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Abstract: The underground gas storage (UGS) in depleted sandstone reservoirs forms the largest
proportion of the UGS market in China. Multiple cycles of natural gas injection and production in the
sandstone cause the rapid increase and drawdown of pore pressure, which may induce damage to
the rock skeleton structure, and cause complex fluid flow paths in the sandstone reservoir. In this
paper, transverse relaxation time (T2), nuclear magnetism resonance imaging, and high-pressure
mercury intrusion analysis are combined to evaluate the variation in pore structure of medium-
grained sandstone. The results show that cyclic injection and production of fluid leads to a slight
increase in total pore volume, indicating that weak damage to rocks occurs. The T2 spectrum at
the low pore pressure (10 MPa) and high pore pressure (25 MPa) both show that the shrinkage of
the medium-size pores occurs after multiple cycles of injection and production. The pore volume
of large-size pores was not highly correlated with the number of cycles. With the increase in pore
pressure, the pore volume ratio under high pore pressure increased with the number of cycles, while
it fluctuated strongly under low pore pressure.

Keywords: nuclear magnetic resonance; T2 spectrum; pore structure; underground gas storage;
pore volume

1. Introduction

Underground gas storage (UGS) is essential to the natural gas supply security by
playing the natural gas emergency peak shaving and strategic reserves for many countries
such as China, Germany, etc. [1]. The annual peak shaving gap of natural gas has exceeded
60% in China, making the Chinese government promote the construction of underground
gas storage engineering to improve gas storage peak shaving capacity.

Superior underground gas storage engineering is characterized by large storage space,
high permeability, and good sealing performance [2,3], which are significant factors during
site selection, construction, and operation. The pore structure, which is the main controlling
factor for the estimation of storage space and geological sealing, includes the pore size,
spatial distribution of pores, and the geometry and connectivity of the internal pore throat
of rocks. The pore structure of the reservoir directly affects the permeability, and works
together with stress sensitivity, edge and bottom water intrusion, and change in fluid
properties to lead to liquid retention [3], which restricts the effective gas storage capacity,
well network arrangement, and the injection and production schemes of the UGS [4,5].

There are many methods for determining the microscopic pore structure of rocks. The
conventional methods include optical microscopy used in thin section identification [6],
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scanning electron microscopy (SEM) [7,8], and the mercury intrusion method, etc. [9]. The
unconventional methods include computed tomography (CT) scanning method [10], gas
adsorption method, constant velocity mercury intrusion method, and nuclear magnetic
resonance technology, etc. [11]. Although optical microscopy can achieve mineral or
pore magnification up to hundreds or even thousands of times, the field of vision is
very small, resulting in large errors of statistical analysis. SEM has a high magnification
(5–300,000 times), but it can only observe the surface of minerals or rocks. The maximum
pore size measured by the adsorption method can generally reach 100–150 nm, but the
results are inaccurate due to the damage to rocks. The highest mercury intrusion pressure
is up to 200 MPa, meaning pore throat radii >4 nm are measurable. This method can
reflect the pore size, distribution, and pore throat connectivity, etc., but it cannot record the
variation in pore throat structure under real-time loading conditions.

The nuclear magnetic resonance (NMR) technology has been successfully applied in
the studies of porosity, movable water saturation, irreducible water saturation, displace-
ment and wettability of the porous media (sandstone, coal rock, mudstone, etc.) [12–15].
The changes in pore structure during the seepage process and gas or water flooding process
can be tracked by using nuclear magnetic imaging [16]. Kenyon et al. [17] established
the link between permeability and borehole NMR based on 60 water-saturated sandstone
samples. Bu et al. [18] combined CT scanning, high-pressure mercury intrusion, nuclear
magnetic resonance, stress sensitivity analysis, etc., to establish the correlation between
microscopic pore radius and maximum connected throat pore radius and porosity and
permeability. Bencsik and Ramanathan [19] used gas phase magnetic resonance imaging
(MRI) to study the local hydrodynamic permeability of a porous medium saturated with
pure NMR visible gas. Baldwin and Yamanashi [20] applied MRI to follow the flow of
oil and water through the core plug. Bai et al. [21] used the T2 spectrum and cumula-
tive porosity to obtain the maximum and minimum relaxation time, semi-relaxation time,
spectral peak relaxation time, interval pore component, maximum porosity component,
skewness, and other characteristic parameters, and the classification standard of reservoirs
in the Nanpu sag was established. Wang [22] studied the distribution characteristics of
the transverse relaxation time spectrum and pore throat size of sandstone samples under
different loadings, showing that the number of micropore throats increases with the loading,
while the number of large and medium-sized pore throats decreases. With the continuous
increase in loading, the number of pore throats increases, and cracks propagate until failure.
Almenningen et al. [23] investigated the effect of magnetic field strength on the transverse
relaxation time in different lithologies under both low and high field strengths.

