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Abstract The pore structure of caprock plays an
important role in underground gas storage security, as it
significantly influences the sealing capacity of caprock.
However, the pore structure evolution of caprock with the
cyclic stress perturbations triggered by the cyclic gas
injection or extraction remains unclear. In this study, the
pore structure changes of mudstone caprock under cyclic
loading and unloading were obtained by the nuclear
magnetic resonance (NMR) tests system, then the
influence of the changes on the breakthrough pressure of
caprock was discussed. The results indicated that the pore
structure changes are depending on the stress loading-
unloading path and stress level. In the first cyclic, at the
loading stage, with the increase of confining stress, the
NMR T, spectra curve moved to the left, the NMR signal
amplitude of the first peak increased, while the amplitude
of the second peak decreased gradually. This indicated that
the larger pores of mudstone are compressed and
transformed into smaller pores, then the number of
macropores decreased and the number of micro- and meso-
pores increased. For a certain loading-unloading cycle, the
porosity curve of mudstone in the loading process is not
coincide with that in the unloading process, the porosity
curve in the loading process was located below that in the
unloading process, which indicated that the pore structure
change is stress path dependent. With the increase of cycle
numbers, the total porosity shown an increasing trend,
indicating that the damage of mudstone occurred under the
cyclic stress load-unload effects. With the increase of
porosity, the breakthrough pressure of mudstone decreased
with the increase of the cyclic numbers, which may
increase the gas leakage risk. The results can provide
significant implication for the underground gas storage
security evaluation.
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1 Introduction

Storage of gas (CH,, CO,, H,) in subsurface formation
has emerged as a promising means of large-scale, long-
term, cost-effective energy storage, which allows for
balancing energy supply and demand, increasing the
energy security (Wang and Economides, 2012; Astiaso
Garcia et al., 2016; Parraetal., 2019; Xuetal., 2022) .
Potential subsurface formations include depleted natural
gas or oil reservoirs, deep saline aquifers, and salt caverns
(Paluszny et al., 2020; Cheng et al., 2021; Liu et al,
2021; Fan et al., 2022). Depleted gas or oil reservoirs are
the most commonly used for underground natural gas
storage, which is also capable of storing CO, and H,.
Adapting depleted gas and oil reservoirs for underground
gas storage requires lower costs than in the aquifers or
salt caverns, as it can decrease the early geological
exploration cost and utilize the original facilities of oil
and gas fields. What is more, the sealing capacity of the
formation is confirmed by the existence of a natural gas
reservoir (Matos et al., 2019; Tarkowski, 2019) .

The security of gas storage in depleted gas and oil
reservoirs is strongly dependent on the sealing capacity of
the caprock. Ideal candidate sites for the gas storage
should be covered by poorly permeable caprock, which
prevents gas leakage toward the surface (Shukla et al.,
2010). During the gas storage, the cyclic injection-
extraction of gas will induce the cyclic stress
perturbations in formation, then impact the storage
capacity and overall safety of the system (Carneiro et al.,
2019; Zhang et al., 2019c). The cyclic stress perturbations
will induce the caprock deformation, causing the pore
structure alterations in caprock, then affecting the sealing
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capacity and gas breakthrough pressure of the caprock
(Maetal., 2010; Kawaura et al., 2013; Fan et al., 2022).
However, the dynamic pore structure evolution of
caprock with the cyclic stress perturbations triggered by
the cyclic gas injection-extraction remains undetermined,
and its influence on the gas breakthrough pressure
requires further studies (Pangetal., 2012; Tangetal.,
2021).

At present, there are many methods to characterize the
pore structure of rock material, such as mercury porosi-
metry (MIP) (Li et al., 2018a), gas adsorption (N,/CO,)
(Jiang et al., 2019), scanning electron microscopy (SEM)
(Zhang et al., 2022), small angle scattering techniques
and p-CT scanning (Wang et al., 2020). However, most
of these methods remain unavailable for pore structure
characterization at in situ stress conditions, especially for
the cyclic stress loading-unloading conditions. The
nuclear magnetic resonance (NMR) method has the
advantages of being non-destructive, fast, and accurate,
which is available for in situ pore structure characteriza-
tion of rock. T, spectra measured by low-field NMR can
effectively characterize the pore size distribution and
porosity in rock material (Gao and Li, 2016; Schmitt
etal., 2017; Lietal., 2018b; Zheng et al., 2020; Wang
etal.,,2021). Therefore, in this paper, the nuclear
magnetic resonance (NMR) testing method is used to
study the dynamic evolution of pore structure in
mudstone caprock at the cyclic confining stress loading-
unloading, then its influence on the breakthrough pressure
of mudstone caprock was discussed. The results can
provide significant implications in the gas storage
security and risk evaluation.

