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ROCK SALT/ HEALING/ FRACTURE / COMPUTER MODELING/

STROAGE CAVERN

The objective of this research is to evaluate the mechanical performance of the
rock salt formations in the Northeast of Thailand for use in the compressed-air energy
storage. The task involves literature review of the relevant research topics, the
characterization tests, the fracture healing and the cyclic loading experiments on rock
salt from Sakon Nakhon basin, and computer modeling of the cavern for this
technology. The test results indicate that the compressive and tensile strengths of the
rock salt specimens obtained from Sakon Nakhon basin used in this research are
relatively high as compared to those from various sources. The healing test results
indicate that under the confining pressure of 1,000 psi for about 100 hours, salt
fractures can be healed and can gain the tensile strength up to 90% of the intact
strength. The cyclic loading results indicate that the fatigue strength (S) decreases
with the increase of loading cycle (N): S = 33.6 N The elastic modulus decreases
as the number of cycle increases, and ranging between 20 and 30 GPa. Review of the
drill-hole data obtained by the Department of Mineral Resources indicates that only

few areas in Northeastern Thailand pose appropriate depth and thickness of the salt
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formations that are suitable for the compressed-air storage caverns. In this study the
depth and thickness of salt formation at Borabu District have been selected for use as
an example area for computer modeling. The simulation results show that spherical
cavern has the smallest closure of the cavern and the narrowest plastic zone around
the cavern boundary than those of the elliptical and cylindrical caverns. For the
cavern at 600 m depth, the maximum and minimum safe storage pressures should be
about 90% and 30% of the in-situ stress at the cavern top. The withdrawal and
injection rates for the daily cycle should be about 96 psi/hour. This will result in a
long-term mechanical stability of the surrounding salt. The maximum surface

subsidence at 20 years after operation would be about 20 cm.
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CHAPTER

INTRODUCTION

1.1 Objectives

The objective of this study is to assess the mechanical performance of rock
salt in the Maha Sarakham Formation in the Northeast of Thailand for compressed-air
energy storage (CAES) technology by employing laboratory testing and computer
modeling. The laboratory tests are conducted to experimentally assess the healing
behavior of rock salt fractures under duration, stress conditions, saturation and
inclusion (impurity), and to study the behavior of rock salt under cyclic loading. The
computer modeling is performed to simulate the behavior of storage cavern in rock

salt formations.

1.2 Problem and Rationale

In order to take advantage of rock salt deposits that distribute abundantly in
the Maha Sarakham Formation, it’s potential to be developed and applied in
compressed-air energy storage (CAES) technology should be considered. Rock salt is
generally suitable for storage of compressed air due to its low permeability. A
dissolved salt cavern with a high mechanical stability can be achieved when it is
properly designed. The concept of CAES is to storage and excessive energy in form
of compressed air. It is then reconverted to produce electricity during demand

periods. The CAES technology provides the highest efficiency compared with other



energy storage technologies. This technology is a world-wide technology, found in
Europe and America, because it can enhance power plant efficiency.

The CAES technology has been developed and operated in many countries by
taking advantage of suitable rock strata to store compressed air. Among those rock
strata, rock salt deposits or salt domes are the most popular one because their
hydraulic and mechanical properties are suitable as indicated by Katz and Lady
(1976) and DeLong et al. (1989). Design and analysis of solution salt cavern for
storage of compressed air have been comprehensively studied in the United States and
Germany (Thoms and Martinez, 1978; Wittke et al., 1980; Serata et al., 1989;
Fuenkajorn and Daemen, 1992a; and Fuenkajorn and Serata, 1992).

Most of rock types other than rock salt that have been developed for CAES are
sedimentary rocks, for example conglomerate in Japan (Shidahara et al., 2000),
limestone caverns (Liang and Lindblom, 1994) and other hard rocks in the United
States and Great Britain (Pincus, 1980; Salter et al., 1984; and McKey et al., 1989).
These references indicate that efficiency of compressing and converting air energy in
those rock types is lower than in rock salt caverns.

Behavior and property of rock salt around the CAES cavern are different from
those belong to other types of underground structures. For the CAES cavern, it
should be designed to withstand cyclic loading. The cavern pressure will be increased
and decreased continually with air compressing during excessive electricity periods
and air releasing to produce electricity during demand periods. Repeated changes of
cavern pressures directly affect the rock salt behavior around the cavern. The cavern
is susceptible to collapse if the design of the cavern’s shape and pressure level is not

suitable. The important key for a success for the CAES technology in Thailand are



the mechanical properties and structural geology of the rock salt found in the
Northeastern Thailand.

It is, therefore, necessary to study the mechanical behavior of rock salt subjected
to cyclic loading and the self-healing of rock salt fractures during the process of air

injection and withdrawal. The study can be performed by laboratory testing.

1.3 Scope of Work

The research emphasizes the mechanical properties of rock salt in the Maha
Sarakham Formation. These properties are compressive strength against cyclic
loading and healing of rock salt fractures. This research does not attempt to study
long-term behavior of rock salt such as visco plasticity property. The temperature
used in the laboratory tests and analysis is assumed to be constant at room
temperature.  This research will not cover the processes of reconverting of
compressed air to produce electricity and will exclude either design or study of
surface facility.

The rock salt specimens are obtained from the Sakon Nakhon Basin. The
sample preparation and testing process are conducted in the laboratory. In-situ
experiments are not performed in this research. The characterization tests include
uniaxial compression tests, Brazilian tension tests, and point load strength index test
to determine the uniaxial compressive strength, tensile strength, and strength index of
the rock salt specimens, respectively.

In the healing tests, series of fracture initiations and fractures healing are
performed in the laboratory. The healing fractures are simulated by using the saw cut

smooth surfaces, tension-induced fracture and polished fractures created in the



cylindrical specimens of rock salt. The healing tests are performed as a function of
stress state, time, inclusion, and saturation. The healing behavior is assessed by
determining the tensile strength of the fractures using point load strength test,
Brazilian tensile strength test and changing of permeability through the fractures. The
cyclic loading test will involve laboratory testing under constant ambient temperature
and mathematical formulation to predict the fatigue behavior of rock salt.

The computer modeling will be used to simulate or predict the state of stress
around the storage cavern during operation. The parameters that used in the computer
modeling will be calibrated from the experimental results. The horizontal variations
of the chemical compositions and mechanical properties have not been taken into
consideration since such variations remain unknown. The in-situ stresses are
equivalent to the hydrostatic pressure of the rock. The sequences of rock formation in
Northeastern Thailand will be continuous, isotropic and homogeneous. The design
recommendations obtained for the salt formations in Northeastern Thailand may not

be applicable to salt formations from other locations.

1.4 Methodology

The research effort is divided into five tasks including the literature review,
sample collection and preparation, the laboratory testing, the data analysis, and the
computer modeling.

1.4.1 Literature Review

All relevant references will be studied and reviewed to understand the
CAES technology in rock salt, especially those related to behavior of rock salt

subjected to cyclic loading and healing of rock salt fractures.



1.4.2 Sample Collection and Preparation

Rock salt samples have been donated by the Asian Pacific Potash
Corporation, located in the Udon Thani Province. They are obtained from the Sakon
Nakhon Basin. The core specimens are collected from the upper and the middle salt
beds of the Maha Sarakham Formation at depths ranging between 250 meters and 400
meters. They are in cylindrical shape with 2.4 inches (60 mm) in diameter. Preparation
of these samples will follow, as much as practical, the ASTM standards (ASTM D4543-
85, 1998). There are three groups of specimens for different laboratory test methods:
for basic characterization tests, cyclic loading tests, and healing tests.

The basic characterization tests will include the uniaxial compressive
strength tests, Brazilian tensile strength tests, and point load strength index tests. Five
specimens will be prepared to have L/D ratio of 2.5 for the uniaxial compressive
strength test. Seventeen specimens with L/D ratio of 0.5 are prepared for the Brazilian
tensile strength tests. Ten specimens with L/D ratio ranging between 0.8 - 1.2 will be
prepared for point load strength tests. Eight specimens with L/D ratio of 2.5 will be
prepared for uniaxial cyclic loading tests.

For the healing tests, nine specimens will be prepared to obtain a
nominal length of 100 millimeters by a cutting machine. The saw-cut surfaces are
ground flat by the grinding machine. These samples are prepared for the healing tests
under uniaxial loading. Ten specimens with 100 millimeters long will be used for the
point load test to induce tensile fracture. Nine specimens with tension-induced
fractures and polished fractures having 38-millimeters diameter and 60-millimeters

length will be prepared for healing test under confining pressure.



All specimens will be measured to determine the precise dimensions.
The geologic depth will be recorded for each specimen. The physical characteristics
(i.e., mineral composition, density, grain size, and color) are described. A saturated
brine will be prepared for use as grinding fluid during the preparation to prevent the
specimens from dissolving. After finishing preparation, the specimens will be labeled
and wrapped with plastic film. The identification of specimens is given, which
includes rock type, borehole number, core number, core diameter, type of experiment
and sample number.

1.4.3 Experimental Work

Characterization tests includes the uniaxial compression tests (ASTM
D2938-95, 1998), the Brazilian tension tests (indirect tensile strength tests) (ASTM
D3967-95, 1998), and the point load tests (ASTM D5731-95, 1998). For the uniaxial
tests, the specimens are loaded at constant rate of 0.1 MPa/sec. The results are shown
in form of stress — strain curves. The Brazilian test determines the tensile strength of
the salt. The point load strength test determines the indirect tensile strength of intact
salt for comparing with the tensile strength of the healed fractures.

The cyclic loading test specimens will be loaded and unloaded with the
maximum stresses varied from 60% to 90% of ultimate static strength. These tests
determine the relation between strength and number of cycles (S-N curves), and
between strain and time. These tests will also determine the elastic modulus (E) with
the increasing number of cycles (N).

The healing tests on the specimens with tension-induced fracture and
polished fracture will be carried out by performing the confining pressure. After a

certain period, the healing effectiveness will be assessed by repeating the Brazilian



tensile strength test on the same specimen. The measured tensile strength of the
healed fractures will be used as an indicator of the healing effectiveness. The
magnitude of the confining pressure (healing stress) and duration under such stress
will be the studied variables.
1.4.4 Laboratory Data Analysis
The results from the laboratory will be analyzed to understand the
behavior of rock salt under cyclic loading and to explain the healing behavior as a
function of stresses, duration, and inclusions (impurity). In conjunction with the basic
mechanical properties, these results can be used to design and analyze the stability of
rock salt cavern in the CAES technology. The analysis in this stage will, therefore,
emphasize on the potential of this technology and will indicate the engineering
geology problems that may occur as well as the way in which those problems should
be coped in order to develop the CAES technology in Thailand.
1.4.5 Computer Modeling
Computer simulations will be conducted to assist in the design of the
CAES cavern. A 2-dimensional finite element mesh will be constructed to
graphically represent the salt formations and associated rocks around the cavern. The

computations use the non-linear finite element code “GEQO”. The algorithm of this

computer code is designed to calculate the stress and displacement in time domain. It
is contains of eight main modules: elastic, visco-elastic, visco-plastic, strain-softening
and strain-hardening, deterioration, dilation and permeability increases. This program
can disclose a realistic rheological behavior of the rock salt shown by Serata and
Fuenkajorn (1991, 1992a, 1992b), Stormont and Fuenkajorn (1994), and Fuenkajorn

and Serata (1994).



Results from the experimental work will be used to construct computer
models to simulate or predict the stress and strain of the rock salt around the storage

caverns during operation.

1.5 Expected Results

It is expected that the results can improve the understanding of the knowledge
on cyclic loading and healing mechanisms of the rock salt fractures in relation with
the CAES technology. This knowledge can assist in the design and stability
evaluation of the storage cavern in rock salt formations. The final analysis may be
used to predict the fracture initiation and fracture healing in rock salt around storage

caverns.

1.6 Thesis Contents

Chapter I describes the objectives, the problems and rationale, and the
methodology of the research. Chapter II presents results of the literature review on
the healing of rock salt fracture, the compressed air energy storage, the cyclic loading,
the salt properties, the experimental research on salt, the mechanical constitutive laws
of rock salt, the computer modeling, the solution mining technology, and the salt
sequences in Khorat Plateau. Chapter III describes the salt sample collection and
preparation. Chapter IV describes the results obtained from the laboratory testing.
The experiments are divided into five tests, including 1) uniaxial compressive strength
tests, 2) Brazilian tensile strength tests, 3) point load strength index tests, 4) uniaxial
cyclic loading tests, and 5) healing tests. Chapter V describes the computer modeling

for horizontal model to selects the suitable cavern shape. Chapter VI presents



computer modeling and the conceptual design for the CAES caverns. Chapter VII
summarizes the research results, and provides recommendations for future research

studies.



CHAPTER 11

LITERATURE REVIEW

Literatures related to the compressed-air energy storage technology in caverns
created in rock salt formations and salt domes have been reviewed in this research.
This research emphasizes the mechanical potential of rock salt formations to be
applied in this technology. The related knowledge to be reviewed in this research is
categorized into eight groups: 1) compressed-air energy storage technology, 2)
geology of rock salt formations in the Northeastern Thailand, 3) rock salt
characteristics, 4) mechanical testing on rock salt, 5) rheological equations of rock
salt, 6) computer modeling, 7) healing mechanisms of rock salt fracture, and 8) cyclic

loading tests.

2.1 Compressed-Air Energy Storage Technology

Compressed-air energy storage (CAES) is a technology in which a surplus of
electrical energy is storaged in the form of compressed air during off-peak periods
and then the energy is used on demand during peak periods to produce electricity
(Crotogino et al., 2001; Crotogino and Quast, 1980). CAES technology involves the
production of compressed air using excess electricity available from the power
system during off-peak hours. The compressed air is stored in an underground
cavern. When a supply of electricity energy is required, the storage energy is

converted back to electrical energy. CAES technology is a superior efficiency
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technology compared with other technologies such as pumped storage technology.
Since CAES can directly reduce cost and can result in enhancing the efficiency of the
power plant, this technology has been widely used in Europe, Asia, and America.

The first compressed-air energy storage in the world is the Huntorf Plant in
Germany which was constructed in 1978 (Crotogino et al., 2001). The plant with
290 MW of power consists of two underground caverns that have a total volume of
310,000 cubic meters. The caverns are situated 220 meters apart. The cavern ceilings
are at 650 meters deep from the ground surface. The constant volume system is
employed to reconvert the compressed air to produce electricity. Air is compressed
into the cavern at the rate of approximately 108 kg/sec. The maximum allowable
pressure in the cavern is 70 bar. The compressed air is released with the rate of
417 kg/sec to produce electricity. The minimum cavern pressure is as low as 20 bar.
The caverns are designed to be stable throughout the operation period. The same
technology has been also used in McIntosh, Alabama (in the United States) since
1991 with the power capacity of 110 MW.

The CAES technology in bedrock, nowadays, can be divided into two systems
which including constant pressure systems and constant volume systems.

1) Constant Pressure System - The concept of this system is that water
accumulated in the reservoir above the cavern is allowed to replace the air that has
been compressed in the cavern. The air then flows through a turbine generator to
produce electricity. Air is pumped and compressed into the underground by using
excess electricity during nighttime and consequently water in the cavern flows back
to the reservoir. This process recurs in cycles. This system is compatible in hard
rock formations. The conceptual diagram of the constant pressure system is

illustrated in Figure 2.1.
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2) Constant Volume System - The concept of this system is to vary the
pressure in the cavern that contains only the compressed air. The compressed air is
released to produce electricity and results in a gradual decrease of pressure in the
cavern. Air is compressed into the cavern again by using excess electricity during the
off-peak period. The process is continually repeated in cycles during operation. In
order to maintain the cavern stability, the pressure in the cavern is controlled to be in
allowable range from the design. This system is suitable for the caverns in rock salt
formations. The conceptual diagram of the constant pressure system is illustrated in
Figure 2.2

The technology of compressed air energy storage in bedrock has been
developed and operated in many countries by taking advantage of suitable rock
formations. Most of the rocks for CAES are sedimentary and hard rock formations
with low permeability.

2.1.1 Storage in Sedimentary Rock and Hard Rock Formations

In Japan, CAES had been applied in a conglomerate (Shidhara et al.,
2000) and limestone (Liang and Lindblou, 1994). In Britain and the United States,
CAES had been applied in hard rock formations (Mckey et al., 1989; Salter et al.,
1984; Pincus, 1980; and Morfeldt, 1975). Design of the caverns in those rock types
had been comprehensively studied and analyzed by these researchers.

For the Soyland CAES project in Illinois, United States, Salter et al.
(1984) have studied the design of an underground cavern in dolomite formations by
employing the constant pressure system. The cavern was designed to have a total
volume of 245,000 m® and located at 580 m depth. McKey et al. (1984) have studied

and designed an underground cavern in metamorphic granite gneiss for a CAES
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project named “The Bad Creck Project”. The cavern was designed to have a
dimension of 23 m width, 132 m length and 50 m height, with an approximate volume
of 1,518,000 m>. The project can produce 1,000 MW power. Besides that, the project
was also viewed as a suitable project in terms of economics and safety for
construction. Wittke et al. (1980) studied and analyzed CAES with a computer model
to design the cavern in Vianden Clay. The designed cavern consists of elliptical
cylinder shaped rooms with a diameter of 5.5 m and a length of 5 km. The rooms lie
horizontally at 500 m depth. A reservoir constructed above the cavern provides the
water from the reservoir that can be released to push compressed air in the cavern to
produce electricity. In the meantime, water can also support the cavern stability. The
total volume of the cavern is as high as 100,000 m’. By employing the constant
pressure system with the constant pressure at 50 bar, the project provides the
generating capacity of 300 MW within 4 hours. DeLong et al. (1989) conducted a
feasibility study on a CAES project in the northwest of the United States by taking
into account of suitability of geology in parallel with the power demands. In Norton,
Ohio, the United States, a 10 million cubic meters underground cavern was excavated
in limestone and compressed air in the cavern was pushed by water from the reservoir
located above the cavern to produce electricity (Crotogino et al., 2001).
2.1.2 Storage in Rock Salt Formations

As to the suitability in terms of hydraulic and mechanical properties, rock
salt deposits or salt domes are the preferred choice among other types of underground
media which can accommodate compressed air. Results from many researches indicate
that rock salt deposits and salt domes have higher efficiency for the storage of

compressed air than other rock types. Katz and Lady (1976), Change et al. (1980),
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and DeLong et al. (1989) summarize the application of CAES technology in
generally. Design and analysis of the solution mined storage cavern have been
comprehensively studied in the United States and Germany (Serata et al., 1989;
Thoms and Martinez, 1978; Gehle and Thoms, 1986; Wittke et al., 1980; Fuenkajorn
and Daemen, 1992a; Fuenkajorn and Serata, 1992). Many researchers from various
organizations have studied the mechanics and geology of the underground caverns for
CAES in rock salt deposits and salt domes.

Serata et al. (1989) analyzed the geomechanical stability of salt dome in
Mclntosh, in the South of Alabama for the compressed air storage. The analysis was
done by a computer model with an aid of REM software. Results from the analysis
were used to assess the long-term effects on rock salt around the cavern. The analysis
was also emphasized on the deformation of the cavern wall, stress distribution, the
subsidence rates of ground surface, and the convergence of the cavern.

The Electric Power Research Institute (EPRI), a government
organization in the United States, has conducted comprehensive research and
developed the CAES technology. Various aspects have been studied and continually
developed, for example, the design of an underground cavern in rock salt deposits
(EPRI, 1990a; 1990b; 1990c; 1992a; 1992b; 1992c; 1992d; 1994a; 1994b), design of
power generator for CAES (EPRI, 1994d; 1994e; 1997; 1999), economic assessment
(EPRI, 1986; 1999), and CAES for other types of underground media. Due to
copyrights restrictions as well as commercial competition, the results of these studies

have not been published.
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2.2 Geology of Rock Salt Deposits in Thailand

2.2.1 Structural Geology

Rock salt deposits are found in the Khorat Plateau as shown in Figure 2.3.
In order to understand the stratigraphic succession of the area as well as the thickness
of rock salt deposits, fundamental knowledge in structural geology and physical
characteristics of the Khorat Plateau are needed. This knowledge is explained in this
section. The Khorat Plateau is situated between latitude 14° - 19° North and
longitude 101° - 106° East. The north and the east are bordered with Laos. The south
of the area connects to Combodia. The plateau has a total area of approximately
150,000 m” and locates at 140 m above mean sea level. The plateau slopes gently to
the southeast direction. The mountain ranges namely Petchaboon and Dongpayayen
form the high edge in the west of the plateau. Whereas, the mountain ranges namely
Sankamphaeng and Phanomdongrak form the high edge in the south of the area.
Another mountain ranges called Phupan stretches in the southeast direction at the
middle part of the plateau.

Rocks of the Khorat Plateau are divided into two groups according to
the terrain characteristics. First, high mountains forming the edge topography
forming range consist of Huai Hin Lat, Nam Phong, Phu Kradung, Phra Wihan, Sao
Khua and Phu Phan Formations and second, a basin terrain forming flat and basin
area consists of Khok Kruat and Maha Sarakham Formations.

Yumuang et al. (1986), Supajanya et al. (1992), Utha-aroon (1993) and
Warren (1999) described the characteristics of the Khorat Group and Maha Sarakham

and Phu Tok Formations in ascending order as follows:
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Nam Phong Formation consists of reddish-brown sandstone and
conglomerate, intercalated with claystone and siltstone in the upper
and lower bed. Age of this formation is early Jurassic.

Phu Kradung Formation consists of reddish-brown claystone and
siltstone of early Jurassic.

Phra Wihan Formation consists of white orthoquartzitic sandstone,
reddish-brown shale and conglomerate. Age of this formation is
middle Jurassic.

Sao Khua Formation consists of sandstone, siltstone, shale and red
conglomerate. This formation formed in late Jurassic.

Phu Phan Formation consists of conglomerate and white and pale-
gray sandstone and claystone. This formation formed in early
Cretaceous.

Khok Kruat Formation consists of sandstone and reddish-brown
shale and conglomerate. The age is early Cretaceous.

Maha Sarakham Formation consists of three groups of salt
interbedded with sedimentary rocks and they are sandwiched by
anhydrite beds. This formation formed in late Cretaceous.

Phu Tok Formation consists of brick-red sandstone and reddish-
brown sandstone, siltstone, brick-red shale and reddish-brown

shale. The rocks are of early Tertiary age.

From the structural geology point of view the Khorat Plateau is a basin

caused by uplifting in the South and North of the area. Also an uplift of Phu Phan

Formation stretching in the southeast direction separated the main basin into two
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basins. Bedrocks of the two basins dip approximately less than 20° down to the
middle of each basin. Sakon Nakhon Basin locating in the northern part covers an
area of approximately 17,000 km” and 5 provinces e.g. Nongkai, Udon Thani, Sakon
Nakhon, Nakhon Phanom and Mokdaharn Provinces and some parts of Laos. The
Khorat Basin, in the South has an area of approximately 33,000 km? covers 11
provinces eg. Nakhon Ratchasima, Chaiyaphum, Khon Kaen, Maha Sarakham, Roy-et,
Karasin, Yasothorn, Ubon Ratchathani and the northern parts of Burirum, Surin and
Srisakat.

