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ABSTRACT: As underground storages produce gas, rock salt would always be in unloading paths. The
dilatancy behavior of the surrounding rock salt has a great significance for the stability and tightness of the
storages. This study investigated dilatancy properties of the rock salt from unloading paths where the confining
pressure decreased progressively while the axial pressure was kept fixed. The results showed that: the initial
confining pressure value has a rare influence on the dilatancy of the rock salt; an increasing axial pressure can
promote the dilatancy of the rock salt; a slower unloading rate and higher temperature would accelerate the
dilatancy rate and augment the total volumetric expansion. Compared with the results from conventional
loading paths, the compression-dilatancy point is independent of the loading types and remain unchanged in
cyclic loading tests. An empirical model to predict compression-dilatancy point was proposed. This model has
a certain degree of the engineering significance for designing the operating gas pressure and predicting the
dilatancy deformation of the surrounding rock, including porosity variation and permeability.
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1. INTRODUCTION other hand, dilatancy behavior indicates the
development of the plastic deformation in rocks and
In order to respond to the “Paris Agreement” dilatancy angle plays a key role in predicting the
and show China’s determination to enforce failure of rocks [14,15]. Therefore, investigating the
environmental protection, the Chinese government dilatancy behavior of the rock salt could give
is trying to change the energy consumption designers and constructors a better understanding of
structure by increasing the weight of clean energy, salt cavern surrounding rocks. Hunsche and Hampel
like natural gas, in the primary energy [1,2]. In 2017, [16] proposed an elastoviscoplastic constitutive
China’s natural gas import reached 9.2x1010 m?, describing dilatancy, healing, damage, failure, and
having a great increase of 27.6%. However, due to deformation of rock salt. Moghadam et al [17]
the shortage of gas storage facilities, there are improved the elasto-viscoplastic constitutive model
frequent gas supply shortages, which bring a lot of and utilized finite element method to simulate the
inconvenience to people’s lives and generate losses stress variation and ground movement during creep
for the national economy [3,4]. of rock salt around the cavern within the framework
Underground salt caverns with low permeability of large deformations. Walton and Diederichs [18]
and excellent creep performance, is recognized as established a brittle strength and dilatancy models
one of the most effective and stable storage method to predict the stress re-distribution and yield around
for natural gas and oil, etc. [5]. Until now, more than the shaft. Yang and Jing [19] analyzed the effect of
60 salt caverns have been constructed in Europe, bolt number and joint angle on the deformation and
with a working gas capacity of more than 500108 dilatancy behavior of the jointed rock mass. Tan et
mé. At the end of 2012, there were 40 salt cavern al [20] used triaxial compression tests and
gas storages in America [6]. The Chinese numerically simulated to experimentally observe
government is attaching more and more important the permeability evolution during progressive
to the underground salt cavern gas storage (UGS) failure of the granite. Alkan et al [21] reported the
technology, and therefore a large number of UGSs results of an experimental investigation of the
are being constructed. dilatancy behavior and its influence on salt cavern
In terms of a salt cavern, its stability and and implied that the main reason for the isolation
tightness are essential issues. Dilatancy behavior of failure of salt gas storage is the generation and
the surrounding rock is an appropriate indicator development of the dilatancy in the excavated
which can simultaneously reflect the stability and disturbed zone along the boundary of cavity and
permeability change of rock [7-9]. A lot of research rock.
shows that a minor dilatancy (< 0.2 vol.%) can lead Rock pillars between UGSs are usually the weak
to a large increase in permeability [10-13]; on the spots for salt caverns. Figure 1 illustrates a
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representative UGS group, Jintan salt mine, in
Jiansu province, China. When a UGS is producing
gas, the horizontal stress of the pillar rock and
surrounding rock progressively decreases, whereas
the vertical pressure almost remains unchanged.
The deviatoric stress increase may arise a
concomitant dilatancy and induce potential damage
to the stability of UGS. When the UGS is in the
construction or production stage, the surrounding
rock is usually in a state of unloading. However,
most of the aforementioned calculating models and
methods were based on the conventional loading
tests, resulting in limitations of the previous results
applied in analyzing the stability and isolation
performance of salt cavern.