2 Materials and methods

2.1 Sample preparation

The selected sample is a cylinder mudstone with a
diameter of 25 mm and a height of 50 mm, which was
obtained from a caprock of a natural gas reservoir with a
buried depth of 3000 m, for the gas reservoir, the
thickness of the caprock is about 150 m. The mineral
compositions of the mudstone caprock obtained by X-ray
diffraction analysis and its initial porosity and
permeability are shown in Table 1. It can be seen that the
mudstone is mainly composed of quartz, plagioclase, and
clay minerals, among which the clay mineral content is
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the highest with a content of 53%. The initial porosity
and permeability of mudstone are extremely low, which
show favorable properties as a caprock.

2.2 Experimental section

The dynamic pore structure evolution of water-saturated
mudstone caprock at different cyclic confining stress
loading-unloading was obtained by the MacroMR12-
150H-I NMR core micro-nondestructive testing imaging
and analysis system (Suzhou Newmai Analytical
Instruments Co., Ltd.), as shown in Fig. 1. The system is
composed of several subsystems, including a ZYB-II
vacuum pressure saturation device (a), an antimagnetic
core holder (b), NMR monitoring system (c), a data
acquisition system (d), and an HXH-100B double-
cylinder constant-flow and constant-pressure pump to
provide confining stress for cycle loading-unloading (e).

To simulate the cyclic gas injection-extraction induced
stress perturbations in formation during the gas storage
processes, the mudstone was subjected to cyclic stress
loading-unloading, with 50 cycles in total. Considering
the mechanical properties of the sample, the min and max
confined stress of the mudstone sample in the loading-
unloading process was set as 2 MPa and 18 MPa,
respectively, with the single-cycle stress loading-
unloading path of 2-10-18-10-2 MPa. The NMR test data
(transverse relaxation time T, distribution) corresponding
to the min confining stress (2 MPa), the intermediate
confining stress (10 MPa), and the max confining stress
(18 MPa) at the 1st, 10th, 20th, 30th, 40th, and 50th
loading-unloading cycle were recorded. The test scheme
is shown in Fig. 2.

The application of NMR in studying the pore structure
of rock material is based on the fact that the 'H relaxation
time is positively correlated with pore size, thus, the
tested sample is fully saturated with degassed pure water
for at least 24 h in this study. The relationship between
the 7', and the pore size of rock can be expressed as (Yao
et al., 2010):

1 1 S o
T2 B TQS _p(V)pore_Fsr’ (1)

where T, is transverse relaxation time; 7,  represents the
surface relaxation time; p is the transverse surface
relaxation intensity. S is pore surface area, V is pore
volume; F is the geometry factor (dimensionless), which
is related to pore geometrical model, for spherical pores,

Table 1 Mineral compositions, and initial porosity and permeability parameters of mudstone sample

Core sample The X-ray diffraction analysis Initial porosity and permeability
Quartz/% Plagioclase/% Calcite/% Clay minerals/% Others/% Porosity/% Permeability/1073 um?
Mudstone 332 16.2 0.9 37.2 12.5 0.78 0.00240

Note: clay minerals are the total amount of kaolinite, montmorillonite, illite, and chlorite.
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Fig.2 Schematic of the experimental program (C, = Confining stress).

F, =3, for cylindrical pores, F; = 2; r is the pore radius.
Based on the NMR test results, the pore size distribution
during the cyclic loading-unloading processes can be
obtained by the relationship between the pore size and 7,
the porosity of the measured mudstone caprock can be
obtained by comparing the 7, spectra of a standard
sample with a known porosity (Xu et al., 2019).
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3 Results and discussion

3.1 T, spectra of caprock under different confining stress

The T, spectra of the mudstone sample under the first
confining stress loading-unloading cycle is shown in
Fig. 3. The T, value is positively correlated with the pore
size of the rock, and the NMR 7, amplitude is positively
correlated with the number of pores, then the T, spectra
can reflect the pore size distribution and the amount of
the pore in the rock (Zhai et al., 2016; Zhao et al., 2022).
Based on the classification of pore size by the
International Union of Pure and Applied Chemistry
(IUPAC) (Sing, 1985), the pore of rocks can be divided
into micropores (diameter < 2 nm), mesopores (2 nm <
diameter < 50 nm), and macropores (diameter > 50 nm).
It can be seen from Fig.3 that during the loading-
unloading process, the peak value of the 7, spectra in
mudstone and the corresponding relaxation time shown
different change degrees with the variation in confining
stress, but the overall shape shown little change. There
are two peaks in the 7, spectra of mudstone (Fig. 3(b)).
The T, relaxation time of the first peak is 0.01-1.24 ms,
and the NMR signal amplitude is much larger than that of
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Fig.3 T, spectra of mudstone under the first cyclic loading and unloading.
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the second peak, indicating that the mudstone has more
small pores and fewer large pores. However, the two
peaks are discontinuous, reflecting that the pore
connectivity in mudstone is poor (Li et al., 2016).