In this paper, the high-pressure mercury intrusion method and electron microscopy
method are combined with the nuclear magnetic analyzing system that can realize the
displacement in rocks under the specific confining pressure, thus revealing the variation
of pore structure in the sandstone samples obtained from underground gas storage engi-
neering. The variation in pore structure during the complete process of fluid injection and
production was analyzed, which is helpful for the accurate estimation of effective storage
capacity of natural gas in porous media during cyclic injection and production.

2. NMR-Based Pore Structure Analytical Method and Classification of
Clastic Reservoir
2.1. NMR-Based Pore Structure Analytical Method

Relaxation refers to the transition of the nucleus from an excited state to an equilibrium
state during the spin motion. There are three relaxation mechanisms for fluids in the pores
of rocks: free relaxation, diffusion relaxation, and surface relaxation. Relaxation can be
divided into transverse relaxation and longitudinal relaxation according to the mechanism.
The longitudinal relaxation time (T1) is the time elapsed by the magnetization vector where
the macroscopic magnetization vector increases from zero to the maximum. The transverse
relaxation time (T2) refers to the decay time of the magnetization vector from the maximum
value of excited state to zero, as denoted by Equation (1):
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where, Tf, Ts and Td are transverse free relaxation time, transverse diffusion relaxation time,
and transverse surface relaxation time, respectively.

According to the relaxation mechanism of nuclear magnetic resonance, the surface
relaxation using water as the pore fluid is much faster than that of free relaxation, and so
the free relaxation can be ignored. When the external magnetic field is uniform and stable,
the corresponding magnetic field gradient is small, and the diffusion relaxation can also
be ignored. There are commonly four types of NMR pulse sequence applied to the rock
samples, including the pulsed field gradient spin echo (PGSE), the pulsed field gradient
stimulated echo (PGSTE), bipolar pulsed field gradient spin echo (BPGSE) and the Carr–
Purcell–Meiboom–Gill sequence (CPMG) [24]. The dephasing would be reversed in a spin
echo measurement (CPMG) if the protons are stationary during the echo train, but diffusion
through the gradients hinders re-establishment of the phase coherence [23]. Therefore, the
transverse relaxation time of the porous medium can be simplified in Equation (2):

1
T2

= ρ2(
S
V
)

pore
(2)

where S is the pore surface area of rocks (m2) and V is the pore volume (m3). ρ2 is the
transverse surface relaxivity, characterizing the affinity between pore walls and fluid
molecules, which depends on many factors such as fluid type, mineralogy of the interface,
pore size, internal gradient, temperature, and pressure [24–26]. The magnitude of transverse
relaxation time T2 of rocks is mainly determined by the ratio of the surface area to volume
of the pores (S/V). For the spherical pores, S/V = 3/r, where r is the pore radius. For
pores that can be simplified to spherical and columnar pipes, Equation (2) can be further
simplified to the relationship between the transverse relaxation time T2 and the pore radius
r of rocks in Equation (3) [27]:

