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Abstract
In this paper, the influence of the presence of non-salt interbeds in the vicinity of salt caverns on the stability of the
caverns was investigated. In order to describe the time-dependent inelastic behavior of rock salt, an empirical
viscoplastic creep model bounded by a diagnostic failure criterion was utilized. The creep model is then implemented in
a finite element program to analyze the stability of a storage cavern excavated in a salt formation interspersed with a
non-salt interbed. Finally, stress distribution in the salt formation and time-dependent closure of the cavern obtained by

the finite element analyses are presented and interpreted.
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Introduction

The underground caverns excavated in salt
formations have provided valuable storage capacity for
petroleum products and hazardous chemical wastes. The
maijor factor playing a vital role in a secure underground
storage is the stability of the underground caverns which
is dependent on the inelastic time-dependent or creep
behavior of rock salt. Rock salt surrounding an
underground cavern exhibits progressive time-dependent
in elastic movement which may lead to significant or even
full closure of the cavern, and also stress relaxation can
be encountered around the cavern up to small ultimate
stresses which may lead to the failure of the surrounding
rock salt and instability of the salt cavern. In addition, in
the case of heterogeneous salt formations which are
interspersed with non-salt sedimentary interbeds, the
time-dependent mechanical properties of interbeds have
significant influence on the stability of the underground
caverns. Since the non-salt interbeds show slower time-
dependent movements than the neighboring rock salt
formation, considerable shear stresses develop in the
interbeds which may bring about the failure of the
interbeds. Consequently, in the case of heterogeneous
salt formations, the creep behavior of non-salt interbeds
should be considered in the stability of the underground
caverns.

So far, several viscoplastic constitutive models have
been employed to describe the creep behavior of rock
salt. Among these constitutive models, the empirical
creep model of rock salt developed for the Waste
Isolation Pilot Plant known as the WIPP creep model
(Herrmann et al, 1980a, 1980b) has been utilized
extensively in the stability analysis of salt caverns.
However, the WIPP creep model cannot describe the
failure behavior of the rock salt realistically, and also it
neglects the inelastic volume changes which occur during
the creep of rock salt. In this regard, Cristescu (1993)
presented a procedure to determine a general
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viscoplastic constitutive equation which describes the
creep behavior together with irreversible volume changes
and failure of the rock-type materials, and also he
developed a constitutive model to describe the creep of
rock salt. In another research, Jin and Cristescu (1998)
formulated a viscoplastic constitutive model for transient
creep of rock salt and they employed the model to
analyze the stress distribution around a plane strain
borehole excavated in rock salt using a finite element
procedure. Paraschiv-Munteanu and Cristescu (2001)
derived a semi-analytical procedure based on finite
element discretization for the analysis of stress variation
during creep of rock salt around a plane strain borehole
which describes transient and steady state creep as well
as failure of the rock salt. Moreover, within the same
framework, investigations of Yahya et a/. (2000), Peric
and Crook (2004) and Heusermann et al. (2003) are
worth mentioning.

The objective of the present paper is to propose a
procedure for stability analysis of underground caverns
excavated in heterogeneous salt formations interspersed
with non-salt interbeds. The WIPP creep model of rock
salt is combined with the short-term failure criterion
proposed by Cristescu and then the resulting elasto-
viscoplastic constitutive model is employed by a finite
element code to analyze the stability of the salt caverns.
Also, the creep behavior of the non-salt interbeds is
described by the developed constitutive model using
some modifications in the material parameters. Finally,
the effect of the non-salt interbed thickness on the
stability of the underground cavern is investigated.
Constitutive model of rock salt

The time-dependent inelastic behavior of rock salt is
described using the WIPP viscoplastic constitutive model.
Also, as the time intervals considered in this paper are in
a range that steady state creep is dominant, transient
creep is neglected. In this section it is assumed that
compressive stresses and strains are positive while
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tensile stresses and strains are negative. The constitutive
equations are written in terms of engineering stress oand
strain € which are written in vector form as follows:

(1)
)

The constitutive functions are defined in terms of
stress invariants, namely mean stress o0, and the second
deviatoric stress invariant /> 'defined as
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Where o denotes the deviatoric stress vector. In addition,
the octahedral shear stress 7and the effective stress g4
are defined by the following equations:

=25, :\E@ ©)

It is assumed that the total strain € can be decomposed
into an elastic part & and a viscoplastic part &, and
therefore the total strain can be expressed as
E=¢,+¢, (7)

As only the steady state creep is considered in this paper,
Eq. (7) can be rewritten in the rate form as
E=E,+E, =E,+Ep (8)
where over-dot represents time rate of change and the
superscript Stindicates steady state. The failure criterion
is defined as the locus of maximum values of octahedral
shear stresses determined with standard triaxial tests in
relative short time intervals. The following equation
proposed by Jin and Cristescu (1998)
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Fig. 1. The schematic geometry of the cavern
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Where D and M are material constants, Ais the universal
gas constant, @Q is the activation energy and 7 is the
temperature in degrees Kelvin (K).
Finite element analysis results