Evaporate groups, such as rock salt, gypsum and etc. exists in the two
basins. The occurrence of these evaporate rocks is due to subsidence of some parts at
the coastland around Cretaceous and sediment had deposited until middle Cretaceous.
After that, evaporation of seawater throughout the area in late Cretaceous resulted in
the deposition of the rock salt formations. Later, in Tertiary, the uplift of Phu Phan,
Petchaboon and Phanomdongrak fold belt at around the edge of Khorat Plateau
caused the basin to be separated.

Accumulation of sediments and the evaporation of seawater can be
recognized in three cycles. Each cycle, defined by intrusion and extrusion of
seawater, in-cooperated an evaporation rate that was suitable to form mineral e.g.
halite and potash. Each cycle, consists of evaporitic strata and sedimentary strata
(Suwanich and Rattanajaruraks, 1982, 1986; Wongswasdi and Panjasutharos, 1990) as
given in the following:

- Lower Cycle consists of the lower sedimentary beds deposited

during an intrusion of seawater into the basin and resulted in

deposit of ferruginous clastic sediments, calcareous sandstone and
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the lower evaporite layer formed during an extrusion of seawater
from the basin and caused the deposition of anhydrite, potash and
sylvite.

- Middle Cycle consists of the middle sedimentary beds deposited
during seawater intrusion and resulted in the deposit of shale and
claystone and the middle evaporate layer was formed during an
extrusion of seawater that caused higher concentration of seawater
and halite and thin layers of anhydrite deposited in consequence.

- Upper Cycle consists of the upper sedimentary beds deposited
during seawater intrusion and resulted in the deposit of reddish-
brown claystones and the upper evaporite layer deposited during
seawater extrusion.

The Department of Mineral Resources (DMR) had drilled 118 drilled

holes between 1976 and 1977 for the exploration of potash (Japakasetr, 1985;
Japakasetr and Workman, 1981; Sattayarak, 1983, 1985). Some holes were drilled
through rock salt layers to the Khok Kruat Formation. The sequences of rock layers
from the bottom of this formation up to the top of the Maha Sarakham Formation are
as follows:

1) Red bed sandstone or dense greenish gray siltstone sometime
intercalated with reddish- brown shale;

2) Basal anhydrite with white to gray color, dense, lies beneath the
lower rock salt and lies on the underlying Khok Kruat formation;

3) Lower rock salt- the thickest and cleanest rock salt layer, except in

the lower part which contains organic substance. The thickness
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exceeds 400 m in some area and formed salt domes with the
thickness as high as 1,000 m, the average thickness is 134 m;
Potash - 3 types were found; carnallite (KC1.MgCl,.6H,O) with
orange, red and pink color, sylvinite (KCl) — rarely found, white
and pale orange color, an alteration of carnallite around salt domes,
and techydrite (CaCl,.2MgCl,.12H,0) — often found and mixed
with carnallite, orange to yellow color caused by magnesium, the
dissolved mineral occurred in places;

Rock salt - thin layers with average thickness of 3 m, red, orange,
brown, gray and clear white colors;

Lower clastic - clay and shale, relatively pale reddish-brown colour
and mixed with salt ore and carnallite ore;

Middle salt- argillaceous salt, pale brown to smoky color, thicker
than the upper salt layer with average thickness of 70 m and
carnallite and sylvite may be found at the bottom part;

Middle clastic - clay and shale, relatively pale reddish brown color
and intercalated with white gypsum,;

Upper salt - dirty, mixed with carbon sediment, pale brown to
smoky color or orange color when mixed with clay and 3 to 65 m

thick;

10) Upper anhydrite - thin layer and white to gray color;

11) Clay and claystone - reddish brown color, occurrence of siltstone

and sandstone in some places, and
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12) Upper sediment - brownish gray clay and soil in the upper part,
and sandy soil and clay mixed with brown, pink and orange sandy
soil in the lower part.

Cross-sections from seismic data across the Khorat-Ubon and Udon-
Sakon Nakhon Basins (Sattayarak, 1987; Sattayarak and Poljun, 1990) reveals that
rock salt can be categorized into 3 types according to the their appearances: rock salt
beds, rock salt fold and salt domes. The Maha Sarakham and Phu Tok Formations
fold in harmony with the Khorat megasequence. A part of the cross section through
the Khorat Basin is illustrated in Figure 2.4.

Lateral compression due to collision between the Asian and Indian Plate
in Tertiary caused the occurrence of cracks in the Phu Tok Formations. The plastic
characteristics of the rock salt made it easy to creep. This caused the rock salt to
intrude into those cracks. Differences in overburden loads could also cause a
deformation of the rock salt and resulted in rock salt folds and domes respectively.
Ratanajarurak (1990), Junmaha (1987) and Supanjanya et al. (1992) found that from
seismic investigation data around exploration well No. K-66 in Borabue District,
Maha Sarakham Province (Figure 2.5), salt domes are different in shape and size.
Some had started to form domes. The lower rock salt in the middle of the Khorat and
Sakon Nakhon Basins found to be well developed for dome.

2.2.2 Hydrogeology
According to the regional flow system explained by Wongsawas and
Panjasutharos (1990) the groundwater flows from the recharge area, the highest area,
to the discharge area, which is the lowest area. Considering Khorat Basin, the

recharge area should be the mountain ranges around the edge of the basin (Phupan,
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Petchaboon, Sankamphaeng and Phanomdongrak) and discharge area is the lower
plain at Thoongkularonghai. In conclusion, groundwater flows from the edge area to the
bottom area of the basin. Groundwater flow systems of the Sakon Nakhon Basin
should be the same as of the Khorat Basin.

The aquifers that will be emphasized in this study are the upper and
lower aquifers influencing rock salt deposits such as Phu Tok aquifer, Maha
Sarakham aquifer and Khok Kruat aquifer.

The Phu Tok aquifer has an average thickness of 150 m and covers
mainly in Maha Sarakham, Roi-et, Yasothorn and Ubon Ratchathani Province.
Groundwater is mainly stored in rock fractures which caused by settlement or
intrusion of the lower rock salt strata. Groundwater source can be divided into three
categories according to the structural characteristics. 1) Groundwater in syncline
structure - water is stored at the contact of bedrock and it can be pumped out at the
rate of 2 — 10 m*/h. 2) Groundwater in anticline structure - this aquifer is not so thick
and water is salty and can be pumped out at the rate of 5 — 20 m*/h. 3) Groundwater
stored between anticline and syncline structure — this is relatively large source with
the pumping rate of 20 — 100 m*/h.

Much of water from Maha Sarakham aquifer is salty. Water is stored in
sandstone beds or porous beds especially in the beds located above the upper rock salt
layer which is a large source of salty water.

In Khok Kruat aquifer, the chance that water can be found is 60% and
the pumping capacity can be as low as 3 — 5 m*/h. This is due to dense and relatively

hard sandstone of this aquifer.
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2.3 Rock Salt Properties

2.3.1 Mechanical Properties of Rock Salt

The objectives of the research on mechanical properties of rock salt are
to study it’s mechanism and it’s long-term behavior by applying mechanical testing
and fundamentals of engineering to determine rock salt properties and equations or
mathematics rules that can be used to assess and predict behavior of bedded rock salt
under compression with heat, moisture, etc. The mechanical properties of rock salt
relate to stress-strain, temperature and time. These properties will be part of
mathematical equations to explain various behaviors of rock salt.

Many researchers propose that rock salt is similar in it’s properties to
metals and ceramics (Munson and Wawersik, 1991; Chokski and Langdon, 1991). In
fact, rock salt is classified to be a rock type in the alkali halide group and its
properties are different from those of metals, ceramics and other rock types.
Barber (1990) and Aubertin et al. (1992a, 1992b, 1993 and 1999) study rock salt
properties and conclude that the properties of rock salt are semi-brittle and semi-
ductile or elasto-plastic. In other word, rock salt is elastic, elasto-plastic and plastic
(Jeremic, 1994; Aubertin et al., 1992a, 1992b, 1993, 1999; Fokker, 1998; Fokker and
Kenter, 1994).

1) Elastic Behavior — The elastic behavior of rock salt will be
considered as linearly elastic and fails in brittle failure mode. The rock salt is
observed as linear elastic only when it is subjected to a low magnitude of loading
which does not exceed the yielding point. The modulus of elasticity of rock salt can
be derived from the calculation in range of linearly elastic. The modulus of elasticity

of rock salt is generally lower than the elastic modulus of other rock types.
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2) Elasto-Plastic Behavior — The elasto-plastic behavior of rock salt
occur when the applied compressive stress does not exceed the yielding point. After
unloading, rock salt will return to the previous state, which mean that the deformation
occurs temporarily in rock salt. If the rock salt is continually loaded, it will enter to
plastic state when the stress exceeds the yielding point. In this state, it will not be
able to return to the previous state if the rock salt is unloaded. And if it is continually
loaded, rock salt will not stand for the accumulated stress and eventually failure will
take place.

3) Plastic Behavior — The permanent deformation will not occur if the
applied stress does not exceed yielding point (Thorel and Ghoreychi, 1996; Frayne,
1996). The plastic behavior causes permanent deformation to rock salt. Under such
constant high compressive stress that exceeds the yielding point, the rock salt is
continually deformed. It will fail when the permanent strain reaches the limited strain
(failure strain).

2.3.2 Permeability Properties of Rock Salt

The efficiency of underground storage in bedded rock salt has been
studied for more than 30 years in overseas. Researchers from many institutes
believed that rock salt is an aquitard or impermeable rock. Therefore, there were no
intensive researches or studies related to permeability of rock salt at that time. Until
1990, Stormont (1990) measured permeability of bedded rock salt from salt mine in
New Mexico and found that permeability of rock salt located far from the vicinity of
the tunnel is about 10%* m” (or approximately 107 darcy). Whereas permeability of
rock salt in adjacent to the wall of tunnel may be higher than 10" m? (or

approximately 10 darcy). Later, Stormont and Daemen (1991) and Peach (1991)
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performed laboratory testing and the results confirmed that salt permeability could be
higher than expected especially when rock salt was under anisotropic stress.
Differential stress at a point can be high enough to cause micro-cracks to develop in
rock salt. The direction of these micro-cracks is almost parallel to the major principal
stress direction. Besides that, permeability for air or liquid of bedded rock salt
depends on stress magnitude and on the difference in magnitude of principal stresses
in three directions at that point. Therefore, the difference in stress magnitude will be
maximum at the walls of cavern or tunnel. Rock salt deforms in elastic that depends
on time. At a state where the difference in the stress magnitude is high enough,
cracks develops and cause higher permeability. Whereas for the rock salt at the point
located far from the tunnel or cavern walls, the difference in principal stress
magnitude is low and deformation is also low. Cracks may not develop in rock salt
located far from the tunnel vicinity, and the permeability value is still as low as it has
not been affected by the creation of the tunnel.

The above conclusion had been confirmed by Fuenkajorn and Serata
(1992) who carried out analysis with an aid of computer model in cooperated with
finite element (FEM) analysis by using results derived from laboratory testing. The
conclusion is that factors influencing the characteristics and distribution of
permeability values of rock salt in the cavern or tunnel vicinity are 1) the depth of
cavern or in-situ stress, 2) time or age of the cavern, 3) shape of the cavern,
4) mechanical behavior of salt, 5) internal pressure, and 6) distance from the cavern
wall. At 3,000—4,000 feet depth, the tendency of the seepage around the cavern will
be high, because the stress level and stress distribution will be high enough for

developing cracks around the cavern. However, stress level is not too high to cause



29

rock salt to deform in plastic state. In most case permeability of rock salt will
increase as the age of the cavern increases. The permeability values will be high
when the age of rock salt is about 2-3 years. After that permeability values will
remain constant unless the stress changes. Permeability values around spherical
shaped cavern or tunnel are not so high. On the other hand, permeability values will
be high around elliptical shaped caverns. For instance, permeability values of rock
salt next to the cavern can be as high as 10® m? or about 10” darcy when the ratio of
length to width of the cavern equals or exceeds 3:1. However, permeability of rock
salt around the cavern can be lower when internal pressure is about half of the outside
stress level. The internal pressure can reduce differences in magnitude of the major
and minor principal stress acted in rock salt and consequent, developing of cracks
decrease. In general, permeability values of rock salt will be maximum at the area
that is adjacent to the cavern wall or tunnel wall, and permeability decreases as the
distance from the cavern wall decreases. Permeability values will equal to normal
value (the permeability values of intact salt that it is not influenced by the creation of
cavern), which is about 10° darcy, at distance 2-3 times of cavern diameter. Since
permeability is a significant factor that leads to succeeds and effectiveness in
development of CAES technology in rock salt formations. Conclusion drawn by
Fuenkajorn and Serata (1992) has been applied in designing size and shape of cavern
as well as distances between caverns in an overseas chemical and gas storage.
Furthermore, it has been also applied in designing and analyzing of the mechanical

stability and hydraulic behavior of solution mined technology.
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2.3.3 Factors Affecting Rock Salt Behavior

There are many factors that influence rock salt behavior, which reflect
in the occurrence of deformation or creep. These factors also cause a reduction of
compressive and tensile strength. Franssen (1998) and Fokker (1998) explained the
influential factors on creep of crystal size, crystal adhesive and strength of rock salt in
both in-situ and laboratory scale which included force, time depending deformation,
temperature, moisture content, and inclusions.

Deformation or creep in rock salt is affected by crystal or grain size of
salt. The comparison made between 60 mm in diameter specimens with different
sizes of crystals, reveals that the possibility of an occurrence of fracture along
cleavage and slip planes is higher in the specimen with larger crystal size (Aubertin et
al, 1993; Billiotle et al., 1996; Aubertin, 1996). Franssen and Spiers (1990), Raj and
Pharr (1992), Senseny et al. (1992), and Wanten, et al. (1996) studied the change of
crystal position and plastic deformation in rock salt and found that shear strength and
deformation occurred parallel to the crystal direction. Therefore in small size
specimens, the compressive strength values are not constant. The derived results can
not be used to compare with other sizes of specimen. For this reason, ASTM has
established an international standard to put a minimum limit on diameter of specimens
(ASTM D2938 and D3967; Barber, 1990). In order to have a standard size and to be
able to make a comparison, the size of a specimen should not exceed 10 times of the
crystal size, as stated by the ASTM.

Adhesive forces between crystals influence the strength properties of
rock salt. Rock salt with heterogeneous texture has lower adhesive than rock salt with
homogeneous texture. Wanten et al. (1996) and Allemandon and Dusseault (1996) had

observed this characteristic in tensile test and uniaxial compressive strength tests, and
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found that strain values dependent on adhesive force within and between crystals.
Brittle behavior is another property of rock salt that indicated the ability of bonding
between crystals in the specimen. For example, rock salt is easily cracked and
fractured at the rim of the specimen during the sample preparation (e.g. cutting and
grinding). This phenomena refers to the lower bonding between crystals and adhesive
force.

Differences in loading rate or loading velocity applying to rock salt will
result in time-dependent deformation or changes in shape and differences in
deformation period. In other words, creep in rock salt changes as time changes at the
difference in states of loading. Under high magnitude of loading rate, rock salt will
behave as brittle material. Whereas under low magnitude of loading rate, rock salt
will be more likely to behave in plastic state and reduction in yielding strength as a
consequence. The above mentioned behavior was studied by Aubertin (1993) and
Hardy (1996). They found that in long-term, loading acted on rock salt formation
gradual decreased with time. Hardy (1996) performed the test in rock salt by
applying 10.3 MPa of load and maintaining the level of deformation with the period
of 12 months and found that compressive strength had decreased as much as 21%.

Heat or temperature affects the deformation of rock salt but also
increases the creeping period and ductility of rock salt (Ghoreychi et al., 1992; Broek
and Heilbron, 1998). Temperature related with depth of bed rock has been studied by
many researchers (Franssen and Spiers, 1990; Cristescu and Hunsche, 1996; Raj and
Pharr, 1992; Senseny et al., 1992; Berest and Blum, 1993; Carter et al., 1993;
Schneefub and Droste, 1996; Berest et al., 1998). Conclusion drawn from the studies

is that temperature in bed rock increases with the increasing depth. The temperature
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in bed rock salt causes properties of rock salt to be similar to those properties to
plastic materials and consequently the compressive strength decreases. Normally the
melting point of rock salt is 800 °C, nevertheless when subjected to the heat of 600 °C
for the period of 8 hours, rock salt can lose it compressive strength. Concerning the
laboratory test related to temperature, Cristescu (1994b) and Cristescu and Hunsche
(1996) suggest that at the temperatures of 100 °C and 200 °C, the strain rate should be
lower than 10® s and 107 57!, respectively. The increasing temperature causes the
rock salt to deform and fail (Harmami et al., 1996).

Humidity causes a reduction of the rock salt strength (Hunsche and
Schulze, 1996; Cleach et al., 1996). Due to the fact that rock salt is sensitive to
humidity in atmosphere, moisture can cause chemical reaction in rock salt and results
in dissolving of rock salt and allowing salty water to ooze out. In the preparation of
rock salt specimen in laboratory, rock salt sample can be moisture-proofed by packing
in polyethylene bags or sheets. The influence of moisture on compressive strength
has been studied by Billiotte et al. (1996), Bonte (1996), and Adler et. al. (1996) by
carrying out the test that intended to find out compressive strength of rock salt with
high moisture content. The specimen has been increased the moisture content by salty
water before loading. The result indicates that the rock salt strength decreases.
Normally, dry rock salt has compressive strength of 30 MPa and strength can drop by
1 MPa when moisture content equals 7%.

Inclusions and impurities in rock salt are significant factors influencing
the compressive strength of rock salt. These impurities are such as anhydrite and
other sediments that are distributed in rock salt. In some cases it can cause reduction

of compressive strength and can result in difference in creep behavior. Even small
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amounts of inclusions and impurities in rock salt can affect the creep behavior
because these inclusions and impurities can obstruct the bonding between crystals and
also can obstruct the creep in rock salt. Inclusions and impurities cause mechanical
inconsistency as result of inconsistent load distribution and non-uniform loading

(Franssen and Spiers, 1990; Raj and Pharr, 1992; Senseny at al., 1992).

2.4 Mechanical Testing on Rock Salt

Mechanical behavior of rock salt differs from other rock types. The behavior
of rock salt is time-dependent. Which means that, rock salt under loading is able to
deform in plastic state. Consequently, many researchers have designed and developed
the test methods to determine mechanical properties of rock salt in order to achieve
the required properties and the test methods which can simulate the actual in-situ
conditions. Some basic test methods that have been performed by the researchers, are
following uniaxial compressive strength test, uniaxial cyclic loading test, triaxial
strength test, triaxial cyclic loading test, uniaxial creep test, multi-steps uniaxial creep
test, triaxial creep test, multi-steps triaxial creep test, tensile strength test,
permeability test, acoustic emission test and healing test.

The uniaxial compressive strength test is a simple test to determine the
strength of rock salt by applying uniaxial load to a cylindrical shaped rock salt
specimen until the failure of specimen under maximum load occurs. The maximum
load derived will vary with loading rate and displacement rate or strain rate. Wanten
et al. (1996) carried out uniaxial compressive strength test on a rock salt crystal by

-1

controlling strain rates to be in the range of 10* to 107 s and varying temperature

from 20 °C to 200 °C. This test results in continuous creep of the rock salt crystal.
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Ratigan and Votge (1993) conclude that the ultimate strength values derived from
uniaxial compressive strength test are ranging between 15 — 30 MPa. Boontongloan
(2000) carries out the uniaxial compressive strength test on rock salt from Sakon
Nakhon Basin by controlling loading rate in such a way that failure occurs within
5 — 10 minutes of loading. The results show that the average uniaxial compressive
strength values are approximately 18.5, 26 and 25 MPa for the upper salt, middle salt,
and lower salt of the Maha Sarakham Formation. The tangential moduli are
approximately 5.6 and 6.4 GPa for the middle salt and the lower salt, respectively.
The secant moduli at 50% of the ultimate load are equal to 9.9 and 11.4 GPa for the
middle salt and the lower salt. Poisson’s ratio of the middle salt and the lower salt are
approximately 0.35 and 0.42. The triaxial strength test is the method measure the
ultimate compressive strength of rock salt by applying a confining pressure around the
rock salt specimen. The axial stress is then increased until the specimen fails. Therol
and Ghoreychi (1996) carry out the triaxial strength test on rock salt specimens and
measure changes in volumetric strain. It is found that initial crack in the rock salt
specimen occurs at the point where the volumetric strain curve starts to change. At
this point, swelling occurs and micro cracks developed.

The cyclic loading test is a method of systematic loading and unloading. The
test can be done in both uniaxial test and triaxial test that are so-called uniaxial cyclic
loading test and triaxial cyclic loading test, respectively. When the specimen is
subjected to loading and unloading, the fatigue occurs and consequently, the ultimate
strength decreases (Mogi, 1962; Burdine, 1963; Hardy and Chugh, 1970; Haimson and
Kim, 1972; Haimson, 1972; Atterwell and Farmer, 1973; Tharp, 1973; Kim, 1973;

Fuenkajorn and Daeman, 1988). Results from cyclic loading test can be explained in
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terms of relationship between stress, strain and number of cycles (fatigue life). The
relationship show that fatigue accumulates with the number of cycles. Besides that a
relationship between strain and time can be drawn to explain the results of creep-
cyclic loading.

The uniaxial creep testing on rock salt aims to study the time-dependent
behavior of rock salt. This test method is done by applying axial load through the
testing period. A relationship between strain and time can be drawn from the test
results. Rock salt behavior can be divided into three stages that are transient or
preliminary creep stage, steady or secondary creep stage, and the tertiary creep stage.
Moreover, it is also found that the rock salt properties from the same source, but from
different layers, are different from each other. Hunsche et al. (1996) carry out the
uniaxial creep test at various temperatures from 22 °C to 630 °C. The results show
that under higher temperature, rock salt behavior is in plastic state due to higher
ductility of rock salt. The triaxial creep test is similar to the uniaxial creep test. The
differences are only the stress conditions. The lateral stresses applied to the specimen
bring the triaxial test more closer to the actual conditions. Ong et al. (1998) study a
long-term creep in potash from Patience Lake Member by employing the triaxial
creep test during a long period.

The two methods of creep test that mentioned above can be applied in a multi-
step creep test (Hamami et al., 1996; Allemandou and Dusseault, 1996). The multi-
step uniaxial creep test is done by carrying out the uniaxial creep test, but the applied
constant load is maintained to allow creep to occur and then systematically increases
another step of load after creep has occurred for a period of time. It is a creep test by

varying loads to the same specimen. The multi-step uniaxial creep test is an attempt
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to decrease the amount of specimen to be used in each step or stress level and the
results are the same as the one from the normal test with one specimen for one stress
level.

Multi-step triaxial creep tests has been studied by Hamami et al. (1996). This
test method is similar to the multi-step uniaxial creep test but different in the applied
load. Confining pressure is applied to rock salt specimen in the multi-step triaxial
creep test. Hamami et al. (1996) analyzed the results from the multi-step triaxial
creep test by employing the power law and concluded that the power law is not
compatible with the rock salt behavior.

