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Stress path or sequence and duration of loading are one of the factors affecting
the mechanical behavior of rocks. The stress path dependency is even more
pronounced in soft rocks that exhibit plastic behavior when subjecting to load. The
stress conditions in the rock mass may be subject to different stress paths through the
processes of construction and operation. For most rock mechanics analyses, stress
path independence is often assumed. If the stress path dependency is significant, the
laboratory test method should be designed to detect or measure such factors, and
hence to obtain test results that are more representative to the actual in-situ conditions.
The objective of this research is to assess the effect of stress path on the mechanical
behavior of rock salt by means of mechanical laboratory testing and numerical
analysis. The creep property parameters calibrated from the results of conventional
triaxial creep test (CTC) and radially unloaded triaxial creep test (RUTC) are
compared to reveal the effect of stress path. The significance of the stress path
dependency is evaluated by performing numerical modeling of salt behavior around

storage caverns. The compressive and tensile strengths of the Maha Sarakham salt are

1Y%



relatively high as compared with those from various sources. The triaxial strength
results show that the average Poisson’s ratio is 0.37. Based on the Coulomb criterion,
the cohesion is 6 MPa and the internal friction angle is 50 degrees. Comparison the
creep results from the two triaxial tests shows that the specimens subjected to CTC
test show higher deformation than that of the RUTC test under the same octahedral
shear stress. The viscoelastic and viscoplastic parameters calibrated from the RUTC
test are slightly greater than that from the CTC test. The cavern simulation shows that
the surface subsidence obtained from the RUTC properties are 31.6% (for spherical)
and 30.1% (for cylindrical) less than those from the CTC properties. The vertical and
horizontal closures simulated from the RUTC properties are 25.7% (for spherical) and
23.3% (for cylindrical) less than those from the CTC properties. It is concluded that
the salt specimen behavior depends upon the stress paths. The RUTC test results may
be more representative to the actual in-situ conditions. The CTC test method,

however, yields the creep results and calibrated properties that are more conservative

that does the RUTC test method.
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CHAPTER I

INTRODUCTION

1.1 Problem and Rationale

Stress path or sequence and duration of directional loading are one of the
factors affecting the mechanical behavior of rocks. The stress path dependency is
even more pronounced in soft rocks that exhibit plastic behavior when subjecting to
load. The issue of stress path dependency is important in various disciplines,
especially in geotechnical problems, e.g. dams, tunnels, retaining walls and footing.
The stress conditions in the rock mass may be subject to different stress paths through
the processes of construction and operation. For most rock mechanics analyses, stress
path independence is often assumed. Rare experimental work has been performed to
verify this phenomenon. Only the theoretical implication has been shown,
particularly when complex behavior of rock material has to be dealt with. If the stress
path dependency is significant, the laboratory test method should be designed to
detect or measure such factors, and hence to obtain test results that are more
representative to the actual in-situ conditions.

Analysis and design of engineering structures, such as storage caverns and
mine openings, in rock salt may need to recognize the effect of stress path because
rock salt exhibits a strong time-dependent behavior under relatively low applied load.
Assessing the time-dependent (creep) properties of the salt by performing the

conventional triaxial creep test as specified by American Society for Testing and



Materials (ASTM) may not be adequate. Since the stress paths designated for such
test are different from those actually occurred under in-situ conditions, the test results
may not be strictly represent the actual properties of the rock. Experimental
assessment of the stress path dependency of rock salt is rare. In addition, the
significance of the stress path effect on the analysis and design of the engineering

structures in salt mass has not been specifically evaluated.

1.2 Objectives

The objective of this research is to assess the effect of stress path on the
mechanical behavior of rock salt by means of mechanical laboratory testing and
numerical analysis. The creep property parameters calibrated from the results of
conventional triaxial creep test (CTC) and radially unloaded triaxial creep test
(RUTC) are compared to reveal the effect of stress path. The significance of the
stress path dependency is evaluated by performing numerical modeling of salt

behavior around storage caverns.

1.3 Scope of Work

The research efforts involve two main tasks: laboratory mechanical testing on rock
salt and numerical modeling on salt caverns. The conventional triaxial creep tests and
the radially unloaded triaxial creep tests are performed to investigate the difference in
the mechanical behavior of rock salt under different loading paths. The analytical and
experimental works assume homogeneous and isotropic conditions. The study will
not include the shape and size effects on the salt specimen. Rock salt used in this

research has been donated by Asia Pacific Potash Corporation, Udon



Thani province, Thailand. They are cylindrical shapes with 6-centimeters in diameter
and are drilled from the Sakon Nakhon Basin. The loading rate and testing
temperature are maintained constant. The results from the laboratory tests are used to
calibrate the creep property parameters of a non-linear finite element program GEO
(Serata and Fuenkajorn, 1992; Fuenkajorn and Serata, 1992, 1993, 1994). The
program is used to compute the stresses and deformation of salt mass around storage
caverns under different sets of the calibrated property parameters. Comparisons of
the numerical results are made to assess the impact of the stress paths. The actual
subsurface salt formation at Ban Kudjik, Sakon Nakhon Basin, Thailand is used as an

example for the modeling. No in-situ testing is performed in this research.

1.4 Methodology

This research consists of six tasks, including literature review, sample
collection and preparation, laboratory experiments, numerical analyses, analysis, and
thesis writing. Figure 1.1 shows the research plan.

1.4.1 Literature Review

Literature review has been performed on relevant technical reports,
conference papers and journals. The reviewed topics include the conventional triaxial
testing and other relevant testing on rocks, stress path effect, mechanical testing on
salts, stress around salt cavern, and the evaporite geology of the Maha Sarakham
Formation. Summary of the literature review is documented.

1.4.2 Sample Collection and Preparation

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

Pacific Potash Corporation, Udon Thani province, Thailand. The core samples are
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from the Sakon Nakhon Basin. They are cylindrical shapes with 6-centimeters in
diameter. Preparations of these samples follow as much as practical the American
Society for Testing and Materials (ASTM D4543-85). The dimension requirements
of the tested specimens comply with both the ASTM standard and the International
Society for Rock Mechanics (ISRM) suggested methods. Petrographic features and
depths where the core specimens obtained are recorded.
1.4.3 Laboratory Experiments

The mechanical laboratory testing is performed on the salt specimens.
The ASTM standards and the test method suggested by Wawersik and Preece (1981)
are followed. The test series include the uniaxial compressive strength tests (ASTM
D2938-95), the Brazilian tensile strength tests (ASTM D3967-92), the triaxial
compressive strength tests (ASTM D2664-95), the conventional triaxial creep tests
(ASTM D4406-93), and the radially unloaded triaxial creep tests. For both triaxial
creep tests, a number of specimens are subjected to two stages of loading. The
octahedral shear stresses of 2.0, 3.5, 4.1 and 5.1 MPa are applied for the first stage.
The second stage uses the shear stresses of 8.7, 9.6, and 10.6 MPa. Axial strains are
monitored during the tests. The relationship between the strain and time is
determined for each loading stage.

1.4.4 Numerical Analyses

The objectives of performing numerical modeling are to calibrate the salt
properties from the test results with different stress paths, and to simulate the storage
caverns in salt formation. The property parameters studied here include the shear
modulus, ultimate bulk modulus, retarded shear modulus, retarded bulk modulus

elastoviscosity and plastoviscosity.



Computer model is constructed to represent the salt formation around the
storage caverns. The simulation of the cavern behavior is made using the two
different property sets. Similarities and differences of the results will be investigated
in term of time-dependent stress distribution, cavern closure, and surface subsidence.

1.4.5 Analysis

The effect of stress paths is discussed in terms of the representation of the
test results that are obtained from different stress paths, as well as the impact of the
stress paths on the computer simulation. Validity and practicality of both triaxial
testing techniques are analyzed.

1.4.6 Thesis Writing

The thesis presents the results of literature review, comprehensive

methodology, results of testing and computer modeling, discussions and conclusions

of the findings.

1.5 Thesis Contents

This research thesis is divided into seven chapters. The first chapter includes
problem and rationale, research objectives, scope of work, and research methodology.
Chapter II presents results of the literature review on stress path effect, mechanical
testing on rock salt, stress around salt caverns, and the evaporite geology of the Maha
Sarakham Formation. Chapter III describes sample preparation, and laboratory
experiments. The experiments include characterization and triaxial creep tests on the
salt specimens obtained from the Sakon Nakhon Basin. The constitutive law and salt
parameters calibration are described in Chapter IV. Chapter V presents the results of

computer modeling using parameters calibrated from different stress paths. They



emphasize on the cavern convergence and ground surface subsidence. Chapter VI
discusses the effect of different stress paths on salt specimens and the significance of
the difference in terms of the computer simulations. Chapter VII provides

conclusions and recommendations for future studies.



CHAPTER 11

LITERATURE REVEIW

2.1 Theories and Principles

The mechanical behavior of rock is commonly analyzed either by the principle
of elasticity or inelasticity. In most cases, the principle of elasticity is often used or
assumed for the stress-strain analysis, because it is convenient for practical
applications. Under this assumption the effect of the different loading directions and
sequences is ignored (Chen and Zhang, 1991).

For some rocks, the assumption of inelastic behavior is more suitable than
linearly elastic, especially for soft rock such as salt. The mechanical behavior of rock
salt is important for geological engineering structures, such as nuclear waste
repository, storage caverns and underground salt mines. Salt exhibits complex
mechanical behavior due to the plastic deformation and time dependency. Chen and
Zhang (1991) and Shames and Cozzarelli (1997) suggest that the analysis of materials
in the plastic range is dependent of stress path. The influence of stress path or
loading sequence and direction should therefore be considered to analyze the
engineering structures in salt formation.

For the inelastic behavior, strain hardening becomes a dominant range. To
generate a new yield surface, the plastic deformation is developed by increasing the
applied stresses. This new yield surface is called subsequent yield surface or loading

surface. Since the loading surface changed according to the way the plastic



deformation is produced, the stress-strain behavior of a work-hardening (ductile)
material is loading path dependent or loading history dependent (Chen and Zhang,
1991, and Khan and Huang, 1995). Two theories for the work-hardening materials
have been proposed: the deformational theory and the incremental theory. The
deformational theory neglects the effect of loading path in the development of stress-
strain relationship. Determinations of the total strain, &, and the plastic strain, €, are
unique along the plastic deformation continuum. The total strains are decomposed

into elastic and plastic components (g;;° and €;*) by a simple superposition:

&j= Sije + Sijp (2.1)

where the functional plastic range depends on the effective strain.
For the incremental theory, the total incremental strains, de;;, are assumed to be

divisible into elastic, de;;°, and plastic, dg;”, components:

d{-lij = deije + d{-)ijp (2.2)

For this theory, the plastic deformation depends on the loading path, so it is
necessary to integrate the incremental stress-strain relation along the loading path to
obtain the final state of deformation. There are three basic elements in the
development of stress-strain relationship for this theory: 1) loading criterion, 2) flow
rule, and 3) hardening rule. Chen and Zhang (1991) describe these rules which are
derived from the basis of stress path effect consideration. For the hardening rule,
Khan and Huang (1995) describe the determination of the subsequent yield surface of
isotropic strain hardening (subgroup of hardening rule) and the total plastic work.
These are called the work-hardening hypothesis. The amount of hardening depends

only on the total plastic work and does not depend on the loading path.
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2.2 Experimental Assessment of Stress Paths

2.2.1 Rock Salt

Wawersik and Hannum (1980) study the loading path conditions using
the conventional triaxial test under constant confining pressure, constant mean stress,
and axial stress. Salt specimens are subjected to quasi—static triaxial compression.
They find that the maximum and minimum principal strains (g;and €3) are numerically
greatest along the path of constant confining pressure. The smallest €, and €3 are
obtained along the path of constant axial stress. The greatest ratio of €3/€; is obtained
along the path of the lowest pressure. For the total strains, the stress path also affects
the magnitudes of the strain increments and the ratios of strain increments at common
stress states. This observation indicates that the stress path affects rock salt behavior.
Lux and Rokahr (1984) compare the results of the conventional and the extensional
triaxial tests on rock salt. For the short term behavior, the strength of rock salt
significantly depends upon the type of stress state and the mean stresses. For the long
term behavior, the triaxial extension test shows less creep deformation than that of the
triaxial compression test under the same deviatoric stress. The results of Wawersik
and Hannum (1980) and Lux and Rokahr (1984) demonstrate the loading path in the
triaxial compression tests on salt specimens that can induce more creep deformation
than those of the triaxial extension tests. Hunsche and Albrecht (1990) study the effect
of the variation of hydrostatic stress (mean stress), loading path (load geometry),
temperature and residual strength on the true triaxial strength of rock salt. It is found
that the mean stress and the load geometry, as described by the Lode parameter (m),

are the main factors influencing the primary strength of rock salt.
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Assis and Kaiser (1991) conduct two different triaxial compression tests
on Saskatchewan potash specimens using conventional method and constant mean
stress (J1) method. Comparison of the results shows that the loading path from
J1-constant method exhibited considerably higher creep deformation than that from
the conventional method for the same stress state, especially in transient creep phase.
The results also show that the J1-constant method presents a directly proportional
relationship between creep deformation and confining stress but for the conventional
method, the creep deformation is directly proportional to applied deviatoric stress and
inversely proportional to the confining stress. They conclude that the results might
have serious implications to the prediction of in-situ time-dependent behavior of
underground openings. They suggest that the Jl-constant stress path is more
representatives of the excavation procedure of underground openings and that should
be adopted for providing creep properties in laboratory.

