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Abstract

Underground caverns in rock salt deposits are the most secure disposal method and a type of gas-storing
facility. Gas storage plays a vital role in ensuring that a strategic relationship is secured between an
established energy infrastructure provider and a midstream energy company. The Fischells Brook area is a
pillow-shaped body of salts located in the St. George's Bay area of southwest Newfoundland, which has
three layers of salt beds, and is capable of excavating caverns for the storage purposes. The development of
cavern facilities requires the stability analysis through numerical models and experimental facilities. This
work was motivated to examine the engineering feasibility of the salt cavern characteristics in this area, and
to investigate its stability under creep behavior. An experimental test facility was developed to investigate
the constitutive parameters governing the creep of rock salt, and the constitutive parameters were
implemented into a developed finite element model to investigate the stability of the cavern over a 5-year
period. Also a stress-based dilatancy failure envelope was developed to interpret the results of the numerical
model, and to conduct sensitivity analyses for different design scenarios. The design recommendations
developed in this study will be implemented as a key part of an engineering feasibility study for underground
caverns in salt deposits in western Newfoundland.

Keywords: Salt Cavern, Steady-State Creep Model, Dilatancy Envelope, FEM, Uniaxial Creep Test, Cavern
Closure.

1. Introduction

Salt rock due to low permeability and high depending on the stress and temperature

ductility is an ideal material for the storage of
underground natural gas, hydrocarbons, and
radioactive wastes. Salt rock storage is usually
produced by the dissolution process, and it
facilitates higher pressure storage than surface
storages. The land area required, less sensitivity to
ambient excitations, and a lower dissolution cost
compared to excavation are other advantages of
the underground salt caverns. One of the critical
design issues of the underground salt caverns is
the time-dependent closure of the cavern due to
the creep behavior of the salt. A salt rock displays
a different time-dependent behavior from a
solution-precipitation creep to the dislocation
process, steady-state micro-cracking, strain
weakening, and plastic viscous deformation,

conditions [1]. At the engineering stress and
temperature conditions under the ground, a salt
rock exhibits a steady-state creep behavior. The
creep behavior is induced by the shear stress
around the cavern, which is the result of the
difference between the cavern inside pressure and
the in situ stress in the surrounding salt. Damage
progresses with the progress of the creep, and
causes the micro-fracturing and spalling of the
cavern roof, and, finally, failure of the casing seat.
Therefore, the time-dependent creep behavior of
the salt cavern must be investigated, and the
geometrical and operational parameters of the
cavern are required to be developed by modeling
this phenomenon.
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In order to investigate the creep behavior of the
salt, the constitutive model of the rock salt must
be established and implemented into numerical
models to study the creep behavior of the cavern
under a prescribed pressure over a long time
period. The creep behavior of a salt rock can be
divided into three major stages: transient, steady-
state, and tertiary. The steady-state creep behavior
is the dominant type of behavior in the
underground salt cavern, and numerous empirical
models have been developed to model this
behavior. The power law creep relation is the
most accepted model used in the creep studies on
the salt, and accounts for the principal stress
differences, deviatoric stress, and temperature
effects. The creep rate in the steady-state is
constant, and the creep deformation is irreversible.
Further discussion on the different creep
behaviors of the salt can be found in the literature
review section. The power law model has
coefficients and constants, which should be
investigated by experiments to develop the model
for any particular type of rock salt.

The engineering creep tests for salts are usually
carried out to develop the quantitative constitutive
law which is implemented into numerical models
to design a cavern. Three types of tests are
common for the creep study of the salt: constant
stress test, constant strain rate test, and relaxation
test. Among these three tests, constant stress tests
are ideal for determining the steady-state creep
behavior of the salt, which is useful for the
numerical modeling of a salt rock cavern over a
long period of time. This test can be done in
configurations such as the uniaxial and triaxial
compressions. The applied stress value has been
suggested to be approximately 60% of the UCS
tests to precisely predict the creep behavior. The
creep test results obtained are normally used to
calibrate the standard creep models, which can
then be used for the engineering analysis, design,
and modelling. The calibration is based on the
steady-state strain rate developed from the creep
tests. In this investigation, a hydraulic frame
actuator was developed to achieve the target stress
level. Multi-staged constant stress tests were
selected based on the stress levels that represented
the depths of the Fischells Brook deposit. Also,
the UCS tests were conducted to investigate the
strength of the overlying formations.

Numerical modeling is the most efficient and
cost-effective tool to determine the creep closure
of the cavern over long time periods. The
ABAQUS Explicit solver package® was used to
develop the finite element model of the cavern,
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and to study the creep behavior of the cavern and
the developed stresses under the overburden and
gas pressure inside the cavern. The creep model
developed in the experimental studies was
assigned to the salt material to study a 5-year
creep behavior. Different scenarios for the cavern
aspect ratio and the gas pressure inside the cavern
were assumed, and the developed state of stress
(effective, normal, tangential, and shear stress)
were calculated. Also, the displacement values
and contours were determined for each analysis,
which clearly depicted the closure direction and
severity. The state-of-the art numerical modeling
of the cavern can be found in the literature review
section.