Under the impact of confining stress, the pore size
distribution of mudstone shown changes with different
degrees. In the loading stage, with the increase of
confining stress, the T, spectra of mudstone shown a
trend of moving to the left, the peak value of the first
peak is increased, the peak value of the second peak and
its corresponding 7, values are gradually decreased,
which indicated that the larger pores in the mudstone are
compressed, and transformed into smaller (micro- and
mesopores) under the compression of confining stress,
resulting in an increase in the amount of smaller pores
and a decrease in the amount of larger pores. In the
unloading stage, the change of the first peak of mudstone
with the confining stress is similar to that in the loading
stage, while the second peak increased slightly and tends
to shift to the right compared with the loading condition
at the same stress level, indicating that although the
deformation of mudstone have recovered to a certain
extent after compression, it does not recover to the
original state. Therefore, along the confining stress
unloading path, the number of micropores corresponding
to T, values in the range of 0.01-1.24 ms decreased with
the unloading of confining stress, indicating that some
micropores are transformed into larger pores due to the
recovery of deformation, resulting in the decrease of the
amount of micropores. Overall, during the loading and
unloading processes, the change of the pore structure of
mudstone is mainly caused by the compression of larger
pores.

3.2 Influence of the cycle numbers on the pore structure of
mudstone

3.2.1 T, spectra distribution of mudstone under different
cyclic numbers

Under the cyclic loading-unloading, the T, spectra of
mudstone sample at different confining stresses in the
loading and unloading process are shown in Fig. 4. It can
be seen from Fig. 4, for a certain cycle, at the same
confining stress level, the 7, spectra of mudstone sample
in the loading and unloading processes is not coincide,
indicating that the pore deformation is not completely
restored in the unloading process. The T, value of the first
peak at each confining stress level is 0.38 ms and its peak
value are greater than that of the second peak, which
indicates that there are more micropores in mudstone, and
the cyclic loading-unloading path shows little impact on
the micropores, while the T, value of the second peak is
different at different confining stress condition. During
the loading process, for the 1st, 10th, 20th and 30th cyclic
loading, with the increase of confining stress, the
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amplitude of the first peak gradually increased, and the
second peak shown a trend of moving to the left,
indicating that the pore of mudstone is compressed, and
the pore size become smaller so that the amount of
micropores gradually increased. The second peak tends to
move to the right (even the third peak appears under
10 MPa confining stress in the 50th cycle as shown in
Fig. 4(f)), which may be due to some pores in the
mudstone sample collapsed or some new micro-fissures
generated under cyclic loading. The porosity of a rock is
closely related to the internal microstructure and the
minerals arrangement in it. At higher confining stress
conditions, the flaky minerals and the unconformable
contact structure are deformed, extruded and destroyed,
then formed some new micro-fissures, or induced the
non-connected pores and fissures transformed into
connected (Lietal,2018b; Wangetal., 2018; Zhang
et al., 2019a).

In addition, the T, spectra of mudstone at the same
confining stress level are not coincident for a certain
loading-unloading cycle, indicating that the deformation
of mudstone during the loading-unloading process is
irreversible. The 7, spectra of mudstone in the unloading
stage is generally located on the right side of that in the
loading stage, indicating that the mudstone is irreversibly
damaged during the loading process at higher confining
stress condition (Takeda and Manaka, 2018). Therefore,
for a certain cycle at the same stress level, the pore
diameters corresponding to different 7, peak values in the
unloading stage are generally higher than those in the
loading stage.

It should be noted that the max confining stress of the
cyclic loading-unloading process is not only the end of
loading but also the start of unloading, the change of the
T, spectra of mudstone under the max confining stress
level (18 MPa) with the increase of cycle numbers is
shown in Fig. 5. At the first loading process, the macro-
pores in the mudstone are compressed, with the increase
of the cycle numbers, the peak values of the two peaks in
mudstone increased after multiple cyclic loading-
unloading, indicating that the mudstone is damaged by
multiple cyclic loading-unloading, resulting in the
generation of new pores and fissures. In the process of
cyclic loading-unloading, the deformation of mudstone is
mainly composed of recoverable elastic deformation and
non-recoverable plastic  deformation. Thus, the
deformation of mudstone in the cyclic loading-unloading
processes is closely related to the stress path and stress
level.