As the dilatancy behavior of the surrounding
rock salt has a great significance regarding the
stability and tightness of the storages, this study
focused on the dilatancy characteristics of the rock
salt from an unloading path to reveal the dilatancy
behavior of the surrounding rock salt during the
construction or production stage of the UGS.

Fig.1 Diagram of the representative underground
salt cavern group. ono is the horizontal stress, e is
the vertical stress.

2. TEST CONDITIONS AND TEST SCHEME
The rock salt samples were collected from the
Khewra salt mine, Pakistan and shaped into

cylinders with 50 mm diameter x100 mm length

Table 3 Test scheme

and its components were examined with X-ray
diffraction analysis (Table 1). The uniaxial
compression strength positions rate and some other
parameters were measured with a group of
conventional  triaxial  (including  uniaxial)
compression tests and shown in Table 2. The
unloading experiments were performed on machine
MTS815.03  Electro-Hydraulic  Servo  Rock
Experiment System.

Table 1 Components of tested rock salt

Mud and

NaCl
aC others

Components K2SO3

Percentage

composition (%) % 31 09

Table 2 Elastic parameters with different confining
pressure

Confining
pressure P ./MPa
Elastic modulus

E/GPa 6.50 7.40 810 8.5
Possion’sratiop  0.07 0.11 0.14 0.16
Compression
strength o, /MPa 47.1 752 89.3 106
Axial strain
correspondingto 89 199 253 29.1
0. (%)

The testing procedures: (i) Preparation phase:
increase hydrostatically up to a level of the
confining pressure, then increase the axial pressure
to a value with a loading rate of 0.02 MPa/s. (ii)
Unloading phase: hold the axial pressure constant
and gradually reduce the confining pressure to 0 by
a constant loading rate. Based on the confining
pressure, axial pressure, unloading rate and the
temperature, 4 groups of experimental tests were
designed and listed in Table 3 in detail.

Groups AXis pressure Confining Tempferature Unloading_ rate
/MPa pressure /MPa /C /MPaes?
Temperature group 25 15 15,30,45,60 0.005
AXis pressure group 20,25,30,35 15 22 0.005
Confining pressure group 25 10,15,20 22 0.005
Unloading rate group 25 15 22 0.005,0.02,0.1,0.5
The plastic volumetric strain was calculated as follows:

225



International Journal of GEOMATE, Nov., 2019 Vol.17, Issue 63, pp. 224- 232

Eqx = AL/L )
&1q = Ax/(2nR) )
‘95 = Eqx + 2610 — O /K (3)

Where AL is the axial displacement measured by a
LVDT device; L is the length of the sample; Ax is
the elongation of extensometer twining around the
sample surface, R is the radius of the sample; om is
the mean stress. K is the bulk modulus. This is
coherent with the results obtained by other scholars
[22-24]. The compression-dilatancy point (CDP) is
defined when the sample has the minimum value of
volume under unloading since after that the sample
starts to volumetrically expand.

3. RESULTS
3.1 CDP in unloading tests

In this work, a positive sign means expansion
while a negative sign would represent compression.
After the preparation stage, some deformation was
produced but was not reckoned in the analysis. All
the deformations started from zero. Figure 2 shows
representative curves of the volumetric strain vs the
stress difference (o7 — a3) from an unloading test.
It can be found that the sample’s volume expands
once the unloading phase starts. Since the confining
pressure was dropping, the bulk stress was
decreasing too. It is not unexpected that the
volumetric strain goes to positive and increases at
the beginning. When the plasticity of the rock salt
initiates, dilatancy occurs and the swell of the
sample accelerates around one point. CDP is
important to estimate the safety risk for UGS
[25,26]. To discern where the dilatancy point lays,
the curve eliminates the elastic deformation. This
was shown in rethe d line (Fig.2), where it can
obviously be seen that sample’ volume developed
through two stages: compression stage in which the
volumetric strain gets smaller and dilatancy stage
where the development trend reverses. The turning
point could be easily recognized as the dilatancy
point (the star in Fig.2). In compression tests, the
elastic volumetric strain was also eliminated. The
dilatancy point was distinguished using the same
method, which will be discussed later.

