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a b s t r a c t

To perform a stability evaluation of underground gas storage caverns, the strength reduction finite ele-
ment method is introduced into deformation reinforcement theory (DRT). The stability criterion of gas
storage in caverns is established based on the K � DE curve, where K is the strength reduction factor
(SRF) and DE is plastic complementary energy (PCE). With respect to the state of instability, PCE quantita-
tively indicates the global stability of gas storage caverns, whereas the unbalanced force (UF) clearly
specifies the local failure position and failure mode of gas storage caverns. A comparison between the
results of geo-mechanical model testing and numerical simulation verifies the correlation between the
UF and failure. DRT is applied to the stability evaluation and failure analysis of a gas storage double cav-
ern, as well as the projected performance of rock salt gas storage caverns.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rock salt has become an ideal medium for energy reserves
because of its notably low permeability and self-healing properties.
Unlike the thick salt domes located outside of China that have been
formed by marine deposits, rock salt in China possesses a stratified
structure formed by lake deposits. Rock salt layers have a small
thickness, a large number of insoluble intercalations and a shallow
burial depth [1]. When intensive underground gas storage caverns
are constructed in such rock salt, the global stability evaluation and
control as well as failure analysis of such caverns arise as key prob-
lems that need to be solved.

The main problems associated with geotechnical stability
include those pertaining to the stability of slopes, the bearing
capacity of foundations and the stability of underground caverns.
The theoretical basis for addressing these problems is limit analy-
sis theory. With the development of numerical analysis methods in
the second half of the 20th century, the finite element method
(FEM) was introduced into limit analysis. The FEM overload
method and the FEM strength reduction method were then devel-
oped to determine the ultimate load and stability safety factors
[2,3]. It is argued that the finite element method of stability analy-
sis has broad application prospects because of its simplicity and

practicability and its widespread use should now be standard in
geotechnical practice [4–6].

When the FEM strength reduction method is utilised to analyse
stability, one critical problem that is faced is determining how to
judge whether a rock mass has reached its ultimate failure state
according to the results obtained by the FEM. For the stability
analysis of a slope, the plastic zone connection, the divergence of
the numerical results obtained by the FEM, and the variation in
strain and displacement are typically utilised to determine
whether the slope reaches its ultimate failure state.

To date, the traditional numerical method has typically been
used to analyse the stability and failure of underground energy
storage caverns.

Gnirk and Fossum [7] studied the stability and design criteria of
underground caverns used for compressed gas storage in hard rock.
Yoichi and Yamashita [8] utilised the elastic FEM to study the
stability of side-by-side caverns and were the first to develop with
the critical stability indicator as a stability criterion of caverns.
Heusermann et al. [9] utilised the ADINA and LUBBY2 models to
analyse the nonlinear stability of rock salt caverns. Yoshida and
Horii [10] utilised the continuum method of micromechanics to
study the stability of underground caverns in jointed rock masses.
DeVries et al. [11] studied the roof stability of gas storage caverns
in bedded rock salt. In summary, stability and failure criteria are
mainly limited to the stress, displacement and plastic zones.

However, there are several critical problems that need to be
solved when performing global stability evaluation and failure
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analysis of underground gas caverns. First, quantitatively eval-
uating the global stability of intensive gas storage caverns is essen-
tial to the optimisation of the arrangement and mode of operation
of such caverns. However, using current conventional elastic–plas-
ticity analysis, it is still too difficult to produce a quantitative sta-
bility criterion. Second, there is a wide range of plastic zones in gas
caverns that are on the verge of failure; therefore, a more effective
indicator in plastic zones is needed to better reflect the failure
positions and failure modes of gas caverns.

Yang and Liu et al. [12,13] conceived of the concepts of plastic
complementary energy (PCE) and unbalanced force (UF) and have
conducted many studies to develop deformation reinforcement
theory (DRT). DRT provides a good theory for solving the
above-mentioned problems. DRT mainly addresses the post-failure
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(a) Stable state      (b) Reinforced stable state

Fig. 1. Sketch of the stability of a single rigid block.

Fig. 2. Elastic–plastic stress adjustment.

Fig. 3. K � DE curve of entire failure process.

(a) Plastic zone (b) UF

Fig. 4. Plastic zone and UF.

Table 1
Prototype material parameters.

Material E (GPa) m c (MPa) h (�) q (kg m�3)

Rock salt 18 0.3 1.0 30 2150
Mudstone 4 0.3 0.5 30 2800

Table 2
Model equivalent material parameters.

Material E (MPa) m c (MPa) h (�) q (kg m�3)

Rock salt 45 0.3 2.50 � 10�3 30 2150
Mudstone 10 0.3 1.25 � 10�3 30 2800

(a) Small block

(b) Model construction

Fig. 5. The small block and model construction.
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