Many researchers have studied the tensile strength test by applying the
constant loading rate (0.057 to 0.342 MPa/s) in the direction of specimen diameter
until rupture occurs. The maximum stress is then used to calculate the tensile
strength, which ranges from 1.3 to 1.6 MPa. The tensile strength is low if the rate of
loading is very high (Hansen et al., 1984; Khan et al., 1988; Senseny et al., 1992).
Hunsche (1993) studies the rate of loading in the tensile strength test and finds that
the loading rate between 0.017 and 0.248 MPa/s would not affect the tensile strength
of rock salt. Pfeifle et al. (1998) study the tensile strength test by using rock salt
specimen in cylindrical shape with a L/D ratio of 0.5. The displacement rate is
controlled to be about 2.5%10~ mm/s. Hardy (1998) carries out the tensile strength
test on a fine-grained rock salt specimen by means of three test methods that include
1) direct-pull test, 2) Brazilian tensile strength test, and 3) Hoop-stress loading test.
The specimens are subjected to loading rates of 0.003 to 0.059 MPa/s. The tensile
strength derived from the three test methods are 1.63, 3.97, and 0.68 MPa,

respectively. Moreover, sonic velocities are measured during the test.
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In the last decades, researchers have carried out permeability test in both
laboratory and field to study permeability of rock salt. In the laboratory, the test has
been done by compression of gas and saline to flow through rock salt specimen and
crushed rock salt. Permeability depends on amount of damages in rock texture and
void in rock salt. Results from the test reveals that the permeability of rock salt is as
low as 102" to 10%° m? (Peach, 1991; Stormont, 1991; Billiotte et al., 1996).
Permeability of the specimen from crushed rock salt depends on the number of
compaction passes and density of the crush rock salt. Brodsky et al. (1998) study
rock salt permeability by using crushed rock salt with density of 0.85 to 0.90 g/cm’
and find that the permeability values are more than the permeability of intact rock

specimen and range between 107 to 107 m?

. Although permeability of rock salt is
relatively low, it can be higher as a result of mechanical damages such as crack
developed during excavation of the cavern. Dale and Hurtado (1998) measured
permeability around rock salt cavern and found that cracks developed within a distance
less than 3 m around the cavern and the permeability value was as low as 10" m”.
Sonic velocity test is a technique used to determine the mechanical properties
of rock salt. It has been applied in both laboratory and field. In the laboratory, the
sonic velocity test can be performed in the same specimen used for uniaxial
compressive strength test during displacement of the rock salt specimen (Stead and
Szezepanjk, 1991, 1995; Mlakar et al., 1993). Stead et al. (1998) perform the sonic
velocity test during carrying out the creep test on rock salt and potash. The result
shows that the compressional wave (P-wave) and shear wave (S-wave) velocities are

4.5 and 2.5 km/s, respectively. Later, Hardy (1998) carries out tensile strength test

and performs the sonic velocity test at the same time. The relationship between
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tensile strength of rock salt and the sonic velocities shows that the sonic velocities
drops around 40% of the tensile strength value and pre-failure point can be
determined from the sonic velocity which is about 90% of the tensile strength. This
technique has been used to determine the strengths of rock salt and potash (Hardy,
1996). Reeves and Stead (1991) apply the sonic velocity test in mapping of structural
geology of rock salt to find any damage area in cavern or tunnels. Borns and
Stormont (1989) employ sonic reflection to find cracks occurring in salt-mine pillars
of the WIPP Project in the United States. Munson et al. (1995) apply the sonic
velocity test in 3-dimensional analyses to locate cracks and flows of groundwater in

designing of a potash mine.

2.5 Mechanical Constitutive Laws of Rock Salt

Several mechanical constitutive laws of rock salt have been developed, which
vary from simple visco-elastic models to complex dislocation theory models. Most of
the laws emphasize long-term mechanical behavior under a variety of pressures and
temperatures. The constitutive models for salt can be divided into three groups:
1) rheological model, 2) empirical model, and 3) physical model.

The rheological models describe the mechanical behavior of salt, but ignore
the actual mechanisms of deformation. The deformational characteristics are assumed
to be governed by two basic physical elements: spring elasticity and dashpot
viscosity. The mechanical behavior of salt is modeled by a combination of these
elements. Since the structure of the rheological models is not related to any particular
test, the model can be applied to general problems of time-dependent behavior

without requiring additional assumptions. The theories of rheological models have
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been studied by Jin and Cristescu (1998), Cristescu (1993a, 1993b, 1994a, 1994b,
1996), Serata and Fuenkajorn (1992a), Fuenkajorn and Serata (1992, 1994), Stormont
and Fuenkajorn (1994), and Massier (1996).

The empirical models are generally arbitrary functions formulated to fit a set
of experimental results. Similar to the rheological approach, the development of the
empirical laws ignores the actual mechanism of deformation of salt. By fitting curves
to a set of data, certain relationships among the data can be established. The
empirical laws can be presented in several forms (power, exponential, polynomial,
etc.), depending upon the characteristics of the data. Several forms of empirical
model can be studied from Fokker and Kenter (1994), Pudewills and Hornberger
(1996), Zhang et al. (1996), Callahan et al. (1998), and Spiers and Carter (1998).

The physical models start from the analysis of the microscopic structural
variation of the material observed under loading, and incorporate a theoretical
explanation of the basis of time-dependent behavior. The method originated in
metallurgy is later introduced into rock mechanics. Rocks, however, are more
complex materials than metals. The atomic bonds in natural rocks are always a
chemical bond rather than a metallic bond. Furthermore, most rocks are
multigranular-structured in contrast to the relatively single phase structure of metals.
The physical models are therefore considered inappropriate for describing the time-
dependent behavior of rock salt (Aubertin, 1996; Aubertin et al., 1998, 1999;
Korthaus, 1996, 1998; Durup and Xu, 1996; Senseny and Fossum, 1998; Weidinger et

al., 1997, 1998; Hampel et al., 1998; Eduardo et al., 1996).
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2.6 Computer Modeling

There are some computer softwares in engineering geology that have been
used to model mechanical and hydraulic behavior of rock salt, e.g. behavior in terms
of stress, strain, permeability, and etc. Many softwares use elasticity, viscos-
elasticity, viscos-plasticity, and plasticity characteristic to predict short-term and long-
term behavior as tabulated in Table 2.1. Some software is developed to be used easy,
quick and convenient analysis. Most of them employ finite element methods and the
rock salt mechanical behavior role is applied in the main equations to calculate and
determine the constants of variable factors derived from laboratory and field testing.

The main objective of this section is to review the computer models
(programs) and analytical methods for describing the rock salt behavior. In general,
the computer models have been developed to simulate the time-dependent brittle-
ductile behavior of rock salt and designed for the analysis of complex material
behavior under a variety of loading and thermal conditions (Juliend et al., 1998). It is
difficult to obtain an accurate calculation of salt behavior with respect to time by
human. Advantages of the computer programs are fast and easy to use. Therefore,
the computer programs are widely used for simulating the rock salt behavior. The
computer models are divided into two groups: 1) boundary methods and 2) domain
methods. The boundary methods include boundary element method (BEM) and
displacement discontinuity method (DDM). The domain methods include finite
element method (FEM) and finite difference method (FDM).

The boundary element method derives it’s name from the fact that only the
boundaries of the problem geometry are divided into elements. In other word, only the

excavation surfaces, the free surface for shallow problems, joint surfaces, where
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Table 2.1 Computer programs for describing the rock salt behavior.

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

Notes: FEM is finite element method, FDM is finite difference method, DDM is
displacement discontinuity method, BEM is boundary element method, 2D is two-

dimensional, and 3D is three-dimensional.
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joints are considered explicitly, and material interfaces for multi-material problems
are divided into elements. Several types of boundary element methods are
collectively referred to as the boundary element method. These models may be
grouped as follows: direct method, so named because the displacements are solved
directly for the specified boundary conditions. Displacement discontinuity (indirect)
method, so named because it represents the result of an elongated slit in an elastic
continuum being pulled apart. Fictitious stress (indirect) method, so named because
the first step in the solution is to find a set of fictitious stresses which satisfy pre-
described boundary conditions. These stresses are then used in the calculation of
actual stresses and displacements in rock mass. The computer programs for the
boundary element method have been used by Beddoes (1994) and Frayne (1998).

The finite element method is compatible and appropriate to solving problems
involving heterogeneous or non-linear material properties, since each element
explicitly models the response of it’s contained material. However, the finite element
method is not well suited to modeling infinite boundaries, such as in underground
excavation problems. One technique for handling infinite boundaries is to discrete
beyond the zone of influence of the excavation and to apply appropriate boundary
conditions to the outer edges. Another approach has been used to develop elements
for which one edge extends to infinity (i.e. so-called infinity finite element). Efficient
pre- and post-processors allow the user to perform parametric analyses and to assess
the influence of approximated far-field boundary conditions. The time required for
this process is negligible compared to the total analysis time. Joints can be
represented explicitly using specific joint element. Once the model has been divided

into elements, material properties have been assigned and loads have been prescribed.
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Some techniques must be used to redistribute any unbalanced loads and thus
determine the solution to the new equilibrium state. Available solution techniques can
be broadly divided into two classes, implicit and explicit. Implicit techniques
assemble systems of linear equations, which are then solved using standard matrix
reduction techniques. Any non-linearity material is taken into account by modifying
stiffness coefficients (second approach) and/or by adjusting prescribed variables
(initial stress or initial strain approach). These changes are made in an iterative
manner such that all constitutive and equilibrium equations are satisfied for the given
load state. Several computer programs for the finite element methods can be studied
from Blanquer-Fernandez (1991), Nguyen-Minh and Quintanilha de Menezes (1996),
Callahan et al. (1990), Devries and Callahan (1998), Harrington et al. (1991),
Heusermann et al. (1998), Honecker and Wulf (1988), INTERA (1982), Salzer and
Scheriner (1998), Julien et al. (1998), Lux and Schmidt (1996), Rokahr and Staudtmeister

(1993), Rolnik (1988), Serta and Fuenkajorn (1993), and Vouille et al. (1996).

The finite difference method is compatible and appropriate to solving
problems involving inhomogeneous, complicated geometry, and non-linear material
properties that are similar to that of the finite element method. The FDM is for
approximating derivatives in the equations of motion. Continuous derivatives in
differential equations are replaced by finite difference approximations at a discrete set
of points in space and time. The resulting set of equations, with appropriate
restrictions, can then be solved by algebraic methods. A finite difference model is
one, which employs finite difference methods. The resolution of a finite difference
model is determined by the spacing of the discrete set of points (grid points) used to

approximate the derivatives. The FDM is applied for modeling geomechanical
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problems that consist of several stages, such as sequential excavation, backfilling and
loading. Several computer programs for describing the rock salt behavior can be
studied from Itasca (1992), Itasca (1994), and Frayne (1996, 1998).

The distinct element method (DEM) is a domain method, which models each
individual block of rock as a unique element (i.e. where the spacing of the joints is of
the same order of magnitude as the excavation dimensions). The individual pieces of
rock may be free to rotate and translate, and the deformation, that takes place at block
contacts, may be significantly greater that the deformation of the intact rock, so that
individual wedges may be considered rigid. For the rock mass, such as rock salt, the

distinct element method is not suitable for the analysis.

2.7 Healing of Rock Fracture Mechanism

Healing is the closure of fracture or faults without any precipitation of matters
in side the fracture. It is a chemical and physical process in which the material
properties evolve with time or in which defects including voids and cracks decrease.
Healing of rock salt due to viscoplastic deformation of grain, causing the closure of
cracks and pore space. There are two healing mechanisms, closure of microcracks
and healing of microcrack. It implies that microcracks and microvoids reduce in size,
with a corresponding increase in stiffness and strength (Miao et al., 1995). The main
driving force for crack healing is a minimization of surface tension. Healing occurs by
creation of contact areas and covalent bonds between the two surfaces of the fracture.
It involves a local transport of mineral material. The most important factors that may
affect the rate of crack healing are time, stress, temperature, saturation, contact area

and geometry of contact surface, and chemical effects that may alter diffusion
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coefficients (Renard, 1999). In most cases, crack healing is achieved at grain size
scale (micrometer to millimeter). The only way to observe healed cracks may be
through some tiny fluid inclusions which can be related to deformation phases or
metamorphic conditions. Damage in rock salt can be healed under hydrostatic
compression and also occurred under nonhydrostatic compression (Chan, et al., 1995;
1998a; 1998b; 2000).

Healing of rock fractures has occurred on various scales. In geology, fracture
healing is an important mechanism controlling the circulation of fluid in the earth
crust (Renard, 1999). In a smaller scale, circulation of solution or fluid in rock mass
can result in a precipitation or deposition of minerals and ores in fracture zones.
When fractures are open, fluid can percolate and react with the rock (dissolution,
precipitation of minerals, ore, etc.). This process notably modifies the fluid
circulation and interactions between the lower crust and the surface. Healing reduces
the fluid flow between fault zones. Healing of fractures or faults induced in rock salt
formations can prevent the brine flow from contaminating the upper surface or nearby
rock formations. The presence of damage in the form of microcracks in salt can alter
the structural stability and permeability of salt, affecting the integrity of a repository
(Chan et al., 1998b). When cracks are closed, permeability can be reduced by several
orders of magnitude. The healing capability of fractures is one of the advantages for
rock salt to be used as a host rock for nuclear waste repository in the United States
and Germany (Habib and Berest, 1993; Broek and Heilbron, 1998). The healing
process of rock salt fractures around an air or gas storage cavern also affects the
designed storage capacity and the mechanical stability of the cavern (Katz and Lady,

1976). Numerous studies of fracture healing given in the literature review by
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Miao et al. (1995) include, for example, the crack healing in geological, the curing
concrete, the recovery and recrystallization of metals, and the liquid-phase-enhanced
densification of granularly crystalline materials. In rock salt the study on crushed
rock salt samples with small amounts water is capable of healing during densification
creep processes (Miao et al., 1995). A treatment of damage healing in crushed salt
was presented by Miao et al. (1995). In this formulation, a healing surface in the
sense of a yield surface in classical plasticity theory is used in conjunction with
loading and unloading conditions.

Chan et al. (1994; 1995) and Munson et al. (1999) propose a constitutive
formulation for treating damage healing in damaged intact salt, referred to as the
multimechanism deformation coupled fracture (MDCF) model, which is based on a
generalized damage evolution equation that includes both a damage generation term
and a healing term. Because, both damage generation and healing are treated, the
MDCF model is suitable for treating damage accumulation and healing in disturbed
rock zone in the repository at Waste Isolation Pilot Plant (WIPP) site (Chan et al.,
2000). Brodsky and Munson (1994) studied the healing in rock salt fractures which is a
part of project named “Waste Isolation Pilot Plant” (WIPP). The cylindrical shaped
rock salt specimen was stored in a Hock cell under hydrostatic pressure of 0.5 MPa
and at temperature of 25 °C. The specimen is then compressed in the axial direction to
cause a little displacement. After that, the temperatures are varied to be 20 °C, 46 °C
and 70 °C for each specimen to study the effect from temperature changes. The
specimen is loaded with a strain rate of 1x10° sec”. Ultrasonic wave velocity test has

been also employed to use in conjunction with the test. The derived data have been
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used as a basic information for comparison with the result from MDCF model created
to evaluate healing in anisotropic fracture of rock salt.

Allemandou and Dusseault (1993) have studied the healing of fracture by
applying triaxial compressive stress at confining pressure of 2 MPa and constant
axial load. The cylindrical shaped rock salt specimen is subjected to the above-
mentioned stress under constant temperature within several hours. After that the
axial stress is changed to be 10, 15, 20, and 25 MPa, respectively. Assessment of
closing and healing of fracture from the CAT-scan reveals that healing takes place
and voids decrease as stress level increases. Maio et al. (1995) study the healing in
crushed salt in less water state and conclude that after the healing takes place,
density, inelastic strain, Young’s modulus and strength of the crushed salt increase

as time increases.

2.8 Cyclic Loading Test

Cyclic loading test or fatigue test is performed by loading and unloading the
sample to determine how many times or cycles (fatigue life) that the specimen is able
to stand before it fails. The meaning of cyclic loading in respect of mode of failure
may refer to the testing related with cyclic loading in which the magnitude of such
loading is less than the static strength (e.g. uniaxial compressive strength). This
applied loading is not enough to cause the specimen fails after just one cycle, but the
specimen is failed after several cycles of loading. The crack in specimen then
propagates until the failure takes place (Cruden, 1974). The mechanism of cyclic

loading can be explained as it is a fluctuated manner of loading which causes an
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accumulation of strain energy that the strain energy in each cycle is lower than the
failure strain energy derived form static method. When the strain energy has
accumulated up to the limit (failure strain energy), eventually failure in material or
engineering structure will take place. This is phenomena is so-called fatigue.

The effect of cyclic loading often results in failure of engineering structures
for instance dam, road and bridge foundations, tunnels or even air storage caverns in
bed rocks. The causes could be from earthquake, traffic, blasting and the process of
compressed and released air in and out of the cavern to produce electricity, etc. Even
civil engineering materials such as steels, concrete or soil can be also affected by the
cyclic loading. However, only the cyclic loading test on rock will be discussed here.

The objectives of the cyclic loading test in rock salt are to understand the
duration of structures under cyclic loading and to apply the results in designing of air
controlling systems during CAES operation. A rock salt cavern is subjected to
pressure changes. The pressure will be high and low in cyclic manner according to its
operation. The duration of the cavern can be referred from the number of pressurized
cycles before cracking will take place. This also depends on characteristic of the
acting pressure (Passaris, 1982).

Most of fatigue test results from cyclic loading show relationship between
stress and strain, fatigue stress and number of cycles that cause failure or fatigue life
(S-N curve). In addition, a relationship between strain and time can be drawn to
explain results from cyclic loading that causes creep or known as “creep-cyclic
loading”. Creep characteristic in this test is similar to the creep characteristic in the

static test such as uniaxial creep test (Akai and Ohnishi, 1983).
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2.8.1 Cyclic Loading Test on Sedimentary Rocks

Effect of cyclic loading test on rock properties have been studied for
more than fourty years. The studies aim at to apply the result in designing
engineering structures in bedrock under cyclic loading conditions. There are two
types of testing, uniaxial cyclic loading and triaxial cyclic loading. Acoustic emission
technique is also performed during cyclic loading test (Mogi, 1962; Burdine, 1963;
Scholz, 1968; Hardy and Chugh, 1970; Saint-Leu and Sirieys, 1971; Attewell and
Farmer, 1973; Haimson and Kim, 1972; Haimson, 1972,1973; Tharp, 1973; Kim,
1973; Khair, 1975; Fuenkajorn and Daeman, 1988). Various kinds of rock that have
been tested such as dolomite, granite, tuff, sandstone, marble, and shale which can be
briefly summarized in the following paragraphs.

Atterwell and Farmer (1973) perform the tests on dolomite by
considering magnitude of maximum and minimum stress levels in each cycle and
loading frequency. The frequency used in the test ranges between 0.3 and 20 Hz.
The conclusions drawn are that the failure in rock specimens take place when strain
has been accumulated up to the level equivalent to the critical energy level derived
from static loading test (e.g. uniaxial compressive strength test). It is also found that
the frequency affects fatigue life (number of cycles) that causes cracking in the
specimen. The number of cycles at failure tested by higher frequency is more than
the number of cycles tested by a lower frequency. The number of cycles at failure for
higher fatigue stress is less than the number of cycles for the lower fatigue stress.

Akai and Ohnishi (1983) perform cyclic loading tests on tuff with the
frequency of 0.01 Hz. The strain rate are constant. The permanent strain in each

cycle has been increased and slope of the stress-strain curve is reduced. This means
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that the elastic modulus of tuff decreased when the permanent strain accumulated from
each cycle reached the failure strain level derived from static loading test. The
frequency of testing affects the failure of rock specimens. The number of cycles for
higher frequencies is less than of the lower frequencies (comparison made when
magnitude of maximum and minimum stress level in each cycle are the same).
Ishizuka and Abe (1990) study the effect of frequency, moisture, and confining pressure
in granite. They conclude that the number of cycles causing failure tested at higher
frequency, low moisture (dry) and with confining pressure is higher than the number of
cycles tested at low frequency, high moisture (wet) and without confining pressure.

Ray et al. (1999) perform the test with sandstone by increasing and
decreasing the stresses between 95% and 5% of 0. for each cycle. After 10,000
cycles, failure does not occur. Also, the cyclic loading test is performed on sandstone
by applying fatigue stress level ranging from 30% to 60% of 0, and then unloading to
zero-stress level. All specimens are tested at 100 cycles. Then all specimens are
loaded until failure takes place and strength of each specimen is achieved. It is found
that the failure strength of specimen decreases as the fatigue stress increases. In other
words, after the specimen is subjected to cyclic loading at higher fatigue stresses
level, the magnitudes of the accumulated strain in each cycle increase as percentage
of O, increases.

2.8.2 Cyclic Loading Test on Rock Salt

Passaris (1982) performed the cyclic loading test on rock salt in order to
design compressed air energy storage cavern. The tests were performed at low
frequency (0.1 Hz). First, in each cycle, load had been increased up to the designed

load and then decreased to zero, or called “full unloading”. The maximum loads
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ranged between 60-80% of uniaxial compressive strength. The tests had been done
on 16 specimens. The amounts of loading cycles were limited at 10,000 cycles. For
the second series, the applied load increased to the designed load and then decreased
partially, called “partial unloading”. The applied load was imitated from the up-down
pressure in the rock salt cavern. The relationship between the fatigue strength (S) and
the fatigue life (number of cycles causing failure-N): S = 1.9IN"%. The rock salt can
soften by cyclic loading and the elastic modulus can decrease as the number of cycles
increase. The test revels that the fatigue stress limit of rock salt is at 60% of the
uniaxial compressive strength. He further suggests that during releasing air from the
cavern, the pressure in the cavern should be maintained higher than 55% of the rock
salt strength.

Gehle and Thoms (1986) studied the change in acoustic emission (AE)
characteristics causing by cyclic loading in rock salt cavern. They drilled two holes
with angle of 45° from horizontal, with a diameter of 57 mm and 6.1 m deep into the
base of cavern pillar. Another drilled hole with a diameter of 64 mm was drilled at the
middle of two holes. The signal interpretation equipment was put into the first two
holes, whereas the equipment for applying cyclic load namely hydraulic pressure was
placed in the middle hole. The result from the test showed that the AE signal pattern
increased as the pressure in the drilled holed increased. This means that cracks have
developed. The summary indicates that the AE-method could be used to measure the
change in rock salt property which is affected by the cyclic loading and can also
indicate that cracks development as the number of loading cycles increases.

Thoms et al. (1980) performed triaxial cyclic loading with low

frequency (24-cycles/10 hrs.) by imitating the actual loading condition of the CAES
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in rock salt cavern. The study was also carried out with an aid of the computer model.
The specimen with a diameter of 100 mm and length of 200 mm was subjected to
cyclic loading at 34.5 MPa. The temperature was systematically increased and
decreased. It was found that change of temperature in cycle would result in creep of
the rock salt. It can be concluded that frequency affects the behavior of rock salt
under the cyclic loading. The different frequency causes difference in number of
cycles that causes failure, even subjected to same loading characteristic. Number of
cycles that cause failure in the higher frequency is more than the number of cycles in
the lower frequency. And at the higher stress level (fatigue stress), the number of
cycles that causes failure is less than that in the lower stress level.