1
T2

=
ρ2

r
FS (3)

where r is the pore radius (m) and FS is the geometric shape factor (-). For spherical pores,
FS = 3. For columnar pores, FS = 2. The T2 distribution can reflect the pore size and pore
distribution. The pore size is related to the position of the spectral peak, and the number
of pores with different pore size is related to the size of peak area. It can be seen from
Equations (1)–(3) that the pore radius is proportional to the T2 value, that is, the larger the
transverse relaxation time value, the larger the pore size, and vice versa. Kleinberg and
Horsfield [28] thought that the grain surface transverse relaxation strength ρ2 in rocks is
independent of the Larmore frequency, and is a variable parameter. The transverse surface
relaxation strength ρ2 of rocks often ranges from 1 to 10 µm/ms. The appropriate surface
relaxation intensity is key in using the T2 spectrum to analyze pore radius in practical
applications. The change in ρ2 will affect the value of pore radius r. When ρ2 is small,
it demonstrates that the number of micropores is large and the number of large pores is
few. When the value of ρ2 is large, the number of micropores decreases and the number of
macropores increases. This leads to differences in the proportion of pore distribution with
different pore sizes. However, the difference only affects the pore size division range of the
rocks, but does not affect the correlation of pore distribution.

According to the relationship between the pore radius r of the rocks and the transverse
relaxation time T2 in Equation (3), the columnar pore model can be used. The value of Fs is
2, and the nuclear magnetic relaxation intensity ρ2 = 5 µm/ms is used to calculate the pore
radius with Equation (4):

r = 10T2 (4)

From Equation (4), the transverse relaxation time T2 spectrum of the rocks can be con-
verted into a pore size distribution curve. The peak value determined by the high-pressure
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mercury curve can be used to validate the reliability of the pore size curve calculated from
the T2 spectrum of NMR.

2.2. Classification of Clastic Reservoirs Based on Pore Throat Characteristics

The size of the pore throat is the fundamental factor determining the capillary pressure
and permeability of rocks. The clastic reservoir can be divided into four grades according to
the seepage characteristics (e.g., porosity and permeability), pore throat structure reflected
by NMR, high pressure mercury intrusion, etc. (Table 1). The maximum connected pore
throat of Class I reservoirs is larger than 1.2 µm, and the permeability is larger than
100 mD, which belongs to medium–high porosity and medium–high permeability. The
maximum connecting pore throat of Class II reservoirs is 1.13–1.2 µm, and the permeability
is 10–100 mD, which belongs to medium porosity and medium–low permeability reservoirs.
The maximum pore throat of Class III reservoirs is 1.1–1.13 µm, and the permeability is
1–10 mD, which is mainly characterized by medium and low porosity and low permeability.
The maximum connecting pore throat of Class IV reservoirs is smaller than 1.1 µm, and
the permeability is smaller than 1 mD, which is mainly characterized by low porosity and
low permeability.

Table 1. Classification of clastic rocks reservoir considering pore throat characteristics.

Class I Class II Class III Class IV

Types of pores
Dissolution pores
dominated, few cement
and clay minerals

Micropores dominated,
followed by
intergranular and
intragranular pores

Micropores dominated Micropores dominated

Porosity >20% 13–20% 4–13% <4%

Permeability >100 mD 10–100 mD 1–10 mD <1 mD

Pore throat
characteristics

Good pore connectivity,
the maximum
connecting pore throat
is >1.2 µm

The pore throat radius
is not large, with the
maximum value of
1.13–1.2 µm

The maximum
connecting pore throat
is 1.1–1.13 µm

The maximum
connecting pore throat
is <1.1 µm

Reservoir type
High porosity and
medium permeability
reservoir

Medium porosity and
medium permeability

Medium–low porosity
and low permeability

Low porosity and low
permeability

At present, there is no consistent standard for the division of pore size distribution
of rocks. The International Union of Pure and Applied Chemistry proposed the following
classification standards for the pore diameter of rocks in 1994 [29]: micropore (<0.002 µm),
mesopore (0.002–0.05 µm), and macropore (>0.05 µm). Chalmers et al. [30,31] proposed
the following pore size division standards of rocks: small pore (<0.002 µm), medium pore
(0.002–0.05 µm), and large pore (0.05–0.3 µm). For different rock types, the difference in
pore size is obvious. Li et al. [32] divided the pores of sandstone into four levels: micropores
(<0.1 µm), mini-pores (0.1–1 µm), mesopores (1–10 µm) and macropores (10–100 µm). In
general, the pore size of sandstone is greater than 20 µm, and the pore throat size is greater
than 2 µm. The pore throat size of the tight sandstone is between 0.03 and 2 µm, while the
pore throat size of shale is between 0.005 and 0.05 µm. For some shale, the pore throat size
can reach 0.1 µm.