A criterion is required to evaluate the results of
the numerical or experimental analyses of the
caverns under any state of stress. The creep in the
salt causes an irreversible dilatancy, and, therefore,
the stress-based dilatancy criteria were considered
in most of the failure theories in salt caverns
under any state of stress (e.g. [2-6]). This
envelope is based on the first invariant of the
effective stress tensor (I;) and the second
invariant of the deviator stress tensor (J,). Based
on the Mohr-Coulomb failure envelope and the
friction angle of the salt, a dilatancy failure
envelope was developed in this study to evaluate
the state of stress and damage of the cavern under
scrutiny.

The numerical model developed in this study is a
tool for developing the key engineering design
guidelines regarding the underground salt caverns
in the Fischells Brook area in western
Newfoundland. Section 2 introduces the site
location and surface description, and reviews the
relevant literature about the deformation behavior
of the salt rock, creep models, failure criteria, and
numerical studies of the underground salt caverns.
Section 3 describes the experimental setup and the
tests performed to develop a creep model of the
salt rock. Sections 4 and 5 present a review of the
developed numerical model and design scenarios
of the cavern geometry and operating pressures
and numerical simulation results, and a discussion
of the design parameters. Section 6 is comprised
of a discussion, conclusions, and future research
directions.

2. Literature review
2.1. Rheology and time-dependent deformation
behavior of salt rock
Low permeability and high ductility are the
factors that make a salt rock an ideal material for
underground gas storage. A homogenous rock salt
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mainly consists of halite with a grain size of 1-50
mm, and the internal friction angle ranges from
35° to 40° [7]. In the elastic deformation region,
the salt rock is molded using the Hook’s law. In
the inelastic region, the actual deformation
behavior of the salt is dominated by the time-
dependent deformation (creep). The creep
behavior of the salt rock can be divided into three
major stages: transient, steady-state, and tertiary.
In the first stage of the creep, the creep rate is
decelerating, and the creep deformation may be
recovered. In this stage, the creep rate decreases
until it reaches a steady-state rate. In the second
stage, the creep rate is constant, and the creep
deformation is not recoverable. In this stage, the
creep continues indefinitely under constant
loading. In the last stage (tertiary creep), the creep
rate is accelerating toward rupture. The tertiary
stage is not of engineering interest in salt rock, as
it happens at high strain rates in the laboratory,
not in situ conditions with much lower strain rates
[1]. In the engineering range of stress and
temperatures, the rock salt undergoes both the
transient and steady-state creep, and it is the
geological time interval which dictates the creep
regime of the material. At slow strain rates (less
than 10° s™), the salt can continue to deform
indefinitely in the steady-state stage without
undergoing internal damage leading to tertiary
creep. The creep is more rapid in conditions with
higher temperatures, higher differential stress, and
higher depth. This means that the closure of the
cavern is always an engineering consideration
while developing salt caverns.

Rheological models of salt creep range from
elastic creep models with and without creep
recovery to viscoplastic models [8, 9]
Generalized visco-elasticity models with creep
recovery are a proper engineering approximation
for creep models of salt caverns. The viscoelastic
and visco-plastic models have been studied by
many researchers in the last 30 years [10, 11].
Moreover, experimental studies have been
conducted to validate the developed models. The
most widely used steady-state creep salt model is
the Norton creep law (also called the power-law
creep model), which is based upon the steady-
state strain rate and the maximum deviatoric stress
difference [12, 13]:

. —Q
¢ = A(01 — 03)" exp(r) @
where € is the steady-state strain rate, A is an
empirically-measured material-dependent
parameter, o, and o5 are the principal stress
values, T is the temperature in kelvin, R is the
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universal gas constant, and Q is the activation
energy of the given mechanism. The exponent n is
the stress component, which should be evaluated
empirically for different salt rocks. The exponent
n in the power law equation can be determined by
conducting a series of experiments at different
stress levels at a constant temperature. Frayne et
al. [14] have analyzed three mines (700-1050 m of
depth) and long-term public domain creep data,
and have concluded that n = 3 works in several
practical mines and caverns [14, 15].

The power law equation in a constant temperature
test can be simplified as [12]:

€=A(0; —03)" 2

The creep models for the commercial finite
element packages can be categorized as the time-
hardening creep law, strain-hardening creep law,
and Singh-Mitchell creep law.