Allemendou and Dusseault (1993) perform cyclic creep testing on rock
salt. The experiments are designed for the triaxial testing program and focused on the
stress path. They find that the octahedral stress and deviatoric stress can affect the
creep of rock salt. The radial unloading triaxial test shows less deformation than that
from the conventional triaxial test. However, the peak strength at peak strain from
both tests is similar, and the point at which the yield envelope intersected is not
significantly different. Aubertin et al. (1999) and Yahya et al. (2000) conduct strain
rate tests using the conventional triaxial loading and the reduced triaxial extension
loading. The tests are performed to use for verifying the mathematic model for rock
salt. The rock salt specimens are subjected to high confining pressure, where fully

plastic (ductile) deformation mechanisms dominated. The test results show that
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during a constant strain rate tests, the flow stress at a given accumulated strain is
larger if the strain rate is higher. The reduced triaxial extension loading usually
induces an elastic response.
2.2.2 Other Rocks and Engineering Materials

Jaeger (1967) conducts mechanical laboratory testing on brittle rock
specimens. The stress path is parallel to the direction of the maximum principal
stress. The rocks are fractured by increasing the maximum stress while the
intermediate and the minimum principal stresses are constant. He states that the
possibility of path—dependent fractures remains inconclusive. Swanson and Brown
(1971) investigate the effect of stress path on the development of fracture and the
failure stress for several rocks. It is observed that the maximum stresses in all rock
tests are independent of the stress path. Crouch (1972) also confirms this after
conducting experiments on South African norite specimens using quasi—static triaxial
compression method. The volumetric strains are measured to present the effect of
stress path. The results indicate that the compressive strength is independent of the
way in which the axial and confining stresses are applied. On the contrary Guangzhi
et al. (1988) conduct laboratory experiments on sandstone and limestone specimens.
They find that the different stress paths can affect the rock strength. The experiments
are performed under three types of the stress path by using the true triaxial apparatus.
The failure could be caused not only by increasing the maximum principal stresses,
but also by decreasing the intermediate and minimum principal stresses.

Korshunov et al. (1996) study the effect of loading path on the parameters
of thermomechanical treatment of titanium alloy VT9. The values of these

parameters are changed under different paths. Bylia et al. (1997) conduct experiments
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on the same material to study the effect of different loading paths on the textures and
micro-structural parameters. It is found that those values change after testing along
different paths. The test results obtained by Korshunov et al. (1996) and Bylia et al.
(1997) lead to a conclusion that the loading path influences the kinetics of significant
structural changing. These are the first efforts in which specialists in mechanics and
material sciences have worked together to derive conclusions of practical relevance.
Evidently, such works are very important and should be pursued in the future
(Padmanabhan et al., 2001)

Inoue et al. (1998) investigate the loading path effect on the low cyclic
fatigue of glass fabrics composite. Three types of the loading path are applied under
tension and torsion biaxial loading. The experimental results reveal that no
significant effect of loading path on the fatigue life (i.e. fatigue strength) exists. The
fatigue lives at low cyclic fatigue are almost independent of the loading path since
final failure of the material is due to the fiber breakage.

Lee et al. (1999) investigate the potential of the stress path effect on the
mechanical behavior of the Pei-Tou Sandstone. They perform a series of hollow
cylindrical triaxial tests. The stress path is the identification of the different angles
between the stress path and the projection of the maximum principal stress axis on the
octahedral plane. The test results show that the shape of the failure surface on the
octahedral plane depends on the value of the angle.

It can be concluded here that the stress path has an effect on the
mechanical behavior of inelastic materials (e.g., ultimate strength, strain increment
and creep deformation). For linearly elastic materials, the influence of stress path

remains ambiguous. The different stress paths are used for various objectives, such as
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to construct yield surface or failure surface and to describe models. However, no
published research has revealed the effect of stress path to evaluate the mechanical

parameters of rocks.

2.3 Mechanical Testing on Salt

Uniaxial compression test is a basic laboratory testing technique to determine
the strength and stiffness of rocks under uniaxial load. Lux and Rokahr (1984) have
performed uniaxial compressive strength tests on salt obtained from nine different
locations. The tests are carried out on a strain regulation basis with a strain rate of
0.25 per minute. The results indicate that the strengths of rock salt are strongly
influenced by texture and the structure. The strengths of 38-41 MPa are determined
for fine crystalline, slightly impure and relatively homogeneous rock salt. For
medium- to coarse-crystalline rock salt with a steep to vertical orientation of the
elongated crystals, the strengths of 11-16 MPa are obtained. @The medium
compressive strengths from 20 to 28 MPa belong to the medium- to coarse-grained
crystalline rock salt with a low anhydrite impurity lacking a distinct crystal
orientation, respectively with none to steeply inclined crystal structure. Hansen et al.
(1984) have carried out series of the laboratory testing on ten natural rock salts.
Tested specimens are 50-100 millimeters in diameter. They are collected from
several sources in the United States, including Richton, Weeks Island, Vacherie, New
Mexico, Avery Island, Jefferson Island, Lyons, Cote Blanche, Permian basin and
Paradox basin. Their range values of the compressive strengths are 13.3-33.3 MPa.
Fuenkajorn and Daemen (1988) have tested salt specimens from Permian basin, New

Mexico. Tested conditions are controlled with stress rates of 3-190 MPa/min. The average
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uniaxial compressive strength is 18.4 MPa. Wanten et al. (1993) have studied the uniaxial
compressive strengths of salt under controlled strain rates between 10™ - 107 per second
and temperatures between 20 and 200 °c. The uniaxial compressive strengths are
15-30 MPa. Devries et al. (2002) have performed and complied uniaxial compressive
strengths of salt from several sites, including Petal, Bay gas Well No.2 in McIntosh
Dome, Napoleonville, Mclntosh, Spindletop and Barber Hill, which show the
strengths of 14.9, 17.1, 21.2, 18.7, 22.5, and 25.1 MPa, respectively

Boontongloan (2000) has tested salt specimens from Sakon Nakhon Basin,
Udon Thani Province, Thailand. Tested specimens are obtained from three salt
members of the Maha Sarakharm Formation. The uniaxial compressive strengths are
18.5, 26 and 25 MPa for the Upper, Middle and Lower Salt members, respectively.
For the Middle Salt, the average tangent and secant modulii at 50% of ultimate
strength are 5.6 and 9.9 GPa, respectively. For the Lower Salt, the average tangent
and secant modulii are 6.4 and 11.4 GPa, and the Poisson’s ratios are 0.35 and 0.42.
Wetchasat (2002) also tests the salt from the same source. The test series vary stress
rate from 0.01 to 1.0 MPa/s. The average uniaxial compressive strength is 23.0 MPa
for the Middle Salt, and 31.1 MPa for the Lower Salt. Phueakphum (2003) conducts
uniaxial compressive strength tests on the Middle Salt from Udon Thani Province,
using a stress rate of 0.1 MPa/s. The average uniaxial compressive strength is 23.0 MPa.
The failure axial strains are 0.017-0.035. Other researches have tested the salt
specimens from Udon Thani Province. They present the same range of strength
values (Fuenkajorn and Jandakaew, 2003 and Fuenkajorn et al., 2003).

Hansen et al. (1984) have performed Brazilian tension test on ten natural rock

salts. The rocks are collected from several sources in the United States. The tensile
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strengths vary from 1.1 to 2.6 MPa. Fuenkajorn and Daemen (1988) have tested salt
specimens from the Salado Formation under a stress rate of 3.45 MPa/min. The
average tensile strength is 1.59 MPa. They suggest that the strength of intercrystaline
boundaries is lower than that of the salt crystal. Hunsche (1993) studies the effect of
loading rate on the tensile strength. It is concluded that the suitable stress rate for the
Brazilian test on salt specimen is between 0.017 and 0.248 MPa/s. Hardy (1996) has
tested fine-grained salt specimens using different methods; direct-pull test, Brazilian test
and hoop-stress test. The tests are controlled under stress rates of 0.003-0.059 MPa/s.
The Brazilian test gives the highest strength while hoop-stress test gives the lowest
strength. Devries et al. (2002) have performed and complied tensile strength tests on
various salts. The tensile strengths vary from 1.3 to 1.8 MPa.

For salt specimens obtained from the Maha Sarakham Formation, Thailand.
They have been tested by Boontongloan (2000), Wetchasat (2002), Phueakphum
(2003), Fuenkajorn and Jandakaew (2003) and Fuenkajorn et al. (2003). They report
the range of tensile strengths for this salt is from 1.4 to 2.2 MPa.

Triaxial compressive strength test determines the rock strength under to triaxial
stress states. At low confining pressures, salt fails in a brittle mode, but becomes
increasingly plastic at higher pressures. A parabolic-shaped failure surface may be
represented by von Mises criterion. (Serata, 1968; Dreyer, 1972; Wawersik et al.,
1976; Fairhurst et al., 1979 and Ottosen and Krenk, 1979). Lux and Rokahr (1984)
have conducted triaxial compression and extension tests on salt to study the effects of
test type, confining pressures and intrinsic impurity. The test results show that the
strength of rock salt depends significantly upon the type of stress state and on the

mean stress. For different crystalline textures, the greater strength of fine crystalline
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rock salt at lower confining pressure does not increase at the same rate with the rising
confining pressures. Hansen et al. (1984) have carried out triaxial tests on ten natural
rock salts collected from several sources in the United States. Tested specimens are
subjected to confining pressures of 0, 1.7, 3.4 and 20.7 MPa. For the linear Mohr-Coulomb
failure, the ranges of cohesion and friction angle of the salt are from 2.07 to 4.68 MPa
and from 56.7° to 64.7°, respectively. Fuenkajorn and Daemen (1988) study the
effects of strain rate on the salt deformation under confining pressures of 1.54-8.18 MPa.
The constant strain rate is from 2.25x107 to 2.08x10™ per second. The salt behaves
as strain softening when they are subjected to a high strain rate, and as strain
hardening under a low strain rate. Therol and Ghoreychi (1996) find that salt
generates cracks when the volumetric strain changes from linearly elastic to non-
linear modes.

Wetchasat (2002) have performed triaxial tests on the Maha Sarakham salt.
The experimental results are fitted by Coulomb criterion. The value of cohesion and

friction angle of salt is 8 MPa and 49°, respectively.

2.4 Stress Around Salt Caverns

The purpose of this section is to review the studies of stress states around salt
caverns. The issues include stress measurement techniques, in-situ monitoring, and
the stresses around underground caverns in salt mass.

Nelson and Kocherhans (1984) have estimated the in-situ stresses by loading
salt strata to the point of hydraulic fracture. They conclude that the in-situ stress data
reveal reasonable values of average lithostatic vertical stress and minimum horizontal

stresses. The data give an average lithostatic stress gradient of 1.15 psi per foot of
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depth. The maximum horizontal stress calculated from elastic stress methods is about
1.5 times lithostatic, which seems high. The deeper loading tests lacked a distinct
peak pressure, which implies an increase of the plastic behavior at greater depths.

