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Abstract: In order to study the influence of different confining pressures on the stability and
airtightness of dolomite underground gas storage, a permeability test under hydrostatic confining
pressure, conventional triaxial compression test and gas–solid coupling test under triaxial compression
were carried out on MTS815 test machine. During the tests, an acoustic emission (AE) monitoring
system was also employed to estimate the rock damage. The experimental results showed that the
relationships between permeability, porosity and hydrostatic confining pressure were exponential
function and power function, respectively. Increasing confining pressure reduced the porosity
and permeability of dolomite, and increased its triaxial compressive strength, but the addition
of nitrogen reduced the compressive strength of dolomite by 10~30%, the higher the confining
pressure, the smaller the difference. Compared with the maximum permeability under 15 MPa,
confining pressure in the gas–solid coupling experiment, the maximum permeability under confining
pressure of 30, 45, and 60 MPa is reduced by 42.0%, 84.4%, and 97.9%, respectively. In addition,
the AE activity of dolomite decreases significantly with the increase in confining pressure, which also
delayed the arrival of the AE active period.

Keywords: dolomite; confining pressure effect; permeability characteristics; acoustic emission

1. Introduction

In order to reserve energy resources, many countries choose to build underground storage [1–3].
Many international scholars have started theoretical research on the construction of salt cavern gas
storage in the 1960s and 1970s [4,5]. The construction of underground gas storage in China started
relatively late. There are 25 underground gas storage stations distributed all over the country to provide
dispatching work for peak natural gas consumption [6]. Many gas storages in the world are built in
salt caverns, and the surrounding rocks and caprocks are salt rock minerals with stable mechanical
properties and high purity. Moreover, the geological distribution of salt mound is relatively simple.
The surrounding rock is of high-purity salt rock. The lithology of caprock is mainly salt-bearing rock,
such as anhydrite [7], argillaceous salt rock, dolomite, limestone [8], etc. In the process of construction
of underground energy and gas storage in China, different caprocks and lithology will inevitably
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lead to different tightness of underground gas storage. The proven caprock lithology of underground
gas storage in China mainly includes salt rock [9], gypsum rock [10], dolomite [11], limestone [12],
mudstone [13], etc. These typical caprock rocks can be basically divided into soft rock, represented by
salt rock, and hard brittle rock, represented by dolomite.

In view of the particularity of caprock in underground gas storage, many international scholars
have studied the mechanical properties of caprock from experimental and theoretical perspectives,
and obtained some achievements. As early as 1979, Tillerson [14] discussed the creep law of salt
rock and analyzed the long-term stability of underground gas storage in salt caverns by means of
conventional creep test and numerical simulation. In 1984, Hansen et al. [15] carried out a quasi-static
triaxial compression test and rock facies study of natural salt rock in different areas, pointed out the
mechanical characteristic parameters of each kind of salt rock, and evaluated the physical deformation
state of natural salt rock. Based on the extended Drucker Prager law, Hunsche et al. [16,17] studied the
relationship between peak strength and residual strength, confining pressure and loading path during
the failure process of salt rock under true triaxial compression. Ni Xinfeng [18] analyzed the diagenetic
characteristics and the main controlling factors of airtightness of Cambrian subsalt dolomite reservoir
in central Tarim Basin. Based on in situ core sampling and thin section micro-analysis, Shao L. [19]
focused on the petrological and reservoir characteristics of dolomite reservoir in Tarim Basin. The study
on the geomechanical genesis of dolomite reservoir by two Chinese scholars greatly enriched the
research results of dolomite caprock in oil and gas storages in this area.

The effectiveness of caprock in underground gas storage involves not only stress and deformation,
but also gas tightness. Permeability is an important parameter which can reflect whether the gas
tightness is good or not. De Las Cuevas [20] studied the relationship between porosity and permeability
characteristics of salt rock by means of meso observation and from the perspective of pore characteristics.
Colin J. Peach [21] obtained the influence characteristics of brittle plastic deformation on permeability
of salt rock according to the permeability test during the loading process of synthetic salt rock.
Benjamin Michael Tutolo [22] analyzed the seepage path in a CO2 sealed reservoir according to the
permeability change in dolomite reservoir. According to the evolution characteristics of acoustic
emission in the process of rock seepage, Jiang Changbao [23] analyzed the relationship between coal
seepage characteristics, acoustic emission characteristics and energy dissipation based on the seepage
evolution in the process of coal cyclic load failure. Similarly, Guo [24] analyzed the permeability change
law and acoustic emission evolution characteristics during the coal-loading failure process according
to the permeability test experiment of coal samples under cyclic loading. S. D. Butt [25] studied
the permeability characteristics and AE characteristics of easily outburst sandstone in underground
coal mine of Nova Scotia, Canada, based on the rock permeability equipment and acoustic emission
monitoring device that were independently developed.