Cho and Haimson (1987) used cylindrical specimen with the hole in the
middle in the test by performed at the frequency of 10 to 10,000 cycles/s. The test
showed the number of cycle causing failure namely “fatigue life”. Thom and Gehle
(1982) performed the test on rock salt in the field and laboratory, in order to study the
effects of cyclic loading and cyclic changing of temperature of the rock salt. The test
had been modeled as the actual conditions in the CAES cavern. The test was done
with the different stress level (fatigue stress) and consequently creep from the cyclic
loading was closed to the creep from the static test (uniaxial creep test). And the
conclusion drawn was that creep in rock salt from the cyclic loading test depended on
the difference between the maximum and minimum loading in each cycle. Changes
of temperature in the cavern could affect the creep in rock salt. It was indicated that if
the cavern were constructed at the depth of approximately 900 m, temperature would

have a significant effect.
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From the test that have been performed by many researchers in both
laboratory and field, the responses of the cyclic loading test are in the same manner
and can be summarized as follows:

1) The cyclic loading influencing factor is the magnitude of up-and down-
stress or so-called amplitude (Haimson and Kim, 1972). If the difference between the up
and down-stress is low, the permanent strains will be low. For a large difference in up
and down-stress, the failure, occurs at the lesser number of loading cycles;

2) Frequency has an influence on the cyclic loading test, the number of
cycles causing failure is higher as the frequency increases (Atterwell and Farmer,
1973; Ishzuka and Abe, 1990);

3) Crystal size affects the cyclic loading. Strengths of the fine-grained
rock salt are higher than that of the coarse-grained rock. The number of cycle causing
failure in fine-grained rock is then higher (Burdine, 1963);

4) Water condition (dry and wet condition) and confining pressure has
an influence on the cyclic loading. Creep deformation under wet condition will be
higher than in dry condition. This means that the number of loading cycles causing
failure in dry condition will be higher than those in the wet condition, under the same
loading characteristics. The test under confining pressure results in higher number of
loading cycles causing failure (Ishzuka and Abe, 1990) as compared to the unconfined test;

5) Characteristics of creep deformation from cyclic loading test are the
same as the creep deformation from the static creep test (uniaxial creep test) for initial

state, constant increasing of strain rate and finally failure state (Ishzuka and Abe, 1990).



CHAPTER 111

SAMPLE PREPARATION

Rock salt samples used in this research have been donated by the Asian Pacific
Potash Corporation, Udon Thani Province. They are collected from two deep boreholes
(BD99-1 and BD99-2) located in Khumpawapi District, Udon Thani Province in the
Sakon Nakhon Basin. The core specimens are collected from the upper and the
middle salt beds at the depths ranging between 250 meters and 400 meters. They are
in cylindrical shape with 2.4 inches (60 mm) in diameter (Figure 3.1). Preparation of
these samples follows, as much as practical, the ASTM standards (ASTM D4543-85,
1998).

There are three groups of specimens for different laboratory test methods,
including basic mechanical properties test (uniaxial compression tests, Brazilian
tension tests, and point load test), uniaxial cyclic loading test, and healing tests.
There are 25 specimens with a diameter of 60 mm prepared for the basic mechanical
property test. Five specimens are prepared to have L/D ratio of 2.5 for the uniaxial
compressive strength test. Seventeen specimens with L/D ratio of 0.5 are prepared for
the Brazilian tensile strength tests. Ten specimens with L/D ratio between 0.7 to 1.2
are prepared for the point load test to determine the strength index of the intact rock
salt. There are 8 specimens with a diameter of 60 mm and L/D ratio of 3.0 prepared

for the uniaxial cyclic loading test.
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Figure 3.1 Some salt core samples donated by Asia Pacific Potash Corporation,
Udon Thani Province. They are collected from borehole no. BD99-1

located in Khumpawapi District, Udon Thani Province.
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Three types of salt fracture will be simulated in the laboratory for healing test:
1) fractures formed by saw-cut surfaces, 2) fractures formed by smooth polished
surfaces and 3) tension-induced fractures. Nine specimens formed by saw-cut surface
and 10 specimens formed by tension-induced fractures will be prepared with a
diameter of 60 mm and L/D ratio ranging from 1.0 to 2.0 for use in the healing test
under uniaxial loading. Nine specimens with a diameter of 38 mm and L/D ratio
equal 1.6 formed by smooth polished surface and tension-induced fracture will be
prepared for healing test under confining pressure. To obtain the tension-induced
fractures, the cylindrical specimens are subjected to point loading or by diameter
loading (Brazilian tension test). The point-loaded fracture is normal to the specimen
axis, and is prepared for healing under uniaxial loading. The diameter-loaded fracture
is the axial fracture, parallel to the specimen axis, and will be healed under confining
pressure. The fracture formed by saw-cut surfaces is also normal to the specimen
axis, while the fracture formed by polished (grinding) surfaces is parallel to the
specimen axis. After the fractures have been prepared, the amount of inclusions on
the fracture surfaces will be measured and mapped using magnifying glass. The
aerial percentage of the inclusions will be calculated with respect to the total fracture
area. The inclusions defined here will include all associated and foreign minerals or
materials that are not sodium chloride. Prior to the healing test, a close examination
will be made to determine whether the tension-induced fractures are formed by the
splitting failure of the salt crystals or by the separation of the inter-crystalline

boundaries. Table 3.1 summaries the salt specimens that prepared for this research.
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Table 3.1 Summary of salt specimens prepared for the laboratory testing.

pressure

ASTM | Diameter | L/D Number of
Test Methods
Standards (mm) Ratio | Specimens
Uniaxial
tensile strength | D2938 60 2.5 5
test
Basic Brazilian
characterization | tensile strength | D3967 60 0.5 17
tests test
Point load
strength index D5731 60 1.5-2.0 10
test
Cyclic loading | Uniaxial cyclic
D2938 60 2.5-3.0 8
test loading test
Healing under
uniaxial N/A 38 1.0-2.0 19
loading
Healing test
Healing under
confining N/A 38 1.6 9
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All specimens are measured to determine the precise dimensions. The geologic
depth is recorded for each specimen. The physical characteristics (i.e., mineral
composition, density, grain size, and color) are described. The saturated brine is
prepared for use as grinding fluid during the cutting (Figure 3.2) and grinding
(Figure 3.3) to prevent the specimens from dissolving. After finishing preparation,
the specimens are labeled and wrapped with plastic film. The identification of
specimens is given, which includes rock type, borehole number, core number, core
diameter, type of experiment and sample number. Figures 3.4 — 3.8 show some
specimens used for the test in this research.

The salt used in this research has more than 99 percent of halite (NaCl) from
testing with X-ray Diffractometer (reported from Suranaree University of Technology
Chemical Laboratory). The rock salt is coarsely crystalline. The crystal size of halite
varies from 1 to 10 millimeters. The average density of rock salt is 2,170 kg/m3. The
color is clear to white, but sometimes pink and gray color can be found. The crystals

are roughs, vitreous, and transparent to translucent.
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Figure 3.2 Core specimen of salt is cut to obtain the desired length.

Figure 3.3 Grinding of a salt core specimen for smooth and parallel end surfaces.



Figure 3.4 Some salt specimens prepared for uniaxial cyclic loading test.

Figure 3.5 Salt specimens prepared for Brazilian tensile strength test.
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Figure 3.6
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Salt specimen no. UXO01 prepared for uniaxial compressive strength test.
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Figure 3.7 Salt specimens prepared for point load strength index test.

Figure 3.8 Salt specimens prepared for healing test under normal loading.



CHAPTER IV

LABORATORY TESTING

The main objective of the laboratory testing in this research is to study rock
salt behavior under cyclic loading and the healing of rock salt fractures. The result
derived from the test will be used to assess the mechanical stability of rock salt in
vicinity of the CAES-cavern. The assessment processes will be executed in
conjunction with the finite element method (FEM).

There are three test series to be presented in this chapter; 1) basic mechanical

property test, 2) uniaxial cyclic loading test, and 3) fracture healing test.

4.1 Basic Mechanical Property Test

Basic mechanical properties of rock salt are usually determined by three types
of test that are 1) uniaxial compression test, 2) Brazilian tension test, and 3) point load
test. The properties derived from the three test methods can be used as an index
property which are useful for field classification of rock mass and compared with the
rock salt from other locations.

4.1.1 Uniaxial Compression Test

The rate-controlled uniaxial compression test is intended to determine
the uniaxial compressive strength of rock salt. The rock salt specimens have been

well selected to be clean and from the middle salt layer of the exploratory well
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nos. BD99-1 and BD99-2. The specimens are prepared to have a diameter of 60 mm
and a length-to-diameter ratio (L/D) of 2.5. There are 6 specimens used in this test.

The rock salt specimens are tested with constant loading rate of
0.1 MPa/min, at room temperature and in accordance with the ASTM standard D2938
and the suggestion method from ISRM (Bieniawski et al., 1978). The test is
conducted by using a concrete strength testing machine n0.9901X0003 series
Elect/ADR2000 (ELE, 1995) which is capable of applied axial load at a constant rate
until failure takes place (Figure 4.1). During the test, the given loads and
displacement of rock salt with elapsed time have been recorded. The failure modes
have been observed. The maximum loading values can be calculated by dividing the
load by cross-sectional area. Whereas, axial strain can be calculated by dividing
displacement by the initial length of the test specimen. The result is presented
graphically in order to find linear relationship between stress and strain of each

specimen. The equations used in the calculation are

Oaxial = P/A (4 1 )

Eaxial = AL/L (42)
where, Oaxial = axial stress,

P = axial load,

A = cross section area,

Eaxial = axial strain,

AL = change in length of specimen

or axial displacement, and

L = initial length of specimen.



Constant Loading Rate

Figure 4.1 Uniaxial compressive strength test on specimen no. UXO01.
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The uniaxial compressive strength (0.) can be calculated from

oL Pi/A (4.3)

where, Pt the maximum load at failure.

Result from uniaxial compression test on rock salt reveals that the
compressive strength of rock salt is 30.2 MPa on average, failure occurs where the
strain is between 0.016 and 0.045 and the critical shear strain is 0.0022, as tabulated
in Table 4.1. The relationship between stress and strain is illustrated in Figure 4.2.
The comparisons of the five rock salt specimens before and after failure are illustrated
in Figures 4.3 through 4.7.

It is found from the test that the loading rate causing failure results in
similar failure characteristics. Increase of strain with time is almost the same when
the rates of loading are the same. Fracture occurs as a result of shrinkage of specimen
by shearing and eventually breaking in rock salt-crystal. This characteristic confirms
with similar testing on rock salt from both in Thailand and abroad (Wanten, et al,
1996; Boontongloan, 2000; Fokker, 1995; Franssen, 1998; Pfeifle, et al, 1998; Pouya,
et al, 1996; Peach, 1996; Wetchasat, 2002). Table 4.1 shows the strength and strain
values before failure of specimens.

Figure 4.8 compares the compressive strength from this study with
other sources of rock salt. It can be seen that the compressive strength of rock salt
from Udon Thani (well no. BD99-1 and BD99-2) is high compared with rock salt

elsewhere.



67

Table 4.1 Summary of uniaxial compressive strength test results on rock salt.

E ’g ~ — ;\;\
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g g o g E & >
S =) = oY = ) c . £
Z = o ~ L - A o = <
2 8 £ = 3 E = | & 5
= 7} 1Y) ~ =2 » = n
= = 5 =} a = ] S « 3
£ = 3 o > 2 s = o g
22 | 2 |E| 85| E 2| G
o w °
2| 8| F 2 S| 2| 5| Z
< < - S
260.41
UXO01 | 60.92 | 149.04 | 9315 | 2.14 (MS) 0.1 | 35.8 10.025| 0.0025
321.55
UX02 | 61.15| 154.75 | 978.7 | 2.15 (MS) 0.1 | 32.2 10.021| 0.0021
UXO03 | 60.83 | 161.63 | 1029.8 | 2.19 295.70 0.1 | 23.8 10.017 -
(MS)
258.42
UX04 | 60.68 | 164.98 | 1036.0 | 2.17 (MS) 0.1 | 32.4 10.035] 0.0019
UX05 | 61.12 | 157.93 | 1006.9 | 2.17 3(?3['88)2 0.1 | 269 |0.016| -
Average Uniaxial Compressive Strength (O;) 30.2 + 4.8 MPa
(4,382 £ 690 psi)
Average Critical Octahedral Shear Strain (Y;) 0.0022 £ 0.0003

MS —Middle Salt
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Figure 4.2 Axial stress-strain curves of specimen nos. UX01, UX02, UX03, UX04

and UXO05.

Figure 4.3 The specimen no. UX0I1 used for uniaxial compressive strength test.

(a) before testing and (b) after testing.
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Figure 4.4 The specimen no. UX02 used for uniaxial compressive strength test.

(a) before testing and (b) after testing.

Figure 4.5 The specimen no. UX03 used for uniaxial compressive strength test.

(a) before testing and (b) after testing.
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Figure 4.6 The specimen no. UX04 used for uniaxial compressive strength test.

(a) before testing and (b) after testing.

Figure 4.7 The specimen no. UXO05 used for uniaxial compressive strength test.

(a) before testing and (b) after testing.
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Figure 4.8 Comparison of the uniaxial compressive strength of salt from various sites

(data from Wetchasat, 2002).
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4.1.2 Brazilian Tensile Strength Test

The objective of this test is to determine the tensile strength of rock salt.
Seventeen salt specimens have been prepared in accordance with the ASTM standard
D3967 and ISRM suggestion (Bieniawski and Hawles, 1978) to have a diameter of 60
mm, with a constant length-to-diameter ratio (L/D) of 0.5. The test is conducted at
room temperature.

The test uses a digital loading machine n0.9901X0003, series
Elect/ADR 2000 (ELE, 1995). As required by ASTM D3967, the specimen has been
loaded in diametrical direction with a constant rate of 0.1 MPa/min. Two pieces of
cardboard have been placed at the contact between test specimen and loading platen
to ensure good distribution of load. The load on the specimen has been applied
continuously until failure occurs. The test specimen is failed into two pieces along
diametrical loading direction (Figure 4.9). The measured load is then used to
calculate the tensile strength which is the strength in direction perpendicular to the
loading direction. Results of the test are tabulated in Table 4.2. Figure 4.10
illustrates tensile cracking as result of diametrical loading.

Brazilian tensile strength can be calculated by using the measured load

by the following equation:

op = 2P;/ TDL (4.4)
where, Op = Brazilian tensile strength in Pa,

P = load at primary failure in N,

D = average diameter of the test specimen in m,

L = average thickness of the test specimen in m.
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Figure 4.9 Brazilian tensile strength test (No.BD99-1-BR0O1i). (a) before testing

and (b) after testing.
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Table 4.2 Summary of Brazilian tensile strength test results on rock salt.

Average Average Depth Brazilian Tensile
Specimens No. |Salt Units Diargeter, LeI}Jgth, Stre;;gth,
(mm) (mm) (m) (MPa)
BD99-1-BRO1i M;gﬁle 61.15 29.98 264.3 1.6
BD99-1-BR02i Msigﬁle 60.92 33.68 264.1 1.9
BD99-1-BRO3i Msijﬁle 60.68 34.35 264.2 2.1
BD99-2-BRO4i Mégﬁle 60.92 34.43 321.4 1.4
BD99-1-BROS5i M;gﬁle 60.78 35.68 264.3 1.7
BD99-2-BRO6i Msigﬁle 60.3 33.15 322.9 2.0
BD99-1-BRO7i Lg;fr 61.23 34.13 391.3 1.9
BD99-2-BROSi M;gﬁle 61.17 32.03 329.1 2.1
BD99-1-BR09i M;gﬁle 58.43 36.97 254.0 1.7
BD99-1-BR10i Msigﬁle 59.63 33.73 251.9 1.8
BD99-1-BR11i Msijﬁle 58.42 34.23 254.0 1.6
BD99-1-BR12i Mégﬁle 57.63 34.65 252.9 1.7
BD99-2-BR13i M;gﬁle 61.15 32.1 328.6 1.8
BD99-2-BR14i Msigﬁle 61.08 31.5 322.7 2.4
BD99-2-BR15i Lg;fr 61.13 3257 403.8 1.4
BD99-1-BR16i M;gﬁle 58.55 37.72 254.0 1.8
BD99-1-BR17i M;gﬁle 60.88 35.05 391.0 2.4
Brazilian Tensile Strength Mean Values
Middle Salt 1.9 £ 0.3 MPa (275 £ 40 psi)
Lower Salt 1.7 £ 0.3 MPa (246 + 40 psi)
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Figure 4.10 Fractures on specimens that obtained form Brazilian tensile strength test.
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The result of 17 rock salt specimens shows failure in diametrical
direction as illustrated in Figure 4.10. The average Brazilian tensile strength is 1.8 +
0.3 MPa (270 + 40 psi) which conforms with the property of rock salt from other
sources, in Thailand and abroad. Figure 4.11 compares of tensile strength of rock salt
with the tensile strengths of rock salt from other sources. The tensile strength values
range from 1 — 2 MPa.

Some specimens have two cracks at around the loading point. Failures
occur within 1 min on average for all specimens. The tensile strength deviation of 0.28
MPa or 6.75% may be caused by grain size of rock salt which is large, 10x10x10 mm’
on average, compared with specimen diameter of 60 mm. Almost all specimens with
higher tensile strength have fracture across the salt crystal whereas, in specimen with
lower tensile strength, crack occurs along the grain boundary. This indicates that
tensile strength of bonding in crystal grain is higher than the strength between the
rock salt crystals (Hardy, 1996).

4.1.3 Point Load Strength Index Test

Point load test determines point load strength index of rock salt
specimens. Five rock salt specimens with a diameter of 60 mm and length of 100 mm
are tested.

The test has been performed in accordance with ASTM D5731 by using
SBEL PLT-75, the testing machine with maximum loading capacity of 75,000 pounds
(Figure 4.12). The test specimen is loaded in diametrical direction, at the middle
point of the core and perpendicular to the core axis (Figure 4.13). Maximum loading

is used to calculate point load strength index using the following equation:
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Figure 4.11 Comparison of tensile strengths of salt from various sites (data from

2002).

9

Wetchasat

Figure 4.12 The apparatus No. SBEL PLT-75 used for point load strength index

test. Capacity of maximum applied loading is 75,000 Ibs.



78

Fracture Plane |

Figure 4.13 Point load strength index test on cylindrical salt specimens, (a) before

applied load and (b) the fracture plane formed along the radial direction.
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I = P;/ D? (4.5)
where, I = point load strength index

Ps = stress at failure, and

D = rock salt core diameter.

Results of the test reveal that the point load strength index of the Middle
salt and the Lower salt are 1.0 and 0.6 MPa, as tabulated in Table 4.3. Fracture
characteristics of rock salt specimen are both failure along the crystal boundaries and
failure through crystal grains. The point load strength index is higher in the specimen
with the failure through crystal grains. Figure 4.14 illustrates fracture characteristic

that occurs in the test specimens.

4.2 Uniaxial Cyclic Loading Test

Uniaxial cyclic loading test is that the rock salt specimen is subjected to
fatigue stress (S) by repeatedly loading and unloading until failure taking place. The
applied stress has to be lower than the compressive strength (S < 0;). The test aims at
finding out the number of cycles (N) that causes failure or fatigue life. The number of
cycles at failure changes the elastic modulus of the salt specimens. Eight specimens
are prepared from clean salt. Rock salt core from exploratory well nos. BD99-1 and
BD99-2 is prepared to have a diameter of 60 mm and length-to-diameter ratio (L/D)

of 2.5-3.

Uniaxial cyclic loading test is performed by systematically increasing and
decreasing loads on the test specimen. In this study, the test has been done at room

temperature and performed in accordance with the ASTM standard D2938 and the
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Table 4.3 Summary of the results from point load strength index test on rock salt.

Average Average . Strength
Specimens | Rock Depth Diameter, | Thickness, Failure Index
. Load, Ps _ 2
No. Units (m) D t (kN) I,=P¢D
(mm) (mm) (MPa)
HUTO1 Lg;’{fr 410.15 61.07 107.05 2.28 0.61
HUTO02 Msljﬂle 26025 | 60.93 104.00 3.90 1.05
HUTO3 Lg:{fr 39055 | 61.22 104.10 3.15 0.84
HUTO04 Lg:{fr 41055 | 60.98 107.00 4.05 1.09
HUTO5 Lg:{fr 391.85 |  61.05 74.80 3.24 0.87
HUTO06 Lg;’{fr 392.20 60.10 100.20 2.02 0.56
HUTO7 Lg;’{fr 392.80 60.21 120.10 4.42 1.22
HUTOS Lg;’{fr 393.10 60.08 115.30 451 1.25
HUTO09 Lg;’{fr 394.00 61.05 119.00 2.01 0.54
HUTI10 Lg:{fr 396.00 | 61.12 118.00 2.09 0.56
Strength Index (I;) - Middle Salt 1.0 MPa
- Lower Salt 0.6 £ 0.05 MPa




Figure 4.14 Failed specimens from point load strength index test.
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suggestion of ISRM (Bieniaski et al., 1978). The tests are performed using a digital
loading machine no. 9901X0003, series of Elect/ADR 2000 (ELE, 1995). The
machine is capable of applying load of 2,000 kN. Each specimen is loaded to the
maximum stress level (fatigue stress) and unloaded to the minimum stress level (near
zero). Magnitudes of the axial load in each cycle are in range of 60-100% of the
strength value determined by uniaxial compressive strength test. The unloaded stress
level is about 0.1 MPa. The test is done by repeating loaded and unloaded in quick
manner until failure takes place. The stress level and deformation of rock salt
specimen against elapsed time as well as mode of failure are recorded during the test.
The maximum load can be used to calculate for axial stress at failure.

The calculation of stress, strain and strength is performed using equations
(4.1), (4.2), and (4.3), respectively. Elastic modulus (E) is determined by dividing the

differential value of maximum and minimum stresses (A0) in each cycle by

differential strain (A€):

E = Aodlle (4.6)

Result from the above calculation can be presented in form of 1) maximum
stress versus number of cycles (S-N), 2) strain versus elapsed time, to compare
characteristic of creep in each test, and 3) elastic modulus versus the number of
cycles. The relationship of S-N can be represented by a power equation as shown in
equation (4.7). The equation shows that N increases as result of the change in fatigue

stress (S).

S = S (4.7)
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where, So = stress coefficient,

b = coefficient for number of cycles.

Results from the uniaxial cyclic loading test are tabulated in Table 4.4 and are
shown in mathematical relation in Figure 4.15. The constants S, and b are 33.61 and
-0.08, respectively. They are found from the test that permanent strain has been
accumulated from each cycle as shown in a graph of permanent strain against time
(Figure 4.16), and a graph of strain against number of cycles (Figure 4.17). It can be
seen from Figure 4.18 that the elastic modulus decreases as the number of cycles
increases.

The result from the test shows that permanent strain has been accumulated
during decreasing and increasing loads in each cycle. When permanent strain has
reached the value of 0.04 — 0.05, the rock salt specimen would fail. Fracture is not
clearly observed in the test with low failure stress (S). Fracture occurs along the
crystal grain boundary with a little increasing in volume. This is different from the
fracture occurred in the test with higher failure stress. This fracture can be clearly
observed as it occurs in a plane that has an angle of 0 — 30 ° with the core axis.