Crotogino (1984) has studied the in-situ testing techniques on salt cavern. The
current methods and the new methods are described. The current methods use the
technique of convergence of cavern volume to evaluate the in-situ stresses. Gas and
brine are normally used to fill the caverns for monitoring cavern closures that refer to
the in-situ stresses acting on the cavern. For the new methods, the borehole test,
reduced internal pressure test, and laser and sonar surveys are presented. In
conclusion, the selection and necessity for in-situ tests depend on the specific project
and the sufficient explored data.

Dreyer (1984) uses finite element technique to calculate roof and pillar stresses
around the crude oil storage cavern. The stresses acted around the cavern are the
horizontal, vertical and tangential stresses under both oil filled and atmospheric
internal pressures. The horizontal stresses in the roof tend to decrease as the distance
above the cavern roof increases. In contrast, the vertical stresses tend to increase as
the distance above the cavern roof increases. The horizontal and vertical stresses in
the pillars increase with the distance form the cavern wall. The tangential stresses are
higher near the cavern wall. These findings hold true for both oil filled case and
atmospheric pressure case. The effect of roof shape is also examined. The
horizontal, vertical and maximum shear stresses reduce as the height of the caverns
roof approached the width of the cavern. This shape is considered to be the most

stable form for the cavern roof.
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Fischer et al. (1988) analyze the behavior of salt caverns used for oil and gas
storages. The cavern and surrounding salt mass are modeled to predict stresses and
displacement within the salt as a function of time. The outer-to-inner radius ratio is
defined as four and the overburden stress is 2500 psi. The outer radius is fixed,
corresponding to a multiple cavern configuration, and the pressure on the cavern wall
is rapidly decreased from the in-situ value of 3775 psi to 1300 psi and then held
constant. These conditions correspond to a brined-filled cavern at a depth of 2500 ft
with a maximum excess lateral stress. The results show that the radial and tangential
stresses increase as the outer-to-inner radius ratio increases. Lux (1988) has
classified the lifetime of underground cavern structure into three significant load
situations. The first phase over a period of several months to a few years presents a
more or less constant internal pressure corresponding to the brine pressure. For the
operating phase, short-term internal pressure drops at a high rate causing by removal
of the stored gaseous product. The latest phase is operational phase with a fictitious
constant mean internal pressure over a period of some decades. These imply that the
radial stresses around cavity decrease from the leaching phase to the operational
phase.

Hardy (1993) uses acoustic emission to evaluate the in-situ stress in salt.
Laboratory loading testes are carried out on specimens of salt obtained from borehole
coring methods. During loading, micro-level seismic activity (acoustic emission)
occurring within the material is recorded. Suitable analysis of these data provides
information on in-situ state of stress at the point in structure where the test specimen
is originally located. Rolfs et al. (1996) analyze the post-operational geotechnical

stability of a waste disposal cavern constructed in rock salt. Numerical calculation
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has been used to determine the interaction between the stored waste material and the
surrounding rock. The results indicate that the stress in rock salt formation for deeper
lying caverns only diminishes slightly in the first few years. However, the stress is
released more rapidly once the stored material has compacted significantly under the
influence of rock deformation. As a result, the stress is virtually completely released
within 100 years.

The virgin stress measurement and its distribution around designed structures
in salt, especially borehole and cavities, have been studied by several researchers
(Clerc et al., 1980; Eriksson and Michalski, 1986; Pudewills, 1988; Heusermann,
1988; Hugout, 1988; Berest and Blum, 1993; and Massier, 1996). Various techniques
have been used including calculation, monitoring, and computer simulation. Some
results show that the vertical and radial stresses appear to be high near the borehole
wall and decrease as distance from borehole wall increases. The radial stresses
reduce rapidly with respect to time (Wallner, 1988 and Schmidt, 1993).

The research results above have indicated that the magnitude and direction of
the virgin in-situ stresses should be known in order to achieve a safe and optimum
structural design. The stress field around the salt cavern depends on the geometry,
depth, distance of cavern wall, internal pressures and operational phases. The stresses
highly concentrate on the irregular profile of the cavern which may cause instability.
At great depth, the cavities are subjected to high stress magnitudes. The tangential
stresses are high at the cavern wall. Cycles of the internal pressure also affect the
state of field stresses. The stresses are also influenced by changing the constructional
and operational phases. As the result, a true loading sequence for triaxial test may be
required to obtain salt properties that realistically represent the stresses state around

underground caverns.
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2.5 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 K¢ increases with an increase of the mean stress 6, toward an ultimate value.

The rate change of Ko with respect 6y, can be expressed as,

IKo/dom = a(K® - Ko), (2.3)

where o is a yield surface coefficient, and K is an ultimate octahedral shear strength.
Equation (2.3) leads to the following expression of a compressive failure criterion,

which is applicable for brittle to ductile materials,

Ko =K + (KB —K*) [1 — exp(-a.om)], (2.4)

where K” 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
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strength K, which reflects the internal friction strength in the pulverized mass, given

by the function of confinement Gy,

K® =K® 6,/P, (2.5)

where K®/P is friction tangent (tan ¢), P is the plastic transition pressure, and ¢ is the
angle of internal friction. Rock deterioration progresses from the intact to the residual
strength (Ko to K®) with an increase in the excess octahedral shear strain Ayo. The
Ko of the deteriorated rock can be determined by adding the residual strength KX to
the variable portion AKo, which varies from 0 to 100 %, depending on the amount of

the deterioration. Thus the strength can be defined as,
Ko = fp AKo + KX, (2.6)

where fp is the deteriorating function and AKg is the variance portion of the strength
which equals [K* + (K® — K*) (1 — exp (-aom)] — K*. fp can be related to the excess

octahedral shear strain as,

fp = exp[-C(vo - Yo)/vcl; Yo > ve, (2.7)

where C is a deterioration coefficient, yc is a critical strain of elastic limit, and vyo is
the induced octahedral shear strain. By introducing equation (2.7) into equation (2.6),
the strength deterioration function describing the strain-softening behavior of rock

after yo exceeds yc, can be established,

Ko =exp[-C(yo - ve)yc] {[K" + (K® —K*) (1 - exp(-aiom))] - K /P

+ K 6,/P. (2.8)
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For viscoelastic behavior (VE), its state is defined as the state in which the
octahedral shear stress to is less than the octahedral shear strength K,. 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,

VE . VE

. _ . VE . VE
Ytotal = Y23 1ty oty

= (’Co/1’]21) €xXp (-G21t/ n 21) + (’Co/ n 22) eXp(-Gzzt/ n 22)

+ (to/ N 23) €xp (-Gast/ M 23) (2.9)

where y‘23VE, y'22VE,y'21VE = short-, medium-, and long-term viscoelastic strain rates;

G321, G2z, Gy3 = retarded shear moduli for short-, medium-, and long-term VE strain,;
MN21, M22, MN23 = elastoviscosity coefficients for short-, medium-, and long-term VE
strains.

Figure 2.1 shows the behavioral system of GEO model. The formulation
separates the octahedral shear stress-strain (om-€m) 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 (y,) is less than the critical shear strain (y.), element behaves as an elastic or

visco-elastic, and does not dilate. Immediately after y, exceeds y. and Gy, us less than
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Figure 2.1 Modular component of GEO constitutive equation (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 eyp is added to the elastic and
plastic strain components in the minimum principal stress direction. Under large
confinements (G, > 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 vy,

2.6 Rock salt in the Maha Sarakham Formation

This section summarizes the geology of the salt in the Maha Sarakham
Formation where the core samples have been obtained

Figure 2.2 shows the typical stratigraphic column of the Maha Sarakham
Formation. The salt is in the Late Cretacecous (Hansen et al., 2002). At one time,
there existed a single giant evaporate basin encompassing at least the area of the
present day: Sakon Nakhon and Khorat Basins (Figure 2.3). These deposits represent
one of the last saline giants preserved in the South-East Asia and suggest an extreme
arid period during Cretaceous time. The sequence lacks MgSOy salts are in indicating a
likely continental/basinal brine source (Warren, 1999). The Maha Sarakham Formation
is 250 meters thick on average, and is composed of three distinctive evaporite units
which are the Lower Salt, the Middle Salt and the Upper Salt members (Suwanich,
1986). Petrographic study of the cores collected from the salt members has been

described and compiled by Suwanich and Ratanajaruraks (1982) and Suwanich (1986).
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The core samples used in this research are obtained from the Middle Salt and Lower
Salt. Suwanich (1986) states that the texture of upper part of Middle Salt is white and
clear. The crystals are tightly interlocked. The orange carnallites are rarely found.
The white and clear halite change to pale, medium and dark honey when the depths
increase. The diameters of milky white halite are range from 0.1 to 0.3 centimeters
and shows flow texture. Smoky dark halite is associated with anhydrite. The large
recrystallized glassy halite is found interlayered with honey halite. The middle part
of Middle Salt is moderate honey halite interbeded with smoky dark halite and
anhydrite stringers. Minor orange halite is also found. Smoky dark bands of halite
constitute 15 to 20%, and milky white halite is about 30 to 40%. The crystals of
milky white halite are 0.5 to 1.0 centimeters in diameter. Flowage texture is common
in this part and a flattened grain is 0.1 to 0.2 centimeter wide and 1.0 centimeter long.
The lower part is moderate to dark honey halite containing dark orange and smoky
dark halite bands. The associated mineral include local occurrence of sylvite and
carnallite. Anhydrite stringers and milky white halite are rare or absent.

For the Lower Salt, the upper part is below the potash zone. It shows glassy-white,
colorless or white halite. The crystal size is usually from 0.2 to 0.5 centimeters in
diameter. However, some large crystals in the range from 2.0 to 5.0 centimeters locally
occurred. The color of halite changes gradually from white to gray with 1 to 2 % of
milky halite grained. In the middle part of Lower Salt, the milky white halite
increases with depth and the crystal diameter increases from 0.3 to 0.7 centimeter.
The amount of smoky dark halite is also increasing with the depth. The lower part
shows flattened halite grains due to flowage. The salt forms sheets that break easily

along the flowage directions.



CHAPTER III

LABORATORY EXPERIMENTS

3.1 Introduction

Two test schemes have been performed to investigate the mechanical and
rheological properties of rock salt specimens. The characterization tests are
conducted including the uniaxial compressive strength tests, Brazilian tensile strength
tests and the triaxial compressive strength tests. To determine the creep parameters,
the conventional triaxial creep test and the radially unloaded triaxial creep test have
been carried out. All experiments are conducted under the scope and limitations of
the study proposed in the first chapter. This chapter describes the sample preparation,

test methods and results.

3.2 Sample Preparation

Core samples of salt are donated by Asia Pacific Potash Corporation, Udon Thani
province. They have been collected from borehole number of BD99-1 located at Muang
district (Figure 3.1). All samples are obtained from the Middle Salt and the Lower Salt
members at depths between 250 meters and 650 meters in the Sakon Nakhon Basin. The
cores as obtained are shown in Figure 3.2. Their diameter is 60 millimeters.
They are cut to desired length using a standard cutting saw (Figure 3.3). A lathe is
used to machine the triaxial test specimens (Figure 3.4). The dimensions of the test

specimens are measured with vernier caliper to the nearest 0.02 millimeter.
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Figure 3.1 Locations where the core samples are obtained and where the

geologic sequences are used in the computer modeling.



Figure 3.2 Some salt cores used in this research. They are donated by Asia

Pacific Potash Corporation, Udon Thani province, Thailand.

Figure 3.3 A salt core is cut to desired length using cutting machine.
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Figure 3.4 A salt specimen is machined to obtain specified

dimensions for the triaxial tests.
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The weight is measured to the nearest 0.1 g. Before testing, the borehole number,
depth, dimensions, density and petrography are descried. The specimen designation
is identified (Figure 3.5). The prepared samples are wrapped with plastic sheet to
prevent from moisture. The preparation procedure follows, as much as practical, the
ASTM standard (ASTM D4543-85). The dimension requirements for each testing
follow both the ASTM standards and the ISRM suggested methods.