The first model, which is a form of the power law
creep model, is the most common one used, while
the stress in the material remains essentially
constant:

€= A"(o; —o3)"

The A and n values are the inputs to the FEM
models, and can be determined using the
experimental creep studies.

@)

2.2. Failure criteria for creep-induced damage
of salt rocks

As mentioned earlier, the salt under the shear
stress developed by the in situ stress and cavern
pressure creeps (dilates), resulting in micro-
fracturing and weakening of the cavern roof. In
other words, the shear stress as a result of the
creep goes above the shear strength of the salt. A
criterion is required to interpret the results of the
numerical or experimental analyses of the gas
caverns under any state of stress. Chan et al. [16]
have investigated three creep rupture criteria, the
dilatancy, minimum strain rate, and damage
variable criteria. The creep in salt causes
irreversible dilatancy and, therefore, the stress-
based dilatancy criteria have been considered in
most of the stability analyses of the salt caverns
(e.g. [2-6]).

All the developed salt dilation criteria are based
on the envelope developed by the experimental
creep analyses for the first invariant of the
effective stress tensor (the value for the excess
pore fluid pressure is subtracted from that for the
stress tensor) and the second invariant of the
deviator stress tensor. Spiers et al. [17] have
conducted a constant strain rate in triaxial
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compression stress experiments, and have derived
a linear relationship between the first invariant of
the stress tensor and the second invariant of the
deviator stress tensor in units of MPa:

J2=0271; + 6.4 4)

In another study, Ratigan et al. [18] have
developed a criterion based on the volumetric
strain rate as negative for the non-dilating
boundary and positive for the dilating boundary.
The dilating and non-dilating boundaries were
presented as a linear relationship between the first
invariant of the stress tensor and the second
invariant of the deviator stress tensor in units of
MPa:

V2 =0271 (5)

Also, Hunsche [19] has conducted triaxial tests to
measure the volumetric strain values, and acoustic
emission rate to develop a
dilatancy/compressibility envelope. The volume
increase is called dilatancy, and the volume
decrease is called compressibility. The dilatancy
envelope developed by Hunsche [19] is in terms
of the octahedral shear stress and octahedral mean
stress, and can be converted to an envelope in
terms of the first invariant of the stress tensor and
the second invariant of the deviator stress tensor:

2
\/]_=\/1_.5(f1%+f2%1) (6)

Mean stress [20], intermediate stress [21],
temperature [6], pore pressure [22, 23], and
bedding plane orientation are the variables that
affect the dilatancy envelope of salt. The
previously discussed dilatancy envelopes did not
consider the mean stress (the envelope had no

intercept on the 11—\/E plot). Moreover, the
developed envelopes were linear, and did not
consider the Lode angle effect. A new method for
developing a stress-based dilation envelope
considering the above fact has been proposed by
DeVries et al. [20], and the goal was to enable the
comparison of the stress state determined around a
cavern by the experimental tests. DeVries et al.
[20] have implemented a power fit on the data
points of the values for the second invariant of the
deviator stress tensor and the first invariant of the
stress tensor. This theory is based on the
projection of the stress components to the m-plane
(the vertical plane to the hydrostatic axis). Due to
this projection, the neglected effect of the Lode
angle and the mean stress in the older criteria are
considered. In this model, the Mohr-Coulomb
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failure theory in triaxial extension-compression is
rearranged in terms of stress invariants:

J2 =

Spcos@ — oy, sing
V3 sin @
A (1 + 3 )

Where the + sign is for extension and the — sign

is for compression. S, is the material cohesion, ¢

is the internal friction angle, oy, is equal to 1;/3

(one third of the first stress invariant), and J, is the

second invarient of the deviator stress tensor. In

the most conservative case, where the internal
friction angle is considered as zero, the equation
can be simplified to:

_%%
V=7

The above equation could be considered as a
power law fit in the I; — /], plot. The values for

\/E and I, for different types of salts can be
determined using the triaxial test or uniaxial test
accompanied by the Mohr failure envelope for a
certain friction angle. The method proposed by
DeVries et al. [20] was implemented in this study
to develop a dilatancy failure envelope for the salt
rocks drilled in the Fischells Brook area.

()

(8)

2.3. Numerical studies of underground salt
caverns

During the last 10 years, various studies have
been performed to study the cavern stability and
investigate the parameters affecting it. In all of
these models, an empirical creep model has been
developed and imported to the numerical model.
The overburden was modeled with either the
elastic models or the classic Mohr-Coulomb
model. The finite element or finite difference
computational schemes were implemented to
integrate the models, and parametric studies were
performed to study the effects of the cavern roof
thickness, operating pressure, geometry and
overburden stiffness on the stability and closure of
the cavern.