3.2 Effect of stress
Confining pressure generally plays a role in

preventing the damage, restraining the development
of plastic deformation and microcrack prorogating.
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Fig.2 Representative curves of the volumetric strain
vs the stress difference from axis pressure group test.

This effect had a clear boundary: when the
confining pressure was larger than the critical value,
dilatancy would be strongly controlled and not
occur; in the opposite case, the restrain effect
receded and dilatancy was produced. Dilatancy
point should be this critical value, which was
marked on the curves of the tested samples with
different initial confining pressures (Fig.3). The
results showed that the initial confining pressure has
a rare or inconspicuous influence on the dilatancy
point. A smaller initial pressure does not change the
dilatancy stage but extends the time of the
compression stage and the magnitude of volume
shrink in the test.
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—— P,.J.:IO MPa
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Fig.3 Stress difference vs volumetric strain curves
of the specimens from confining pressure group. Pini
represents the initial confining pressure.

The effect of the axial pressure is different from
that of the confining pressure, remarkably changing
the dilatancy rate and CDP. Figure 4 shows these
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points from the tests under different axial pressures.
As the axial pressure increases from 20 MPa to 25
MPa, 30 MPa, and 35 MPa, the critical deviatoric
stress (the stress state corresponding to the dilatancy
point is called critical stress in this study) changes
from 15.78 MPa to 18.11 MPa, 22.08 MPa, 25.04
MPa, respectively. By fitting, it can be seen that the
increasing axial pressure give rise to a linear
increase in critical stress. Additionally, what is
worth noticing is that the strain rate and the
deformation amplitude (the difference between a
minimum value and end value) in the dilatancy
stage also increase with axial pressure.
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20 25

Stress difference ( o'fo'j) / MPa

Fig.4 Stress difference vs volumetric strain curves
of specimens from the axial pressure group. The
inset in the top-right corner shows the relationship
between axial stress and critical stress. og,
represents the axial pressure. o, represents the
critical stress difference. The critical deviatoric
stresses are 15.78, 18.11, 22.08, 25.04 MPa.

3.3 Effect of unloading rate and temperature

A stage with ever-changing unloading rate is
meaningless for analyzing the effect of unloading
rate. An Electro-Hydraulic Servo System will adjust
the unloading rate when the target value is judged
to be near. After eliminating the inconstant period,
Fig.5 shows the curves from the samples with
different unloading rates and the same stress state.
The influence of the unloading rate on dilatancy
properties of the rock salt is mainly reflected in two
aspects. (i) Both the amplitude of the dilatancy and
the deformation increase with the diminishing
unloading rate. (ii) Decreasing unloading rate
promotes a smaller critical deviatoric stress.
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Fig.5 Stress difference vs volumetric strain curves
of the specimens from unloading rate group. v
represents the unloading rate. The critical stress
differences are 16.58, 18.3, 19.59, 20.5 MPa.

The samples in the temperature group were
tested at 15°C, 30°C, 45°C and 60°C (curves can be
seen in Fig.6) respectively. The effects of
temperature on dilatancy properties of the rock salt
are: (i) a higher temperature brings a smaller critical
deviatoric stress. (ii) As temperature increases, the
dilatancy rate and dilatancy amplitude increase.
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Fig.6 Stress difference vs volumetric strain curves
of the specimens from temperature group. T
represents the temperature. The critical stress
differences are 17.41, 16.01, 15.31, 14.91 MPa.