The salt specimens are mostly dense honey halite. Milky white halite is about
10 to 30% of specimen volume. The smoky halite crystals are about 10%. The
crystal sizes are from 0.5 to 3.0 millimeters. Non-uniform distribution of inclusions
found includes anhydrite, clay, and iron oxides. The anhydrites are about 5% and the

rest is less than 3% of specimen volume.

3.3 Characterization Tests

3.3.1 Uniaxial Compressive Strength Tests
The objective of uniaxial compressive strength tests is to determine the
ultimate strength and the deformability of the salt specimens under uniaxial
compression. The test procedures follow the ASTM standard (ASTM D2938-95) and
the suggested methods by ISRM (Bieniawski et al., 1978). Five salt cylinders have
been tested. They are from the depths between 265 and 625 meters. The nominal
diameter is 60 millimeters with length-to-diameter ratio of 2.4-2.7.
3.3.1.1 Test Procedures
The test is performed by applying uniform axial stress to the salt
cylinder and measuring the increase of axial strains as a function of time. The

constant stress rate is maintained about 0.16 MPa/second by a compression machine.



BD99 -1 - CTC - 3e

Borehole Name  Borehole Number  Test Type Specimen Number
v
UX = Uniaxial Compressive Strength Test
BZ = Brazilian Tensile Strength Test
TS = Triaxial Compressive Strength Test
CTC = Conventional Triaxial Creep Test
RUTC = Radially Unloaded Triaxial Creep Test

Figure 3.5 Specimen designations for each test type.
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The maximum capacity of the compression machine (Elect/ ADR2000 model) is 2000
kN (Figure 3.6). The axial displacements are monitored by dial gauges with a
precision of 0.001 inch. The test is performed at room temperature. The specimen is
loaded until failure which normally occurs within 15 minutes. Characteristics of the
post-tested specimens are observed. Photographs are taken.
3.3.1.2 Test Results and Discussions

The wuniaxial compressive strengths of the rock salt are
summarized in Table 3.1. The strength (o) is calculated from the applied axial load
assuming that the specimen diameter does not change as the load increases (i.e.

engineering stress). The following equation is used,

e = Pu/A (3.1)

where P,r 1s the failure load and A is the initial cross-sectional area. The axial strain

(€axia1) 18 calculated from the equation,

Eaxial = Al/lo (3 2)

where Al the axial deformation (positive for contraction) and I, is the original
specimen length.

Figure 3.7 plots the stress-strain curves for all specimens. All
specimens behave as a nonlinear material. The average strength is 34.7 = 2.2 MPa.
The strengths of the Maha Sarakham salt are relatively high as compared with those
from other sources in the United States and Germany (Figure 3.8). This is probably
due to the significant amount and non-uniform distribution of the inclusions and due
to relatively large crystal sizes compared to the specimen diameter. The extension

failure mode is observed. In the mid-length of some specimens, micro cracks are
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Figure 3.6 A compression machine (Elect/ADR2000 model) is used in the

uniaxial compressive strength tests.
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Table 3.1 Summary of test results from the uniaxial compressive strength testing.

Average Average Depth | Loading (Failure| Uniaxial Failure
. Diameter Length Rate Load | Compressive | Strain
Sp(;cllmen Strength
0- D, L Py G. g
(mm) (mm) (m) (MPa/s) | (kN) (MPa)
328.45 108.4
BD99-1-UX01le 61.07 148.52 (MS) 0.16 6 37.07 0.051
BD99-1-UX02e 60.77 163.97 2(?\4/}.5)8 0.16 94.63 32.65 0.037
265.25 109.1
BD99-1-UX03e 60.78 147.35 (MS) 0.16 9 36.93 0.046
323.42
BD99-1-UX05e 60.97 150.30 (MS) 0.16 99.34 34.03 0.041
BD99-1-UX06¢ |  61.13 161.43 35\‘}15)0 0.16 | 9601 | 32.74 0.039
Average Uniaxial Compressive Strength 34.68 £2.21 MPa (5,030 £ 321 psi)

Note: MS = Middle Salt
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Figure 3.7 Results of uniaxial compressive strength test. The axial stresses

are plotted as a function of axial strain.
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Figure 3.8 Comparison of the uniaxial compressive strength of salt tested here

(shaded bar) with the results obtained from various sources (' Hansen et al.,
1984; 2Bootongloan, 2000; 3Wetchasat, 2002; “DeVries et al., 2002;

>Fuenkajorn and Jandakaew, 2003 and °Phueakphum, 2003)
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generated as detected by milky fragments of salt. This induces the radial expansion
and the specimen dilation. Some cracks are extended parallel to the specimen axis.
Photograph of some failed specimens is given in Figure 3.9, showing the failure plane
making 60 degrees from the specimen axis.
3.3.2 Brazilian Tensile Strength Tests

The Brazilian tensile strength tests determine the indirect tensile strength
of the salt specimens. The specimens are collected from depths between 250 and
405 meters. The test is performed in accordance with the ASTM standard (ASTM
D3967-95) and the ISRM suggested methods (Bieniawski and Hawkes, 1981).
Twenty salt specimens have been tested. They have a nominal diameter of
60 millimeters with a length-to-diameter ratio of 0.5.

3.3.2.1 Test Procedures

The Brazilian tension test is conducted by applying diametrical

load to the salt specimen. The constant stress rate is maintained about
0.1 MPa/second. The SBEL PLT-75 loading machine is used. Its maximum capacity
is 350 kN. The laboratory arrangement is shown in Figure 3.10. The test is
conducted at room temperature. The load is applied until failure which normally
occurs under 2 minutes. Characteristics of the post-tested specimens are observed and
photographed.

3.3.2.2 Test Results and Discussions

Table 3.2 shows the tensile strength results. The tensile strengths

(o) are calculated by the following formula,

OB = 2be/TCLDS (33)
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Figure 3.9 Some post-tested specimens (BD99-1-Ux01e and Uxose), failed at 37.07 MPa

and 34.03 MPa. In the mid-length of the specimens, micro- cracks
develop as indicated by milky fragments of the salt. Failure plane

makes an angle of 60 degrees with the specimen axis.



Figure 3.10 Laboratory arrangements for the Brazilian tensile strength test.
SBEL PLT-75 loading machine with the maximum capacity of 350

kN is used.
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Table 3.2 Summary of test results from the Brazilian tensile strength testing.

Average Average Depth Failure | Brazilian Tensile
Specimen No. Diameter Length Load Strength
D, L Pys Og

(mm) (mm) (m) (N (MPa)
BD99-2-BR-01e 61.27 33.50 329.13 (MS) 8.50 2.37
BD99-1-BR-02¢ 58.12 31.08 253.93 (MS) 6.50 2.06
BD99-1-BR-03e 60.85 36.08 254.05 (MS) 6.50 1.69
BD99-1-BR-04e 60.70 31.83 252.60 (MS) 5.00 1.48
BD99-2-BR-05¢ 61.13 31.82 329.18 (MS) 6.00 1.77
BD99-1-BR-06e 61.22 37.00 390.84 (LS) 8.00 2.02
BD99-2-BR-07¢ 60.82 35.55 405.00 (LS) 7.50 1.99
BD99-1-BR-08¢e 60.57 31.88 262.60 (MS) 7.50 222
BD99-1-BR-09¢ 61.40 43.60 392.30 (LS) 4.00 0.86
BD99-1-BR-10e 58.32 34.73 254.12 (MS) 6.00 1.70
BD99-2-BR-11e 60.77 32.52 404.15 (LS) 5.00 1.45
BD99-1-BR-12¢ 60.93 37.65 264.15 (MS) 9.50 2.37
BD99-1-BR-13e 58.98 37.30 254.07 (MS) 7.50 1.95
BD99-2-BR-14e 61.17 29.52 404.95 (LS) 6.00 1.90
BD99-1-BR-15¢ 60.72 34.68 254.09 (LS) 5.00 1.36
BD99-2-BR-16e 61.07 27.35 323.35 (LS) 7.00 2.40
BD99-2-BR-17¢ 60.78 30.37 328.63 (LS) 7.50 233
BD99-1-BR-18e 61.27 32.90 443.69 (MS) 5.00 1.42
BD99-1-BR-19¢ 61.22 32.30 443.78 (MS) 5.50 1.59
BD99-1-BR-20e 61.13 31.92 443.84 (MS) 3.50 1.03
Average Brazilian Tensile Strength (MS) 1.97 £ 0.37 MPa (286 * 54 psi)
Average Brazilian Tensile Strength (LS) 1.53 £ 0.43 MPa (222 £ 62 psi)

Note: MS = Middle Salt

LS = Lower Salt
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where Py is the applied load at failure indicated by the testing machine, L is the
thickness of specimen, and Dy is the diameter of specimen.
The average tensile strengths of the specimen obtained from the
Middle Salt and the Lower Salt members are 1.97 + 0.37 MPa and 1.53 + 0.43 MPa,
respectively. The strengths are in the same range with the test results from other sites
(Figure 3.11). Failure surface along diameter load appears clear which reflects the
tensile stress initiation. Contact zones between the platens and the specimen are
spited to form rock wedges created in the final splitting phase. This agrees with other
investigator (Andreev, 1995). The standard deviations of the tensile strengths for the
Middle Salt and the Lower Salt member are 0.43 MPa (28%) and 0.37 MPa (18%),
respectively. The large variations may be cause by non-uniform distribution of the
inclusions. In addition, the salt crystals are relatively large as compared to the
specimen diameter. The average crystal size of the salt is 10x10x10 millimeters and
some specimens are 15x20x20 millimeters. A high tensile strength is obtained if the
tensile crack is induced through the salt crystals or if the crystals align in the loading
direction. A lower strength is obtained if the cracks are induced along the crystal
boundaries. This suggests that the tensile strength of the inter-crystalline boundaries
is lower than that of salt crystals. This agrees with those observed by Fuenkajorn and
Daemen (1988). Photograph of some failed specimens is given in Figure 3.12.
3.3.3 Triaxial Compressive Strength Tests
The purpose of the triaxial compressive strength test is to determine the
strength of the salt specimens under the triaxial stress states. Other properties are also
determined, including the Poisson’s ratio, the internal friction angle and the cohesion. In
addition, the deformation characteristics, failure mode, and the effect of confining pressure

are observed. The specimens are collected from depths between 250 and 445 meters.
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Figure 3.11 Comparison of the Brazilian tensile strength obtained here (shaded
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Figure 3.12 The Brazilian test specimens after failure. Tensile crack is induced
along the loading diameter. The failure plane cuts through the salt

crystals.
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The test is performed in accordance with the ASTM standard (ASTM D2664-95) and
the ISRM suggested methods (Vogler and Kovari, 1978). Seven salt specimens have
been tested. They have a nominal diameter of 54 millimeters with a length-to-
diameter ratio of 2.0. The constant confining pressure for this test ranges from 5.5 to
19.3 MPa (800-2800 psi).
3.3.3.1 Test Procedures

The triaxial compressive strength test is performed by applying
compressive stress parallel to the specimen axis and confining pressures around the
salt cylinder. The axial stress continuously increases while the confining pressures
are maintained constant. The axial load is applied by a compression machine
(Elect/ADR2000 model). Its maximum capacity is 2000 kN. A Hoek cell (Hoek and
Franklin, 1968) is used as a triaxial chamber. The specimen is enclosed in a rubber
jacket and pressurized by hydraulic oil. To determine axial strain, the axial
deformations are monitored by dial gauges with a precision of 0.001 inch. The
volumetric strains are measured by measuring the change of oil volume. The
laboratory arrangement is shown in Figure 3.13. The test is performed at the room
temperature. The axial load is applied until failure which normally occurs within 5-10
minutes. Characteristics of the post-tested specimens are observed and photographed.

3.3.3.2 Test Results and Discussions
Table 3.3 presents the results of triaxial testing. The cohesion

and the internal friction angle can be calculated by Coulomb criterion,

T = c+totang (3.4)

where 1 is shear strength at various confining pressures, ¢ is the cohesion intercept, ¢

is the normal stress, and ¢ is the internal friction angle. These parameters are
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Figure 3.13 A compression machine (Elect/ ADR2000 model) and a Hoek

cell are used for the triaxial testing.
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Table 3.3 Summary of test results from the triaxial compressive strength testing.