The S-N curve is close to the result of the rock salt tested by Passaris (1982).
The constants A and B are 59.8 and -0.05, respectively. The relation between
permanent strain and time is similar to the result from creep test which corresponds to
the conclusions drawn by Ishizuka and Abe (1990). Figures 4.19 through 4.22
illustrate specimens before and after testing. Considering failure strain in
Figures 4.16 and 4.17, it can be seen that failure strain decreases as the failure stress
increases. In other words, failure strain at higher stress is lower than the failure strain

at the lower stress.



Table 4.4 Summary of uniaxial cyclic loading test results on salt specimens.
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X ! 3 2 -
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< o o a 2 S
ST 88| 25| €2 | 25| 22| 53
Sample No. A £ - -C &g 20 | & v 2
El g8 @ E- | s | g2 | 28
D on =Y D O == 8 =
oo s ® = 2 =
£ 3 5 = =
2 z > = =
< <
BD99-2-CCO01i | 60.50 | 123.33 | 772.9 325.0 2.18 23.0 223
BD99-1-CC02i | 60.23 | 124.13 | 777.1 285.2 2.19 243 86
BD99-2-CC031 | 61.10 | 118.80 | 749.3 | 408.9 2.15 21.6 235
BD99-2-CC041 | 61.01 | 13592 | 858.8 | 330.0 2.16 20.3 410
BD99-2-CC051 | 60.50 | 112.00 | 701.5 | 325.5 2.18 16.0 4120
BD99-1-CC06i | 61.05 | 128.05 | 790.5 253.3 2.11 26.8 103
BD99-2-CC07i | 61.10 | 130.00 | 810.6 | 409.9 2.13 29.0 7
BD99-2-CC10i | 61.20 | 125.20 | 801.6 325.2 2.18 304 1
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Figure 4.15 Failure stress (S) as a function of number of cycles (N) obtained for the

uniaxial cyclic loading testing
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Figure 4.16 The increasing of permanent strain as a function of time from uniaxial

cyclic loading test with the fatigue stress of 16, 21.6, 23, 27 and 29 MPa.
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Figure 4.18 Elastic modulus (E) as a function of loading cycles for different

maximum stresses (Opmax)-
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Figure 4.19 Comparison between before and post-failure specimen (no. BD99-2-
CCO011). The specimen failed at a fatigue stress of 23 MPa. Angle of

failure plane is 30". Failure plane redrawn for enhancement.

Figure 4.20 Comparison between before and post-failure specimen (no. BD99-2-
CCO02i1). The specimen failed at a fatigue stress of 24.3 MPa. Angle of

failure plane is 10", Failure plane redrawn for enhancement.
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BD-99-2-CC03i

.

Figure 4.21 Comparison between before and post-failure specimen (no. BD99-2-
CCO03i). The specimen failed at a fatigue stress of 21.6 MPa. Angle of

failure plane is 30". Failure plane redrawn for enhancement.
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Figure 4.22 Comparison between before and post-failure specimen (no. BD99-2-
CCO08i). The specimen failed at a fatigue stress of 30.4 MPa. Angle of

failure plane is 0.
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4.3 Healing Test

Healing test aims at studying the decrease of fracture aperture, permeability of
rock salt fracture, and the mechanical properties of healed fractures. The study
emphasizes on time, stress, fracture characteristic and inclusion in rock salt which are
the significant factors for the healing of fracture. This study excludes other influential
factors such as temperature, mineral composition and moisture in rock salt. An
efficiency of healing fracture in rock salt can be evaluated from point load strength
index performed on the fracture that has already healed, and the permeability of rock
salt fracture. Two test schemes are proposed to assess the healing behavior of the salt
fractures: healing under uniaxial (normal) loading and healing under confining
pressure. All tests are conducted under isothermal conditions (20-25°C). Three types
of salt fracture have been simulated in the laboratory: 1) tension-induced fractures, 2)
fractures formed by saw-cut surfaces, and 3) fractures formed by smooth polished
surfaces (Figure 4.23). Salt surfaces on both sides of the fracture are well mated. The
salt specimens are prepared to have a diameter of 60 mm with a length-to-diameter
ratio of 2.5. To obtain the tension-induced fractures, the cylindrical specimens are
subjected to point loading or by diameter loading (Brazilian tension test). The point-
loaded fracture is normal to the specimen axis, and is prepared for healing under
uniaxial loading. The diameter-loaded fracture is the axial fracture, parallel to the
specimen axis, and will be healed under confining pressure. The fracture formed by
saw-cut surfaces is also normal to the specimen axis, while the fracture formed by
polished (grinding) surfaces is parallel to the specimen axis. After the fractures have
been prepared, the amount of inclusions on the fracture surfaces is measured and

mapped using magnifying glass. The aerial percentage of the inclusions is calculated
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(2) (b)

SSNERS S
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Saw-cut fracture Tension-induced Saw-cut polished  Tension-induced
fracture by fracture fracture by
point load test Brazilian test

Figure 4.23 Three types of fractures: saw-cut fracture, saw-cut polished fracture and

tension-induced fracture. (a) Normal fracture and (b) Axial fracture.
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with respect to the total fracture area. The inclusions defined here are all
associated and foreign minerals or materials that are not sodium chloride. Prior to the
healing test, a close examination is made to determine whether the tension-induced
fractures are formed by the splitting failure of the salt crystals or by the separation of
the inter-crystalline boundaries.

4.3.1 Healing under Normal Loading

Table 4.5 shows the test matrix for the healing test under uniaxial
loading. Four test series with different test conditions have been performed. For the
first two series, low normal stresses of 3.2 kPa and 3.8 kPa are applied to the saw-cut
surfaces under dry and saturated conditions. Three specimens are used for each
normal stress. Dead weight machine applies constant loading on to the fracture. For
the saturated condition, the fractures are submerged under saturated brine while
loading. The load is removed after testing for 30 days. No healing has been observed
for both dry and saturated fractures. All saw-cut fractures remain separable.

The third and fourth test series use a normal stress of 4.3 MPa on three
saw-cut fractures, and 7.8 MPa on ten tension-induced fractures. Figures 4.24 and
4.25 show some salt specimens prepared for these test series. A consolidation
machine with the maximum load capacity of 2 tons is used to apply constant stresses
to the specimens (Figure 4.26). Figure 4.27 illustrated the healing test on specimens
formed by saw-cut fractures under uniaxial loading of 3.8 kPa at wet and dry
condition. And also, the healing tests on specimens with saw-cut fracture are
conducted under dry conditions with uniaxial loading of 4.3 MPa (Figure 4.28). The

specimens are unloaded after 30 days.
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Table 4.5 Summary of the healing test under uniaxial loading. The fracture healing

ability is assessed by point load strength index test.

Test Fracture Number of Test Conditions
Methods | Characteristics | Specimens
Series 1
- 3 specimens
- Ogxial = 3.2 kPa
- dry condition
- 230 days
Series 2
- 3 specimens
o . sz‘l‘r‘;acc‘g 9 - Guxia = 3.8 kPa
£ 3 - saturated condition
S 8 - =230 days
- = Series 3
= - eries
'% £ - 3 specimens
k=) £ - Oaxial = 4.3 MPa
- - dry condition
- 2 30 days
Tension Series 4
. - Oaxial = 7.8 MPa
induced .
- dry condition
fracture by 10
. - 30 days
point . . .
loadin - percentage of inclusions varies
g from 0 to 40%
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Figure 4.24 Some salt specimens with normal tension-induced fractures prepared
for healing under uniaxial loading. Top: fractures with no inclusions.

Bottom: fractures with 30 % inclusions.

Figure 4.25 Some salt specimens with normal saw-cut fracture prepared for healing

under uniaxial loading.
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Figure 4.26 A consolidation machine with the maximum load capacity of 2 tons is

used to apply constant stresses to the specimens.
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HPTO1 HPTO02 HPTO3
*_":_ —— = S

Figure 4.27 Healing test of saw-cut specimens under uniaxial loading under wet and
dry condition. These specimens are loaded axially by a magnitude of
3.2 kPa. (a) Salt specimens (HPTO1, HPT02 and HPTO03) are test under
wet condition and (b) salt specimens (HPT04, HPTO5 and HPTO06) are

test under dry condition.
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Axial Load

Axial Load

Figure 4.28 Healing test of the specimen with saw-cut fracture under uniaxial
loading at dry condition. These specimens are loaded axially by a

magnitude of 4.3 MPa. Fracture plane redrawn for enhancement.
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In order to assess the healing effectiveness, the specimens are subjected to
point load testing by having the loading points lied on and parallel to the healed
fracture plane (Figure 4.29). The point load strength of the healed fracture (Iy) is
calculated by dividing the failure load (P) by the diameter square (D?). The healing
effectiveness (H.) of each fracture is defined by the percentage ratio of the Iy to I,
where Ig represents the point load strength of the intact salt obtained previously from
inducing the fracture to the same specimen. All specimens fail along the original
fracture plane.

No healing has been detected on the fractures formed by saw-cut surfaces
tested under 4.3 MPa normal stresses (test series 3). Table 4.6 summarizes the healing
test result from test series 1, series 2 and series 3. Healing however has been observed
on the tension-induced fractures tested under 7.8 MPa normal stresses (test series 4).
Table 4.7 summarizes the results. Some H values exceed 100%. This is probably
because some existing voids or fissures in salt along the fracture plane are compressed
during healing period, and subsequently strengthening the fracture beyond the previous
intact condition. It should be noted that before the fractures are initially induced, the
intact core specimens have not been subjected to any compression. The high variation
of H. values may be also due to the accuracy of the testing technique. Even though
assessment of healing effectiveness by point load testing is relatively quick and easy,
the high stress gradient induced in the specimen usually results in a high intrinsic
variability of the measurement results. The complex distribution, pattern and locations
of the inclusions in relation to the loading points can also enhance the variability of the
strength results. The healing effectiveness tends to decrease as the amount of inclusion
increases (Figure 4.30). However, their mathematical relationship can not be

constructed due to the high variation of the results.
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Figure 4.29 Salt specimen with fracture after healing under uniaxial load (left).
The healing effectiveness is assessed by point load testing (right).

Fracture plane redrawn for enhancement.
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Table 4.6 Summary of the healing test on specimens formed by saw-cut fracture tests
are under uniaxial loading (test series 1, series 2 and series 3). Point load

conducted to assess the healing effectiveness of salt fracture.

2 ) @ by =
S 2 E —_ = < = = ~ -
~ | 5| 2E| 3|~ |57 £ |£=2|8%F 2
= n a g = % g - A = E = o B a
E | 3| el 25| &7 |E2| £ | 28| "E| &
1) wn
NI 3T o AT
=z <
HPTO1 60.75 | 91.30 |264.63| 3.20 F_; 7 0
92
HPTO2 | 1 |61.15] 9215 |41045| 320 | £ § 15 0
E!
HPTO3 60.90 | 100.80(263.45| 320 | & 30 0
HPTO04 61.15| 91.30 {32635 3.20 7 0
Not Healed
HPTO5| 2 |61.15|100.10|403.66| 3.20 15 0
HPTO6 61.20(111.20|410.25| 3.20 . 30 0
a
HPTO7 60.70 | 87.35 |405.14| 4.26 20 0
HPTOS | 3 |61.00| 79.85 |328.37| 4.26 20 0
HPT09 61.69 | 94.15 |324.75| 4.26 20 | 002 | Partially
Healed
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Table 4.7 The point load test results for salt specimens with tension-induced
fractures after dry healing under constant axial stress of 7.8 MPa for 30

days (test series 4).

Point Load Strength Index Healing
. Percentage of .
Specimen . Intact Salt, | Salt with Healed Effectiveness
Inclusions
No. (%) IS Fractul‘e, Iy H. =[IH/IS] x100
(MPa) (MPa) (%)
HUTO1 0 0.61 1.13 185
HUTO02 30 1.05 0.75 71
HUTO03 5 0.84 1.00 119
HUTO04 40 1.09 0.40 37
HUTO05 25 0.87 0.74 85
HUTO06 10 0.56 0.59 105
HUTO07 5 1.22 0.49 40
HUTO08 5 1.25 0.48 38
HUTO09 25 0.54 0.51 94
HUTI10 15 0.56 0.40 71
200 7
D
160 7]
< 1201 °
e . © °
80 5 © 5
40 7 © ©
0 lllllllllllllllllllllllllllllllllllllllllllll
0 5 10 15 20 25 30 35 40 45

Percentage of Inclusions (I)

Figure 4.30 Healing effectiveness (H.) as a function of percentage of inclusion (I)
obtained from uniaxial loading. All specimens have tension-induced

fractures.
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4.3.2 Healing under Confining Pressure

Tension-induced fractures and the fractures formed by polished surfaces
are subjected to healing test under confining pressure. Figure 4.31 shows the axial
fracture in the salt specimen. The “Overburden Poro-Perm Cell” applies constant
confining pressure to the salt specimen (Figure 4.32). It is capable of applying
confining pressure up to 70 MPa. Each fracture type is subjected to two loading
configurations: single-step loading and multi-step loading. Table 4.8 summarizes the
test matrix. All specimens are tested under dry condition. During pressurization, gas
flow permeability test is performed.

The gas flow test are measured to calculate the hydraulic conductivity
of the fracture (Ky), based on an assumption of the flow through parallel plates

(Zeigler, 1976).

Ke = (y/12p) & (4.8)
where, e = width of opening or fracture aperture,

Y = unit weight and

K = viscosity of fluid of gas flow through fracture.

Fracture aperture value (e) relates to the flow rate (Q) and differential of hydraulic

head (Ah) between two point as follow,

Q/Ah = Ce’ (4.9)

where, C is a constant value depending on fracture characteristics and property of

fluid flow through fracture and can be determined from equation (4.10).

C = (WLxy12p) (4.10)
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Figure 4.31 A specimen with tension-induced fractures is prepared by diameter
loading (a). A specimen with polished fracture (b). They are prepared

for gas flow permeability testing.

Figure 4.32 Gas flow permeability test using “Overburden Poro-Perm Cell”. The
salt specimen is subject to confining pressure between 0.69 and

20.67 MPa in the pressure cell.



Table 4.8 Summary of the healing test under confining pressure.
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The fracture

healing effectiveness is assessed by Brazilian tensile strength test.

- Test Conditions
Test Fracture _GE E
Methods | Characteristics E é Single-step loading | Multi-step loading
)
- 2 specimens - 1 specimen
-P.=3.4,6.7 MPa
e . -P.=34-6.7MPa
3 Polished 3 - 100 hours/step 100 h
3 surface - dry i dry ours
£ 0 :
2 é - two loading cycles
£ 3
£ ia Tensi - 5 specimens - 3 specimens
é = iggsgg -P.=34,67,103 |-P.=34 6.7 -
Z 2| fcte and 13.8 MPa 10.3 — 3.8 MPa
= by - 120 hours - 96 hours/step and
: -d
<% diameter ry (21;lyhours/step
loading - two loading cycles.
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where, Y = width of aperture and

L

length of fracture that fluid flow through.
For this case, W is a specimen diameter and L is a length of rock salt specimen.
From the equations (4.9) and (4.10), the width of fracture can be shown

in relation of variables and constants, W, L, y, W, Q and Ah as follow:

e = [(Q/Ah)(L/W)(12wy)] " (4.11)

e value in equation (3.11) will be used in the calculation of hydraulic

conductivity of fracture in equation (4.8). The final form of K¢ can be shown as:
Ke = (v12w'™ [(Qah)L/w)* (4.12)

It is assumed that the fracture width equals the specimen diameter, and
the length equals the specimen length. The nitrogen gas pressure is injected at a
constant magnitude of 0.35 MPa. The lowers measurement limit of the system is about
10 mys.

One polished fracture is subjected to the confining pressure (P.) of 3.45
MPa and later increased to 6.89 MPa (multi-step loading). Each loading step takes
100 hours. This pressure scheme is repeated for the second cycle. The calculation of
hydraulic conductivity from gas flow test result is tabulated in Table 4.9. Figure 4.33
shows the flow test results during the pressurization. The fracture permeability
decreases with increasing confining pressure. Under each pressure, the fracture
permeability also decreases as the testing time increases. The second cycle of
pressurization yields a lower hydraulic conductivity than do the first one. When the

pressure increases to 6.89 MPa, the hydraulic conductivity becomes lower than the
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Table 4.9 Summary of the gas flow test results of the specimen formed by saw-cut

polished fracture (specimen no. HGT06).

HO @ 3 W S © D ) ) (10)
= o) = Hydraulic

_ o = — < y

E R R _ g ~ é £ Aperture, Conductivity,

S |E | &| 8| 2| & & 2 K;
T2 ¢l 2|2l |8 3

s |20 2| s | €| 2| 2| 58

R E E : | € = 5 sl Bl T | 2

s £ || 7|3 & £ £ Fl OE| = =

« p N ©
S g | E| 2 |Z] B < 2 = 2| = |+t
= @] = =3 = =
ol = @)

0 500 5 17.30 | 10 28 12040 | 974290 [59.10] 18.01 | 55.87 |17.03
23.5 | 500 5 (2051 10 27 1 17.21 | 974290 [55.84| 17.02 | 49.88 [15.20
32 500 5 (2231 10 28 | 15.82 | 974290 |54.30| 16.55 | 47.16 | 14.37
48.5 | 500 5 (2427 10 28 | 14.54 | 974290 [52.79| 16.09 | 44.58 |13.59
75.5 | 500 5 (2496 | 10 29 | 14.14 | 974290 [52.30| 15.94 | 43.76 {13.34
100.5 | 500 5 (29.00| 10 32 | 12.17 | 974290 (49.75| 15.16 | 39.59 [12.07
100.5 {1000| 10 | 54.44 | 10 32 6.48 | 19485.79 (32.01| 9.76 | 16.39 | 5.00
144 |1000| 50 | 3600 1 28 0.01 | 97428.96 | 2.15 | 0.65 0.07 | 0.02

0 500 | 16 | 32.48 1 30 1.09 | 31177.27 |15.09| 4.60 364 | 1.11
20 500 |58.02(816.46| 0.2 28 0.01 [113056.56| 1.96 | 0.60 0.06 | 0.02

Remark:

Diameter (W) = 38.04 mm, Length (L) = 60 mm, y=0.0739 b/,

1= 3.85x10" Ib-sec/ft*

(7)= {(5) x 0.3048} + (4)

(8)=1{(B) x 144} +y

9)=[(7) + {(8)*C}]"”, C=(W/L) . (y/121)

(10) = (y/121)  (9)
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P, = 3.45 MPa
=6.89 MPa
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Figure 4.33 Hydraulic conductivity (K¢) of the specimen with polished surface as a

function of time under multi-step confining pressure. Two loading

cycles are presented for specimen no. HGTO06.
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limit of measurement (10 m/s). This suggests that a plastic closure of the fracture
has occurred. The fracture has undergone a permanent deformation.

Three specimens with tension-induced fracture are tested under multi-
step loading. The pressures are progressively increased from 3.45, 6.89, 10.34 to
13.78 MPa. The calculation of hydraulic conductivity from gas flow test result on
specimen no HGTO7 is tabulated in Table 4.10. The reduction of fracture
permeability with increasing time and pressurization tends to be greater than that of
the polished fracture. The fracture permeability obtained from the second pressure
cycle is notably lower than that of the first cycle, suggesting a significant closure of
the fracture (Figures 4.34 through 4.36). The closure is also plastic (permanent) and
time-dependent.

For the single-step loading, five specimens subject to confining pressure of
0.69, 3.45, 6.98, 13.78 and 20.67 MPa. This test series is aimed at determining the rate
change of the fracture permeability with time. A power equation is used to fit the
experimental results for each pressure level: K¢=K, (t)'B, where K, represents the fracture
hydraulic conductivity at time equal to 1, and [ is the time coefficient (Figure 4.37). The
time coefficient [3 increases exponentially with the applied pressure (P,):
B=0.104 . exp (0.14 P.) as shown in Figure 4.38. This suggests that the reduction rate of
fracture hydraulic conductivity is higher when the fracture subjects to a greater pressure.

It is visually observed that healing has occurred on all fractures after 120
hours of confining pressurization. Figure 4.39 shows a salt specimen with tension-
induced fracture before and after healing. The Brazilian tensile strengths of each
specimen conducted before and after healing are compared to assess the healing

effectiveness (H.) of the fracture. Here H. represents the percentage ratio of the
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Table 4.10 Summary of the gas flow test on specimen formed by tension-induced

fracture no. HPTO07.

O @ 6 &#H & © O ®) (©)] (10)
= Hydraulic

—_~ @] o —_ [

£ |~ | £ - 8 2 Aperture, Conductivity,
2 e s o) 2 1 Rz “ e K

= |2 |5 I I - I T '

= S |2 ) @ ‘5 5 g E

S |g2| 22| E = = . | 2=

SEEEE - I NI E D) I  pPa
5 |E | & z S 2 | 2 | E & & =
2 |g |= 2 > £ o > = | % <
- |E |k = = ) z 0 - — S S
A 5 = s = = = o Ao - =
= o |7 = = | = N

)

0 500 | 0.18 | 49.97 | 10 27.5 | 7.06 | 350.74 |128.12|39.05(262.58|80.04
7 500 | 0.68 | 19.11 10 28 18.47 [ 1325.03 |113.34|34.55|205.47|62.63
25 | 500 |0.86|15.24 | 10 | 30.5 | 23.15|1675.78 |113.01|34.45|204.30|62.27
54.5 | 500 |0.87]|16.24 | 10 31.5 | 21.73 | 1695.26 | 110.22|33.59|194.32| 59.23
71 | 500 |0.88| 1598 | 10 | 28.5 |22.08 [1714.75{110.39|33.65|194.93|59.42
94 500 | 0.72 | 19.65 10 28.5 | 17.96 | 1402.98 {110.17|33.58 |194.15]59.18
94 |1000|1.42|12.87 | 10 | 28.5 |27.42 [2766.98|101.16|30.83 |163.69|49.89
97 |1000|1.05| 18.55| 10 29 | 19.02 |2046.01 | 99.03 {30.19|156.88 |47.82
102 |1000| 1.06 | 20.05 10 29 1 17.60 |2065.49| 96.20 |29.32|148.02|45.12
118 [1000| 1.06|22.29 | 10 | 28.5 | 15.83 |2065.49 | 92.86 |28.30|137.93|42.04
142.5 |1000| 1.07 | 24.79 | 10 28.5 | 14.24 |1 2084.98 | 89.35 |27.23|127.70|38.92
167 [1000| 1.08 | 28.02 | 10 | 27.5 | 12.60 |2104.47 | 85.51 |26.06|116.96|35.65
191 |1000|1.07|28.72 | 10 29 |1 12.29 12084.98| 85.07 |25.93|115.76|35.28
216.5 |1000| 1.06 | 30.83 10 28.5 | 11.4512065.49 | 83.34 |25.40|111.11|33.87
216.5 |1500(2.05|19.26 | 10 28 | 18.3213994.59 | 78.25 |23.85| 97.95 |29.85
224 |1500)2.05|32.74 | 10 30 | 10.78 {3994.59| 65.57 |19.99| 68.77 |20.96
237 [1500|2.05|34.36 | 10 28 | 10.27 [3994.59 | 64.52 | 19.67| 66.59 |20.30
263.5 |1500|2.06 | 41.57 | 10 27 8.49 14014.07| 60.45 |18.43| 58.46 |17.82
286 [1500|3.66|23.14| 10 | 26.5 | 15.25|7131.80| 60.67 | 18.49| 58.88 [17.95
310 |1500(3.56|26.63 | 10 | 26.5 | 13.25|6936.94 | 58.44 | 17.81| 54.63 |16.65
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Table 4.10 (Cont.)