3.2.2  Variation of pore structure parameters with cycle
numbers

The pore structure parameters of mudstone at different
cycle numbers are shown in Table 3 and Fig. 6.
As shown in Fig. 6(d), with the increase of cycle
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Fig. 4 T, spectra of mudstone under different cycle numbers of loading and unloading.

numbers, in the process of the loading process, the
porosity of mudstone decreased first and then increased
with the increase of confining stress, while in the
unloading process, the porosity of mudstone increased
first and then decreased with the decrease of confining
stress. Under the confining stress condition of 18 MPa,
the proportion of larger pores in mudstone is relatively
high, indicating that irreversible plastic deformation and
damage occur in mudstone under the condition of higher
confining stress (Xu et al., 2006; Chao et al., 2017), and
new pore and fracture structures are generated, then
increased the porosity. With the increase of cycle
numbers, the micropore, mesopore, and total pore volume
of mudstone show an increasing trend. Under the same

confining stress level, the proportion of macropore
decreased gradually, while the proportion of micropore
and mesopore increased. In addition, for any certain
loading-unloading process, the porosity of mudstone at
the same confining stress level does not coincide, which
shows a similar hysteresis phenomenon with the
hysteresis behavior of the stress-strain curve during the
cyclic loading-unloading process. For any certain cycle,
the porosity of mudstone in the loading process is lower
than that of in the unloading process, which is also related
to the change of mudstone porosity in any single loading
process, indicating that the stress loading path shows
significant impact on the pore structure change of
mudstone (Zhang et al., 2019b; Liu et al., 2021). Under
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Fig.5 T, spectra of mudstone under max confining stress with
different cyclic numbers.

the higher confining stress (18 MPa) condition, the
damage is occurred in mudstone, when the confining
stress is unloaded to 10 MPa, the porosity of mudstone is
larger than that of the previous loading process at the
stress of 10 MPa. While in the unloading process, the
porosity at the confining stress of 2 MPa is less than that
at the 10 MPa, which can be attributed to the redistribu-
tion of water in the pore structure of mudstone during the
nuclear magnetic resonance test. In the unloading process,
with the recovery of elastic deformation of mudstone, the
water in larger pores will diffuse to smaller pores and
reduce the water saturation of larger pores, which may
result in a decrease in the corresponding measured
porosity in mudstone (Chu et al., 2021).

The dynamic change of pore structure of caprock under
cyclic loading-unloading will significantly affect the
sealing capacity of caprock (Lv et al., 2017; Jayasekara
et al., 2020). As shown in Figs. 6(a)-6(c), the accumula-
tive amplitudes of different kinds of pores have an
upward trend with the increase of cyclic numbers, and the
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total pore volume also increase, it is obvious that the
value of accumulative amplitudes under the min and
middle confining stress are lower than that under the max
confining stress. The pore size distribution and porosity
of caprock are important factors affecting its sealing
capacity and breakthrough pressure. Generally, the larger
the porosity of caprock is, the lower the breakthrough
pressure is, and the breakthrough pressure decreases with
the increase of the proportion of macropores and
increases with the increase of the proportion of
micropores and mesopores (Hu et al., 2021). The above
experimental results in this study showed that the
proportions of micropores, mesopores, and macropores in
the caprock changed correspondingly during the cyclic
loading-unloading processes. After a certain number of
cycles, under a certain confining stress, the proportions of
micropores and mesopores in the mudstone caprock
increased, while the proportion of macropores decreased,
then increase the breakthrough pressure of mudstone.
However, it should be noted that under the higher
confining stress condition, mudstone may be damaged
and new pores and fractures can be generated, then the
increase in the proportion of larger pores and total
porosity is expected, causing the reduction in
breakthrough pressure. In addition, as the pore structure
changes are depending on the stress loading-unloading
path and stress level, then the breakthrough pressure of
rock is also stressed path-dependent (Lei etal., 2019).
Thus, the influence of cyclic loading-unloading on the
breakthrough pressure is controlled by multiple factors.