Average Average Depth Axial Stress Constant | Average
Diameter Length at Failure Confining | Poisson’s
Specimens Pressure Ratio
No. D, L o1 C3 \Y
(mm) (mm) (m) (MPa) (MPa)
BD99-1-TS-3e 55.17 110.28 421.50 79.1 14.1 )
(LS)
BD99-1-TS-4e 54.00 109.97 250.43 94.2 6.9 0.46
(MS)
249.88
BD99-1-TS-5¢ 53.88 109.91 (MS) 82.4 5.5 0.35
249.71
BD99-1-TS-9¢ 53.55 107.39 (MS) 113.7 12.4 0.35
BD99-1-TS-10e 53.73 107.24 208.82 125.4 15.2 0.34
(MS)
BD99-1-TS-12¢ 52.78 105.90 4(2589)5 142.5 19.3 0.37
BD99-1-TS-13e 52.87 106.24 3(%\?['89)2 108.9 8.3 0.32

Note:  The Poisson’s ratio calculated from unloading curves.
MS = Middle Salt

LS = Lower Salt
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determined by graphical method which presents in the normal-shear stress diagram
(Figure 3.14). The volumetric strain is monitored from the oil volume change in the
confined chamber while the confining pressure is held constant. It can be calculated

by equations,

Voil = Vsteel+ ( Vm' Vro) (35)

where V,; is the hydraulic oil bleeding from the Hoek cell, Vi is the volume of the
moving steel platen, V,, is the new rock volume, and V,, is the original rock volume.
For this relation, volumetric strain (&yo1), lateral strain (gj,) and axial strain (€,xja1) can

be determined as follows.

Evol = (Vm - Vro) / Vro: (36)
Eaxial = (Lrn‘ Lro) / Lo, (37)
Elat = (Dm - Dro) / Dro (38)

where Ly, is the new length, L,, is the original length, Dy, is the new diameter, and
Dy, is the original diameter of specimen.

The test results are plotted in the differential stress-strain diagram
showing the axial, lateral and volumetric strains in Figures 3.15 to 3.20. The

Poisson’s ratio can be calculated by the relations given by Jaeger and Cook (1979),

(7\, + 2G1) g +Aer+ 7\,83, (39)

(&)

o3 rep + her+HA2 Gy) &3 (3.10)
where o) is the maximum principal stress (axial stress), 63 is the minimum principal

stress (confining stress), € is the major principal strain, and €3 is the minor principal )
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Figure 3.15 Differential stress (c1-03) versus strains from triaxial test result

at confining pressure of 6.9 MPa.



120 +

100 +

Differential Stress (MPa)

—— Axail strain
—— Lateral strain

BD99-1-TS-5¢ . —=— Volumetric strain
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Extension

Strains Contraction

Figure 3.16 Differential stress (c,-03) versus strains from triaxial test result

at confining pressure of 5.5 MPa.
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Figure 3.17 Differential stress (G;-63) versus strains from triaxial test result

at confining pressure of 12.4 MPa.
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Figure 3.18 Differential stress (o;-03) versus strains from triaxial test result

at confining pressure of 15.2 MPa.
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Figure 3.19 Differential stress (G;-03) versus strains from triaxial test result

at confining pressure of 19.3 MPa.
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strain, G is the shear modulus, and A is Lame constant. The minor and intermediate

principal stresses are equal (o3 = 7). It can be written as,

(o] (A +2Gy) g + 2Aes, (3.11)
O3 = 7\,814'7\,824‘(7\.4'2 G1)83. (312)
The equations (3.11) and (3.12) can be substituted by A and G constants,

G = [(o1-03)/ (e1-£3)]/2, (3.13)

A = (01—2 G181)/(81+283). (314)

From the general relation of linearly elastic, it can be expressed as:

MGy 2v/ (1 —=2v), or (3.15)

\Y A 2(GiHA). (3.16)
Then the Poisson’s ratio where the minor and intermediate principal stresses are equal

(o3 = 07), can be written as:

A% = {(01 -2 G181) / (81 + 283)} / {[(01 - 03) / (81 - 83)]

+2[(01—2 G181)/(81+283)]} (317)

The Poisson’s ratio is determined by unloading curve (ASTM D5407-95).

Table 3.3 summarizes the dimensions, test parameters and the
results of the triaxial tests. The average Poisson’s ratio for six salt specimens is 0.37
using the Coulomb criterion, the cohesion is 6.0 MPa and the internal friction angle is
50 degrees.

The post-tested specimens show different modes of failure

depending on the magnitude of the confining pressures. The shear failure exhibits
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when the specimen subjected to low confining pressures (5.5, 6.9, 8.3, 12.4 and 14.1
MPa). The failure planes make the angle between 45 and 80 degrees with the core
axis (Figure 3.21). The multiple shear failure appears on the specimens when
subjected to high confining pressures (15.2 and 19.3 MPa). The differences between
the original diameters and the final diameter of the salt specimens are between 15 and
26%. The volumetric expansion or dilation is described by the stress-strain curves
(Figures 3.15 to 3.20). The initiation of the volumetric dilation occurs in positive
values (specimen under contraction). This phenomenon implies that the salt crystals
are compacted by the axial load before the radial expansion of the specimen starts.
After that, the volumetric dilation rapidly changes to negative particularly when
specimen subjected to low confining pressures. The change is more gradual when the
specimen subjected to high confining pressure. The volumetric strains are changed
from positive to negative at the axial strains between 0.0107 and 0.0587. This
transition (positive to negative value) has been observed by many investigators
(Dreyer, 1972; Price, 1979; Lux and Rokahr, 1984; Fuenkajorn and Daemen, 1988;
and Fuenkajorn and Serata, 1993). Jaeger and Cook (1979) suggest that this
phenomenon occurs due to the initiation of micro-cracks. Beyond this point, the
dilation increases as the deviatoric stress increases.

Figures 3.22 to 3.24 compare the triaxial compressive strength
obtained here with those obtained elsewhere, in terms of cohesion, internal friction
angle, and Poisson’s ratio. The Maha Sarakham salt gives the result in the same

range with salt from other locations.
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Figure 3.21 Some post-tested specimens subjected to the triaxial stresses.
Specimen on the left shows the multi-shear failure at confining
pressure of 15.2 MPa. Specimen on the right shows single shear

failure at confining pressure of 12.4 MPa.
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Locatia

Figure 3.22 Comparison of the cohesion from the triaxial compressive strength tests

obtained here (shaded bar) with the results from various sources ('

Hansen et al., 1984; ’Lux and Rokahr, 1984; and 3 Wetchasat, 2002).
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- ' Loc

Figure 3.23 Comparison of the internal friction angles obtained here (shaded bar)

with the results from various sources (1 Hansen et al., 1984; ’Lux and

Rokahr, 1984; and 3Wetchasat, 2002) Ud
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Figure 3.24 Comparison of the Poisson’s ratio obtained from the triaxial
compressive strength tests performed here (shaded bar) with the

results from various sources (1 Hansen et al., 1984; and ’DeVries

et al, 2002)
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3.4 Triaxial Creep Tests

The objectives of the triaxial creep tests are to determine time dependent
behavior and to compare the creep deformation of salt specimens obtained from two
different stress paths (Figures 3.25) under triaxial stress state. This test series consist
of two methods: the conventional triaxial creep test (CTC) and the radially unloaded
triaxial creep test (RUTC).

3.4.1 Conventional Triaxial Creep Tests (CTC)

The conventional triaxial creep test is performed here to investigate the
time dependent behavior of salt. Its main purposes are to monitor the axial strain of
the salt specimens under constant triaxial stress conditions and to obtain the results to
compare with those from the radially unloaded triaxial creep test. The deformation
characteristics and the mechanical properties are determined. These include elastic,
viscoelastic and viscoplastic behaviors. The specimens are collected from the depths
between 250 and 445 meters. The conventional test is performed in accordance with
the ASTM standard (ASTM D4406-93) and the suggested methods by Wawersik and
Preece (1981). Four salt specimens have been tested. They have a nominal diameter
of 54 millimeters with a length-to-diameter ratio of 2.0. Each specimen is subjected
to two loading stages. For the first stage, the octahedral shear stresses are 2.0, 3.5,
4.1 and 5.1 MPa. For the second stage, the octahedral shear stresses are 8.7, 9.6, and
10.6 MPa.

3.4.1.1 Test Procedures

The test is performed by quasi-static loading with two loading
stages. For the first stage, the axial stress and confining pressure are simultaneously

applied and maintained constant for five days. In the second stage, the axial stress is
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Figure 3.25 Comparison of stress paths between the conventional method

(CTC) and the radially unloaded method (RUTC) in major-minor
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increased while the confining pressure remains unchanged for 10 days. Table 3.4
shows the test matrix of all test series. The axial load is applied and maintained by a
lever arm consolidometer. The load beam gives a load ratio of 20:1. The specimen is
enclosed in a rubber jacket inside the Hoek cell and pressurized by hydraulic oil. The
confining pressure is applied by hand pump (the maximum capacity is 69 MPa). The
confining pressure is maintained by adjusting the controlled valves. The axial
deformations are monitored by two digital gauges with a precision of 0.001 millimeter.
The laboratory arrangement is given in Figure 3.26. The tests are performed at the
room temperature. Post-tested of specimen are observed. Photographs are taken.
3.4.1.2 Test Results and Discussions

The creep test results under conventional triaxial compression
loading are presented in Figures 3.27 to 3.30. They show the creep behavior of the
salt specimens under different octahedral shear stresses in the creep strain-time
diagram for 15 days. The octahedral shear stress (to) and strain (yoc) can be

calculated by equations,

Tt = 1/3[(01-02)" + (62-63)+ (03-01)']" (3.18)

Yo = 173 [(e1-€2)* + (e2-63)" + (e3-81)°]"* (3.19)

where G is the maximum principal stress (axial stress), o, is the intermediate principal
stress (confining pressure), o3 is the minimum principal stress (confining pressure), €;
is the major principal strain, €; is the intermediate principal strain, and €3 is the minor

principal strain.



Table 3.4 Test matrix for the conventional triaxial creep testing.
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Test | Duration Axial Confining Octahedral Mean
Stage Stress Pressure Shear Stress Stresses
. Toct
Specimen No. o, os O
(MPa)
(Days) (MPa) (MPa) (MPa)
1 5 10.2 2.8 3.5 53
BD99-1-CTC2e
2 5 21.3 2.8 8.7 8.9
1 5 17.8 6.9 5.1 10.5
BD99-1-CTC3e
2 10 273 6.9 9.6 13.7
1 5 12.8 4.1 4.1 7.0
BD99-1-CTC4e
2 10 26.5 4.1 10.6 11.6
1 5 11.2 6.9 2.0 8.3
BD99-1-CTC5e
2 10 273 6.9 9.6 13.7
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Figure 3.26 Schematic diagram for triaxial creep testing. The axial load is

applied and maintained by dead weight through a level arm.
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Figure 3.27 Result of conventional triaxial creep test for specimen number

BD99-1-CTC2e.
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Figure 3.29 Result of conventional triaxial creep test for specimen number

BD99-1-CTC4e.
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Figure 3.30 Result of conventional triaxial creep test for specimen number

BD99-1-CTC5e.
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Table 3.5 summarizes the test results. The instantaneous strains from both stages are
presented in Table 3.6. Changing of the creep strains from the first stage to the
second stage is clearly observed. Their quantitative differences are also shown.

The post-tested specimens show different modes of deformation
depending on the magnitude of the octahedral shear stresses. A small deformation
shows when the specimens subjected to low octahedral shear stress (8.7 MPa). For
the specimens subjected to high octahedral shear stresses (9.6 and 10.6 MPa), they
show more radial expansion. The tensile cracks are induced along inter-crystalline
boundaries. The micro-cracks are extended parallel to the specimen axis. The
difference between the original diameter and the final diameter of the salt specimens
are between 3 and 5%. Figure 3.31 gives a photograph of some post-tested
specimens. The strain-time curves are illustrated in Figures 3.27 to 3.30. The
instantaneous strains tend to increase as the octahedral shear stresses increase. The
octahedral shear strain rate in the first stage is lower than that in the second stage.
The creep deformation is strongly dependent on the increment of the octahedral shear
stresses. The deformation characteristics of the specimens subjected to the quasi-
static loading presented here are similar to the tested data from many investigators
(e.g., Wawersik and Hannum, 1980; Yin, 1998; and Devries et al., 2002). Additional
discussions of the test results as compared to the RUTC test results are presented in
the Chapter VI.