4. DISCUSSIONS

4.1 Mechanism of dilatancy effected by
unloading rate and temperature

Rock salt is a kind of crystal material. Its plastic
strain is essentially the consequences of crystal
dislocations, which induces the dilatancy
phenomenon [27,28]. Figure 7 shows a group of
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parallel slip lines of dislocations of a sample from
an unloading test. Dislocations will move under a
stress and pile up when countering obstacles. As the
obstructed dislocations are in a certain amount,
ruptures/dilatancy will form. The moving velocity
of dislocations in the crystal can be estimated by the
Egs. (4) and (5) [29].

v=BX (a*)mi 4)
v= vcexp(_il; ) ®)

Where o* is the effective stress, m* is the stress
sensitivity coefficient, related with absolute

temperature T. k is the Boltzmann constant, A/ is
the standard activation energy which is the energy
needed to fully activate the dislocation. v. is the
speed when the standard activation energy is zero.

Fig.7 Dislocation slip line observed in the tested salt
material.

The mechanism of the stress’ effect on dilatancy
is understandable, according to the Eq. (2), and will
not be reiterated here. Unloading rate influences the
dislocation via sliding time. As the stress and
temperature are identical in the unloading rate
group, there will be less time for dislocations to
proliferate and coalesce with predetermined
dislocation under a faster unloading rate and as a
result, grain dislocations have a lower density. The
dilatancy deformation is smaller with a faster
unloading rate.

According to Eq. (5), temperature speeds up the
movement of dislocations. Moreover, a higher
temperature could enhance the thermal motion of
atoms, facilitate dislocations proliferation and help
dislocations overcome the higher level of barriers
[29]. Therefore, a higher temperature induces more
dislocation inside the rock salt, promoting a lager
dilatancy deformation. The CDP marks the
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difficulty degree of the dilatancy deformation. A
higher  temperature  represents an  easier
circumstance for a dislocation to proliferate and
slide.

The obtained results suggest that a relatively
faster injection or production rate is favorable to
UGS, which will cause a smaller dilatancy for the
surrounding rock, especially for the rock pillar.
Regarding the stress effect, the depth of UGS has a
significant influence on the dilatancy, but gas
pressure has little. On the other hand, UGS should
have minimum deviatoric stress in order to prevent
the dilatancy. However, the stress state of a UGS is
determined only after its depth and design operation
pressure is decided, and therefore is impossible to
optionally ~ change. = Temperature is an
environmental variable. As the depth of UGS grows,
the environmental temperature and the axial stress
will increase, leading to an inevitable faster
dilatancy deformation rate. In a word, UGS should
be constructed at a small depth on a promise of
stability and tightness. Since the deviatoric stress
usually comes to the minimum after injection in
summer, the injection rate should be as fast as
possible. After autumn, a slower production in
winter is suggested.

4.2 Critical stress of salt in unloading path

As some scholars assumed [25,26], critical
deviatoric stress has a close relationship with axial
stress. The inset of Fig.4 shows the curve of the
critical deviatoric stress vs the axial stress from the
axial pressure group. By fitting in Fig.8, the
relationship between critical stress and axial stress
could be obtained as Eq. (6).

Gcr(o) = k10qx + by (6)
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Fig.8 Curve of critical stress difference vs logarithm
of unloading rate.
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Fig.9 Curve of critical stress difference vs

temperature.

The relation of the critical stress to the
unloading rate and temperature (Fig.8 and Fig.9)
could be obtained from the unloading rate group and
the temperature group as shown in Egs. (7) and (8),
respectively.

0. (V) = kylnv + b,
o (T) = aT®

U]
(8)

With the limited experimental data, the effects

of stress, temperature and unloading rate are
assumed independent, thus the empirical model of
the critical stress is as follow:
Oor = K10gy + Kplnv + AT? + d 9)
Where T and v are the temperature and the
unloading rate, respectively. Ki, K, and A are the
stress factor, the unloading rate factor and the
temperature factor, representing the factors’ weight.
d is a baseline value; b is a fitting parameter.
K1=1.107, K»=0.841, A=23.489, b=-0.112, d=-5.7.

