  Contour of octahedral shear strain around repository room (model

KM-R8) at 50 years after emplacement  (the maximum octahedral

shear strain = 39 × 10-3%).  The room width is 8 meters. 
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Figure B.11  Principal stress vectors around repository room (model KM-R4) at

50 years after emplacement  (the maximum stress = 2,575 psi).

Scale is 10,000 psi/inch.  The room width is 4 meters. 

Figure B.12  Principal stress vectors around repository room (model KM-R6) at 

50 years after emplacement  (the maximum stress = 2,575 psi).

Scale is 10,000 psi/inch.  The room width is 6 meters. 
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Figure B.13  Principal stress vectors around repository room (model KM-R8) at

50 years after emplacement  (the maximum stress = 2,575 psi).

Scale is 10,000 psi/inch.  The room width is 8 meters. 

Figure B.14  Principal strain vectors around repository room (model KM-R4) at 

50 years after emplacement  (the maximum strain = 1.81%).  Scale is 

10% /inch.  The room width is 4 meters. 
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Figure B.15  Principal strain vectors around repository room (model KM-R6) at

50 years after emplacement  (the maximum strain = 2.16%).  Scale

is 10% /inch.  The room width is 6 meters. 

Figure B.16  Principal strain vectors around repository room (model KM-R8) at

50 years after emplacement  (the maximum strain = 2.61%).  Scale

is 10% /inch.  The room width is 8 meters. 
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Figure C.1  Predicted surface subsidence induced by repository rooms for various 

pillar widths.  The room depth is 502 meters. 
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Figure C.2  Close-up predicted surface subsidence induced by repository rooms for 

various pillar widths.  The room depth is 502 meters. 
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Figure C.4  Closure-up predicted vertical closure of repository rooms for various 

pillar widths.  The room depth is 502 meters. 

Figure C.3  Predicted vertical closure of repository rooms for various pillar widths.  

The room depth is 502 meters. 
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Figure C.5  Predicted roof deformation of repository rooms for various pillar widths.  

The room depth is 502 meters. 

Figure C.6  Closure-up predicted roof deformation of repository rooms for various 

pillar widths.  The room depth is 502 meters. 
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Figure C.8  Closure-up predicted floor deformation of repository rooms for various 

pillar widths.  The room depth is 502 meters. 

Figure C.7  Predicted floor deformation of repository rooms for various pillar widths.  

The room depth is 502 meters. 
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Figure C.9  Predicted pillar yielding of repository rooms for various pillar widths.  

The room depth is 502 meters. 

Figure C.10  Closure-up predicted pillar yielding of repository rooms for various 

pillar widths.  The room depth is 502 meters. 
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Figure C.12  Contour of octahedral shear stress around repository room (model

KM-P2) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room is 4 m wide and 4 m high, 

separated by 8 m wide pillar. 

Figure C.11  Contour of octahedral shear stress around repository room (model

KM-P1) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room is 4 m wide and 4 m high,

separated by 4 m wide pillar. 
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Figure C.14  Contour of octahedral shear stress around repository room (model

KM-P4) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room is 4 m wide and 4 m high,

separated by 16 m wide pillar. 

Figure C.13  Contour of octahedral shear stress around repository room (model

KM-P3) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room is 4 m wide and 4 m high,

separated by 12 m wide pillar. 
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Figure C.16  Contour of octahedral shear stress around repository room (model

KM-P9) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room is 4 m wide and 4 m high,

separated by 36 m wide pillar. 

Figure C.15  Contour of octahedral shear stress around repository room (model

KM-P5) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room is 4 m wide and 4 m high,

separated by 20 m wide pillar. 
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Figure C.18  Contour of octahedral shear strain around repository room

(model KM-P2) at 50 years after emplacement  (the maximum

octahedral shear strain = 13 × 10-2 %).  The room is 4 m wide

and 4 m high, separated by 8 m wide pillar. 

Figure C.17  Contour of octahedral shear strain around repository room

(model KM-P1) at 50 years after emplacement  (the maximum

octahedral shear strain = 55 × 10-2 %).  The room is 4 m wide

and 4 m high, separated by 4 m wide pillar. 
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Figure C.19  Contour of octahedral shear strain around repository room (model

KM-P3) at 50 years after emplacement  (the maximum octahedral

shear strain = 42 × 10-3 %).  The room is 4 m wide and 4 m high,

separated by 12 m wide pillar. 