3.4.2 Radially Unloaded Triaxial Creep Tests (RUTC)
The objective of the radially unloaded triaxial creep test is to assess the
effect of the different stress path by comparing the results with those from the
conventional triaxial creep test. The comparison will be made in terms of the

instantaneous and creep strains.
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Table 3.5 Summary of the results for the conventional triaxial creep testing.

Average Average Depth Test Total Octahedral
Speci Diameter Length Stage Octahedral Shear
pel\cllomen D, L Shear Strain Strain Rate
(mm) (mm) (m) (1x107) (1x10°/second)
1 3.50 0.91
BD99-1-CTC2e | 5357 106.94 2(‘1‘\53['89)0
2 14.60 1.59
1 5.40 225
BD99-1-CTC3e | 5545 110.00 2(?\(4)51)0
2 17.18 2.84
1 2.12 2.04
BD99-1-CTCde |  55.50 110.17 2&\2'82)5
2 10.70 3.24
1 1.12 1.50
BD99-1-CTCSe |  54.03 107.94 4?5'87)6
2 11.83 2.58

Note:

MS = Middle Salt

LS = Lower Salt



Table 3.6 Summary of the instantaneous strains calculated from the results of CTC

test.
Test Octahedral Different Octahedral Instantaneous
Stage Shear Stress Shear Stress Strai
X ) 5 in
Specimen No. Toct Toct — Toct
-3
(MPa) (MPa) (1x107)
1 3.5 59 2.02
BD99-1-CTC2e '
2 8.7 11.57
1 5.1 45 1.70
BD99-1-CTC3e '
2 9.6 11.87
1 4.1 6.5 0.73
BD99-1-CTC4e ’
2 10.6 4.71
1 2.0 0.38
BD99-1-CTC5e 7.6
2 9.6 3.19
Note: To = the octahedral shear stress in the first stage

Tot = the octahedral shear stress in the second stage



Figure 3.31 Some post-tested specimens subjected to the conventional triaxial
stress path. Both specimens show the tensile crack induced along
inter-crystalline boundaries. Specimens on the left and right are
subjected to the octahedral shear stresses in the second stage of

9.6 MPa and 10.6 MPa, respectively.
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3.4.2.1 Experimental Procedures

To study the effect of different stress paths, the loading directions
and sequences for RUTC are different from the conventional triaxial creep test. The
test duration and the test parameters for each stage are in the same. For the first stage,
the axial stress and confining pressure are simultaneously applied and maintained
constant for five days. After that, the axial stress is increased while the confining
pressure is decreased. The salt specimens are subjected to this stage for 10 days.
Table 3.7 shows the test matrix for all test series. All test equipments and accessories
are the same with that of the conventional test. The test parameters are also controlled
under the same conditions. Post-tested of specimens are observed and photographed.

3.4.2.2 Experimental Results and Discussions

Figures 3.32 to 3.35 present the results of the radially unloaded
triaxial creep test. The curves illustrate the deformation characteristics at different
octahedral shear stresses in the creep strain-time diagram for 15 days. The creep
strain can be calculated by equation (3.19).

Table 3.8 summarizes the test results. The instantaneous strains
for both stages are presented in Table 3.9. Difference of the creep strains from the
first stage to the second stage is significant.

The post-tested specimens show a small creep deformation.
Some specimens show the micro-cracks extending along crystalline boundaries. The
different between the original diameters and the final diameter of the salt specimens
are between 1.5 and 4.5%. Figure 3.36 gives a photograph of some post-tested
specimens. For the first stage, the creep deformations tend to increase as the

octahedral shear stresses increase. Similar to the conventional triaxial stress path, the



Table 3.7 Test matrix for the radially unloaded triaxial creep testing.
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Test |Duration Axial Confining Octahedral Mean
Stage Stress Pressure Shear Stress Stress
Specimen No. C1 C3 Toct Om
(Days) (MPa) (MPa) (MPa) (MPa)
1 5 14.9 7.5 3.5 10.0
BD99-1-RUTC2e
2 5 21.3 2.8 8.7 8.9
1 5 21.9 11.0 5.1 14.6
BD99-1-RUTC3e
2 10 273 6.9 9.6 13.7
1 5 19.4 10.8 4.1 13.7
BD99-1-RUTC4e
2 10 26.5 4.1 10.6 11.6
1 5 16.1 11.8 2.0 13.2
BD99-1-RUTCS5e
2 10 273 6.9 9.6 13.7
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Figure 3.32 Result of radially unloaded triaxial creep test for specimen number

BD99-1-RUTC2e.
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Figure 3.33 Result of radially unloaded triaxial creep test for specimen number

BD99-1-RUTC3e.
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Table 3.8 Summary of test results for the radially unloaded triaxial creep testing.

Average Average Depth Test Total Octahedral
Speci N Diameter Length Stage Octahedral Shear Strain
pecimen 0. D, L Shear Strain Rate
(mm) (mm) (m) (1x107) (1x107/S)
1 1.80 0.68

BD99-1-RUTC2e |  53.54 107.12 25\}1'80)3
2 12.65 2.17°
1 6.79 1.95

BD99-1-RUTC3e |  55.52 110.02 2(?\}137)5
2 16.32 5.07
1 2.72 1.80

BD99-1-RUTC4e 55.50 111.00 2(;(/)[;)0
2 8.85 2.61
1 1.69 1.09

BD99-1-RUTCSe |  53.99 107.85 4(25‘86)4
2 10.22 2.47

Note: MS = Middle Salt

LS = Lower Salt
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Table 3.9 Summary of the instantaneous strains calculated from the results of RUTC tests.

Test Octahedral Shear Different Instantaneous
Stage Stress Octahedral Shear Strain
Toct Stress
Specimens No. Toct' = Toct
MP MP
(MPa) (MPa) (1x10%
1 35 59 0.93
BD99-1-RUTC2e '
2 8.7 5.19
1 5.1 45 5.03
BD99-1-RUTC3e '
2 9.6 8.70
1 4.1 6.5 0.97
BD99-1-RUTC4e )
2 10.6 4.80
1 2.0 0.89
BD99-1-RUTC5e 7.6
2 9.6 4.27

1
NOte: Toct

the octahedral shear stress in the first stage.

roctz = the octahedral shear stress in the second stage.



Figure 3.36 Some post-tested specimens subjected to the radially unloaded
triaxial stress path. Both specimens show the tensile crack induced
along inter-crystalline boundaries but specimen on the right show
more expansion. Specimens on the left and right are subjected to the
octahedral shear stresses in the second stage of 9.6 MPa and 10.6

MPa, respectively.
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deformation for the first stage depends on the octahedral shear stress. The test results
obtained from here agree reasonably well with those from Allemandou and Dusseault

(1993). Comparison between CTC and RUTC results are given in Chapter VI.



CHAPTER 1V

CALIBRATION OF SALT PROPERTIES

4.1 Introduction

The purpose of this chapter is to describe the determination of the salt property
parameters in the constitutive equation. The data used in the calibration are obtained
from two different loading paths of the triaxial creep tests. Nonlinear curve fitting
technique and calculation of creep equations are used to determine the parameter
values. These parameters include the elastic, the viscoelastic and the viscoplastic

parameters.

4.2 Calibration of Salt Property Parameters

The objective of the calibration is to determine the property parameters of the
salt specimens subjected to the different loading paths. A viscoelastic-viscoplastic
model in GEO program as described in Chapter II is used here to describe the salt
behavior. A single finite element mesh is constructed to simulate the geometry,
boundary and loading conditions of the triaxial creep test specimen. The mesh is
designed for axis-symmetric analysis by using the salt specimen axis as a centerline.
Figure 4.1 shows the representative top-right quarter of the salt specimen to be
modeled. The model dimension is 27 mm in diameter and 54 mm in height. The left
boundary of the mesh represents the centerline of the specimen. It is fixed in

horizontal direction. The bottom boundary of the mesh does not allow displacement
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Figure 4.1 Model of salt specimen by using a single element used in the

calibration of property parameters.
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in vertical direction. To simulate the triaxial stress-strain, the top and the right are
subjected to axial and lateral loads. Back analysis techniques are used to determine

the parameter values in the GEO model. The initial parameters that included in the

GEO model, but are not studied here are K*, K%, D,, P and V.. Their values are given

in Table 4.1. The calibration is performed by adjusting the coefficients in the model
until the calculated results agree as closely as possible with each set of test data in
terms of the strain-time curves. After numerous trials, a set of numerical values will
provide a relatively good fit to the test results. The parameters calibrated here include
the shear modulus (G,), the ultimate bulk modulus (K,), the retarded shear modulus
(Gy), the retarded bulk modulus (K3), the elastoviscosity (n2) and the plastoviscosity
(na).
4.2.1 Determination of Elastic Parameters

The basic parameters in the elastic state include the Poisson’s ratio (v),
the modulus of elasticity (E,), the shear modulus (G;) and the ultimate bulk modulus
(K). The average value of the Poisson’s ratio is 0.37. It is obtained from the triaxial
compressive strength tests. The average modulus of the elasticity obtained from the
same salt member is 25 GPa (Fuenkajorn and Jandakaew, 2003). This value is
assumed to be the same with the all salt specimens tested here. The salt specimens
are assumed to be an isotropic linearly elastic solid, and hence relation of the elastic

parameters can be expressed as (Jaeger and Cook, 1979),
G =Ei/2(1+v), (4.13)

K = 2G; (1+v)/3(1-2v). (4.14)
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Table 4.1 The initial salt property parameters obtained from GEO database (Serata

and Fuenkajorn, 1993).

Values used in this
Property Symbol Unit study
Unconfined Octahedral Shear Strength K2 MPa 0.38
Ultimate Octahedral Shear Strength KB MPa 3.80
Hydrostatic Elastoviscosity D, GPa-day 48
Critical strain at failure Ye 10° 0.001
Plastic transition pressure P MPa 41.4
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Tables 4.2 and 4.3 give the values of G; and K; obtained from the triaxial tests
under both loading paths. Their average values are 9.1 GPa and 31.9 GPa for G; and
K, respectively.

4.2.2 Determination of Viscoelastic Parameters

The viscoelastic state is defined as the state in which the octahedral shear
stress (7o) is less than the octahedral shear strength (K,) (Serata and Fuenkajorn,
1993). Three parameters in this state have been determined, including the retarded
shear modulus (G;), the elastoviscosity (12), and the retarded bulk modulus (K3).
Since the viscoelastic behavior of the salt specimens can be best shown in short-term
period. The strain-time curve from the transient creep phase is used in the calibration.
The curve fitting is applied for determining the value of G, and ;. Their values are
adjusted until the slope and the curvature from the computer simulation match the

actual strain-time curves. The K, can be calculated from relation (Jaeger and Cook,

1979),
K2 = Toct/ ’Yocti (4. 1 5)

where T, 1S the octahedral shear stress and yocti is the viscoelastic octahedral shear
strain. Tables 4.2 and 4.3 summarize the viscoelastic parameters of the salt specimens
obtained from the computer modeling for the first loading stage.
4.2.3 Determination of Viscoplastic Parameter
The viscoplastic state is defined as the state in which 1, is equal to or
greater than K, (Serata and Fuenkajorn, 1993). The key parameter in this state is the

plastoviscosity (n4). The value of n4 can be calculated by (Goodman, 1989),

N4 = Toct/ 3V oct’ (4.16)
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Table 4.2 Salt property parameters calculated from the results obtained from the
CTC tests using the finite element code GEO and the creep equations

(Jaeger and Cook, 1979 and Goodman, 1989).