Although the research on the cap rock of underground gas storage has achieved initial results,
most of them are soft rock such as salt rock, and the research on hard brittle caprock such as dolomite
is not enough. As typical carbonate caprock of gas reservoir, dolomite is supposed to have excellent
characteristics such as a compact structure, low permeability, good gas sealing capacity, etc. Therefore,
it is necessary to study the mechanical properties and permeability characteristics of dolomite caprock,
so as to explore its stability and airtightness as an underground gas storage caprock. In this paper,
the permeability test under hydrostatic confining pressure, conventional triaxial test and gas–solid
coupling test under triaxial compression were carried out for a dolomite gas storage in Xinjiang, China.
The influence of confining pressure on the mechanical properties, acoustic emission characteristics and
permeability characteristics of dolomite under different test conditions was studied.
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2. Experiments

2.1. Specimen Preparation

The dolomite used in those tests was taken from one gas storage of China, and all specimens were
from the same rock block, whose depth was about 1200 m. According to the standard of engineering
rock mass test method [26], the dry turning lathe method was adopted to process the specimen with
a diameter of 38 mm and a height of 76 mm, as shown in Figure 1. The rock powder of this batch
of specimens was tested by X-ray diffractometer. The X-ray diffraction (XRD) analysis results of the
dolomite are shown in Figure 2. The mineral composition of the dolomite was 90% dolomite, 5% quartz,
2% calcite, 2% feldspar and 1% clay minerals.

Figure 1. Dolomite specimens.

Figure 2. X-ray diffraction analysis results of dolomite.

2.2. Testing Apparatus and Methods

The test was divided into three parts. In the first part, in order to obtain the variation rules of gas
permeability and porosity parameters with confining pressure, AP-608 overburden permeameter was
used to test the permeability of two dolomite specimens, whose basic parameters are shown in Table 1,
under different hydrostatic confining pressures. Figure 3 shows the test equipment and schematic
diagram. The equipment consists of a computer data acquisition system, gas seepage system and
hydrostatic confining pressure loading system. The maximum confining pressure can be loaded to
65 MPa, the permeability measurement range is 0.0001~10 mD (1 mD = 0.982 × 10−15 m2), and the
minimum porosity can be measured to 0.1%. Stable nitrogen was used as seepage medium in this test.

Table 1. Dolomite specimens in this part (1 mD = 0.982 × 10−15 m2).

Specimen Number Diameter D/mm Height H/mm Mass m/g Density ρ/g·cm−3 Initial Porosityω/% Initial Permeability K/mD

d-1 37.91 75.92 233.01 2.72 4.22 1.54

d-2 38.09 76.01 232.75 2.69 4.67 1.98
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Figure 3. AP-608 overburden permeameter and its principle.

The transient gas pulse attenuation method [27] was used in the test, and the principle is shown in
Figure 3. During the test, open valves F1~F6, close F7, inject nitrogen into the upper and lower ends of
the specimen to ensure that the air pressure at both ends of the specimen is constant at P0. Then close
valves F1 and F3, and slowly open and close F7 valve repeatedly to reduce the air pressure at the lower
end of the specimen to form a stable initial pressure difference ∆P. Under the action of gas pressure
difference, the gas pressure at the upper end decreases and the pressure at the lower end rises, until the
air pressure at both ends reaches a new equilibrium state. According to the attenuation formula of gas
in the rock specimen and the parameters of the specimen itself, the permeability calculation formula
under this method can be obtained

k = ln(
∆P0

∆Pt

µηL
At

)/(
1

V1
+

1
V2

) (1)

where ∆P0 is the initial pressure difference between the two ends of the sample (MPa), t is the duration
of one penetration test (s), ∆Pt is the pressure difference between the two ends of the specimen at
t (MPa), µ is the dynamic viscosity coefficient of nitrogen in the permeation medium (Pa·s), η is the gas
compressibility of nitrogen (Pa−1), L is the height of the specimen (m), A is the cross-sectional area of
the specimen (m2), V1 and V2 refer to the volume of upper and lower gas pressure buffer bottles (m3).

Put the specimen into the equipment at room temperature, input the relevant parameters of the
specimen and the target value of hydrostatic confining pressure. After the equipment completes the
sealing self-inspection, the permeability and porosity of the specimen under the hydrostatic confining
pressure can be tested. The hydrostatic confining pressure values of this test are 5, 10, 15, 25, 35, 45,
55 MPa, respectively.

