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ABSTRACT

Over 600 Million Years ago, a thick-bedded formation resulted from the halogenic deposits
on the South Western Asiatic Plates, produced a beautiful translucent red earthy material
called “ROCK SALT” which is geologically stable, free from flowing water and practically
impermeable. These deep-seated natural rock salt formations spread over the surface area
of more than 50,000 Sq. Km which covers much of northwestern Rajasthan, India, offers
an ideal medium to safeguard our country’s continuous energy demand by storage of
hydrocarbon in underground salt caverns as well as protect our future and environment by
providing a safe place to permanently dispose the nuclear wastes that would remain

radioactive for thousands of years.

In this context, the present study is an attempt to characterize the thermo-mechanical
behaviour of rock salt of this region through a set of laboratory testing and observe their

geomechanical response in the deep underground caverns.

The research thesis is broadly divided into two parts. The first part discusses the detailed
experimental investigation program, the results of which are covered in Chapters 3, 4, 5,
and 6. The second part of the thesis discusses the detailed design and geo-mechanical
analyses of salt caverns based on the results of experimental investigation taken as a basic

input in Chapters 7 and 8.

The experimental investigation includes the collection of samples, specimen preparation,
and determination of physical, mechanical, rheological, and thermal properties. The stress-
strain behaviour and mechanical properties of rock salt were investigated through uniaxial
and triaxial compression at varying strain rates and confining pressures. The results show
that the rock salt is found to have higher critical stress expressed in terms of the felicity

ratio (FR) of around 0.9 during the entire unloading and reloading excursion cycle up to
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failure. With this critical stress, the stress-strain response of rock salt up to failure, including
the zone of cyclic unloading and reloading can be expressed by a proposed constitutive

model. The governing equation for strain in uniaxial compression test is given as:

(tn) (tn-1) (tn)+0o(tn-1) ,
e(tn) = (252) + T2 (b, — b ) + (L) (1, — 1) if |

do
=
E 27 t

d

0; 09 = 0.4] and

do,

0o (tn)—0o(tn-1) lf [dUO —

e(ty) = e(ty_q) + = — < 0; 0y < 0y and

” >0; 09 < 0gril

The creep parameters of rock salt are estimated from the UCS testing in terms of viscosity

n and strain rate £ through a nonlinear regression analysis and are expressed as:
n= 37 /0%

Viscosity obtained from the proposed relationship based on UCS testing is found to be in

good agreement with the measured values from the creep test.

The time-dependent viscoelastic behaviour of rock salt was captured by performing single
and multi-step constant load creep test in uniaxial condition with a newly designed and
manufactured cantilever type creep testing machine. The result shows that the steady-state
creep rate increases with an increase in deviatoric stress and are approximated by a power

function by the following expression:
ET =Axa"

where, a pre-factor A and stress component, n is estimated as 7 x 107 MPa™ d! and 1.41
from the nonlinear regression analysis. The creep behaviour of rock salt as described by the
proposed constitutive model approximated by power function can satisfactorily describe

the creep strain measured over the operational period of a salt cavity.

Uniaxial compression strength (UCS) tests carried out at various temperatures between 25

and 250°C with a new temperature-controlled testing device has revealed a distinct
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variation of the influence of temperature on the mechanical characteristics of rock salt. An
overall decrease of around 20% in strength for the entire range of testing temperature is
observed. The decrease, however, is more pronounced at temperatures greater than 100°C.
The stiffness (Young’s modulus) of salt decrease at a rate of around 0.025 GPa/K as

temperature increases.

A set of geo-mechanical analyses of salt caverns created through solution mining were
performed using ABAQUS FEA (Finite element analysis) software to assess the
quantitative effects of different design parameters that would be expected in an oil storage
cavern sited within rock salt formation. The parametric study examined the overall
performance of salt caverns by evaluating the displacement field, stress field, creep
displacement, volume shrinkage, ground subsidence, and damage zone surrounding the
cavern. Two commonly used cavern shapes such as cylindrical and spherical of varying
dimensions are considered for this research pursuit. Plots for estimating displacement and

stress during the construction period of a salt cavern of varying shape and size are proposed.

The research pursuit also attempts two case studies. The first case study discusses the
solution-mined salt caverns as a storage alternative for the strategic petroleum reserve
(SPRs) program of India and the second case study entails the feasibility of long-term
nuclear waste disposal repositories. The case study considered the geological setting of the
proposed site location, loading, and geomaterial condition. The results show that the vast
expanse of the bedded salt formation near Bikaner, Rajasthan, offers the possibility of
creating a large inventory of crude oil and nuclear waste repository in underground storage
caverns. A moderate displacement and stress state field with some minor damage and a
maximum volumetric loss of around 10.08% after an operational run of 25 years is expected
in a salt cavern made for oil storage. Nuclear repository room with waste placed inside
observed complete closure in 50-60 years. Disturbed rock zone (DRZ) is limited to the
extent of around 2m near the waste disposal and as the stress drives towards equilibrium,

the waste is expected to be entombed in the rock salt forever.
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