Hoffman and Ehgartner [24] have developed a 3D
finite element model to investigate the effects of a
number of caverns on storage losses, surface
subsidence, and cavern integrity. Using an
accumulated stability criterion, the larger cavern
fields are expected to have a shorter life. Adams
[25] has developed guidelines for the gas pressure
inside the cavern using a 2D finite element model.
The minimum and maximum gas pressure and the
proper distance between the adjacent caverns were
investigated. DeVaries et al. [20] have developed
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a finite element model to evaluate the effects of
the cavern design parameters (roof thickness,
depth, and aspect ratio) on the minimum
allowable gas pressure of the cavern. They
developed a new dilatancy criterion to evaluate
the simulation results. The results obtained have
shown that the state of stress is alternating
between tension and compression near the wall of
the cavern. Han et al. [26] have developed a finite
difference model in FLAC3D® for a single-
bedded salt cavern. A viscoplastic Drucker-Prager
represented the salt formation and an elastic or
Mohr-Coulomb model for the non-salt formations.
They studied the cavern damage over a year and a
15-year time period. Moreover, parametric studies
were performed to study the effects of roof
thickness, overburden stiffness, and cavern
geometries on its stability. It was concluded that
deformation is high around the cavern roof and
corners, while the stress is high around the cavern
wall and hydrostatic pressure results under the
most stable cavern conditions. Also, large caverns
were found to be less stable compared to the small
ones, while a thick cavern roof increases the
stability of the cavern, and a softer overburden
results in the spall of the cavern roof. Ardeshiri
and Yazdani [27] have studied the influence of
faults on the seismic behavior of the underground
caverns using the FLAC2D® explicit finite
difference program. A dynamic non-linear
analysis was performed under an earthquake
ground motion at the bottom of the model. It was
concluded that the most critical state of the
damage is the case when the fault intersects the
cavern roof. Hilbert and Exponent [28] have
investigated the casing failures associated with the
caverns in bedded salt domes using a finite
element model. It was concluded that a low-gas
pressure in the cavern causes damaging tensile
stress in the casing, while a high-gas pressure
results in the micro-fracture of the cavern and
instability of the cavern roof. They also concluded
that the location of the casing shoe and the input

gas temperature are important in the casing failure.

Ma et al. [29] have investigated the convergence
of salt caverns in an ultra-deep formation at high
temperatures using the creep tests. They
conducted experiments to investigate the effect of
temperature and deviatoric stress on the creep
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behavior of the salt samples drilled in the
Jianghan basin. It was found that the effect of the
deviatoric stress was greater than the effect of
temperature on the creep behavior. Then, using
the creep model developed in the experiments,
they developed a finite element model for a
cavern with a certain volume, and imported the
model to FLAC3D® for a geo-mechanical analysis
to study the effect of the cavern pressure on its
convergence ratio and volume loss. It was
concluded that the injection and withdrawal of the
gas did not affect the convergence ratio, whereas
the inner pressure affected the convergence by a
linear relationship. Nazary Moghaddam et al. [30]
have developed a Lagrangian finite element
formulation of the salt cavern with an elasto-
viscoplastic constitutive model for the salt to
evaluate the dilatancy and creep of the cavern in
short terms (SFR) and long terms (LFR). Peric’s
viscoplastic model has been implemented to
model the transient creep, and the Cristescu’s
steady-state model has been used to study the
stead-state creep. The stress variation and ground
movement were investigated for an axisymmetric
model of the cavern. A detailed explanation of the
finite element model developed in this research
work can be found in section 4.

3. Experimental investigation

3.1. Site location and surface description

The Fischells Brook area is located in the St.
George's Bay area of southwest Newfoundland,
10 km south of the St. George's basin, flowing
east to west. The rocks at St. George's Bay are
from part of a carboniferous basin extending from
New Brunswick and Nova Scotia to southwest
Newfoundland, filled predominantly with non-
marine clastic sediments but with an incursion of
deposits in a long narrow basin trending NE,
overlying a basement of older rocks. Fischells
Brook is a pillow-shaped body of salts that
ascends 800-900 m from its stratigraphic level and
invades the overlying rocks, rather than having a
classical dome. It was discovered in the 1950-
1960's during a gravimetric survey of the St
George's carboniferous basin, which was known
to contain evaporite horizons and anhydrite mined
at several places. The location of the Fischells
Brook area is depicted in Figure 1.
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Figure 1. Fischells Brook area in southwest Newfoundland [31].

Fischells Brook consists of 3 salt units, the upper
and middle halites, which include many clay beds,
some K-salts and minor anhydrite and the basal
halite, comprising a great thickness of massive
rock salt. The rocks at St George's Bay are filled
mainly with non-marine clastic sediments, in
which a sequence of evaporites and limestones are
precipitated. The gray shale layer is the top layer,
which has insoluble residues left from the salt
dissolution. Fischells Brook is a typical diapir of
salt that rose 700-800 m from its original level,
and is pillow-shaped with gently-sloping sides and
ends rather than a steep-sided dome. The minerals
available in the formations are Halite, Sylvite,
Carnallite, Polyhalite, Anhydrite, and Gypsum.