Figure C.20  Contour of octahedral shear strain around repository room

(model KM-P4) at 50 years after emplacement  (the maximum

octahedral shear strain = 24 × 10-3 %).  The room is 4 m wide

and 4 m high, separated by 16 m wide pillar. 
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Figure C.21  Contour of octahedral shear strain around repository room

(model KM-P5) at 50 years after emplacement  (the maximum

octahedral shear strain = 20 × 10-3 %).  The room is 4 m wide

and 4 m high, separated by 20 m wide pillar. 

Figure C.22  Contour of octahedral shear strain around repository room (model

KM-P9) at 50 years after emplacement  (the maximum octahedral

shear strain = 18 × 10-3 %).  The room is 4 m wide and 4 m high,

separated by 36 m wide pillar. 
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Figure C.23  Principal stress vectors around repository room (model KM-P1) at

50 years after emplacement  (the maximum stress = 2,603 psi).

Scale is 20,000 psi/inch.  The room is 4 m wide and 4 m high,

separated by 4 m wide pillar. 

Figure C.24  Principal stress vectors around repository room (model KM-P2) at

50 years after emplacement  (the maximum stress = 2,579 psi).

Scale is 20,000 psi/inch.  The room is 4 m wide and 4 m high,

separated by 8 m wide pillar. 
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Figure C.25  Principal stress vectors around repository room (model KM-P3) at

50 years after emplacement  (the maximum stress = 2,594 psi).

Scale is 20,000 psi/inch.  The room is 4 m wide and 4 m high,

separated by 12 m wide pillar. 

Figure C.26  Principal stress vectors around repository room (model KM-P4) at

50 years after emplacement  (the maximum stress = 2,594 psi).

Scale is 20,000 psi/inch.  The room is 4 m wide and 4 m high,

separated by 16 m wide pillar. 
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Figure C.27  Principal stress vectors around repository room (model KM-P5) at

50 years after emplacement  (the maximum stress = 2,583 psi).

Scale is 20,000 psi/inch.  The room is 4 m wide and 4 m high,

separated by 20 m wide pillar. 

Figure C.28  Principal stress vectors around repository room (model KM-P9) at

50 years after emplacement  (the maximum stress = 2,583 psi).

Scale is 20,000 psi/inch. The room is 4 m wide and 4 m high,

separated by 36 m wide pillar. 
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Figure C.30  Principal strain vectors around repository room (model KM-P2) at

50 years after emplacement  (the maximum strain = 8.42%).

Scale is 20% /inch.  The room is 4 m wide and 4 m high, separated

by 8 m wide pillar. 

Figure C.29  Principal strain vectors around repository room (model KM-P1)

at 50 years after emplacement  (the maximum strain = 34.32%).

Scale is 50% /inch.  The room is 4 m wide and 4 m high,

separated by 4 m wide pillar. 
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Figure C.32  Principal strain vectors around repository room (model KM-P4) at

50 years after emplacement  (the maximum strain = 1.57%).

Scale is 20% /inch.  The room is 4 m wide and 4 m high, separated

by 16 m wide pillar. 

Figure C.31  Principal strain vectors around repository room (model KM-P3) at

50 years after emplacement  (the maximum strain = 2.77%).

Scale is 20% /inch.  The room is 4 m wide and 4 m high, separated

by 12 m wide pillar. 
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Figure C.33  Principal strain vectors around repository room (model KM-P5) at

50 years after emplacement  (the maximum strain = 1.42%).

Scale is 20% /inch.  The room is 4 m wide and 4 m high, separated

by 20 m wide pillar. 

Figure C.34  Principal strain vectors around repository room (model KM-P9) at 

50 years after emplacement  (the maximum strain = 1.23%).

Scale is 20% /inch.  The room is 4 m wide and 4 m high,

separated by 36 m wide pillar. 
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Figure D.1  Predicted surface subsidence induced by repository rooms for various 

depths.  The room depths vary from 502, 603 to 817 meters. 
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Figure D.2  Predicted vertical closure of repository rooms for various depths. 

The room depths vary from 502, 603 to 817 meters. 
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Figure D.3  Predicted roof deformation of repository rooms for various depths. 

The room depths vary from 502, 603 to 817 meters. 

Figure D.4  Predicted floor deformation of repository rooms for various depths.  

The room depths vary from 502, 603 to 817 meters. 
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Figure D.5  Predicted pillar yielding of repository rooms for various depths.     

The room depths vary from 502, 603 to 817 meters. 