The second part and the third part were the conventional triaxial test and gas–solid coupling test
of dolomite. The specimen parameters of these two parts are given in Table 2. These two tests were
carried out on the improved MTS815 rock mechanics testing system. The gas permeability equipment
developed by ourselves was added to the original system, which can carry out the gas–solid coupling
test. At the same time, the system can monitor acoustic emission in real time. Figure 4 shows the
working diagram, its main operation parameters include the maximum axial pressure of 4600 kN
and the maximum confining pressure of 140 MPa, In addition, the ranges of axial extensometer and
circumferential extensometer of are −5 ± 5 mm and −2.5 ± 8 mm, and its test accuracy is 0.5% RO.
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Table 2. Dolomite specimens in this part.

Test Specimen Number σ3/MPa D/mm H/mm m/g ρ/g·cm−3 ω/% K/mD

Conventional triaxial

d-3 15 38.00 76.05 233.30 2.71 4.20 1.53

d-4 45 37.92 75.89 234.64 2.74 3.99 1.43

d-5 60 38.13 76.17 234.74 2.70 4.15 1.51

Gas–solid coupling

d-6 15 38.15 76.12 238.27 2.74 4.17 1.52

d-7 30 38.09 76.16 239.80 2.76 4.09 1.48

d-8 45 37.98 75.94 237.49 2.76 4.05 1.46

d-9 60 38.11 76.08 238.21 2.74 4.12 1.50

Figure 4. Improved MTS815 rock mechanics testing system.

According to the above test methods, the test steps are as follows, in which the penetration test in
steps 3 and 5 was not carried out on the specimens of d-3, d-4 and d-5:

1. The dolomite specimen was completely wrapped with shrink film and placed on the test platform.
Then, we installed the axial extensometer and circumferential extensometer, closed the triaxial
pressure chamber and installed the acoustic emission sensors outside. At last, the acoustic
emission instrument was adjusted to the best condition;

2. Filled the triaxial pressure chamber with hydraulic oil and applied the confining pressure to the
target value (σ3 in Table 2). The confining pressure loading rate was set at 3 MPa/min;

3. After the confining pressure loading was completed, nitrogen was injected into both ends of the
sample by gas permeation equipment to stabilize the pressure difference between the upper and
lower ends at 3 MPa. Then, a permeability test was conducted, and the permeability was taken as
the initial permeability before axial loading;

4. The axial loading was controlled by force and circumferential displacement, successively. Firstly,
the specimen was loaded to the yield stress point at the rate of 30 kN/min, and then loaded to the
residual stress stage at the circumferential displacement rate of 0.02 mm/min;

5. During the axial loading process, permeability tests were carried out at different strain points,
and at least 12 penetration tests were conducted during the whole loading process, including no
fewer than eight times before the peak value, one time at the peak stress point and no fewer than
three times after the peak value.
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3. Experiment Results and Discussion

3.1. Permeability and Porosity under Hydrostatic Confining Pressure

Figure 5 shows the relationship between permeability, porosity and hydrostatic confining pressure
of dolomite specimens. Taking d-1 specimen as an example, under the confining pressures of 5,
10, 15, 25, 35, 45 and 55 MPa, the porosity is 3.618%, 2.965%, 2.602%, 2.182%, 1.769%, 1.527% and
1.256%, respectively, and the permeability is 0.7951, 0.2455, 0.0985, 0.0674, 0.0092, 0.0045 and 0.0024 mD
(1 mD = 0.982 × 10−15 m2), respectively. When the hydrostatic confining pressure increases from
5 to 10 MPa, the porosity and permeability of dolomite specimens decrease by 18.1% and 69.1%,
respectively. The confining pressure has a great binding effect on permeability, due to the deformation
of the crystalline grain skeleton in dolomite under the influence of confining pressure. As a result,
the microfracture channels in the bedding development position are closed, and the gas permeability
channels are blocked and isolated, which greatly reduce the permeability.

Figure 5. Permeability and porosity versus hydrostatic confining pressure. (a) Sample d-1; (b) Sample
d-2. (1 mD = 0.982 × 10−15 m2).

The fitting curves of permeability, porosity and hydrostatic confining pressure in Figure 5 show
that the relationship between permeability and hydrostatic confining pressure is exponential function,
and that between porosity and hydrostatic confining pressure is power function, which can expressed
by Formulas (2) and (3)

k = A ∗ PB (2)

ω = a ∗ eb∗P (3)

where k is the permeability (mD), ω is the porosity (%), P is the hydrostatic confining pressure (MPa),
A, B, a, b are constants. The curve-fitting effect was good, and all of the correlation coefficient R2 was
above 0.98.