3.2- Multi-stage creep test

Creep tests are usually conducted to develop a
constitutive law for engineering materials. Three
types of tests are common in the engineering
creep studies: constant stress tests, constant strain
rate tests, and relaxation tests, for which a strain
increment is applied. Among these three tests, the
constant stress test is ideal for deterring the
steady-state creep behavior of the salt, which is
useful for the numerical modeling of the salt rock
cavern over a long period [1, 32]. Servo hydraulic
compression test machines have been widely used
to maintain the constant load during the creep test.
However, the servo hydraulic machines are not
financially efficient for long creep tests. In this
investigation, a hydraulic frame actuator is
selected to achieve the target stress level. Multi-
staged constant stress tests are performed for this
investigation based on the stress levels that are
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representative for the depths of the Fischells
Brook deposit. The stress levels are 7.5, 10, and
15 MPa. A hydraulic valve is located between the
hydraulic jack and hydraulic cylinder to maintain
the stress level in the target stress once the
pressure is applied. The creep tests were
performed based on “ASTM D7070” [32]. A
scheme of the creep test rig developed for this
investigation is shown in Figure 2.

Figure 2. Scheme for creep test rig.

The core specimens in this study are retrieved
from the NLDNR Core Storage Facility in
Pasadena, Newfoundland for the geo-mechanics
characterization. Three units within the Fischells
Brook salt deposit (upper, middle, and basal
halite) are under study. Visually, the upper halite
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appeared to have some components of reddish
crystals, possibly potash, while the other 2 units
appeared to be predominantly halite. These
specimens were prepared as “ASTM D4543-08”
[33] to the right circular cylinders with a length to
diameter ratio of approximately 2.0 to 2.1. The
samples were cut by a hand saw without any
water and ground flat and square using a grinding
jig. The end flatness and parallelism tolerances are
checked with procedure PF2. The moisture
condition qualitatively is “as-received”, and the
samples are kept in plastic bags to keep the

moisture as constant as possible during the tests.
A dial gauge is mounted on a rigid base to
measure the axial displacement of the sample. The
data points are recorded for each test in reasonable
time intervals. A line is fitted to the steady-state
level of each test. The stress level in each step is
increased after reaching the steady-state strain rate.
Two samples in each group were tested. The creep
behavior of one of the upper halite samples is
shown in Figure 3, and the associated creep rate in
15 MPa is shown in Figure 4.

Creep Analysis- Sample P1C (Upper Halite)- Pressure 7.5, 10, 15 MPa
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Figure 3. Multi-stage creep test of upper halite sample.
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Figure 4. Estimated strain rate for upper halite sample in 15 MPa.
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The results of the axial strain for one of the
middle halite samples and for one of the basal
halite samples are shown in Figures 5 and 6. The
same procedure was implemented to determine
the strain rate for the middle halite and basal
halite samples, and the estimated strain rates for
the samples are summarized in Table 1.

Based on the estimated strain rates of three types
of salt rocks and the applied stress in uniaxial tests,

the A" and n values are calibrated for
implementation in the developed FEM models, as
follow in Table 2.

Since the state of stress is important in the
overburden formations, the UC tests of the
overlying formations (sandstone and shale) and
the Mohr-Coulomb failure envelope were also
developed in this study. Based on the UCS test
results, the average UCS value for the sandstone
is estimated to be 13.73 MPa, and the average

UCS value for the shale is 43.14 MPa. For each
type of Sandstone and Shale, two specimens are
tested.

Since the dilatancy envelope requires the
hydrostatic difference to determine the deviatoric
stress tensor, uniaxial tests for the basal halite
cores are performed to develop a Mohr-Coulomb
failure envelope. In this investigation, two
uniaxial tests are conducted, and an average UCS
value of 35 MPa is recorded (Figure 7).

It has been shown that most of the salt rocks have
a friction angle between 35° and 40 ° [34]. Based
on an average value for the friction angle (37.5°),
the uniaxial test results could be implemented to
develop the Mohr failure envelope. Using the
average UCS test of basal halite and the average
friction angle, the Mohr envelope of basal halite is
developed, and sketched in Figure 8.

Creep Analysis- Sample P2D (Middle Halite)- Pressure (7.5, 10, 15) MPa
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Figure 5. Multi-stage creep test of middle halite sample.

Creep Analysis- Sample P3D-1 (Basal Halite)- Pressure (7.5, 10, 15) MPa
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Figure 6. Multi-stage creep test of basal halite sample.