3. Physical and Mechanical Properties of Specimen
3.1. Mineralogy and Micro-Structure Characteristics

The sandstone core plugs were obtained from the working area of Shuang 6 gas
storage, located in the Liaohe oilfield of China. The Shuang 6 gas storage, constrained
by the Shuang 6 and Shuang 67 fault blocks, has been put into operation since April
2014, and there are nine cycles of natural gas injection and eight cycles of natural gas
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production [33]. The buried depth of the target reservoir, which consists of 18 sandstone
sub-layers belonging to the Xinglongtai reservoir of the Cenozoic Shahejie formation, is
2400–2900 m, and it has the thickness of 175–200 m [34]. It is characterized by the subfacies
of the fan delta front, rich in coarse sandstone and conglomerate sandstone. The porosity
of the sandstone reservoir is 17.3% on average, and the permeability is 224 mD on average.
The initial formation pressure is 24.27 MPa, and it drops to 5 MPa after depletion. The
reservoir temperature is 88–90 degrees Celsius. The mudstone of the Dongying formation
acts as the caprock, and the breakthrough pressure reaches 35–42 MPa. The maximum and
minimum working pressure of the UGS are 24 MPa and 10 MPa, respectively [33]. The
storage capacity of the UGS is designed for 5.75 billion m3. The working gas capacity is
3.22 billion m3, and the peak regulation capacity is 1.95 billion m3, and the daily gas
production rate is 15 million m3.

The rocks obtained from the Shuang 6 gas storage are mainly characterized as grey-
white in color. The lithology includes siltstone, fine-grained and medium-grained sand-
stone, conglomerate, etc. The German Bruker AXS D8-Focus X-ray diffractometer was used
to analyze the mineral composition, and indicated that quartz, albite, and microclineclase
feldspar are the typical felsic minerals, and illite and kaolinite are the main clay minerals
of these samples. The fine-grained sandstone (#12-8) does not contain calcite, ankerite, or
gypsum. The argillaceous sandstone (#10-21) is rich in illite and kaolinite, while there are
small amounts of calcite and gypsum. There is a high content of ankerite in the siltstone
(#12-22), while the highest content of calcite is found in the medium-grained sandstone
(#11-5) (Table 2).

Table 2. Mineral composition of typical reservoir rocks in the Shuang 6 gas storage.

Argillaceous Siltstone Medium-Grained Sandstone Fine-Grained Sandstone Siltstone

Illite 19.75% 6.10% 4.51% 8.26%
Kaolinite 8.12% 2.02% 4.47% 7.45%
Quartz 25.65% 29.81% 11.95% 20.33%
Microcline 16.29% 26.92% 49.46% 26.78%
Albite 27.82% 29.09% 29.61% 28.92%
Calcite 1.04% 6.05% - -
Ankerite - - - 8.26%
Gypsum 1.33% - - -

The density, pore volume, porosity, and permeability of some typical sandstone
cores were tested, and the results are shown in Table 3. It shows that the density of the
sandstone is in the range of 2020–2360 kg/m3, the porosity of siltstone is 8.35–13.32%, and
the permeability is 0.565–2.133 mD. The porosity of the fine-grained sandstone is 3.7%,
and the permeability is 9.553 mD. The medium-grained sandstone has a much higher
porosity of 16.19–21.87%, and the permeability is about 50.12–65.14 mD. The porosity of the
conglomerate is 17.59%, and the permeability is as high as 235.4 mD. Considering that the
medium-grained sandstone is the main gas bearing medium in the Shuang 6 gas storage,
the medium-grained sandstone was selected to study the evolution of pore structure under
cyclic fluid injection and production. Microscopic observations show that the irregular
quartz, albite, and microcline feldspar particles in the sandstone are cemented by calcite,
while some pores are filled with kaolinite and illite (Figure 1).
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Table 3. Density, porosity, and permeability of typical sandstone samples obtained from the Shuang
6 gas storage.