3.2. Confining Pressure Effects on Mechanical Properties of Dolomite

Figure 6 shows the stress–strain curves of dolomite under different confining pressures. When the
confining pressure is less than 60 MPa, the stress–strain curve presents a brittle deformation failure
state, which is manifested as the stress dropping sharply after the peak stress point, while maintaining
a certain amount of residual stress. However, under the confining pressure of 60 MPa, the stress is
still stable after reaching the peak value, and there is no stress drop phenomenon, showing a ductile
deformation state. With the increase in confining pressure, the peak stress, residual stress and strain at
the peak stress point increase synchronously. Taking Figure 6b as an example, when the confining
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pressure increases from 30 to 60 MPa, the peak stress increases by 12.4%, which indicates that the
confining pressure strengthens the compressive strength of dolomite. After comparing the strength of
dolomite under the two test schemes, we find that the peak stress of conventional triaxial specimen is
10~30% higher than that of gas–solid coupling specimen under the same confining pressure, and the
residual stress is also the same, which indicates that the compressive strength of dolomite is weakened
by nitrogen.

Figure 6. Stress–strain curves of dolomite under different confining pressures. (a) Conventional triaxial
compression; (b) Triaxial compression under gas solid coupling.

Furthermore, after analyzing the slopes of the ascending sections of each curve in Figure 6, it is
found that with the increase in confining pressure, the slope in Figure 6a increases gradually, while that
in Figure 6b decreases gradually. The reason is that the axial deformation of specimen is mainly affected
by confining pressure under conventional triaxial condition. With the increase in confining pressure,
the axial deformation of specimen under unit axial pressure decreases, resulting in the increase in
curve slope. However, in the case of gas–solid coupling, under the same axial pressure, the larger the
confining pressure is, the greater the deformation of the sample, which shows that the slope of the
curve decreases.

Dolomite is a crystalline mineral [28], the internal crystal size is relatively uniform, but at the same
time, there are micro-bedding fissures [29]. Figure 7 shows the failure state of dolomite specimens
under gas–solid coupling. Under external stress, the internal crystalline grain skeleton is deformed,
and the deformation accumulates continuously, leading to the fracture of the specimen. Under the
confining pressures of 15 and 30 MPa, the shear failure occurs in the specimen and the macro crack
surface is formed, moreover, there are small cracks around the macro crack. The dolomite specimens
under 45 MPa confining pressure do not have large cracks, but there are many short cracks at its ends.
This is due to the joint action of strong compaction and high confining pressure at the end of the
specimen. However, under the confining pressure of 60 MPa, no macroscopic cracks are found, but the
end of the specimen is slightly expanded.
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Figure 7. State of dolomite specimens after failure under gas solid coupling. (a) σ3 = 15 MPa;
(b) σ3 = 30 MPa; (c) σ3 = 45 MPa; (d) σ3 = 60 MPa.

3.3. Confining Pressure Effects on Permeability under Gas Solid Coupling

Figure 8 shows the evolution of dolomite permeability with strain under different confining
pressures. The permeability of dolomite is kept within 2.83 × 10−18 m2 to 3.96 × 10−15 m2 in the whole
test process. The initial permeability decreases with the increase in confining pressure. The increase
in confining pressure has a binding effect on the permeability of dolomite, which is consistent with
the permeability change rule under hydrostatic confining pressure. In addition, with the increase in
confining pressure, the variation range of permeability in the whole loading process decreases gradually.

Figure 8. Permeability evolution of dolomite under different confining pressures.

Under the same confining pressure, with the increase in axial load, the permeability–strain curves
show a trend of ‘first decrease, then increase, and last tend to be stable’. Taking Figure 9a as an example,
under the confining pressure of 15 MPa, the decrease in permeability in the initial loading stage is
mainly due to the fact that the internal microcracks of dolomite are continuously compacted by axial
stress, the permeability channels gradually decrease and the tortuosity increases, so the permeability
decreases rapidly. With the increase in axial stress, the specimens enter the stage of microfracture
development. These fractures promote the seepage of nitrogen, so the permeability gradually increases.
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When the peak stress is reached, the internal fractures of the specimen are fully developed, and then a
macro through permeability channel is formed. Therefore, the gas permeation is more active, and the
permeability increases sharply. When it comes to the residual deformation stage, the increasing rate of
permeability gradually decreases, and the final permeability tends to the same level and reaches the
peak value.