212



Ghasemloonia & Butt/ Journal of Mining & Environment, Vol.6, No.2, 2015

Table 1. Estimated steady-state strain rate for three types of salt rocks.

Stress level Upper halite content Middle halite Basal halite
(MPa) (1/min) (1/min) (1/min)
7.5 2.28x1078 4x1077 5.32x1077
10 2.20x1078 1.048x107° 5.043x1077
15 7.075x107° 1.56x107" 8x107"

Table 2. Power law creep multiplier and exponent values for different salt rocks

Salt type A" n
Upper halite 2.096 %1027 3
Middle halite 4.622x107%° 3
Basal halite 2.37x10728 3

UCS Test- Basal Halite Samples (P4A1 and P4A2 Samples)
40
!

First Sample (P4A1)

— Second Sample (P4A2) = —
35

30

25

20 /
15

Axial Stress (MPa)

0 0.01 0.02 0.03 0.04 0.05 0.06
Axial Strain

Figure 7. UCS tests for basal halite.
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Figure 8. Mohr failure envelope for basal halite.
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The values of /], and I; can be determined using
a triaxial test or uniaxial test accompanied by the
Mohr failure envelope for a certain friction angle.
In a triaxial test, the stress tensor is written as:

017 Tiz T3 op 0 0
0=|T21 Ozz T23(=[0 o3 O 9
T31 T3z O33 0 0 o3

where o, is the overburden pressure, and o5 is the
confining pressure. The invariants of the stress

tensor and the deviator stress tensor are
determined as:
I, =041 + 0y, +033 =04 + 203 (10a)
I, = 01102, + 02,033 + 011033 — 0157

— 0,32 — 0132 (10b)

= 20,03 + 03°

1, 1 ,
J2 =§11 - =§(01+203)

— (20,03 + 032) (10c)

= 3 (01— 03)?

Different values of o, and o5 were recorded using
the Mohr envelope, developed in Figure 8. Then,
the corresponding I; and ], values were
determined using the above equations, and plotted
as data points on the /], -I; plot. Then, a power
fir model is implemented to develop the dilatancy
failure envelop, as depicted in Figure 9. This
envelope will be used to evaluate the numerical
results of the FEM model in this study.

Dilatancy Envelope for Basal Halite

[

70— | “ Data Points from Mohr Envelope
— Fitted Dilatancy Envelope

V3, (MPa)

[

[

[ [

4. Finite element modeling of underground
caverns

The ABAQUS Explicit solver package® is used to
develop the finite element model of the cavern,
study the creep behavior of the cavern, and
develop the stresses under the gas pressure stored
inside the cavern. Natural gas caverns are usually
created by the dissolution process, and the normal
shape of the developed cavern is oval. Based on
the map of the salt rock deposits in the Fischells
Brook area, the cavern is located inside the
homogenous basal halite. The overlying
formations are 100 m of sandstone, 100 m of shale,
and 200 m of upper and middle halite. The depth
of the basal halite is 900 m. Four different
scenarios are considered for the geometry of the
cavern based on the aspect ratio (L/d) of the

100

150 200

1, (MPa)

Figure 9. Dilatancy failure envelope for basal halite.
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cavern. The caverns are considered to have the
diameters 100, 200, 300, and 400 m, while the
length of the cavern is considered as 400 m. A
scheme for the cavern and the overlying
formations are shown in Figure 10.

An axisymmetric model is considered for the
numerical analysis, as shown in Figure 11.

Four different material types are defined for the
formations present in the model, and each material
is assigned to a specific formation. In order to use
the “SOIL” analysis in ABAQUS® for creep
studies, the permeability of the pore fluid should
be defined through the hydraulic conductivity and
void ratio. The creep behavior is assigned to each
material based on the coefficients defined in Table
2. The material properties defined in the FEM
model are summarized in Table 3.
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Figure 10. Scheme for formations and cavern model in Fischells Brook area.

Sandstone 105 m
M
i
Upper+ Middle
Halite 201" m

400 m

-
L

500 m

- 800 m >

Figure 11. Axisymmetric model for cavern and formations.

Table 3. Material properties of different formations in FEM model.

Density  Young’s modulus

Material Hydraulic conductivity Poisson’s ratio

(kg/m®) (GPa)
Sandstone 2500 30 NA 0.4
Shale 2500 30 NA 0.4
Upper and middle halite 2200 30 1x 10712 0.4
Basal halite 2200 30 1x 10712 0.4
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The gas pressure inside the cavern is assumed to
be 6 MPa. The axis of symmetry is defined on the
left side of the model and the right and bottom
sides of the model are bounded by the roller-type
boundary conditions. Gravity is applied to the
entire model.