No. Lithology Density (kg/m3) Pore Volume (cm3) Porosity(-) Permeability (mD)

8-8 Siltstone 2310 3.244 13.32 2.133
10-21 Argillaceous siltstone 2200 2.607 10.71 0.565
12-22-1 Siltstone 2360 2.133 8.76 0.619
12-22-2 Siltstone 2350 2.032 8.35 0.586
12-8 Fine-grained sandstone 2100 0.901 3.7 9.553
10-27 Medium-grained sandstone 2020 5.326 21.87 50.12
11-5 Medium-grained sandstone 2150 3.911 16.19 65.14
13-26 Conglomerate 2140 4.282 17.59 235.4
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3.2. Stress Sensitivity of Permeability in Medium Porosity Sandstone

A triaxial compression experiment using the MTS815 rock mechanics testing system
was carried out on the sandstone (#11-5) to obtain the complete stress–strain curve (Figure 2).
The failure of the sandstone occurred when the axial strain reaches 0.5%. Based on the
complete stress–strain curve, the uniaxial compressive strength, elastic modulus, and the
Poisson’s ratio were 23.8 MPa, 4.4 GPa, and 0.12, respectively.
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The permeability of sandstone under overburden was measured using the MTS815
rock mechanics testing system with steady-state gas permeability test equipment as de-
scribed by Ni et al. [35], and the stress sensitivity characteristics of sandstone were studied.
In the experiments, the axial stress was set as 20 MPa, while the confining pressure gradu-
ally increased from 5.5 MPa to 40.5 MPa, and then gradually decreased to 5.5 MPa. The
constant pore pressure was set at 0.5 MPa, and the effective confining stress is in the range
of 5–40 MPa. The permeability of the sandstone was measured for a 5 MPa interval of
effective confining stress.

It can be seen from Figure 3 that the permeability of sandstone decreased with the
increase in stress, which is in accordance with the general law of stress sensitivity on
different rocks [36,37]. Without the stress condition, the sandstone permeability was
measured at 65 mD, while the permeability decreased to 38.2 mD under the effective
confining pressure of 5 MPa. When the effective confining pressure reached 40 MPa, the
permeability decreased to 35 mD. The permeability of sandstone during the pressure relief
process was slightly lower than that of the pressurization process (<1 mD) for the same
effective confining pressure, with a maximum difference of about 2%.
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4. Experimental Set-Up

The variation in pore structure can be studied by analyzing nuclear magnetic trans-
verse relaxation time during the process of pore pressure uplift and drawdown. Addition-
ally, the damage characteristics of reservoir rocks during the cyclic injection and production
process can be determined by the comprehensive analysis of nuclear magnetic imaging.

4.1. NMR Experimental System and Rock Preparation

The high-temperature and high-pressure displacement device combined with the
low field NMR (resonance frequency of 12 MHz) and imaging system (MicroMR12-110H-
GS-HTHP), was used in the experiments (Figure 4). The high-temperature and high-
pressure displacement device consisted of (1) a liquid and gas injection system; (2) high
and low temperature and high pressure circulation systems; and (3) the confining pressure-
controlling system, with the maximum value of 40 MPa. During the experimental process,
the magnetic temperature was set at 32 ± 0.01 ◦C, the field strength was 0.3, and the probe
diameter was 25 mm.
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Figure 4. MicroMR12-110H-GS-HTHP NMR system with displacement and confining stress loading
equipment (A—injection system, B—temperature and pressure control system, C—NMR system
with the displacement device).

4.2. Experimental Conditions

Before NMR testing, the rocks were vacuumized for 3 h, then they were fully water
saturated for 12 h in the pressurized saturation device with the pressure at 20 MPa. Af-
terwards, the water-saturated rocks were moved into the displacement device, where the
water was injected or extracted to adjust the pore pressure in the rocks, and the confining
pressure was set. The displacement device was placed in the NMR testing system to record
the NMR data under the specific conditions described as follows.