4.3 Critical stress of salt in

unloading path

loading and

CDPs from loading paths were marked on the
curves of conventional compression tests with
different confining pressures (Fig.10). A small
reduction in the sample volume leads to the
microcrack compaction. The critical stress
increased as expected with the increasing confining
pressure. Comparing the CDPs from loading and
unloading, it can be found that CDPs from the two
different loading types are almost the same (Fig.11),
implying that the CDPs are independent of the
loading type. This suggests that the results obtained
from conventional compression tests could also be
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applied in estimating the dilatancy behavior of salt
caverns as the basic experimental data.
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Fig.10 Curves from conventional compression tests
with different confining pressure.
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Fig.11 Critical stress vs axial stress from
conventional compression tests and unloading tests.
A conventional cyclic loading test was

conducted to examine the CDP behavior with
different damage degree [30,31]. The stress level is
assigned with 3%~85% of the compression stress.
The loading rate and temperature were the same for
the unloading tests. As shown in Fig.12, CDPs in
the cycles just fluctuate within a small range, and
hardly change until failure. That means the critical
stress remains constant as in the first loading. It can
be deduced that the CDP of the surrounding rock of

UGS remains constant during the operation period.

A helpful suggestion could be that the air/gas
pressure inside UGS should remain above the
critical stress so as to avoid dilatancy or large plastic
deformation. Since CDPs are unchangeable, the
basic data can be obtained from typical laboratory
compression tests. Then using Eq. (9), the critical
stress can be calculated for different depths of UGSs.
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Fig.12 CDPs marked by hollow dots on the curve
from cyclic loading tests with a stress level of
3%~85%.
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It should be reminded that these experimental
laws are obtained within the testing scopes. In
China, the universal building depth of salt caverns
generally ranges from 600 m to 1800 m. The
operation gas pressure ranges from 5 MPa to 18
MPa. Accordingly, the vertical pressure and
horizontal pressure of the surrounding rock are in
the interval 15-45MPa and 5-20MPa, respectively.
Experimental scopes in our unloading tests are able
to cover the practical situation acting on the salt
cavern. Therefore, the dilatancy model has a certain
level of engineering significance in designing the
operating gas pressure and predicting the dilatancy
deformation of the surrounding rock, including the
variation of porosity and permeability by
combining the result by Alkan et al [7,21].

5. CONCLUSION

In this paper, the rock salt dilatancy properties
and mechanism under the action of unloading
confining pressure were studied. An empirical
dilatancy damage model was also established.
Besides, many other observations were made.

1) The initial confining pressure value has a little
influence on dilatancy for rock salt. The growth of
axial pressure can promote the dilatancy and
advance the dilatancy point forward. Meanwhile,
the critical deviatoric stress linearly increases with
the axial pressure.

I1) When undergoing the same stress path, the
increasing unloading rate can reduce the dilatancy
amplitude, make the dilatancy point shift backward
and also decrease the rock salt damage. Regarding
dislocation, it was noticed that less time is provided
for dislocations to proliferate or coalesce under a
faster unloading rate.

I11) As the temperature increases, the dilatancy
point of the rock salt will move forward, the
dilatancy rate will speed up and the dilatancy
amplitude will increase. The damage increases as
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the temperature increases. From the prospect of
dislocation, higher temperatures accelerate the
movement of dislocations, causing more plastic
deformation.

IV) CDPs are independent of the loading types
and remain unchanged in cyclic loading tests.
According to the results, it is suggested that UGSs
should be constructed at a small depth for ensuring
stability and tightness. A fast injection rate and a
slower production rate are recommendable. Air/gas
pressure inside UGS should remain above the
critical stress so as to avoid dilatancy or large plastic
deformation.
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