O @ & @ & © O ®) ©)) (10)
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S g 2% s| g 3o
S\kg 2| E| §E| 2| 9| =E
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335.5/1500(3.56 | 37.79 | 1 26.5 | 9.34 | 6936.94 | 52.00 |15.85| 43.26 | 13.18

360.5/ 1500 8.54 | 15.15 | 10 29 ]23.29 |16640.87 | 52.68 |16.06| 44.40 | 13.53

360.5/2000(9.14 | 15.28 | 10 29 ]23.09 |17810.01 | 51.35 |15.65| 42.18 | 12.86

366.5/2000(10.44| 21.65 | 10 31 | 16.30 |20343.17 | 43.74 {13.33| 30.61 | 9.33

382 12000(11.33|120.45 | 10 29 | 17.25 122077.40 | 43.38 |13.22| 30.10 | 9.18

408.5|2000(13.65| 19.34 | 10 | 27.5 | 18.25|26598.11 | 41.54 |12.66| 27.60 | 8.41

432 12000(13.65| 23.57 | 10 27 | 1497 | 26598.11 | 38.89 |11.85| 24.19 | 7.37

454 12000(13.64| 25.63 | 10 27 | 13.77 |26578.62| 37.83 |11.53| 22.89 | 6.98

480 |2000(16.96| 21.06 | 10 27 116.76 |33047.90 | 37.55 |11.45| 22.56 | 6.88

504 {2000 23 |19.86 | 10 | 27.5 | 17.77 | 44817.32| 34.60 [10.55| 19.15 | 5.84

504 | 500 | 20 | 1430 | 10 | 27.5 |24.68 |38971.58 | 40.44 |12.33| 26.16 | 7.97

528 |1 500 | 20 | 1840 | 10 27.5 | 19.18 | 38971.58 | 37.18 |11.33| 22.12 | 6.74

551|500 | 20 | 18.70 | 10 26.5 | 18.87 | 38971.58 | 36.98 |11.27| 21.88 | 6.67

5751500 | 20 | 19.27 | 10 27 | 18.31 [38971.58| 36.61 |11.16] 21.44 | 6.54

600 | 500 | 20 |20.10 | 10 27 | 17.56 | 38971.58 | 36.10 {11.00| 20.85 | 6.36

605 | 500 | 20 |21.18 | 10 29 |16.66 |38971.58| 35.48 [10.81] 20.14 | 6.14

605 11000 20 | 17.40 | 10 29 120.28 |38971.58 | 37.88 |11.55] 22.95 | 7.00

623 11000 (19.99| 26.14 | 10 27 | 13.50 [ 38952.10| 33.08 {10.08| 17.51 | 5.34

647.5/1000| 20 |27.67 | 10 26.5 | 12,75 | 38971.58 | 32.45 | 9.89 | 16.85 | 5.14

670 11000 20 |29.74| 10 26.5 | 11.87 | 38971.58 | 31.68 | 9.66 | 16.06 | 4.89
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Table 4.10 (Cont.)

W @ 6 @ & © @ (8) ) (10)
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~ @] @ o —_ ]
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696.5/1000| 20 [33.84 | 10 | 29.5 |[10.43| 38971.58 | 30.35 | 9.25 | 14.73 | 4.49

696.5/1500| 10 | 3533 | 10 29.5 {9.99 | 19485.79 | 37.69 |11.49| 22.72 | 6.93

719 [1500| 20 | 4531 | 10 29 | 7.79 | 38971.58 | 27.54 | 8.39 | 12.13 | 3.70

744.511500| 20 | 55.01 10 27 | 6.41 | 38971.58 | 25.81 | 7.87 | 10.66 | 3.25

768.5/1500| 20 | 85.00 | 10 27 |1 4.15| 38971.58 | 2233 | 6.80 | 7.97 | 2.43

790.5/1500| 19 |161.90| 10 27.0 |2.18 ] 37023.00 | 1832 |5.58 | 537 | 1.64

790.5/2000| 40 |485.10| 10 | 27.8 [0.73 | 77943.17 | 992 |3.02 | 1.57 | 0.48

820 {2000 (58.47(157.00| 2 28 10.45|113933.42| 7.44 | 227 | 0.89 | 0.27

839 12000 (50.02| 48.70 | 0.2 | 26.0 | 0.14 | 97467.93 | 538 | 1.64 | 0.46 | 0.14

864 (2000 (50.01| 18.50 | 0.05 28 10.10| 97448.44 | 4.68 | 1.43 | 035 | 0.11

888 12000| 50 | 18.50 | 0.05 28 | 0.10 | 9742896 | 4.68 | 1.43 | 0.35 | 0.11

912 12000(58.61{560.00| 0.1 | 28.5 |0.01 | 114206.22 | 1.79 | 0.55 | 0.05 | 0.02

Remarks:

Diameter (W) = 38.3 mm, Length (L) = 64 mm, y = 0.0739 Ib/ft’,
W =13.85x107 Ib-sec/ft’

(7)= {(5)*x0.3048"} + (4)

(8)={(3) x 144} ~y

9)=[(7) = {(8)*C}]", C = (W/L) . (v/12)

(10) = (y/12p) x (9)°
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Figure 4.34 Hydraulic conductivity (Kf) of the specimen with tension-induced
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fracture as a function of time under multi-step confining pressure. Two

loading cycles are presented for specimens no. HGTO07.
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Figure 4.35 Hydraulic conductivity (Kf) of the specimen with tension-induced

fracture as a function of time under multi-step confining pressure. Two

loading cycles are presented for specimens no. HGTO0S.
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Figure 4.37 Hydraulic conductivity (Kf) of the specimens with tension-induced

fractures as a function of time under single-step confining pressure.

Five specimens are tested with different confining pressures (P.).
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Figure 4.39 The specimen with tension-induced fractures is prepared by diameter

loading, before healing (a), and after healing (b).
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fracture tensile strength (Oy) to the intact tensile strength (0Op) of the same salt
specimen. The tensile failure occurs along the same plane that was induced before
and after healing. Tables 4.11 and 4.12 summarize the results of the healing
assessment test. They suggest that the polished fractures can not be effectively healed
even under the confining pressure of 6.89 MPa for 120 hours. Healing however can
be clearly observed for the tension-induced fractures. Figure 4.40 shows the increase
of H. as the confining pressure (P.) increases for the single-step loading on the
tension-induced fractures.
4.3.3 Discussions and Conclusions

Fracture healing under confining pressure has an advantage over that
under uniaxial loading, in term of the maximum applied pressures. The applied load
is limited by the compressive strength of the salt. The maximum axial stress used
here is therefore limited to 7.8 MPa or about 30% of the strength. This is primarily to
prevent the initiation of micro-cracks or fractures in the intact salt. For the confining
pressure, the specimen can subject to the pressure as high as 20 MPa. The results
suggest that both applied pressure and time are important factors for fracture healing.

The healing effectiveness of salt fractures depends heavily on the origin
of the fractures. If a fracture is formed by the separation or splitting of salt crystals, it
can be easily healed even under relatively low stress for a short period. The splitting
failure of salt crystals occurs by a separation of cleavage planes. This means that
healing is effective if the salt crystals on both sides of the cleavage plane return to
their original position. For the fractures formed by separation of inter-crystalline
boundaries or by crystals with different orientations on the opposite sides, healing will

not be easily achieved. In particular, if the fracture surface is coated with any
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Table 4.11 The Brazilian tension test results for dry salt specimens with tension-
induced fractures and polished surfaces after healing under single-step

confining pressure for 120 hours.

Brazilian Tensile Strength .
Type Confining Healing
. y .
Spel\cllomen of Pressure Intact Salt with Healed Effectiveness
: Fracture (MPa) Salt, Fracture, Oy H. = (Gg/ 03)x100
oy (MPa) (MPa) ()
HGTO1 0.69 2.24 0.04 2
HGTO02 . 3.45 2.23 0.37 17
Tension-
HGTO03 induced 6.89 2.24 0.36 16
fract
HGTO4 | o | 1378 2.47 1.04 )
HGTO05 20.67 1.96 0.82 42

Table 4.12 The Brazilian tension test results of dry salt specimens with tension-
induced fractures and polished surfaces after healing under multi-step

confining pressure for 120 hours.

Brazilian Tensile

. Strength Hezfling
Specimen Tz})e (Ij:;l;?sl::eg Duf';i:on Intact Salt with Effecltiv*eness
No. Salt, Healed ¢

Fracture (MPa) og |Fracture, Oy (%)

(MPa) (MPa)

Polished 100

HGTO6 3.45 - 6.89 1.68 0.06 4
surface hrs/step

HGTO7 o6 1.30 1.24 94
Tension- | 3.45 — 6.89 | hrs/step

HGTO8 | induced [-10.34 - 24 250 1.97 79
fracture | 13.78 hrs/st

HGT09 SISt 1 223 1.17 53

H.= (O'H/O'B)XIOO
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Figure 4.40 Healing effectiveness (H.) as a function of confining pressure (P.) for

specimens with tension-induced fracture after healed for 120 hours.
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inclusions, healing ability are poor. This explains why the saw-cut fractures and
polished fractures can not be effectively healed under the test conditions used here. It
can be postulated here that healing of fracture can be enhanced by the purity of the
halite crystals on the opposite sides of the fracture. This is supported by the fact that
the cleavage planes inside the salt crystal are more pure than the inter-crystalline
boundaries, and more than the saw-cut and polished surfaces. These artificial surfaces
could be contaminated during the preparation process. An oil film and other inclusion
may be cover the artificial surfaces. This inclusions protect the chemical bonding
between contact surface to heal the fracture. To heal a saw-cut or polished salt
fracture, a much higher confinement and temperature than those used here may be
required.

It is not clear from the experimental results that fractures under
saturated brine can be healed more effective than those under dry condition. This is
because the two test conditions are used on the saw-cut fractures and with a relatively
low axial stress. For the saturated testing, it is found that re-crystallization of brine
between the fractures has occurred in form of small salt crystals. Such process
however can not hold the fractures together. The specimens can be easily pulled apart
by hands.

The hydraulic conductivity for all salt fractures decreases with increasing
applied confining pressure and time. This implies that the fracture healing is
accompanied by the fracture closure. Both processes are time-dependent. The closure
involves the visco-plastic deformation for the salt on both sides of the fracture. The
healing involves a chemical process. It is permanent - remains even after the load is

removed. Owing to the surface smoothness, the polished fractures show a lower
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permeability than do the tension-induced fractures. This however does not necessarily
mean that the polished fractures heal more effective than do the tension-induced
fractures. A reduction of fracture permeability does not necessarily mean that the
healing has occurred. This is evidenced by that even the polished fracture has been
compressed until its hydraulic conductivity becomes lower than 10 m/s, no healing has
taken place in the fracture.

Since all fractures tested here are well mated, the impact of fracture
roughness can not be truly assessed. More testing is needed to confirm any
mathematical relationship between the healing effectiveness and the inclusions. For
the healing assessment method, a direct tension test could be used to minimize the
impact of the stress gradient induced along the fracture plane. From the results
obtained here, it can be postulated that under preferable conditions (stress state, time,
temperature, purity, crystal orientation, etc.), a complete healing of salt fractures is

possible.



CHAPTER V

COMPUTER MODEL ANALYSIS

5.1 Objective

The analysis by employing computer model in this research aims at studying
of the behavior and mechanical stability of rock salt cavern with various geometries
for CAES technology. The analysis emphasizes on the cavern convergence and
plastic zone boundary around the rock salt cavern. Plastic zone is a boundary that
rock salt property changes from elasticity to plasticity as a result of the difference
between internal pressure and in-situ stress in the salt layer. The internal pressure is
lower than the stress in the rock salt layer around the cavern. Results from this
analysis will be further used in the evaluation of fracture in connection with the
direction of stress acted on the fracture. This will indicate any possibility of leakage
around the CAES cavern. In this chapter, studying of plastic zone distribution at
different levels with internal pressure between 20 to 90% of the stress in salt layer at
the cavern roof will be described.

To determine zone of plasticity around the cavern, the calculation assumes that
the cavern has been used for storage air for 20 years and comparison is made among 5
geometries of cavern shape; a spherical shaped cavern and 4 elliptical shaped caverns
with ratio of minor-to-major axis of 1:1.5, 1:2, 1:2.5, and 1:3. The calculation uses
GEO program that is a finite element software (Serata and Fuenkajorn, 1991, 1992a,

1992b; Stormont and Fuenkajorn, 1994; Fuenkajorn and Serata, 1994). Suitable
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geometry of cavern shape in rock salt will be determine from this analysis. Besides
that the maximum and minimum internal pressures for the stability during operation

will be determined as well.

5.2 Mesh Model

In the modeling of the solution cavern in salt, two-dimensional finite element
mesh is created in x-y axis. The third dimensional with z-axis is omitted because this
analysis is a plane strain analysis by assuming strain in z-axis to be zero. For the best
efficiency, finite element mesh is created in one of the four parts in a symmetrical
axis. The cavern cross section is modeled and the external pressure (P,) is given to be
a hydrostatic pressure with 4 levels of depth; that are 1500, 2000, 2500, and 3000 psi
or at depth of approximately 1500, 2000, 2500 and 3000 feet, respectively. At each
depth or stress level, the finite element mesh is the same, only external and internal
stresses are changed. The mesh size is created to be small around the cavern wall
because this zone, the stress and strain gradients are high. The mesh far from the
cavern wall is bigger in size because of the low stress and strain gradients at this zone.
Five geometries of cavern have been studied; spherical shape (Model SP10) and 4
elliptical shapes (Models EL15, EL20, EL25 and EL30).

Figure 5.1 illustrates the model SP10 that is created from a quarter of spherical
shaped cavern cross section with a diameter of 50 m. Distance from the right and
upper boundary to center are 500 m or equals 20 times of the cavern radius. The
stress acted on the top and the right sides are equal. Internal pressure (P;) varies from
20 to 90% of external pressure (P,). The upper and the right boundaries are allowed

to freely displace in both on x-axis and y-axis. The left boundary which is a symmetric
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Figure 5.1 Finite element mesh for Model SP10, spherical shape with a diameter of

50 m.
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axis separates the cavern into two parts, and y-axis is fixed to move only in y-
direction but not in x-direction. The lower boundary is another symmetrical axis that
separates the cavern in to two parts, and the x-axis is fixed in y-direction. In order to
clearly illustrate the boundary of the cavern in finite element mesh, elements in the
cavern are not shown in the figure. The finite element mesh consists of 818 elements
and 875 nodes with the smallest size around the wall of 3x2 m?.

Figures 5.2 to 5.5 illustrate Model EL15, EL20, EL25 and EL30, respectively.
Four models are created from a quarter of cross section divided by the major x-axis
and minor y-axis in a plane of elliptical shaped cavern. The minor axes in the 4
models are equal with 25 m long but the major axes are different as summarized in
Table 5.1. Each mesh consists of elements and nodes. Around the cavern walls, the
mesh will be smallest in size. The smallest size for the Model EL15, EL20, EL25 and
EL30 are 1.5x2.5 mz, 2.7x1.4 mz, 1.4x2.9 mz, 1.3x3.0 mz, respectively. The
characteristics of the models in terms of mesh, method of analysis, and boundary
conditions are similar to Model SP10.

One assumption used in this study is that the CAES cavern is a single cavern
which locates far away from any other underground structures, at least 20 times of its
radius. This is to prevent the mechanical effect that may cause from the adjacent
structure. The computer analysis will reveal if the specified distance is sufficient or

not.
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Y-axis
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Figure 5.2 Finite element mesh for Model EL15, elliptical shape with major axis

= 37.5 m and minor axis =25 m.
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Figure 5.3 Finite element mesh for Model EL15, elliptical shape with major axis

= 50 m and minor axis =25 m.
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Figure 5.4 Finite element mesh for Model EL15, elliptical shape with major axis

= 62.5 m and minor axis = 25 m.
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Figure 5.5 Finite element mesh for Model EL1S5, elliptical shape with major axis

=75 m and minor axis =25 m.
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Table 5.1 Shape and size of salt cavern in horizontal plane used in the modeling.

X- axis, Y-axis, Number | Number
Model Shape X Y, Y. : X of of
(m) (m) Elements | Nodes
SP10 sphere 25 25 1:1 818 875
EL15 ellipse 37.5 25 1:1.5 648 703
EL20 ellipse 50 25 1:2 717 774
EL25 ellipse 62.5 25 1:2.5 816 875
EL30 ellipse 75 25 1:3 890 951
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5.3 Salt Properties for Computer Modeling

Before performing the computer analysis, physical and mechanical properties
of rock salt are specified in order to use as constant values in the calculation. The
GEO software is employed for this research. The GEO mechanical behavior consists
of spring, dashpot and friction element and so-called GEO rheological components as
illustrated in Figure 5.6. The major and significant constant values in the models are
shear modulus (G)), retarded shear modulus (G,), elastoviscosity (V3), plastoviscosity
(V4), ultimate bulk modulus (K;), retard bulk modulus (K;) and critical strain of
failure (Y.).

The coefficient of rock salt properties have been derived from calibrating of
result of the rock salt testing by Wetchasat (2002) who conducts various test methods;
short-term creep test, long-term creep test, uniaxial compressive strength test and
cyclic loading test. Wetchasat (2002) performs the tests on rock salt from the same

source with this research. The properties are tabulated in Table 5.2

5.4 Computer Modeling Results

Results of computer modeling are shown in Appendix A. The results show
comparison between the cavern closure and plastic zone boundary that caused by
different internal pressures, depths and shapes of cavern.

5.4.1 The Effects of Internal Pressure

The comparison of cavern closure affected by internal pressure reveals
that the closure is lower for the cavern with higher internal pressure. The cavern
closure at 20% of the in-situ stress is higher than the closure at 30%, 40%, 50%,

60%, 70%, 80%, and 90%.
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Figure 5.6 GEO rheological components (modified from Serata and Fuenkajorn, 1993)

Table 5.2 Properties of rock salt used in the computer modeling (from Wetchasat,

2002).

Properties Symbols Units Ranges Used
Shear Modulus G, GPa 8.7-9.0 8.8
Retarded Shear Modulus (T9<Kj) G, GPa 02-2.1 1.1
Elastoviscosity (To<Ky) V GPalday |0.1-17.0 9.1
Plastoviscosity V4 GPalday | 6.9—-27.6 17.2
Ultimate Bulk Modulus K, GPa [40.6-42.0] 41.1
Retarded Bulk Modulus K, GPa 0.9-938 4.9
Critical Strain of Failure Ye 10 2 2
Pressure Gradient Pgrad kPa/m 20.8 20.8
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Figures A.1 through A.36 in Appendix A illustrate the comparison of cavern closures
which do not exceed 5% of the cavern radius in each direction.
5.4.2 The Effects of Cavern Depth

From the comparison of the cavern closure in both x- and y-directions
at 20 years after construction, it is found that the cavern closure increases as the depth
increases. Figures A.37 to A.44 show the comparison of the cavern closure at the
cavern walls for Model SP10, in x- and y-directions and at 4 different depths.
Tendency of the cavern closure in x- and y-directions of the Model EL15 is the same,
the closure is higher at the deeper location and lower at the shallower location.
Figures A.45 to A.52 show comparison of the cavern closure of the Model EL15 in x-
direction after 20 years of construction, at 4 different depths. The cavern walls in
Model EL20, EL25 and EL30 show the same tendency of convergence as occurred in
Model SP10 and EL15.

The comparison of plastic zone in the cavern at different depth reveals
that the plastic behavior is small in the cavern at the shallow location. The plastic
zone increases as the depth increases. Figure A.73 compares the plastic zones around
the cavern for Model SP10 at 4 different levels.

5.4.3 The Effects of Cavern Shape

Figures A.l to A.36 show the cavern closure occurred for various
cavern shapes under the same stress condition and pressure. It is found that the
cavern closure for Model SP10 (spherical shape) is smallest, and the cavern closure
for Model EL30 is largest. Sequence of the cavern closure magnitude induced in each
model from minimum to maximum is SP10, EL15, EL20, EL25 and EL30. The

cavern closures in x- and y-directions for Model SP10 are the same. Whereas, for
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elliptical shaped cavern, the closures in x-direction (major axis) is higher than those in
y-direction (minor axis).

Results from this study show that the plastic zone for Model SP10 is
smallest, and the plastic zone in Model EL30 is largest. The sequence of plastic zone
extent around each model from the largest to the smallest is SP10, EL15, EL20, EL25
and EL30. The plastic zone for Model SP10 runs parallel to the cavern walls at every
depth. Whereas for elliptical shaped cavern, the plastic zone is not parallel to the
cavern walls and it is not symmetry as occurred in Model SP10. At a smaller
differential internal pressure to external pressure (Pi/P,) (between 20% - 30%) the
plastic zone concentrates around the cavern walls in the major axis (x-axis),
meanwhile at high Pi/P, (ranging between 70% - 90%) the plastic zone concentrates
around the minor axis (y-axis). At the lower internal pressure, the plastic zone
distributes in both major and minor axis. Figures A.74 through A.81 illustrate the
distribution of plastic zones for Model SP10, EL15, EL20, EL25 and EL30 under

in-situ stress of 1,500 psi.

5.5 Analysis

In order to determine the suitable shape of cavern and pressure as well as the
optimum mechanical stability, the analysis emphasizes on the magnitude of cavern
closure and distribution of the zone where plasticity of the salt taking place around the
cavern or the area where the critical strain (Y.) exceeds 0.002 as specified by
Wetchasat (2002). The study reveals that the shear stress magnitude is highest at the
cavern walls, and the shear stress magnitude decreases as the distance from the cavern

wall increases. Comparison between the maximum principal stresses (0;) and the
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minimum principal stresses (03) shows that the difference between the two stress
levels is maximum at the cavern walls and decreases away from the wall. The
difference between the maximum and minimum stresses affects the shear stress level,
at high shear stress level, the plastic zone and cavern closure increase.

The magnitude of internal pressure and the depth of cavern also affect the
behavior of rock salt around the cavern. The lower internal pressure induces the
higher differential stress at the cavern walls and the larger cavern closure and plastic
zone. The internal pressure varies with the cavern depth that the internal pressure is
higher at the deeper seated cavern. Thus at deeper seated cavern, the difference
between the major and minor principal stresses will be high and this will result in
higher deformation and change in cavern shape and eventually causes larger cavern
closure and larger distribution of plastic zone. The result confirms that the smaller
cavern closure and plastic zone occur at the shallow seated cavern and under high
internal pressure. The study of the cavern shaped effects reveals that the suitable
shape in terms of smaller cavern closure and smaller plastic zone is the spherical

shaped cavern (Model SP10).