= ° BD99-1-CTC &
= = 50 =
Phase Property i 5 % §
2 2e 3e 4e 5e <
Poisson’s ratio v - 1-2 0.37 0.37
Elastic
E, GPa 1-2 25.0 25.0
) modulus
5 Shear
G GPa | 12 9.1 9.1
modulus
Ultimate bulk
K, GPa 1-2 32.0 32.0
modulus
1.3
Retarded shear 1 0.7.1 06 1 0.7} 3.1 +1.22
G2 GPa 0.4
modulus ’
2 04|04 | 05| 04 +0.05
2 0.5
E Retarded bulk 1|05 10500610301 s
2 modulus .
2 2 04 | 0.5 0.5 0.7 +0.13
7.3
1 7.0 | 72 | 69 | 7.9 +045
Elastoviscosity 2 GPa-day 74
2 | 7770119 [
2 9.1
z 1 148 | 87 | 7.8 | 5.1 +410
? Plastoviscosity ns | GPa-day 153
S 2 [21.1[13.0]12.6| 144 +3.96
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Table 4.3 Salt property parameters calculated from the results obtained from the
RUTC tests using the finite element code GEO and the creep equations

(Jaeger and Cook, 1979 and Goodman, 1989).

= . BD99-1-RUTC g
Phase < E 3 g
Property i = z 4
2 2e 3e 4e 5e <
Poisson’s ratio v - 1-2 0.37 0.37
Elastic
E, GPa 1-2 25.0 25.0
) modulus
5 Shear
G, GPa 1-2 9.1 9.1
modulus
Ultimate bulk
K, GPa 1-2 32.0 32.0
modulus
2.1
Retarded shear 1 L1 L3 18140 +1.30
G2 GPa 0.5
modulus ’
2 02|04 | 10| 05 +034
2 0.9
E Retarded bulk Lo 403006 112 5
2 modulus .
2 2 06 | 0.5 0.5 0.5 +0.05
7.8
1 73 179 | 69 | 9.0 +009]
Elastoviscosity 2 GPa-day 76
2 72 |1 72 ] 69 | 9.0 +0.96
Q 15.5
E 1 19.8110.1 | 88 | 7.1 +570
§' Plastoviscosity ns | GPa-day 134
& 2 [ 155 73 | 156 150 +4.04
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where T, is the octahedral shear stress and Y, is the octahedral shear strain rate in
the steady state phase. Since the viscoplastic behavior of the salt specimens can be
best shown under long-term loading, the results from the steady state phase for the
triaxial creep tests have been used to calibrate this value. Tables 4.2 and 4.3 show the
value of mn4 obtained from the conventional triaxial creep tests and the radially

unloaded triaxial creep tests, respectively.

4.3 Discussions

Figures 4.2 and 4.3 compare the calculated results with the actual experimental
results from the salt specimens subjected to CTC and RUTC loading sequences,
respectively. Good agreements between the two are obtained for both stages. This
also suggests that the GEO model can satisfactorily describe the test results from
different loading paths for time dependent material. The elastic parameters are
obtained from the linear portion of the curve that is not affected by the stress path.
The values are mainly governed by the intrinsic property of the salt specimens. The
viscoelastic coefficients are affected by the applied octahedral shear stresses. The
retarded shear modulus and elastoviscosity tend to be higher when subjected to low
octahedral shear stresses. This is not true for the retarded bulk modulus. For the
viscoplastic state, the scatter of the data can be seen. The coefficient values of
plastoviscosity in the first stage are slightly less than that in the second stage. The
parameters obtained from both stress paths are similar. This indicates that the
viscoplastic behavior pronounces more under higher octahedral shear stress.

Comparisons of the results between the two testing techniques are given in Chapter VI.
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CHAPTER V

COMPUTER MODELING

5.1 Introduction

The purpose of the study presented in this chapter is to determine the
significance of the difference between the CTC and RUTC tests, in terms of the
predictions of salt cavern behavior. An isolated spherical cavern and cylindrical
cavern are simulated to determine the time-dependent behavior of the surrounding salt
mass. The two cavern shapes represent the typical geometies for solution mining,
natural gas storage, and waste disposal. The comparison between the two loading
paths puts emphasis on the cavern convergence and ground surface subsidence. The
non-linear finite element code GEO (Serata and Fuenkajorn, 1992 and Fuenkajorn and

Serata, 1992, 1993, 1994) is used in the simulation.

5.2 Area of Study

The geologic sequence used in the modeling is in the area of Ban Kudjig,
Wanon Niwat district, Sakon Nakhon province. The core logged data obtained from
this area is from borehole number K055 of the Department of Mineral Resources
which has been drilled for the potash exploration project in the northeast of Thailand
(Japan International Cooperation Agency, 1981).

Description of the stratigraphic sequences of borehole (K055) is provided by

Suwanich and Ratanajanuraks (1982). These sequences can be reclassified here based
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on their geomechanics properties into three main groups: 1) sediments and clastic
rocks, 2) rock salt, and 3) sandstone/siltstone groups (Figure 5.1). The sediments and
clastic rocks include all geological formations between and above the salt formations
(e.g., anhydrite, mudstone, clay, claystone, siltstone, conglomerate, terrain sediment,
alluvial deposits). The rock salt group represents the Upper Salt, Middle Salt, and
Lower Salt members. The sandstone/siltstone group represents all rock formations

below the salt formations.

5.3 Model Characteristics

The finite element meshes of the spherical and cylindrical caverns are
constructed in two dimensions. The vertical cross-sections cover the ground surface
to the sandstone and siltstone layers underlying the Lower Salt. Figure 5.2 shows the
mesh constructed for the spherical model. It is designed for axis-symmetric analysis
using the cavern axis as a centerline. The model covers a horizontal distance of
400 meters and depth of 1000 meters. The cavern roof and floor are at 585 and
625 meters depth. Its diameter is 40 meters. The mesh comprises 1154 elements and
1226 nodes. The left boundary represents the cavern centerline and is laterally
constrained. The right boundary is subjected to lithostatic pressure gradient, which
pre-calculated from the rock density. The overburden is included in the analysis in
order to provide the gravitational weight on the salt cavern, and to allow an
assessment of the ground surface subsidence.

Figure 5.3 shows the cylindrical model. The cavern is 40 meters in diameter
and 40 meters high. The model covers a horizontal distance of 400 meters. Cavern

roof and floor are at 585 and 625 meters depth. The mesh comprises 1196 elements
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and 1252 nodes. The boundary conditions of the cylindrical model are similar to
those of the spherical model.

Both caverns are simulated under the hydrostatic pressure of brine inside the
cavern from the beginning of the cavern development until the next 20 years. The
internal pressure is assumed to be uniform at 0.37 MPa. This pressure is calculated

by taking the brine density gradient of 0.0061 MPa per meter.

5.4 Rock Properties

The property parameters of rock salt are obtained from the calibration of the
test results from CTC and RUTC tests (hereafter called CTC properties, and RUTC
properties). The properties of sediments and clastic rocks, and sandstone/siltstone are
given by GEO database (Fuenkajorn and Serata, 1993) (Table 5.1). Table 5.2

summarizes the property parameters conservatively selected in the modeling.

5.5 Computer Simulation Results

5.5.1 Spherical Model

Figures 5.4 and 5.5 show the surface subsidence induced by the spherical
cavern using CTC properties and RUTC properties, respectively. These curves
represent the vertical displacement of ground cavern surface at the cavern center line.
The results show that the subsidence rapidly increases at the beginning of cavern
development. The subsidence rate decreases with time during the following six
months, and tends to be constant through the end of 20 years. The ultimate surface
subsidence is 1.14 centimeters and 0.78 centimeter for CTC properties and RUTC

properties, respectively.
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Table 5.1 Coefficient values for associated rocks selected from the GEO database

(Fuenkajorn and Serata, 1993).

Description Unit Sediment Ss?::‘cllg S;ir;t(: :(t:::;e Anhydrite
Shear Modulus GPa 1.0 6.9 13.8 30.3
Retarded Shear Modulus (10 < Ko) GPa 0.3 6.9 13.8 27.6
Retarded Shear Modulus (1o > Ko) GPa 0.3 6.9 13.8 27.6
Elastoviscosity (1o < Ko) GPa.day 0.3 34 34 34
Elastoviscosity (1o > Ko) GPa.day 0.3 34 3.4 3.4
Plastoviscosity GPa.day 0.7 13.8 13.8 13.8
Ultimate Bulk Modulus GPa 1.7 69.0 82.8 69.0
Retarded Bulk Modulus GPa 1.4 69.0 82.8 82.8
Hydrostatic Elastoviscosity GPa.day 4.8 69.0 82.8 82.8
Unconfined Octahedral Shear Strength MPa 0.069 0.690 0.690 1.379
Ultimate Octahedral Shear Strength MPa 0.690 6.897 6.897 13.793
Yield Surface Coefficient 10° MPa | 0.0007 | 0.0069 0.0069 0.0103
Critical Strain of Failure 0.001 0.001 0.002 0.002
Density Gradient MPa/m -0.0226 | -0.0278 -0.0278 -0.0278
Power Coefficient of Plastoviscosity 1.0 1.0 1.0 2.0
Deterioration Coefficient of Shear 2.0 1.0 2.0 0.2
Transition Pressure MPa * * * *
Volume Expansion Coefficient * * * *
Shear Expansion Coefficient * * * *
Confinement Coefficient * * * *
Permeability Constant microdarcy * * * *
Stress coefficient * * * *
Minimum Stress Coefficient * * * *

* Not included in this study



Table 5.2 Summary of salt property parameters for computer models.

103

B N
Phase Property 'E S CTC RUTC
&
Poisson’s ratio v - 0.37
Elastic .
E, GPa 25.0
2]
= modulus
kS
= Shear X
Gl GPa 9.1
modulus
Ultimate bulk #
K, GPa 32.0
modulus
Retarded shear modulus G, GPa 09" 13"
=
=2 Retarded bulk . .
g K, GPa 2.8 2.3
z modulus
>
Elastoviscosity M2 GPa-day 74" 7.7
2
E * *
g‘ Plastoviscosity N4 GPa-day 12.2 14.5
2
Unconfined octahedral shear| KA MPa 0.3
=
o
§ Ultimate octahedral shear K2 MPa 6.4
)
Critical shear strain of
Ye 1073 2.0
failure
Note: = Calculated

ok

= Calibrated
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Figure 5.4 Surface subsidence induced by the spherical cavern with the properties

calibrated from the results of CTC test.
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The vertical and horizontal closures of the spherical model are shown in
Figures 5.6 and 5.7. The vertical closure is about twice higher than that of the
horizontal closure for both cases. For the CTC properties, the vertical and horizontal
closures reach 17.5 and 8.7 centimeters. For RUTC properties, the vertical closure is
12.9 centimeters and the horizontal closure is 6.5 centimeters after 20 years.

5.5.2 Cylindrical Model

Figures 5.8 and 5.9 show the surface subsidence induced by the
cylindrical cavern with CTC properties and RUTC properties, respectively. The
results show that the subsidence rapidly increases at the beginning of cavern
development. The closure rate decreases with time during the following six months,
and tends to be constant through the end of 20 years. The surface subsidence is 1.79
and 1.26 centimeters for CTC properties and RUTC properties.

The vertical and horizontal closures of the cylindrical model are shown in
Figures 5.10 and 5.11. The vertical closure is approximately twice higher than that of
the horizontal closure. For CTC properties, the vertical and horizontal closures are 24.5
and 12.3 centimeters. For RUTC properties, the vertical closure is 18.8 centimeters and

the horizontal closure is 9.4 centimeters after 20 years.
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Figure 5.6 Diameter closure of the spherical cavern with the properties calibrated
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Figure 5.7 Diameter closure of the spherical cavern with the properties calibrated

from the results of RUTC test.
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CHAPTER VI

COMPARISONS AND DISCUSSIONS

6.1 Introduction

The objectives of this chapter are to compare the results of applying different
loading paths on the salt specimens and to discuss the stress path dependency of the

salt.