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30 35 40 45 50
Time (Years)

Pi
lla

r Y
ie

ld
in

g 
(c

m
)

Pillar Yielding

CL

A'

A

CLCL

Room depth = 502 m

= 817 m

= 603 m

Figure D.6  Contour of octahedral shear stress around repository room (model

KM-P4) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room depth is 502 meters. 
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Figure D.7  Contour of octahedral shear stress around repository room (model

KW-P4) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room depth is 603 meters. 
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Figure D.8  Contour of octahedral shear stress around repository room (model

NB-P4) at 50 years after emplacement  (the maximum octahedral

shear stress = 500 psi).  The room depth is 817 meters. 
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Figure D.9  Contour of octahedral shear strain around repository room (model

KM-P4) at 50 years after emplacement  (the maximum octahedral

shear strain = 24 × 10-3 %).  The room depth is 502 meters. 

Figure D.10  Contour of octahedral shear strain around repository room (model

KW-P4) at 50 years after emplacement  (the maximum octahedral

shear strain  = 64 × 10-3 %).  The room depth is 603 meters. 

10 m

-496 m

CL

-511 m
0 m

-502 m

-506 m

CL

10 m

-597 m

CL

-613 m
0 m

-603 m

-607 m

CL
Contour interval = 5 × 10-3% 

Contour interval = 2 × 10-3% 



 

 

181

Figure D.11  Contour of octahedral shear strain around repository room (model

NB-P4) at 50 years after emplacement  (the maximum octahedral

shear strain  = 24 × 10-2 %).  The room depth is 817 meters. 
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Figure D.12  Principal stress vectors around repository room (model KM-P4) at

50 years after emplacement  (the maximum stress = 2,594 psi).

Scale is 20,000 psi/inch.  The room depth is 502 meters. 
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Figure D.14  Principal stress vectors around repository room (model NB-P4) at

50 years after emplacement  (the maximum stress = 4,289 psi).

Scale is 20,000 psi/inch.  The room depth is 817 meters. 

Figure D.13  Principal stress vectors around repository room (model KW-P4) at

50 years after emplacement  (the maximum stress = 3,360 psi).

Scale is 20,000 psi/inch.  The room depth is 603 meters. 
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Figure D.16  Principal strain vectors around repository room (model KW-P4) at

50 years after emplacement  (the maximum strain = 4.44%).

Scale is 20% /inch.  The room depth is 603 meters. 
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Figure D.15  Principal strain vectors around repository room (model KM-P4) at

50 years after emplacement  (the maximum strain = 1.57%).

Scale is 20% /inch.  The room depth is 502 meters. 
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Figure D.17  Principal strain vectors around repository room (model NB-P4) at

50 years after emplacement  (the maximum strain = 16.18%).

Scale is 20% /inch.  The room depth is 817 meters. 
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Figure E.1  Predicted surface subsidence of the main entry at the center line.

The room is 5 m wide, 4.5 m high and 502 m deep, separated by

20 m wide pillar. 

Figure E.2  Predicted vertical closure of the main entry for room 1 (inner) and 

room 2 (outer).  The room is 5 m wide, 4.5 m high and 502 m deep,

separated by 20 m wide pillar. 
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Figure E.4  Predicted floor deformation of the main entry for room 1 (inner)

and room 2 (outer).  The room is 5 m wide, 4.5 m high and 502 m

deep, separated by 20 m wide pillar. 

Figure E.3  Predicted roof deformation of the main entry for room 1 (inner) and

room 2 (outer).  The room is 5 m wide, 4.5 m high and 502 m deep,

separated by 20 m wide pillar. 
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Figure E.5  Predicted pillar yielding of the main entry for room 1 (inner) and

room 2 (outer).  The room is 5 m wide, 4.5 m high and 502 m deep,

separated by 20 m wide pillar. 
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Figure E.6  Contour of octahedral shear stress around main entries at 50 years

(the maximum octahedral shear stress = 500 psi).  The room is 5 m

wide, 4.5 m high and 502 m deep, separated by 20 m wide pillar. 
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Figure E.7  Contour of octahedral shear strain around main entries at 50 years

(the maximum octahedral shear strain = 14 × 10-3%).  The room is 5 m

wide, 4.5 m high and 502 m deep, separated by 20 m wide pillar. 

Figure E.8  Principal stress vectors around main entries at 50 years (the maximum 

stress = 2,572 psi).  Scale is 15,000 psi/inch.  The room is 5 m wide,

4.5 m high and 502 m deep, separated by 20 m wide pillar. 
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Figure E.9  Principal strain vectors around main entries at 50 years (the

maximum strain = 1.0 %).  Scale is 10 % /inch.  The room is 5 m

wide, 4.5 m high and 502 m deep, separated by 20 m wide pillar.
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