A “GEOSTATIC” analysis is defined as the first
step analysis, which applies gravity to the model
to equilibrate geostatic loading of the finite
element model. The second step is the “SOIL”
analysis to equilibrate any creep effects induced
from the initial geostatic loading step. The non-
linear effect of the large deformations is also
considered in the creep analysis. The initial time
step is defined as 10~7 s, and an automatic time
incrimination with a maximum increment of 100 s
is selected. The creep is modeled in a 5-year
period.

An element size of 100 m is selected for the
analysis, and a mesh convergence analysis is
conducted to ensure the accuracy of the results
with the selected size of the element. The
“CAX8RP” elements are assigned to the entire
model, which is an appropriate element in the
presence of the pore pressure. This is an 8-node
axisymmetric quadrilateral, biguadratic
displacement, bilinear pore pressure, reduced
integration element. Reduced integration is
recommended when second-order elements are
used to achieve more accurate results and less
computational time. The models of different
scenarios are developed, and the FEM analyses
are conducted for all assumed scenarios. The
stress and displacement values are recorded in 10-
minute increments.

5. Simulation results and discussion

The cavern diameter varies from 100 to 400 m,
with an increment of 100 m. The massive salt rock
in Fischells Brook starts at a 400 m depth from the
surface, and continues up to 1300 m from the
surface, and the cavern length of 400 m starting at
a 400 m depth is considered in this study.

The in situ pressure distribution at the end of the
“GEOSTATIC” step is shown in Figure 12, which
is equal to the weight of the overburden. This
pressure gradient will be propagated to the next
step of the analysis, and is considered as an initial
condition for inducing the creep behavior.

The radial displacement for all the four scenarios
after 5 years of creep is shown in Figure 13. The
radial displacement varies from 29 cm for a
cavern with a diameter of 100 m to 55 c¢cm for a
cavern with a diameter of 400 m.
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Figure 12. Pressure distribution after GEOSTATIC
step.

The radial displacement along the center line of
the cavern is compared for the four scenarios in
Figure 14, which verifies that the displacement is
the highest for a cavern with the largest diameter.
The resultant vertical displacement and the radial
displacement for the four scenarios are shown in
Figure 15, which shows the direction of the
closure of the cavern after 5 years. The closure
increases with increase in the cavern diameter.
The state of stress around the cavern is related to
the overburden formation, cavern depth, and
cavern pressure. The stress distribution for the
caverns with the diameters 100, 200, 300, and 400
m are shown in Figures 16-19, respectively.

It is obvious that with increase in the cavern
diameter, the affected shear stress area extends to
a further distance with a higher value near the
corner of the cavern. The developed shear stress is
the main reason for the salt dilatancy near the
cavern, and with increase in the cavern diameter,
the possibility of dilatancy is expected to increase.
This fact can be verified by plotting the
corresponding state of stress in the plot of the
dilatancy failure envelope. In order to depict the
state of stress in the dilatancy failure envelope, the
maximum principal stress values are determined
in each scenario, and, based on Eqg. 10, the values
of I, and J, are determined. The corresponding
states of stress for the caverns with the diameters
100 to 400 m are shown in Figure 20. As it was
expected, with increase in the cavern diameter, the
dilatancy of the surrounding salt increased, and
the state of stress approached the failure state in
the dilatancy plot.



Ghasemloonia & Butt/ Journal of Mining & Environment, Vol.6, No.2, 2015

U, ul

u, U1

+1.613-02 +3.372e-02
-1.019e-02

-2.7436-03

-3.309e-01
-3.674e-01
-4.039-01

iy 2.250e-02 oot

+ e-
YR e +5.137¢-02

+5.2986-05
5.155e-02

5.1276-02
8,918¢-02 2

1.026e-01
1.264e-01

1.535e-01
1.6366-01

2.052e-01
2/00%e-01

2:565e-01
2.381e-01

3.079e-01
2/753e-01

31562e-01
3/125e-01

4.105e-01
-3.498e-01

-4.518e-0L
-3lg70e-01
“2.24ze-01 -3.131e-01

-5.644e-01

Figure 13. Radial displacement for four scenarios of cavern diameter after 5 years of creep.
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Figure 14. Radial displacement along center line of cavern after 5 years.
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Figure 15. Resultant deformation of cavern after 5 years.
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Figure 16. Radial, vertical, tangential, and shear stresses for cavern with d=100m.
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Figure 17. Radial, vertical, tangential, and shear stresses for cavern with d=200m.
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Figure 18. Radial, vertical, tangential, and shear stresses for cavern with d=300m.
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Figure 19. Radial, vertical, tangential, and shear stresses for cavern with d=400m.
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Figure 20. Corresponding state of stress for caverns with diameters of 100, 200, 300, and 400 m.