CHAPTER VI

COMPUTER MODELING FOR CAES

6.1 Objective

The objective of computer modeling explained in this chapter is to study the
behavior and mechanical stability of rock salt around the cavern for compressed air
energy storage technology. The simulation results will be presented in forms of
vertical and horizontal closures of cavern wall, surface subsidence, octahedral shear
stress and octahedral shear strain, maximum and minimum shear stresses, maximum
and minimum shear strain that affect the behavior and stability of the cavern at the
period of 20 years after the construction and operation. The results from the
calculation will be used to determine the optimum (minimum and maximum)
pressures for CAES cavern. The non-linear finite element program, GEO (Serata and
Fuenkajorn, 1991, 1992a, 1992b; Stormont and Fuenkajorn, 1994; Fuenkajorn and
Serata, 1994) and the salt property parameters (from Wetchasat, 2002) are used in the
computer modeling.

The study has been carried out in 3 stages: 1) to find the minimum suitable
internal pressure, 2) to find the maximum suitable pressure, and 3) to study the effect

of cyclic loading by the internal pressures derived from stages 1 and 2.
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6.2 The Study Area

The sequences of rock salt in Thailand have been compiled by many
investigators (Suwanapal, 1992; Japan International Cooperation Agency, 1981;
Suwanich and Ratanajaruraks, 1982; Suwanich, et al., 1982, Yumuang, et al., 1986;
Japakasetr and Suwanich, 1977). They are obtained from the borehole logging
conducted as part of the potash exploration project in the northeast of Thailand. The
locations of the 118 boreholes are shown in Figure 6.1 (Japakasetr, 1985). Wetchasat
(2002) carried out the mechanical classification of the area from data of exploratory
wells. The classification was based on thickness and depth of rock salt layers. The
rock salt units were then classified into 5 corresponding areas as shown in Figure 6.2.
The locations (village, district and province) are tabulated in Table 6.1. The rock salt
strata existed in Thailand are relatively thin and shallow compared with the rock salt
existed in the United States and Germany. Therefore, the specified areas of study are
based on engineering geology that emphasizes thickness and depth of rock salt and
nearby rock strata. After consideration of the thickness and depth of rock salt among
5 areas, the area of Ban Nong Pu, Borabue District, Maha Sarakham Province where
the exploratory well no. K-089 located is chosen for modeling of CAES cavern. This

area represents the thickest and deepest rock salt stratum.

6.3 The Properties of Rock Salt and Associated Rocks

Before starting to construct the model, the mechanical properties of rock salt
and rocks in vicinity of the study area (exploratory well K-089) have been classified.
Three groups of rocks had been re-classified according to their similarity in

mechanical properties, including associated rocks, rock salt and sandstone/siltstone.
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Lower Rock Salt and Potash Horizon did not reach

Figure 6.1 Locations of drilled holes for potash and rock salt exploration

(Japakasetr, 1985). The study area is around borehole No. K-089.
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Figure 6.2 Simplified stratigraphy of salt and associated rocks in Sakon Nakhon
and Khorat Basins, after reclassification into three geomechanic groups

(Wetchasat, 2002).
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Table 6.1 Example areas in Sakon Nakhon and Khorat Basins (Wetchasat, 2002).

Basins Areas Neares-t
Exploration
Ban Khao, Muang, Udon Thani K-006
Wat Nonwiake, Ban Srimuang, Wanorn Niwat,
Sakon Nakh K-048
1. Sakon Nakhon | ©@¥0n Naxhon
Wat Umpawan, Ban Kudjig, Wanon Niwat, K-055
Sakon Nakhon
Ban Po Phan, Na Chuak, Maha Sarakham K-087
2. Khorat
Ban Nong Plue, Borabue, Maha Sarakham K-089
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The associated rocks include all geological formations between and above the salt
formations (e.g., anhydrite, mudstone, clay, clay stone, siltstone, conglomerate,
terrain sediment, alluvial deposits, etc.). The rock salt group represents the upper salt,
middle salt, and lower salt beds. The sandstone/siltstone group represents all rock
formations below the salt formations. The specified properties of those rocks are
summarized in Table 6.2. The properties of rock salt used in the model are the same
properties as explained in Chapter IV. Whereas the associated rocks properties are
obtained from the database of GEO-software. The properties of these rocks do not
change with time and they are rather constant, and do not directly affect the stability
of the cavern. The mechanical properties selected from the database are the most

conservative.

6.4 Mesh Construction

The computer model of solution cavern has been created in the 2-dimensional
finite element mesh which has cross-section covering the surface to the sandstone and
siltstone layer underlying the lower salt. The CAES cavern is modeled to have volume
of 260,000 m® which is a normal size of cavern designed in other countries.
Furthermore the cavern is designed for storage of air for electricity generating in the
period of 20 years operation. The cylindrical cavern with half-spherical shape at the top
and bottom is designed to have dimensions of 50 m-diameter and 150 m-height. The
cavern roof is designed at 600 m deep from ground surface. Thus, the cavern situates at
around the middle part of the rock salt layer.

The finite element mesh has its symmetrical axis at the middle part of the

cavern. The study assumes that hydrostatic stresses acted on the vertical plane across
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Table 6.2 Properties of rock salt and associated rocks used in the computer modeling

(Wetchasat, 2002).

Properties Symbols| Units Asls{(:)ccilz::ed Rock Salt Sgﬁ?ssttoolilee/

Shear Modulus Gy GPa 0.3 8.8 13.8
Retarded Shear Modulus G, GPa 0.3 1.1 13.8
Elastoviscosity V, GPalday 0.3 9.1 34
Plastoviscosity V4 GPalday 2.8 17.2 13.8
Ultimate Bulk Modulus K, GPa 1.7 41.1 82.8
Retarded Bulk Modulus K> GPa 1.4 4.9 82.8
Critical Strain of Failure Ye 10” 10 2 2

Pressure Gradient Porad kPa/m 25 20.8 25
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the cavern at the center. The finite element mesh consists of nodes and elements. The
mesh size is created to be small around the cavern wall because the stress and strain
gradients are high on this zone. Hence, at the area far away from the cavern wall
where stress and strain gradients are lower, size of elements are bigger.

Figure 6.3 illustrates the finite element mesh created for the study in this
chapter. The right and upper boundaries locate at 500-m distance from the cavern
center (20 times of cavern radius). Stress acted on the right-side is a static load and
there is no load acted on the upper part. The pressure acted in the internal walls is
varied according to the objectives of the study. The upper and right boundaries can
move freely in both x- and y-directions. The left boundary which is a symmetrical
axis is freed in y-direction but is fixed in x-direction. The bottom boundary is fixed in
y-direction. Elements in the cavern are not shown in the figure, so that the cavern
boundary can be seen in the finite element mesh. The mesh is composed of 1,234
elements and 1,295 nodes. The smallest element at the cavern wall is 3%5 m? in size.

Hypothesis used for designing the cavern layout is that the cavern used for
CAES has to be a single cavern and situated apart from other underground
engineering structures for at least 20 times of its diameter. This is to prevent the
mechanical effects from the adjacent structures. The computer analysis will prove

whether the specified distance as a fore mentioned is enough or not.

6.5 In-situ Stress
The stresses in rock salt and associated rocks used in the computer modeling are
assumed to be hydrostatic which depends on depth and density of the rock layers.

Therefore the wvertical stress and horizontal stress at any depths can be
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calculated from the density at any depth in the model. This assumption is probably
close to the actual condition because geology of the north east region is a shallow
basin in between the high land. Although the in-situ stress has never been measured,
the calculation by using hydrostatic pressure is conservative estimate especially for
design and analysis.

The pressure gradient of rock salt in relation with depth is approximately
21 kPa/m (0.93 psi/ft). Whereas the pressure gradient of those upper and lower lying
beds is approximately 25 kPa/m (1.2 psi/ft). These values have been converted to the
stress acting around the cavern as data input for computer analysis. These values are
multiplied by depth according to the location in the finite element mesh. The internal
pressures of the cavern are varied from 20% to 90% of stress level at the cavern roof.
These values will be used also to find the internal pressure at specified depth of the

cavern roof.

6.6 Results from Computer Calculation

6.6.1 Minimum Internal Pressure

Results from the study of the maximum internal pressures of the cavern
are shown in detail in Appendix B. Comparison of vertical closure at the axis of cavern
after 20 years of construction shows that the vertical closures with the internal pressures
of 10%, 20% and 30% of in-situ stress at the cavern roof are 2.5%, 2.1% and 1.5%,
respectively. The rate of surface subsidence during the first 10 years after construction
is higher than those of the second 10 years after construction (Figure B.1).

Comparison of the horizontal closure after 20 years of construction

reveals that the horizontal closure with internal pressure of 10%, 20% and 30% of
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stress at cavern roof equal 6.8%, 4.7% and 4.1% near the cavern roof, 8.7%, 5.8% and
4.3% at the middle of cavern, and 11.2%, 7.8% and 5.2% near the cavern floor,
respectively (Figures B.2 to B.4). The comparison shows that the maximum
horizontal closure is located at the lower part of the cavern and minimum horizontal
closure is located at the upper part of cavern meanwhile the horizontal closure at the
middle part of cavern will be between the upper and lower parts. The horizontal
closure measured at the 3 locations tends to increase very quickly during the first year
after construction then slow down and remains constant.

Comparison of surface subsidence above the cavern axis occurred
during 20 years after construction shows that the surface subsidence is higher in the
cavern with lower internal pressure. At the internal pressure of 30%, the surface
subsidence after 20 years of construction is only 15 cm. Meanwhile, at internal
pressures of 10% and 20%, the surface subsidence increases tol8 and 25 cm,
respectively. It is also observed that the surface subsidence occurs very quickly in the
first 6 months after construction and becomes constant through 20 years after
construction (Figure B.5).

Distribution of octahedral shear stress along horizontal distance of
480 m from cavern wall at the upper, middle, and lower parts of the cavern wall and
at different periods of 1 day, 10 days, 100 days, 1 year, 5 years, 10 years and 20 years
show the same tendency. The maximum octahedral shear stress is at the cavern wall
in the first day after construction and it decreases with time (Figures B.6 to B.14).
Comparison of the octahedral shear stresses occurred at 20 years for different internal
pressures indicate that the octahedral shear stress is a function of the internal pressure.

The octahedral shear stress is low when the internal pressure is low. In contrast, at the
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distance far from the cavern wall, the octahedral shear stress is independent of the
internal pressure. The octahedral shear stress is high when internal pressure is low
(Figures B.15 to B.17). Distribution of the stresses around the cavern studied in
3 levels of the internal pressure shows the tendency that the stress mainly distributes
at the upper and lower corners of the cavern. The magnitude of the principal stress
has a tendency to decrease from the edge of the cavern into the rock salt layer
(Figures B.18 to B.20).

Similarly, the distribution of octahedral shear strain around the cavern
studied at 3 levels of internal pressure also shows the same tendency as the octahedral
shear stress distribution. The octahedral shear strain tends of concentrate at the upper
and lower corners, and decrease as the distance from the cavern increases (Figures B.21
to B.23).

Vector for magnitude and direction of the major principal stress in the
rock salt layer at around the cavern decreases as internal pressure increases. The
study shows that at internal pressures of 10%, 20% and 30%, the maximum stress
equals 28.33 MPa (4,108 psi), 28.32 MPa (4,107 psi) and 28.27 MPa (4,100 psi),
respectively. The maximum stress concentrates at the upper and lower corners of the
cavern (Figures B.24 to B.26).

Vector for magnitude and direction of the major principal strain in rock
salt around the cavern decreases as internal pressure increases. For the study of
cavern with internal pressures of 10%, 20% and 30%, the maximum strains are
93%, 53% and 18%, respectively. The higher magnitude and direction of major
principal strain distribute at the upper and lower corners of the cavern (Figures B.27

to B.39).
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6.6.2 Maximum Internal Pressure

In order to determine the safe maximum internal pressure, modeling
behavior of cavern with internal pressures of 80% and 90% of the stress at the cavern
roof has been performed. It is found that the vertical closures at the cavern axis after
20 years of construction are 0.09% and 0.04% when internal pressures equal 80% and
90% of the in-situ stress, respectively. The vertical closure is high during the first
year and eventually becomes constant (Figure B.30).

Comparison of horizontal closures at the upper, middle and lower parts
of cavern at 20 years shows that at the internal pressures of 80% and 90% of the
in-situ stress at the cavern roof, the vertical closure equals 0.54% and 0.37% at the
upper part, 0.8% and 0.6% at the middle part, and 0.7% and 0.5% at the lower part. It
can be seen that the maximum vertical closure is at the middle part. The vertical
closure at the 3 locations tends to increase very quickly during the first year after
construction, and after that becomes constant. The higher internal pressure, the
vertical closure is lower (Figure B.31 to B.33).

The surface subsidence at 20 years after construction shows that at
internal pressures of 80% and 90%, the surface subsidence equals 15 cm. The surface
subsidence at 2 stress levels occurs very quickly during the first 6 months of the
construction, and becomes constant through 20 years (Figure B.34).

Distribution of the octahedral shear stress along horizontal distance of
480 m from cavern wall at the upper, middle, and lower part of the cavern wall, and
with different periods of 1 day, 10 days, 100 days, 1 year, 5 years, 10 years and
20 years shows similar results at low stress level. The octahedral shear stress is

highest at the cavern walls, and decreases until constant at the distance far from the
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cavern. In respect of time, it is found that the octahedral shear stress at the wall is
high during the first day after construction, and after that it becomes lower and
eventually constant (Figures B.35 to B.40). The octahedral shear stress is a function
of the internal pressure. At the location far from the cavern wall, the octahedral shear
stress is independent of the internal pressure. There, the octahedral shear stress is
high when internal pressure is low (Figures B.41 to B.43). Distributions of the shear
stresses around the cavern at internal pressures of 80% and 90% of the in-situ stress
show the same tendency. Shear stress decreases as a distance from the cavern wall
increases, and becomes constant at the upper and lower corners (Figures B.44 and
B.45).

Distribution of the shear strains around the cavern at the internal
pressures of 80% and 90% of the in-situ stress shows the same tendency as it
decreases when the distance from the cavern wall increases, and concentrates at the
upper and the lower corners (Figures B.46 and B.47).

Vectors for magnitude and direction of the major principal stress in rock
salt layer around the cavern decrease as internal pressure increases. The study shows
that at the internal pressures of 80% and 90% of in-situ stress, the maximum stresses
equal 27.97 MPa (4,055 psi) and 27.95 MPa (4,054 psi), respectively. The maximum
stress is at the upper and lower corners of the cavern (Figures B.48 and B.49).

Vectors for magnitude and direction of the major strain distributed
around the cavern decrease as the internal pressure increases. The study of cavern
with internal pressures of 80% and 90% of the in-situ stress shows that the maximum
principal strain equals 0.8% and 0.4%, respectively. It concentrates at the upper and

lower corners of the cavern (Figures B.51 and B.52).
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6.6.3 Cyclic Loading Simulation

Suitable internal pressure changed in cycle can be achieved from the
analyses to find the minimum and maximum internal pressures explained in the above
two sub-headings. The suitable minimum pressure is 30% (547 psi) and the suitable
maximum pressure is 90% (1,721 psi) of the in-situ stress at the cavern roof. Results
from the analyses indicate that these pressure levels will result in the most stability of
the cavern.

In the study, modeling of the cavern behavior in the period of 2 months
during operation is performed by applying cycles of changing internal pressures to be
1 round/day (daily cycle). Pressure reduction rate for both compression and release
equals 6.6 bar/hr (95.6 psi/hour). This rate is low compared with the rate accepted for
the Huntorf CAES in Germany which is 15 bar/h (218 psi/hour) (Crotogino et al.,
2001). The compressed air with pressure of 90% of the in-situ stress at the cavern
roof will be released until the internal pressure reaches 30% in the second 12 hours.
Air will be, again, compressed to store air in the cavern with constant rate until it
reaches 90% at the end of 24 hours. Figure B.52 illustrates the change of internal
pressure in each cycle (each day).

Result from the simulation in term of cavern closure at 2 months after
construction and during operation shows that the cavern closure increases very
quickly during the first 20 days, and equals 1.3% of the cavern diameter. After 20
days, it increases at a constant strain rate of 0.004% per day, and it increases up to
2%, eventually (Figure B.53).

The calculated surface subsidence above the cavern axis during

2 months after construction and operation shows that the maximum surface
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subsidence about 50 cm occurs just after starting the operation and becomes constant.
Finally, the absolute settlement is 16.6 cm (Figure B.54).

Vectors for the major principal stress in rock salt around the cavern
reach the maximum value of 30.3 MPa (4,390 psi) and concentrate at the upper and
lower corners (Figure B.55). The maximum strain in rock salt around the cavern is
90% of the in-situ stress. The vectors also concentrate at the lower and upper corners
of the cavern (Figure B.56).

Shear stress around the cavern subjected to internal pressure
concentrates at the upper and lower corners. It tends to decrease as the distance from
the cavern increases (Figure B.57). Similarly, distribution of shear strain around the
cavern concentrates at the upper and lower corners of the cavern (Figure B.58).
Distribution of the octahedral shear stress along the horizontal distance of 480 m from
the cavern wall at the upper, middle, and lower parts of the cavern and at the cycles of
10, 20, 30 and 40 shows that the maximum shear stress is at the vicinity of cavern
walls (Figures 6.59 to B.61).

The results from the computer simulations suggest the minimum and
maximum cavern pressures of 4.0 and 11.9 MPa, and the withdrawal rate of 0.66 MPa
per hour. The cavern convergence or closure tends to be constant through the
20 years of operation. The surface subsidence also shows a low value of 20 cm. The
results from this study imply that the CAES cavern in Maha Sarakham Formation is
feasible in terms of geo-mechanical stability. Additional investigation may be

however required particularly on the in-situ investigation and laboratory testing.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE STUDIES

7.1 Conclusions

The objective of this study is to assess the potential of rock salt in the
northeast of Thailand in terms of mechanical stability by employing laboratory testing
and computer modeling. The results will be used to apply for designing rock salt
cavern and operating pressures for compressed air energy storage. Conservation of
energy in this way will contribute in enhancing of the small power plant efficiency
and also be able to produce enough energy during the peak-demand period of each
day or each month.

The research has been carried out in five stages: 1) literature review, 2) sample
preparation, 3) laboratory testing, 4) computer modeling and 5) result analyses.

From literature review on many references, the mechanical behavior of rock
salt i1s complex and depends on time. This can be seen from various kinds of
equations that have been developed to explain the mechanical behavior of rock salt.
From the study of geological formation of rock salt in Thailand, it is found that only
2-3 areas are suitable for CAES-technology (based on thickness and depth). The rock
salt specimens may have some variations in their physical properties due to the
impurity. Results from testing, therefore, have some variants as reflected in standard

deviation.
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Laboratory testing is aimed to study the rock salt behavior under the cyclic
loading and the healing of rock salt fractures. The laboratory tests consist of 3 series:
1) basic mechanical property test, 2) cyclic loading test, and 3) healing test.

The uniaxial compressive strength test determines the ultimate strength of the
middle salt bed of 30.2 MPa. The specimens are failed at accumulated axial strain of
0.016 to 0.035 with an average critical shear strain of 0.0022. The Brazilian tensile
strength test is performed to measure the ultimate tensile strength of the salt. The
result reveals that the ultimate tensile strengths of the middle salt and lower salt are
1.9 MPa and 1.7 MPa, respectively. The point load test measures point load strength
index of the middle salt and lower salt as 0.6 MPa and 0.4 MPa, respectively.
Conclusion drawn from the test results is that mechanical properties of rock salt from
this source are relatively high compared with other sources from foreign countries.

Results form cyclic loading tests indicate that the permanent strain increases
and accumulates from each cycle until the specimen fails. The number of cycles that
causes failure is a function of differential stress value (between maximum and
minimum stress in each cycle or fatigue stress). Relation between the number of
cycles (N) and the differential stress value (S) can be drawn as: S = 33.61 N0,

Elastic modulus of rock salt derived from the cyclic loading test results
decreases as the number of cycles increases. The elastic moduli are about 20-30 GPa.
This value is the parameter for computer modeling. Strain characteristics observed
from the cyclic loading test are similar to the results from the static creep test.

Healing test on rock salt fractures had been performed by taking into account
of the stress state, time, impurity and fracture conditions. There are two different

types of testing: 1) healing test under normal loading on specimens formed by saw-cut
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fracture and formed by tension-induced fracture, and 2) healing test under confining
pressure on the specimens formed by saw-cut polished surface and tension-induced
fracture. Fracture healing under confining pressure has an advantage over that under
uniaxial loading, in term of the maximum applied pressures. The applied axial load is
limited by the compressive strength of the salt. The healing effectiveness tends to
decrease as the amount of inclusion increases. However, their mathematical
relationship can not be constructed due to the high variation of the results. The
healing effectiveness of salt fractures depends heavily on the origin of the fractures.
The hydraulic conductivity for all salt fractures decreases with increasing applied
pressure and time. This implies that the fracture healing is accompanied by the
fracture closure. Both processes are time-dependent.

Since all fractures tested here are well mated, the impact of fracture roughness
can not be truly assessed. More testing is needed to confirm any mathematical
relationship between the healing effectiveness and the inclusions. For the healing
assessment method, a direct tension test could be used to minimize the impact of the
stress gradient induced along the fracture plane. From the results obtained here, it can
be postulated that under preferable conditions (stress state, time, temperature, purity,
crystal orientation, etc.), a complete healing of salt fractures is possible.

Another work that accompanied with laboratory test is an analysis with an aid
of computer modeling to study the mechanical behavior and stability of rock salt
cavern with different geometry. Evaluation from the cavern closure and plastic zone
distribution around the cavern can be concluded that the spherical shaped cavern is
the most stable shape as the cavern closure is the lowest and having the smallest

plastic zone compared with other shapes. For elliptical shaped caverns, stability
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decreases when the ratio of major to minor axis increases. The plastic zone is 2-3
times of the cavern radius.

Modeling of CAES cavern in rock salt is to study the mechanical behavior and
stability of the cavern during operation period. The potential area for study has been
chosen by considering the thickness and depth of the rock salt. Concept of operation
is to decrease and increase the internal pressures in a cyclic manner, between 90% to
30% of in-situ stress in rock salt at the cavern roof. Results from the analysis indicate
that the cavern tends to be stable. The cavern convergence or closure tends to be
constant through 20 years of operation. The surface subsidence also shows a low
value less than 10 cm at two months. In addition, during the injection period, the
fractures are closed as the pressure increased. Then the healing by chemical process
are occurred. It means that the fractures around the cavern can be minimized by this
healing mechanism. It, therefore, can be concluded that a possibility of applying

CAES technology in rock salt in some area in the northeast of Thailand exists.

7.2 Recommendations for Future Studies

The study in this research can be counted as a preliminary guideline and
process of study and design. For detailed study, more laboratory tests should be
performed by emphasizing on the effects of changing in stress levels and temperature.
Rock salt specimen should be obtained directly from the expected construction area so
that the properties will be more reliable for analysis. Suggestions related to the
testing and modeling can be summarized as follows:

1) In order to derive stress characteristics close to the actual conditions,

triaxial cyclic loading test should be performed.
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2) Long-term triaxial creep test should be performed for calibration of
constants used in the creep rule.

3) More healing tests of fractures should be conducted by emphasizing on the
effects of irregularity and impurity which may be significant factors for the
healing process.

4) Equation of relation between stress, time and healing fracture should be
considered in the computer program “GEO” in order to predict fracturing
and healing in rock salt fracture during compressing and releasing air.

5) Rate of air compressing and releasing from rock salt cavern should be
further studied because it is expected that these rates will affect the
mechanical behavior and of rock salt around the cavern.