The condition of effective stress by the constant confining pressure and varied pore
pressure was based on the field condition of the Shuang 6 gas storage located in the Liaohe
oilfield, China. The effective minimum horizontal principal stress was about 26.4–33 MPa,
and the effective maximum horizontal principal stress was about 41–51 MPa at the buried
depth of the gas-bearing reservoir (i.e., 2400–2900 m). The operation formation pressure
of the UGS was 10–24.8 MPa. Due to the limitations of the NMR analysis system with
the maximum confining pressure of 40 MPa, the pore pressure alternated between 10 and
25 MPa, which is similar to the working pressure of the Shuang 6 gas storage. However,
due to the limitations of the apparatus, the effective stress in the experiment was set at
15–30 MPa, which is lower than that of the Shuang 6 gas storage. In the experiment, high-
frequency cyclic injection and production (i.e., 1.5 MPa/min) was used, and the confining
pressure was kept at a constant of 40 MPa.

The nuclear magnetic data (T2 spectrum and NMR imaging) were recorded using
the CPMG sequence at the specific points (e.g., at pore pressure of 10, 15, 20, and 25 MPa
during the 1st, 6th, 10th, 20th, 30th, 40th, and 50th cycles of fluid injection and production)
shown in Figure 5.
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5. Results and Discussion
5.1. Pore Size Distribution Based on High-Pressure Mercury Tests

Experimental data from high-pressure mercury intrusion illustrates that the average
pore size of the sandstone specimen is 0.135 µm, the median pore size is 3.3 µm, and
the tortuosity is 3.64. The pore volume increment—pore size curve based on mercury
intrusion experiments presented a three-peak pattern (Figure 6). The pore diameter ranges
of 0–0.3 µm, 0.3–6 µm, and 6–11 µm can be used to divide the left, middle and right peak,
respectively, reflecting that the sandstone specimen used in the experiment belongs to a
typical class II reservoir. Combining the nuclear magnetic T2 spectrum curve in Figure 6, it
shows that T2 = 0.6 ms equates to about 1 µm of macropore size, while T2 = 90 ms equates
to about 10 µm in macropore size. There is a good correlation between the T2 spectrum data
and the high-pressure mercury experiment for the large pores in the specimen, reflecting
the pore size distribution.
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5.2. Peak Area and T2 Spectrum Variation in NMR Data

Table 4 lists parts of the data on the total nuclear magnetic spectral area, spectral peak
area, and variation ratio (i.e., the spectral peak area after multiple cycles compared with the
initial state). It can be seen that the first spectral peak area of NMR had an overall increasing
trend with pore pressure when the cycles were the same. When the pore pressure was
kept constant, the spectral area of peak 1 did not homogeneously increase with the number
of cycles. The variation ratio of the spectral area for peak 2 was far less than that of the
spectral area of the peak 1. It showed an overall decreasing trend with the increase in the
injection–production cycles, and the maximum variation value was about 2.33%.

Table 4. Spectral peak area of NMR test in sandstone under alternating pore pressures.

Cycles Total Spectral
Area

Spectral Peak
Area 1 (SPA1)

Variation Ratio of
SPA1

Spectral Peak
Area 2 (SPA2)

Variation Ratio of
SPA2

S1-0 38,628.547 3597.306 - 35,031.24 -
S1-5 38,428.711 3727.497 3.62% 34,701.214 −0.94%

S1-25 38,543.095 3494.961 −0.03% 35,048.133 0.05%
S6-25 38,235.224 4015.571 11.63% 34,219.653 −2.32%
S10-25 38,702.333 3563.353 −0.94% 35,138.98 0.31%
S20-25 38,243.937 3481.076 −3.23% 34,762.862 −0.77%
S30-25 38,709.475 3830.756 6.49% 34,871.83 −0.46%
S40-25 38,796.919 3807.142 5.83% 34,979.926 −0.15%
S50-25 38,165.064 3949.906 9.80% 34,215.157 −2.33%

Note: For S6-25, S6 represents the 6 cycles, 25 represents the pore pressure at 25 MPa. Peak 1 corresponds to
medium pores and peak 2 corresponds to large pores.