Equivalent Von Mises stress is a factor that shows
the zones of high shear stress, and is a proper
parameter to determine the spacing with the
neighboring cavern and pillar sizing. The affected
stress area is shown as a contour-plot in Figure 21,
which depicts that the stress affects an area close
to the cavern. It is clear that with increase in the
cavern diameter, the affected stress area extends
to a further distance. Moreover, the horizontal
stress rapidly increases at the cavern wall, and it is
the same as the vertical stresses far away from the
cavern wall. The stress-affected area is about 2.5
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times the diameter of the cavern, and, after this
distance, the vertical and horizontal components
were the same. In other words, the stress
components drop off to the in-situ stress within a
distance equal to a five-cavern radius. Based on
the stress-affected area results, the distance of a
five-cavern radius is suggested for the pillar width.
The finding for the pillar sizing in this research
work is more conservative compared to the pillar
to diameter ratio of 1.8 reported in the previous
studies [35] based on the salt fracture criterion.
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Figure 21. Equivalent Von Mises stress for caverns with diameters of 100, 200, 300, and 400 m.

In order to maintain the developed state of the
stress in the cavern below the state of stress which
causes the salt to dilate, the minimum and
maximum gas pressure inside the cavern should
also be determined. It has been recommended that
the cavern is not maintained at the minimum
pressure for an extended time [20]. The minimum
operating pressure gradient is recommended to be
0.15-0.25 psi/foot, starting at the casing shoe
above the roof of the cavern [25]. The maximum
cavern pressure is suggested to be 0.75-0.8
psi/foot [25]. The gas pressure in the developed
models in this study was considered to be 6 MPa,

which is close to the maximum suggested pressure.

Based on these recommendations and the cavern
depth in this study, the proper pressure range is
1.35-7.25 MPa. In order to investigate the above
pressure range for the cavern under scrutiny in
this study, the cavern with the diameter of 300 m
is modeled with the pressure levels of 1, 5, and
8.5 MPa. The values for the principal stress and
stress invariants are calculated for the pressure
scenarios, and plotted in Figure 22. The 1 MPa
pressure causes the dilatancy and micro-fracture
of the salt near the cavern, and the state of stress
for 8.5 MPa is also very close to the dilatancy
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envelope. The 5 MPa state is far away from the
envelope, and is considered as a safe state of
stress. Also it was concluded that the minimum
gas pressure is more prone to the dilatancy
compared to the maximum gas pressure after 5
years. The FEM study for the caverns with other
diameters delivers the same results. Therefore, the
minimum and maximum operating pressures can
be considered as 1.35 and 7.25 MPa, respectively.
In this research work, the results of the
experimental set up (multi-stage creep tests) were
implemented in the power law creep model of the
FEM model to study the quasi-static creep
behavior of the salt cavern in a long time period in
order to investigate the stability of the cavern
under different design-working scenarios, and to
analyze the cavern closure. Also the experimental
results of the multi-stage creep (stress invariants
of the deviatoric stress tensor) were used to
develop a dilatancy criterion, which was used to
interpret the results of the numerical model for the
stability of the cavern. The pillar size, operating
pressure, and cavern diameter design guidelines
were proposed based on the experimental and
numerical models.
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Figure 22. State of stress in dilatancy envelope for cavern with d=300 m and gas pressures of 1, 5, and 8.5 MPa.

6. Conclusions

The Fischells Brook salt deposit contains salt,
making it suitable for the underground gas,
compressed air, and liquid waste storage. In order
to develop underground caverns, the geo-
mechanics issues of the salt rock must be
investigated to safely design the cavern. The
steady-state creep behavior of the salt rock in
underground caverns is one of the key engineering
behaviors that causes the micro-fracture and
closure of the cavern. The stability of the cavern
under creep is dependent on some parameters
such as the cavern size, operating pressure, and
pillar sizing. Numerical modeling is the most
efficient method to investigate the ideal size and
operating conditions of the salt cavern. An
empirical creep model was required for the
numerical analysis of the cavern. A laboratory set
up for the multi-stage constant stress creep was
developed in this study to investigate the
coefficients of the power law creep model and the
strain rates of the core samples drilled in the
Fischells Brook basin. Then an FEM model was
developed to study the quasi-static creep behavior
and closure of the cavern over a 5-year period. A
dilatancy failure envelope was also developed to
evaluate the stability of the cavern under the
developed state of stress. The dilatancy criterion is
based on the stress invariants of the deviatoric
stress tensor, which determines the dilatant state
of stress. Different scenarios for the cavern aspect
ratio and the operating pressure were assumed for
the sensitivity analyses. The deformation behavior
and the developed state of stress were investigated
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for each scenario, and the results obtained were
compared with the dilatancy envelope to
determine the stability of the cavern. It was
concluded that the closure and the affected stress
area increase with increase in the cavern diameter.
A pillar size and gas operating pressure range was
also suggested.
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