6.2 Comparison of the Experimental Results

The results discussed in this section are obtained from Chapter III.
Comparisons of the creep behavior of salt subjected to different triaxial loading paths
in octahedral shear strain-time curves are illustrated in Figures 6.1 through 6.4. For
the first stage, since the specimens are subjected to relatively low octahedral shear
stress and short-term duration, the elastic behavior of the salt in this stage becomes
dominant. The differences in the deformations caused by applying loading paths in
the CTC test and the RUTC test are not clearly seen. However, the specimens
subjected to the RUTC test (hereafter called RUTC specimens) tend to show a greater
deformation than that of the CTC test (hereafter called CTC specimens) except
specimen number CTC-2e and RUTC-2e. The differences of the total octahedral
shear strains are between 26% and 50%. For the second stage, the CTC specimens
notably show a higher total octahedral shear strain than that occurred in the RUTC

specimens. The differences of their magnitudes are between 5% and 21%.
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6.3 Comparison of Calibrated Property Parameters

Comparisons of the results of calibrated property parameters from CTC and
RUTC test results are illustrated in Tables 6.1 and 6.2. The parameters listed in Table
6.1 are averaged from the two stages of loading from Tables 4.2 and 4.3. The
parameters listed in Table 6.2 are averaged from the four specimens tested for each
loading path. The key parameters presented here are obtained from Chapter IV. The
elastic constants are obtained from the linear portion of the curve. According to
theoretical implications and experimental results, the elastic constants are not affected
by the stress path. For the viscoelastic parameters, the retarded shear modulus and the
elastoviscosity calibrated from the CTC test results are smaller than that from the
RUTC test results. The differences of their magnitudes are 44% and 4% for the
retarded shear and the elastoviscosity, respectively. The retarded bulk modulus
calibrated from the CTC test results is greater than that from the RUTC test results.
The difference of their magnitudes is 22%. For the viscoplastic parameter, the
plastoviscosity coefficient calibrated from the RUTC test results is slightly greater

than that from the CTC test results. The difference of their magnitudes is 19%.

6.4 Comparison of the Computer Modeling Results

The results presented here are obtained from Chapter V. Figures 6.5 through
6.10 compare the computer modeling results for the salt cavern using the parameters
calibrated from different stress paths. The magnitudes of the surface subsidence
obtained from the RUTC properties are less than that from the CTC properties
(Figures 6.5 and 6.8). The subsidence is 31.6% for the spherical cavern and 30.1%

for the cylindrical cavern. The vertical and horizontal closures simulated from the
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Table 6.1 Comparison of salt property parameters calculated from different loading

paths.
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Table 6.2 Properties of salt used in the simulation. They are averaged from four

specimens for each loading path.

S -
Stage Property 'E :E> CTC RUTC
&
Retarded shear 0.9 1.3
G, GPa (0.4-3.1) (0.2-4.0)
) modulus
= Retarded bulk 2.8 2.3
S K GPa (0.8-5.6) (1.0-4.2)
N modulus
7.4 7.7
Elastoviscosity up GPa-day (6.9-7.9) (7.2-9.0)
g
k] o 12.2 14.5
S Plastoviscosity N4 GPa-day (5.1-21.1) (7.1-19.8)
2
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RUTC properties are less than that from the CTC properties (Figures 6.6, 6.7, 6.9 and
6.10). The closure is 25.7% for the spherical cavern and 23.3% for the cylindrical

cavern.

6.5 Discussions

6.5.1 Discussions on the Experiments

Within the first loading stage, since the specimens used in both loading
paths are subjected to relatively low octahedral shear stresses under short duration, the
deformation in the elastic mode of specimen is only affected by the intrinsic
properties of salt, such as size, shape and orientation of crystal and inclusions. This
phenomenon reveals that the results of this study are similar to the research results of
Allemandou and Dusseault (1993). In the transient creep phase, the conventional
triaxial method shows lower deformation than that of the RUTC test method. The
results here agree with the findings from Assis and Kaiser (1991).

In the second loading stage, the CTC specimens notably show a higher
total octahedral shear strain than that occurred in the RUTC specimens. This may be
caused by the difference of the loading paths from the previous stage. As the RUTC
specimens have been subjected to a higher mean stress than the CTC specimens, their
crystals may be more compacted than the CTC specimens. Therefore, the CTC
specimens would be able to provide a higher deformation in the second stage. The
specimen number RUTC-2e however shows less deformation than that from the CTC
specimens in the first stage. These results imply that its intrinsic properties may be

softer than those of the CTC specimens.
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The results from both loading paths suggest that the effect of the variation
of the intrinsic properties of salt could be minimized by conducting the experiments
on a larger number of specimens, collecting from the same depth or as near as
possible. The effect of stress path may be more pronounced in plastic mode under
higher stresses. Higher load may be required to apply more octahedral shear stress on
the test specimens. Longer test duration should be taken to show the viscoplastic
behavior. Larger specimen size may be needed to observe the plastic behavior
because the dislocation climb is a main mechanism in the viscoplastic phase. The
specimen diameter should be at least ten times the crystal size.

A difference in the increase of loading from zero to a constant value may
occur at the beginning of the test. This may cause a difference in the instantaneous
deformation for each specimen. Automatic test machine may be needed to reduce this
effect. Viscosity of the hydraulic oil used for pressuring inside the Hoek cell should
be increased to reduce the variation of confining pressures affected from the
temperature. Volumetric change should be monitored to detect the effect of loading
direction on the deformation.

6.5.2 Discussions on the Property Calibration

The elastic constants are obtained from the linear portion of the curves
which should be independent of the stress path. The viscoelastic parameters may be
influenced by the difference in loading directions and sequences. The viscoelastic
parameters from the two loading paths are different. This suggests that the
constitutive law and creep equations may not truly represent the viscoelastic behavior
of the salt specimens. This may be solved by using other constitutive laws to describe

the behavior and to compare the results in this viscoelastic phase. For the viscoplastic
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phase, the magnitudes of the viscoplastic coefficient parameters calibrated from the
RUTC test results are slightly greater than that from the CTC results. These might be
caused by the difference in the mean stresses within the first stage. A larger
difference of the plastoviscosity may be obtained if the CTC and the RUTC
specimens are under higher octahedral shear stress for a longer period.

6.5.3 Discussions on the Computer Modeling

All simulation results show that the ultimate surface subsidence and
cavern closures obtained from the CTC properties are less than that from the RUTC
properties. This is due to that the CTC parameters are smaller than the RUTC
parameters. The effect of stress path is significant for computer modeling. The
spherical and cylindrical caverns show mechanically stable as evidenced by the
predicted surface subsidence and cavern closures.

Since the characteristics of stress state around salt cavern can be changed
to stress reduced condition during operational construction (Lux, 1988; Wallner,
1988; Assis and Kaiser, 1991; Schmidt, 1993 and Rolfs et al., 1996), RUTC technique
represents more realistic in-situ stress than that of CTC technique. On the other hand,
due to the creep deformation of CTC specimens is higher than that of RUTC

specimens, the parameters calibrated from the CTC test are more conservative.



CHAPTER VII

CONCLUSIONS AND RECOMEMDATIONS FOR

FUTURE STUDIES

7.1 Conclusions

The objective of this research is to assess the effect of stress path on the
mechanical behavior of rock salt by means of mechanical laboratory testing and
numerical analysis. The creep property parameters calibrated from the results of
conventional triaxial creep test (CTC) and radially unloaded triaxial creep test
(RUTC) are compared to reveal the effect of stress path. The significance of the
stress path dependency is evaluated by performing numerical modeling of salt
behavior around storage caverns.

This research consists of five tasks, including literature review, sample
collection and preparation, laboratory experiments, numerical modeling, and
comparative analysis. Results from the existing researches have suggested that under
the assumption of the elastic principle, the effect of different loading directions and
sequences is ignored. For the material in the plastic range, its behavior depends on
the influence of stress path or loading sequence and direction. Since salt exhibits
complex mechanical behavior due to the plastic deformation and time dependency,
the stress path effect on the engineering structures in the salt formation should be
considered in the design. This concept agrees reasonably with the results of

laboratory testing on the inelastic material. For linearly elastic, the influence of stress
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path remains ambiguous. The different stress paths are used for various objectives,
such as to construct yield surface or failure surface and to describe models. However,
no published research has revealed the effect of stress path to evaluate the mechanical
parameters of rocks. The analysis of stress state around salt cavern has been an
important issue due to the changes of stress orientation generated by the
constructional and operational phases.

Series of laboratory tests have been performed to investigate the mechanical
and rheological properties of rock salt specimens obtained from the Middle and
Lower Salt members of the Maha Sarakham Formation. The characterization tests
include the uniaxial compressive strength tests, Brazilian tensile strength tests and the
triaxial compressive strength tests. To determine the creep parameters, the
conventional triaxial creep test (CTC) and the radially unloaded triaxial creep test
(RUTC) have been carried out. The average uniaxial compressive strengths is
34.7 £ 2.2 MPa. The average tensile strengths of the salt specimen is 1.75 £ 0.40 MPa.
The compressive and tensile strengths of the Maha Sarakham salt are relatively high
as compared with those from various sources. The average Poisson’s ratio is 0.37.
Using the Coulomb criterion, the cohesion is 6.0 MPa and the internal friction angle
is 50 degrees. For the triaxial creep tests (CTC and RUTC), two loading stages have
been applied. The octahedral shear stresses of 2.0, 3.5, 4.1 and 5.1 MPa are applied
for the first stage (5 days). The second stage uses the shear stresses of 8.7, 9.6, and
10.6 MPa (10 days). The instantaneous strains tend to increase as the octahedral
shear stresses increase. The octahedral shear strain rate in the first loading stage is
lower than that in the second stage because the octahedral shear stress in the first

stage is less than in the second stage. Since the specimens are subjected to relatively
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low octahedral shear stress under short duration, the elastic behavior of the salt in this
stage becomes dominant in the first loading stage. The differences in the
deformations caused by applying loading paths in the CTC test and the RUTC test are
not clearly seen. However, the specimens subjected to the RUTC specimen tend to
show a greater deformation than that of the CTC specimens. The differences of the
total octahedral shear strains are between 26% and 50%. For the second stage, the
CTC specimens notably show a higher total octahedral shear strain than that occurred
in the RUTC specimens. The differences of their magnitudes are between 5% and
21%.

Curve fitting technique using a finite element program is used to evaluate the
property parameter values. The test results from the two loading paths are used to
determine parameter sets include the elastic, viscoelastic and viscoplastic parameters
of the salt specimens. From the theoretical implications and experimental results, the
elastic constants are not affected by the stress path. For the viscoelastic parameters,
the retarded shear modulus and the elastoviscosity calibrated from the CTC test
results are smaller than that from the RUTC test results. The differences of their
magnitudes are about 44% and 4% for the retarded shear and the elastoviscosity. The
retarded bulk modulus calibrated from the CTC test results is greater than that from
the RUTC test results. The difference of their magnitudes is about 22%. The
plastoviscosity coefficient calibrated from the RUTC test results is slightly greater
than that from the CTC test results. The difference of their magnitudes is about 19%.

An isolated spherical cavern and cylindrical cavern are simulated to investigate
the significance of the stress paths. Comparison of the simulated results from

different property parameters has been made. The surface subsidence obtained from
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the RUTC properties are 31.6% (for spherical) and 30.1% (for cylindrical) less than
those from the CTC properties. The vertical and horizontal closures simulated from
the RUTC properties are 25.7% (for spherical) and 23.3% (for cylindrical) less than
those from the CTC properties.

The results presented above imply that the parameters calibrated from the
RUTC test results may be more representatives to the actual conditions. The creep
deformation of CTC specimens is higher than that of RUTC specimens, and hence the
parameters calibrated from the CTC test are more conservative. The creep behavior
of rock salt under higher octahedral shear stress depends on the stress path. The
difference between the CTC properties and the RUTC properties is significant when

they are used to predict the salt cavern behavior.

7.2 Recommendations for Future Studies

Various test methods may be required to obtain a more understanding of the
impact of the stress sequences and directions, such as true triaxial loading test, multi-
step triaxial loading, and triaxial cyclic creep test. The micro-structural analysis may
be desirable to study the crystal orientation in salt specimens after testing under
different loading directions. The volumetric dilation should be measured during
triaxial creep test to study the effect of loading paths.

The exponential law used in this study may not adequately describe the salt
behavior. Other constitutive laws, such as power laws and structural laws may be
needed to describe the salt behavior. The constitutive law can consider the stress path

dependent that may be desirable.
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