The elasto-viscoplastic constitutive model presented
in the previous section is employed by a finite element
code to analyze the stability of a cavern excavated in a
salt formation interspersed with a non-slat interbed. In

Table 1. Material parameters for WIPP steadly state creep model of the rock salt

has been used to represent the short- D
term failure surface. - Q R T |y yz

i Parameter | {11 . M\ (Cammole) | (Cavmole.y | (k) | (MP3) | (MP2) | ¥
fr=n=n eXP[‘% a*j ©) Value 0.1257 | 4.9 | 12000 1.987 304 | 38 349 | 349

In this equation, 77 is the octahedral shear stress at
failure, y;, y2and y3 are material constants and o-is the
unit stress. In addition, the parameter short-term failure
ratio, i.e. SFR, is defined as the ratio of the current
octahedral shear stress to the failure octahedral shear
stress as follows:

t
srr="1)

Ty
Finally, the WIPP steady state creep flow rule utilized in
this paper is defined by the equation bellow:
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(10)
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order to study the effect of the non-salt interbed thickness
on the stability of the cavern, the analyses are performed
for different non-salt interbed thicknesses. The
axisymmetric initial geometry, boundary conditions and
the axisymmetric finite element meshes utilized for the
analyses are shown in Fig. 1 and 2 (a-c).

As seen from the figures, the vertical displacements
at the bottom of the model are restrained and the cavern
internal pressure p is assumed to be equal to 0 and 5
MPa. For simplicity, /in situ stress state before excavation
of the cavity is assumed to be hydrostatic, and therefore
the boundary conditions at the outer surface of the model
are assumed to be hydrostatic.
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Fig. 2. Finite element configuration of the cavern (a) 10 m interbed thickness (b) 50 m interbed thickness
(c) 100 m interbed thickness
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The material properties for the WIPP creep model are
presented in Table 1, and also elastic modulus, Poisson’s
ratio and the density of the rock salt along with non-salt
formations are given in Table 2. Moreover, the non-salt
formations exhibit significant creep behavior even though
these formations creep at lower rates than rock salt.
Therefore, for simplicity, the creep model used for rock
salt with second order of magnitude lower steady state
creep rate than that of rock salt is utilized to represent the
time-dependent behavior of the non-salt formations.

The stability analyses results are presented in Table
3 for both cases of p=0 and p=5 MFa. Also, Fig. 3 (a-c)
show the SFR contour for p=5 MPa at time =30 years
and the variation with time of the cavern relative closure,
i.e. the ratio of the cavern’s volume reduction to the
cavern’s initial volume, is plotted in Fig. 4.

X

According to the analyses results, in the case of p=0,
although for greater interbed thicknesses up to about 50
mthe cavern stability maintain for shorter periods of time,
for interbed thicknesses greater than about 50 m the
instability of the cavern occurs later as the interbed
thickness increases. In addition, it can be observed that,
a greater interbed thickness brings about a wider domain
with greater SFR value distributing along horizontal
directions which can lead to the migration of the stored
material and occurrence of hazardous events. It should
also be mentioned that, due to stress relaxation around
the cavern surface the rate of relative closure of the
cavern decreases steadily, and also in the case of thicker
non-salt interbeds the underground cavern shows slower
relative closure.

Table 3. Stability analysis results

: ; Non-salt Internal
Table 2. Material pro,tlyg;'ll;?eaiig' ;ock salt and non-salt interbed Pressure Time (day) Max SER
Material Elastic Poisson’s Densit}/ thickn1egs () (M(,)Da) 3101.896 1027
Modulus (MPa) ratio (kg/m”) 10 5 11059' 179 0'556
Overburden 22 0.25 2500 50 5 11025.789 0.376
formation 50 0.20 2500 100 5 11008.490 0.369
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Fig. 3. SFR contour (a) 10 m interbed thickness (b) 50 m interbed thickness (c) 100 m interbed thickness
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Fig.4. Variation with time of the cavern relative closure
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Conclusions

In the present paper, stability analysis of an
underground cavern excavated in a salt formation
interspersed with a non-slat interbed has been performed
for different non-salt interbed thicknesses using a
viscoplastic constitutive model comprising of WIPP model
and Cristescu’s failure criterion. The constitutive model
has been implemented into a finite element code and the
stress variation and ground movement during creep of
rock salt around the salt cavern has been analyzed.
According to the analyses, greater interbed thicknesses
bring about a wider domain with greater risk of failure
distributing along horizontal directions which can lead to

the migration of the stored material and occurrence of
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hazardous events. Also, in the case of thicker non-salt
interbeds the underground cavern shows slower relative
closure.
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