6) Rock salt specimen should come directly from the potential area, because
properties of rock salt in the Northeast of Thailand may not be consistent.
Therefore, results from other sources may not suitable or good enough for
being a data input in the modeling.

The above suggestions for further study may be costly and time consuming.

However it will be reasonable in term of economical benefit if this CAES-technology
can be applied in Thailand. Furthermore, results from such study will be very useful

in term of academic concern.
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Figure A.1 Comparison of cavern wall closure in x- and y-directions of model SP10
for 20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.2 Comparison of cavern wall closure in x- and y-directions of model SP10
for 20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.3 Comparison of cavern wall closure in x- and y-directions of model SP10
for 20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.4 Comparison of cavern wall closure in x- and y-directions of model SP10
for 20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Comparison of cavern wall closure in x-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.6 Comparison of cavern wall closure in y-direction of model EL15 for 20

years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.7 Comparison of cavern wall closure in x-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.8 Comparison of cavern wall closure in y-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.9 Comparison of cavern wall closure in x-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.10 Comparison of cavern wall closure in y-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.11 Comparison of cavern wall closure in x-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.12 Comparison of cavern wall closure in y-direction of model EL15 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.13 Comparison of cavern wall closure in x-direction of model EL20 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.14 Comparison of cavern wall closure in y-direction of model EL20 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.15 Comparison of cavern wall closure in x-direction of model EL20 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.16 Comparison of cavern wall closure in y-direction of model EL20 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.17 Comparison of cavern wall closure in x-direction of model EL20 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.18 Comparison of cavern wall closure in y-direction of model EL20 for 20
years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.19 Comparison of cavern wall closure in x-direction of model EL20 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.20 Comparison of cavern wall closure in y-direction of model EL20 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.21 Comparison of cavern wall closure in x-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.22 Comparison of cavern wall closure in y-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.23 Comparison of cavern wall closure in x-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.24 Comparison of cavern wall closure in y-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.25 Comparison of cavern wall closure in x-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.26 Comparison of cavern wall closure in y-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.27 Comparison of cavern wall closure in x-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.28 Comparison of cavern wall closure in y-direction of model EL25 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.29 Comparison of cavern wall closure in x-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.30 Comparison of cavern wall closure in y-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 10.34 MPa (1,500 psi).
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Figure A.31 Comparison of cavern wall closure in x-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).
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Figure A.32 Comparison of cavern wall closure in y-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 13.79 MPa (2,000 psi).



213

53

4 ] —~=20%
S’\i . = 30%
e = 0%
8 1 < 50%
Q ) E > 60%
] —~==70%
1 * 0+ 80%
° = 90%

0 — — x |

0 5 10 15 20 25

Years

Figure A.33 Comparison of cavern wall closure in x-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.34 Comparison of cavern wall closure in y-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 17.24 MPa (2,500 psi).
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Figure A.35 Comparison of cavern wall closure in x-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.36 Comparison of cavern wall closure in x-direction of model EL30 for
20 years after construction. The internal pressure in the cavern range
between 20% to 90% of the in-situ stress at the cavern roof. The in-situ

stress at the cavern roof for this model is 20.69 MPa (3,000 psi).
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Figure A.37 Comparison of cavern wall closure in x- and y-directions of model
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SP10 for 20 years after construction. The internal pressure in the cavern
is 20% of the in-situ stress (external pressure). The in-situ stresses for

this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.38 Comparison of cavern wall closure in x- and y-directions of model

SP10 for 20 years after construction. The internal pressure in the cavern
is 30% of the in-situ stress (external pressure). The in-situ stresses for

this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.39 Comparison of cavern wall closure in x- and y-directions of model

Closure (%)

SP10 for 20 years after construction. The internal pressure in the cavern
is 40% of the in-situ stress (external pressure). The in-situ stresses for

this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.40 Comparison of cavern wall closure in x- and y-directions of model

SP10 for 20 years after construction. The internal pressure in the cavern
is 50% of the in-situ stress (external pressure). The in-situ stresses for

this model are 1,500, 2,500, 2,500, and 3,000 psi.



217

2.0 7
16 1 = 1,500psi =72,000psi ™= 2,500 psi < 3,000 psi
S ]
o 127
‘é il
E 1
o 08 N . .
04 4 = = £]1
0.0 = '
0 5 10 15 20
Years
Figure A.41 Comparison of cavern wall closure in x- and y-directions of model
SP10 for 20 years after construction. The internal pressure in the cavern
1s 60% of the in-situ stress (external pressure). The in-situ stresses for
this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.42 Comparison of cavern wall closure in x- and y-directions of model

SP10 for 20 years after construction. The internal pressure in the cavern
i1s 70% of the in-situ stress (external pressure). The in-situ stresses for

this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.43 Comparison of cavern wall closure in x- and y-directions of model
SP10 for 20 years after construction. The internal pressure in the cavern
is 80% of the in-situ stress (external pressure). The in-situ stresses for
this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.44 Comparison of cavern wall closure in x- and y-directions of model

SP10 for 20 years after construction. The internal pressure in the cavern
is 90% of the in-situ stress (external pressure). The in-situ stresses for

this model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.45 Comparison of cavern wall closure in x-directions of model EL15 for

70

60

S

< 50

o

=

2 40

© 3
20

10

|
TTTT T I T T T T I T I T T

20 years after construction. The internal pressure in the cavern is 20%
of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.

—<— 1,500 psi
—=— 2,000 psi
—=— 2,500 psi
—><— 3,000 psi

5 10 15 20

Figure A.46 Comparison of cavern wall closure in x-directions of model EL15 for

20 years after construction. The internal pressure in the cavern is 30%
of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.47 Comparison of cavern wall closure in x-directions of model EL15 for
20 years after construction. The internal pressure in the cavern is 40%

of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.48 Comparison of cavern wall closure in x-directions of model EL15 for
20 years after construction. The internal pressure in the cavern is 50%
of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.49 Comparison of cavern wall closure in x-directions of model EL15 for
20 years after construction. The internal pressure in the cavern is 60%

of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.50 Comparison of cavern wall closure in x-directions of model EL15 for
20 years after construction. The internal pressure in the cavern is 70%
of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.51 Comparison of cavern wall closure in x-directions of model EL15 for

Closure (%)

20 years after construction. The internal pressure in the cavern is 80%
of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Figure A.52 Comparison of cavern wall closure in x-directions of model EL15 for

20 years after construction. The internal pressure in the cavern is 90%
of the in-situ stress (external pressure). The in-situ stresses for this

model are 1,500, 2,000, 2,500 and 3,000 psi.
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Distributions of plastic zone boundary around the cavern (Model SP10)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 10.34 MPa

(1,500 psi).
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Distributions of plastic zone boundary around the cavern (Model SP10)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 13.79 MPa

(2,000 psi).



225

Y-axis (m)

500
450
400
350
300
250
200
150
100
50
0

Cavern
Wall

Figure A.55

P/P, = 20%

P b b b ber e beg e b p b b b g

X-axis (m)

A

TT T T T Tl [T T T T[T T T T [ T T T T[T I T T [ T T T T T I T I [T T T T TTT]T

0 50 100 150 200 250 300 350 400 450 500

Contour interval = 10

Distributions of plastic zone boundary around the cavern (Model SP10)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 17.24 MPa

(2,500 psi).
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Figure A.56 Distributions of plastic zone boundary around the cavern (Model SP10)

for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 20.69 MPa

(3,000 psi).
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Figure A.57 Distributions of plastic zone boundary around the cavern (Model EL15)

for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 10.34 MPa

(1,500 psi).
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Figure A.58 Distributions of plastic zone boundary around the cavern (Model EL15)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 13.79 MPa

(2,000 psi).
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Figure A.59 Distributions of plastic zone boundary around the cavern (Model EL15)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 17.24 MPa

(2,500 psi).
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Distributions of plastic zone boundary around the cavern (Model EL15)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 20.69 MPa

(3,000 psi).
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Distributions of plastic zone boundary around the cavern (Model EL20)
for the internal pressure ranging between 20% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 10.34 MPa

(1,500 psi).
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Figure A.62 Distributions of plastic zone boundary around the cavern (Model EL20)
for the internal pressure ranging between 20% to 90% of in-situ stress

(external pressure). The in-situ stress for this model is 13.79 MPa

(2,000 psi).
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Figure A.63 Distributions of plastic zone boundary around the cavern (Model EL20)
for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 17.24 MPa

(2,500 psi).
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Figure A.64 Distributions of plastic zone boundary around the cavern (Model EL20)
for the internal pressure ranging between 40% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 20.69 MPa

(3,000 psi).
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Distributions of plastic zone boundary around the cavern (Model EL25)
for the internal pressure ranging between 40% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 10.34 MPa

(1,500 psi).
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Distributions of plastic zone boundary around the cavern (Model EL25)
for the internal pressure ranging between 40% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 13.79 MPa

(2,000 psi).
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Distributions of plastic zone boundary around the cavern (Model EL25)
for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 17.24 MPa

(2,500 psi).
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Distributions of plastic zone boundary around the cavern (Model EL25)
for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 20.69 MPa

(3,000 psi).
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Distributions of plastic zone boundary around the cavern (Model EL30)
for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 10.34 MPa

(1,500 psi).
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Figure A.70 Distributions of plastic zone boundary around the cavern (Model EL30)

for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 13.79 MPa

(2,000 psi).
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Distributions of plastic zone boundary around the cavern (Model EL30)
for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 17.24 MPa

(2,500 psi).
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Distributions of plastic zone boundary around the cavern (Model EL30)
for the internal pressure ranging between 30% to 90% of in-situ stress
(external pressure). The in-situ stress for this model is 20.69 MPa

(3,000 psi).
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Figure A.73 Distribution of plastic zone boundary around the cavern (Model SP10)
in x- and y-direction for four depths level which represent by the in-situ
stress of 1500, 2000, 2500, and 3000 psi.
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Figure A.74 Distribution of plastic zone boundary around the cavern (Model SP10,

EL15, EL20, EL25, and EL30) in x-direction for the in-situ stress equal
10.34 MPa (1,500 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure A.75 Distribution of plastic zone boundary around the cavern (Model SP10,
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EL15, EL20, EL25, and EL30) in y-direction for the in-situ stress equal
10.34 MPa (1,500 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure A.76 Distribution of plastic zone boundary around the cavern (Model SP10,

EL15, EL20, EL25, and EL30) in x-direction for the in-situ stress equal
13.79 MPa (2,000 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure A.77 Distribution of plastic zone boundary around the cavern (Model SP10,
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EL15, EL20, EL25, and EL30) in y-direction for the in-situ stress equal
13.79 MPa (2,000 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure A.78 Distribution of plastic zone boundary around the cavern (Model SP10,

EL15, EL20, EL25, and EL30) in x-direction for the in-situ stress equal
17.24 MPa (2,500 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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EL15, EL20, EL25, and EL30) in y-direction for the in-situ stress equal
17.24 MPa (2,500 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure A.80 Distribution of plastic zone boundary around the cavern (Model SP10,

EL15, EL20, EL25, and EL30) in x-direction for the in-situ stress equal
20.69 MPa (3,000 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure A.81 Distribution of plastic zone boundary around the cavern (Model SP10,

EL15, EL20, EL25, and EL30) in y-direction for the in-situ stress equal
20.69 MPa (3,000 psi). The internal pressure in the cavern range

between 20% to 90% of the in-situ stress.
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Figure B.1 Vertical closure at the centerline of cavern for the internal pressures equal
10%, 20% and 30% of the in-situ stress in salt at the cavern roof. The

in-situ stress in salt at the cavern roof for this model is 13.2 MPa.
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Figure B.2 Horizontal closure near the top of cavern for the internal pressures equal
10%, 20% and 30% of the in-situ stress in salt at the cavern roof. The

in-situ stress in salt at the cavern roof for this model is 13.2 MPa.
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Figure B.3 Horizontal closure at the middle of cavern for the internal pressures equal
10%, 20% and 30% of the in-situ stress in salt at the cavern roof. The

in-situ stress in salt at the cavern roof for this model is 13.2 MPa.
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Figure B.4 Horizontal closure near the bottom of cavern for the internal pressures
equal 10%, 20% and 30% of the in-situ stress in salt at the cavern roof.

The in-situ stress in salt at the cavern roof for this model is 13.2 MPa.
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construction. The results are compared for the internal pressure of 10%,
20% and 30% of in-situ stress in rock salt at the cavern roof. The in-situ
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Figure B.6  Distributions of octahedral shear stresses near the top of cavern along

horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 10% of the in-situ stress in salt at the cavern roof. The in-situ

stress in salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stresses near the top of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 30% of the in-situ stress in rock salt at the cavern roof. The

stress in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stresses at the middle of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 10% of the in-situ stress in rock salt at the cavern roof. The

stress in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.10 Distributions of octahedral shear stresses at the middle of cavern along

horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 20% of the in-situ stress in rock salt at the cavern roof. The

stress in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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the cavern is 30% of the in-situ stress in rock salt at the cavern roof. The
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the cavern is 10% of the in-situ stress in rock salt at the cavern roof. The

stress in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stresses near the bottom of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 20% of the in-situ stress in rock salt at the cavern roof. The

stress in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stresses near the bottom of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 30% of the in-situ stress in rock salt at the cavern roof. The

stress in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stresses at the middle of cavern along
horizontal distance from cavern wall (Line a-b) for 20 year after
construction. The internal pressures in the cavern are 10%, 20% and
30% of the in-situ stress in rock salt at the cavern roof. The stress in

rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stress near the bottom of cavern along
horizontal distance from cavern wall (Line a-b) for 20 year after
construction. The internal pressures in the cavern are 10%, 20% and
30% of the stress in rock salt at the cavern roof. The stress in rock salt

at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.18 Contour of octahedral shear stress around the cavern at 20 years after
construction. The internal pressure is constant at 10% of the in-situ
stress in salt at cavern roof. The maximum octahedral shear stress is

equal 3.62 MPa (525 psi).
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Figure B.19 Contour of octahedral shear stresses around the cavern at 20 years after
construction. The internal pressure is constant at 20% of the in-situ
stress at cavern roof. The maximum octahedral shear stress is equal

3.45 MPa (500 psi).
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Figure B.20 Contour of octahedral shear stresses around the cavern at 20 years after
construction. The internal pressure is constant at 30% of the in-situ

stress at cavern roof. The maximum octahedral shear stress is equal

3.62 MPa (525 psi).
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Figure B.21 Contour of octahedral shear strain around the cavern at 20 years after
construction. The internal pressure is constant at 10% of the in-situ

stress at cavern roof. The maximum octahedral shear strain is equal to

10.4%.
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Figure B.22 Contour of octahedral shear strain around the cavern at 20 years after
construction. The internal pressure is constant at 20% of the in-situ

stress at cavern roof. The maximum octahedral shear strain is equal to

9.6%.
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Figure B.23 Contour of octahedral shear strain around the cavern at 20 years after
construction. The internal pressure is constant at 30% of the in-situ
stress at cavern roof. The maximum octahedral shear strain is equal to

7.6%.
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Figure B.24 Principal stresses vectors around the cavern at 20 years after

construction. The internal pressure is constant at 10% of the in-situ

stress at cavern roof. The maximum stress is equal to 4,108 psi (Vector

Scale 20,000 psi/inch).
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construction. The internal pressure is constant at 20% of the stress at
cavern roof. The maximum stress is equal to 4,107 psi (Vector Scale

Figure B.25 Principal stresses vectors around the cavern at 20 years after
20,000 psi/inch).
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Figure B.26 Principal stresses vectors around the cavern at 20 years after

construction. The internal pressure is constant at 30% of the stress at

cavern roof. The maximum stress is equal to 4,100 psi (Vector Scale

20,000 psi/inch).
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Figure B.27 Principal strain vectors around the cavern at 20 years after construction.
The internal pressure is constant at 10% of the in-situ stress at cavern

roof. The maximum strain is equal to 93% (Vector Scale 50% /inch).
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Figure B.28 Principal strain vectors around the cavern at 20 years after construction.
The internal pressure is constant at 20% of the in-situ stress at cavern

roof. The maximum strain is equal to 53% (Vector Scale 50% /inch).
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Figure B.29 Principal strain vectors around the cavern at 20 years after construction.
The internal pressure is constant at 30% of the in-situ stress at cavern

roof. The maximum strain is equal to 18% (Vector Scale 25% /inch).
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Figure B.30 Vertical closure at the centerline of cavern at the internal pressure equal
80% and 90% of the in-situ stress at the cavern roof. The stress in salt

for this model is 13.2 MPa (1912 psi).
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Figure B.31 Horizontal closure near the top of cavern at the internal pressure equal
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Figure B.32 Horizontal closure at the middle of cavern at the internal pressure equal

80% and 90% of the in-situ stress at the cavern roof. The stress in salt

for this model is 13.2 MPa (1,912 psi).
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Figure B.33 Horizontal closure near the bottom of cavern at the internal pressure
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Figure B.34 Surface subsidence at the centerline of cavern for 20 year after

construction. The results are compared for the internal pressure of 80%

and 90% of stress at the cavern roof. The stress in rock salt at the

cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.35 Distributions of octahedral shear stress near the top of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure
in the cavern is 80% of the stress at the cavern roof. The stress in rock

salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.36 Distributions of octahedral shear stress near the top of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure
in the cavern is 90% of the in-situ stress at the cavern roof. The stress

in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Distributions of octahedral shear stresses at the middle of cavern along
horizontal distance from cavern wall (Line a-b). The internal pressure
in the cavern is 80% of the in-situ stress at the cavern roof. The stress

in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.38 Distributions of octahedral shear stress at the middle of cavern along

horizontal distance from cavern wall (Line a-b). The internal pressure
in the cavern is 90% of the in-situ stress at the cavern roof. The stress

in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.39 Distributions of octahedral shear stresses near the bottom of cavern along

horizontal distance from cavern wall (Line a-b). The internal pressure in
the cavern is 80% of the in-situ stress at the cavern roof. The stress in

rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.40 Distributions of octahedral shear stress near the bottom of cavern along

horizontal distance from cavern wall (Line a-b). The internal pressure
in the cavern is 90% of the in-situ stress at the cavern roof. The stress

in rock salt at the cavern roof for this model is 13.2 MPa (1,912 psi).
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Figure B.41 Distributions of octahedral shear stresses near the top of cavern along
horizontal distance from cavern wall (Line a-b) for 20 year after
construction. The internal pressures in the cavern are 80% and 90% of
the in-situ stress at the cavern roof. The stress in rock salt at the cavern
roof for this model is 13.2 MPa (1,912 psi).
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Figure B.42 Distributions of octahedral shear stresses at the middle of cavern along

horizontal distance from cavern wall (Line a-b) for 20 year after
construction. The internal pressures in the cavern are 80% and 90% of
the in-situ stress at the cavern roof. The stress in rock salt at the cavern

roof for this model is 13.2 MPa (1,912 psi).
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Figure B.43 Distributions of octahedral shear stresses near the bottom of cavern
along horizontal distance from cavern wall (Line a-b) for 20 year after
construction. The internal pressures in the cavern are 80% and 90% of
the in-situ stress at the cavern roof. The stress in rock salt at the cavern

roof for this model is 13.2 MPa (1,912 psi).
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Figure B.44 Contour of octahedral shear stresses around the cavern at 20 years after
construction. The internal pressure is constant at 80% of the in-situ
stress at cavern roof. The maximum octahedral shear stress is equal

3.62 MPa (525 psi).
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Figure B.45 Contour of octahedral shear stress around the cavern at 20 years after
construction. The internal pressure is constant at 90% of the in-situ
stress at cavern roof. The maximum octahedral shear stress is

equal3.62 MPa (525 psi).
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Figure B.46 Contour of octahedral shear strain around the cavern at 20 years after
construction. The internal pressure is constant at 80% of the in-situ

stress at cavern roof. The maximum octahedral shear strain is equal

1.1%.
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Figure B.47 Contour of octahedral shear strain around the cavern at 20 years after
construction. The internal pressure is constant at 90% of the in-situ
stress in rock salt at cavern roof. The maximum octahedral shear strain

is equal 0.6%.
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Figure B.48 Principal stress vectors around the cavern at 20 years after construction.

The internal pressure is constant at 80% of the in-situ stress at cavern

roof. The maximum stress is equal to 27.97 MPa (4,055 psi), (Vector

Scale 20,000 psi/inch).
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Figure B.49 Principal stress vectors around the cavern at 20 years after construction.

The internal pressure is constant at 90% of the stress in rock salt at

cavern roof. The maximum stress is equal to 4,054 psi (Vector Scale

20,000 psi/inch).
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Figure B.50 Principal strain vectors around the cavern at 20 years after construction.
The internal pressure is constant at 80% of the in-situ stress at cavern

roof. The maximum strain is equal to 0.8% (Vector Scale 1% /inch).
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Figure B.51 Principal strain vectors around the cavern at 20 years after construction.
The internal pressure is constant at 90% of the in-situ stress at cavern

roof. The maximum strain is equal to 0.4% (Vector Scale 1% /inch).
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Figure B.52

The pressure change for daily cycle in the cavern.

The maximum and

minimum pressures are 90% and 30% of the in-situ stress at the cavern

roof, respectively.
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Horizontal closure at the middle of cavern under cyclic pressurizing.
The maximum and minimum pressures are 30% and 90% of the in-situ
stress at cavern roof, respectively. The stress in rock salt at the cavern

roof is 13.2 MPa (1,912 psi).
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Figure B.54
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Surface subsidence at the centerline of cavern under cyclic pressurizing.
The maximum and minimum pressures are 30% and 90% of the in-situ
stress at cavern roof, respectively. The stress in rock salt at the cavern

roof is 13.2 MPa (1,912 psi).
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Figure B.55 Principal stress vectors around the cavern after 40 cycles of
pressurizing. The maximum and minimum pressures are 30% and 90%
of the in-situ stress at cavern roof, respectively. The stress in rock salt
at the cavern roof is 13.2 MPa (1,912 psi). The maximum stress is

4,391 psi (Vector Scale 25,000 psi/inch).
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Figure B.56 Principal strain vectors around the cavern after 40 cycles of
pressurizing. The maximum and minimum pressures are 30% and 90%
of the stress in rock salt at cavern roof, respectively. The stress in rock
salt at the cavern roof is 13.2 MPa (1,912 psi). The maximum strain is

65% (Vector Scale 2%/inch).
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Figure B.57 Contour of octahedral shear stress around the cavern after 40 cycles of
pressurizing. The maximum and minimum pressures are 30% and 90%
of the in-situ stress at cavern roof, respectively. The stress in rock salt
at the cavern roof is 13.2 MPa (1,912 psi). The maximum stress is 6.90

MPa (1,000 psi), (Contour interval =100).
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Figure B.58 Contour of octahedral shear strain around the cavern after 40 cycles of
pressurizing. The maximum and minimum pressures are 30% and 90%
of the stress in rock salt at cavern roof, respectively. The stress in rock
salt at the cavern roof is 13.2 MPa (1,912 psi). The maximum strain is

90% (Contour interval =0.05).
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Figure B.59 Distributions of octahedral shear stresses near the top of cavern along
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Figure B.60 Distributions of octahedral shear stress at the middle of cavern along

horizontal distance from cavern wall (Line a-b) after 10, 20, 30, and 40

cycles of pressurizing.
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