Figure 9. Stress-strain-permeability curves of dolomite during loading. (a)σ3 = 15 MPa; (b) σ3 = 30 MPa;
(c) σ3 = 45 MPa; (d) σ3 = 60 MPa.

Combined with the failure state of the specimens in Figure 7, the macro fracture surface of the
specimens under 15 and 30 MPa confining pressure is formed, forming a stable gas permeability
channel, so the final permeability does not change. However, the specimens under 45 and 60 MPa
confining pressures do not form macroscopic fracture surface, and the permeability remains unchanged
at the later stage of loading, which is due to the ‘damage-compensation’ characteristics of dolomite
under a high confining pressure. Under axial stress compression, the intact particles in dolomite
will be destroyed and new cracks will be formed. The natural damaged particles will aggravate the
damage and form micro-mineral crystals. Under the continuous action of a high confining pressure,
these micro-mineral crystals will be gradually squeezed and filled into the new cracks, which hinders
the penetration of the permeability channel. The ‘damage-compensation’ cycle between axial pressure
and confining pressure is formed in dolomite, so the permeability will not change in the later stage of
loading even if the macro-fracture surface is not produced.

3.4. Confining Pressure Effects on Acoustic Emission Characteristics under Gas Solid Coupling

Figure 10 shows the AE evolution characteristics of dolomite specimens under the low confining
pressure of 15 MPa and high confining pressure of 45 MPa. Through comparative analysis, it can be
found that, under the condition of low confining pressure, the acoustic emission energy rate and ring
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count rate of dolomite have a long “quiet period”, and its duration accounts for three-fifths of the
entire test process. It is because of this that dolomite is a typical hard brittle rock, and crystal mineral
particles have a strong ability to absorb energy, thus delaying the arrival of active acoustic emission
period, the active period of AE is mainly distributed near the peak stress. However, under a high
confining pressure, the active period of AE is mainly distributed in the residual deformation stage
after the peak stress, which indicates that the increase in confining pressure further delays the arrival
of AE active period.

Figure 10. Acoustic emission evolution of dolomite during loading. (a) σ3 = 15 MPa; (b) σ3 = 45 MPa.

From the perspective of quantitative analysis, the acoustic emission energy rate and ring count rate
of dolomite under 15 MPa confining pressure are much larger than those under 45 MPa. At the same
time, there are more acoustic emission event points and a higher aggregation degree. The maximum
energy rates of AE are 791 and 186 mV/s under the confining pressures of 15 and 45 MPa, respectively,
and the maximum ringing count rates are 1119 and 782 times/s, which decrease by 76.5% and
30.1%, respectively.

Under high confining pressure, the acoustic emission event point accumulation zone of dolomite
has no obvious convergence and presents a zonal distribution, only scattered in the interior of
the sample, which also confirms the fact that high confining pressure inhibits dolomite fracture
propagation. By limiting the fracture penetration and hindering gas permeation, the high confining
pressure suppresses dolomite permeability. Simultaneously, it also shows that high lateral stress can
inhibit crack growth more effectively.

4. Conclusions

(1) The relationship between the permeability and hydrostatic confining pressure of dolomite is an
exponential function, and that between porosity and hydrostatic confining pressure is a power
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function. The functional relationship is obtained by experimental fitting; the permeability and
porosity of dolomite decrease with the increase in hydrostatic confining pressure;

(2) Within 60 MPa confining pressure, with the increase in confining pressure, dolomite specimens
change from brittle deformation failure state to ductile deformation state, and the compressive
strength increases gradually, confining pressure strengthens the compressive strength of dolomite.
Furthermore, under the same confining pressure, the peak stress of conventional triaxial specimen
is 10~30% higher than that of the gas–solid coupling specimen; the higher the confining pressure,
the smaller the difference, and the residual stress is also the same, which indicates that the
compressive strength of dolomite is weakened by gas permeation;

(3) In the gas–solid coupling experiment, with the increase in confining pressure, the maximum
permeability in the whole loading process gradually decreases. The maximum permeability under
confining pressure of 15 MPa is 3.96× 10−15 m2, while the maximum permeability under confining
pressure of 30, 45, and 60 MPa is reduced to 2.29 × 10−15, 0.618 × 10−15, and 0.083 × 10−15 m2,
respectively. This means that high confining pressure will inhibit the permeability of dolomite
under critical confining pressure, which is consistent with the law obtained under hydrostatic
confining pressure;

(4) The higher the confining pressure is, the later the active period of AE occurs, as well as the lower
AE energy rate and ring count rate. Concurrently, the fewer the AE event points and the lower
the aggregation degree. This further shows that high lateral stress can more effectively inhibit the
crack propagation and gas seepage of dolomite.
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