It can be seen that the T2 spectrum of the sandstone specimen has a wide range of
distribution (Figure 7). The sandstone had a strong heterogeneity in pore structure, pre-
senting a typical bimodal mode in the T2 spectrum, i.e., two intervals of 0.01–1 ms and
10–1000 ms of spectral peak relaxation time. During the first cycle of the fluid injection
process, with the increase in injection pressure, the signal amplitude and volume of macro-
pores increased. However, the increase in injection pressure had no obvious positive effect
on increasing the volume of small and medium-sized pores (Figure 7a). During the first
cycle of fluid production or pressure decrease process (25 MPa to 10 MPa), the variation
in the volume of macropores was negligible, while the volume of mesopores tended to
decrease (Figure 7b).
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Figure 7. Variation curve of transverse relaxation time (T2) during the first cycle of injection and
production in sandstone ((a)—Pore pressure increase process; (b)—Pore pressure decrease process).

During the first cycle of pressure uplift and decrease, the NMRI characteristics at
different pore pressures (Figure 8) imply that the distribution of cementation or pores
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between particles was heterogeneous. With the continuous increase in injection pressure,
the signal strength in the local domain (e.g., A domain in Figure 8) increased obviously,
reflecting the increase in macropore volume. As the number of injection and production
cycles increased, there was a slight increase in the pore volume (Figure 9), especially in the
local domain A.
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Figure 8. NMRI evolution of sandstone during the first cycle of fluid injection process (Note: large
value of color code represents relatively large pore size, A domain in the circle shows the obvious
variation). (a) P = 0 MPa. (b) P = 5 MPa. (c) P = 10 MPa. (d) P = 15 MPa. (e) P = 20 MPa.
(f) P = 25 MPa.
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Figure 9. NMRI evolution of sandstone at the end of production after different cycles of fluid injection
and production (A domain in the circle shows the obvious variation). (a) Cycle 1. (b) Cycle 10.
(c) Cycle 20. (d) Cycle 30. (e) Cycle 40. (f) Cycle 50.

The T2 spectrum at the high pore pressure of 25 MPa during different cycles of
injection–production is shown in Figure 10a. It can be seen that the signal amplitude of
the medium-sized pores changed significantly with the number of injection–production
cycles, reflecting that the volume of the medium-sized pores increased significantly after
multiple cycles of injection–production. The correlation between macropore volume and
alternating cycles is strong, but the variation in macropore volume was small after 30 cycles
of alternating injection and production. From the T2 spectrum at the low pore pressure of
10 MPa with different cycles (Figure 10b), it can be seen that the signal amplitude value
of the medium-sized pore increased after five cycles, while it decreased significantly after
ten cycles, followed by an increase in signal amplitude with the increase in the cycling
number. This reflects that some medium-sized pores shrink after multiple cycles of fluid
injection–production, but then the pore volume increases with the increase in pore pressure.
However, there was a weak correlation between macropore volume and alteration cycles.
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Figure 10. Variation curve of T2 spectrum under two types of pore pressure after different cycles of
fluid injection and production (a) 25 MPa; (b)10 MPa.

5.3. Proportion of Different Types of Pores under Different Cycles of Injection and Production

From the proportion of pores with two different sizes (i.e., medium and large) after
different cycles of injection–production in the medium-grained sandstone specimen, it
can be seen that macropores were the dominant type, accounting for more than 85%. The
proportion of macropores increased by 2% after six cycles of fluid injection and production,
but the overall variation was small (Figure 11a). After six cycles of fluid injection and
production, the proportion of macropores increased by <3%, which is only 1% higher
than that at the end of the fluid injection period (Figure 11b), implying that increasing
the alteration cycles of the Shuang 6 gas storage may not lead to serious damage of the
sandstone reservoir.
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5.4. Rock Damage Evaluation

Here, we present the definition of the pore volume ratio (PVR) of the rock, which is
the ratio of the NMR-based spectral peak area of rocks at a specific pore pressure and the
number of alteration cycles to the spectral peak area of rocks at the in situ formation state.
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The decrease in PVR indicates that the rocks are subjected to compaction. That is to say,
PVR > 1 indicates the increase in pore volume, implying structural and mechanical damage
to rocks. During the fluid injection process, the correlation of the pore volume ratio and the
pore pressure was weak for the medium pores, depending highly on the superimposed
impact of alteration cycles (0.76 < PVR < 1.13). It should be noted that there was no linear
relationship with the increase in the number of cycles. The volume of medium pores tended
to increase after 30 alteration cycles of fluid injection and production. The variation interval
of pore volume under the high pore pressure was larger than that under low pore pressure
(Figure 12a). For macropores, 1< PVR < 1.05, indicating that the pore volume of macropores
increased slightly after multiple cycles of fluid injection and production (Figure 12b).
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process after different cycles of fluid injection–production.

The relationship of the total PVR and effective stress is shown in Figure 13a, demon-
strating that the total PVR of the sandstone specimen was in the range of 0.95 and 1.05,
and that a slight increase in pore volume occurred after multiple cycles of fluid injection
and production. With the increase in effective stress, the PVR curves at different alteration
cycles presented an obvious variation trend. During the first cycle of fluid injection and
production, with the increase in effective stress (from 15 MPa to 25 MPa), the total pore
volume showed a slight increase, but it declined slightly when the effective stress increased
up to 30 MPa. After 6, 20, 30, and 40 cycles of fluid injection–production, the pore vol-
ume of the studied sandstone specimen decreased slightly with the increase in effective
stress, which is in accordance with the general rule of stress sensitivity on pore volume
(Hoseini et al., 2009; Zhou et al., 2022). After 50 cycles of fluid injection and production,
the pore volume increased with the effective stress, implying that weak damage occurred
(Figure 13a). Figure 13b shows the variation in pore volume ratio versus the cycles of fluid
injection and production under the pore pressure of 10 MPa and 25 MPa. The data point of
pore volume ratio under 10 cycles of fluid injection and production deviates greatly from
the experimental trend and it is regarded as invalid data. The PVR at low pore pressure
(e.g., 10 MPa) had a fluctuation after 30 cycles of alternated fluid injection and production.
Overall, the pore volume ratio presents the power function correlation with the cycles of
fluid injection and production (Figure 13b), meaning that a stable state occurred after the
rapid increase.
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The studies of pore throat structure in this paper are meaningful for the divisions
of pore size for reservoir classification based on rock lithology. For sandstone in the
underground gas storage (UGS), four levels are suggested based on the gas seepage ability,
i.e., micropore (<0.1 µm), medium pore (0.1–1 µm), macropore (1–10 µm), and super-large
pore (>10 µm). Large pores and super-large pores are conducive to gas seepage, and
mesopores are conducive to gas accumulation. The micropores are usually molecular pores,
which have no significant impact on gas seepage, and are difficult to distinguish using
scanning electron microscopy.

6. Conclusions

Pore structure in reservoirs for the underground gas storage may have complex
variation trends due to the alteration of pore pressure during the multiple cycles of injection
and production. The real-time NMR-based pore throat structure analysis method was used
to track the evolution of pore structure in the experiments, and some main conclusions
were drawn as follows:

(1) From the perspective of natural gas seepage, it is suggested that the pore size of
the sandstone reservoir is divided into four levels: micropores (<0.1 µm), medium pores
(0.1–1 µm), large pores (1–10 µm), and super-large pores (>10 µm).

(2) The power function is useful to describe the correlation between the total pore
volume and the cycling numbers of fluid injection and production, reflecting the weak
damage to the sandstone that occurs. Along with the pore pressure impact, the superpositon
of cycling numbers also plays an important role in controlling the pore throat structure. It
presents different amplitude variation in the micro-structure of different scales of pores,
and strong discreteness occurs for medium pores under various pore pressure conditions.
There is a weak correlation between macropore volume and alteration cycles.

(3) After six cycles of injection and production, the proportion of large pores in the
medium-grained sandstone increased by up to 3% at the end of production, implying that
increasing the alteration cycles of the Shuang 6 gas storage may not lead to serious damage
of the sandstone reservoir.

It should be noted that this paper mainly focused on the pore structure of the medium-
grained sandstone obtained from the Shuang 6 gas storage during the cyclic injection and
production process. In order to illustrate the variation law of sandstone reservoirs with
different pore structures, the type I and III sandstone reservoirs will be studied in our
future work. Methane will be used to adjust the pore pressure, which will be compared
with the results of water-saturated sandstone.
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