3.3 Influence of pore structure changes on the breakthrough
pressure of mudstone caprock

Generally, the gas breakthrough in caprock is a complex
process involving multiple phases and can be affected by
many factors, such as the pore structure and porosity

Table 2 Variation of pore structure parameters of mudstone under cyclic loading-unloading

Confining stress Ist 10th 20th 30th 40th 50th

load  unload load  unload load  unload load  unload load  unload load  unload

2 MPa Micropore/%  4.64 4.38 4.29 4.30 4.56 4.60 4.40 4.37 438 434 431 4.20
Mesopore/%  94.03  93.27 93.92  94.40 94.00  93.65 93.87  93.99 9435 9430 9447  94.43

Macropore/%  1.33 2.35 1.79 1.30 1.44 1.74 1.73 1.64 1.27 1.36 1.22 1.36

Porosity/% 0.45 0.44 0.55 0.48 0.55 0.59 0.59 0.69 0.6 0.64 0.68 0.71

10 MPa Micropore/%  4.47 4.58 4.39 4.36 437 4.36 4.30 437 6.46 4.28 4.42 423
Mesopore/%  93.66  93.98 94.05  94.27 94.03 94.38 9423  94.23 94.03  92.20 93.86  94.33

Macropore/%  1.86 1.44 1.56 1.37 1.60 1.26 1.47 1.60 1.35 1.87 1.25 1.30

Porosity/% 0.43 0.45 0.51 0.59 0.54 0.61 0.58 0.62 0.62 0.74 0.65 0.79

18 MPa Micropore/%  4.45 4.27 4.22 4.30 4.23 4.38 4.45 4.27 4.22 4.30 4.23 4.38
Mesopore/%  94.62  94.77 9492  94.85 94.24  93.60 94.62  94.77 9492 94.85 94.24  93.60

Macropore/%  0.93 0.96 0.87 0.85 1.53 2.02 0.93 0.96 0.87 0.85 1.53 2.02

Porosity/% 0.47 0.47 0.54 0.54 0.55 0.55 0.56 0.56 0.63 0.63 0.66 0.66
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Fig. 6 Variation of pore structure parameters in mudstone at multiple cyclic loading-unloading.

(Zhang and Wang, 2022). Based on the existing studies,
there is a relationship between breakthrough pressure and
porosity and permeability, which can be expressed as

(Wu et al., 2020)
loa 1
Pi=——=|=
‘= Ver \ ok

where P, is breakthrough pressure, MPa, ¢ is surface
tension, & is shape factor, F is formation resistivity
coefficient, ¢ is porosity, and k is permeability, mD.

The relation between permeability £ and porosity ¢ can
be expressed as follows (Cui and Bustin, 2005):

¢ 3
k=ko|l—],
O(¢0)

where k, is the rock’s initial permeability and ¢, is the
rock’s initial porosity. Defining the relative breakthrough
pressure as P/P, and ignoring the changes of rock
surface tension, shape factor, and formation resistivity in
the cyclic loading-unloading process, based on the pore
structure and porosity changes in the cyclic loading-
unloading process, the change of relative breakthrough
pressure P/P in the cyclic loading-unloading process can

be expressed as follows:
Po_ [¢oko
Piki

P()_

2

)

“4)

Substitute Eq. (3) into Eq. (4), the following equation
can be obtained:

2
}? = ¢—2. 5)

0 &

Thus, according to the porosity change of mudstone
induced by cyclic loading-unloading in this study, the
breakthrough pressure changes with the cyclic loading-
unloading can be obtained by using Eq. (5). Figure 7
shows the relationship between the relative breakthrough
pressure, porosity, and permeability of mudstone caprock.
It can be seen from Fig. 7 that the relative breakthrough
pressure increased gradually with the decrease of porosity
and permeability induced by cyclic loading-unloading,
which is consistent with the results of (Zhou et al., 2019).

Figure 8 depicts the relationship between relative
breakthrough pressure and between confining stress and
the cycle numbers. As shown in Fig. 8, with the increase
of confining stress, the pore volume of mudstone
decreased, and the relative breakthrough pressure
increased gradually. With the increase of the cycle
numbers, as the cyclic loading-unloading causes micro-
damage in the mudstone caprock, the mesopores,
micropores, and total porosity show an increasing trend,
then the relative breakthrough pressure decreased
gradually. Therefore, it can be concluded that the
breakthrough pressure of mudstone caprock decrease with
the increase of the cycle numbers.

It should be noted that for a certain geological
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formation, when using to storage different gas (CH,, CO,,
H,), the alteration in breakthrough pressure of them with
the cyclic stress maybe different, as they show different
interfacial tension and wettability behaviors in the gas-
water-rock system. The Washburn equation implies that
the capillary entry pressure for a certain gas is positively
related to interfacial tension and contact angle value
(Hildenbrand et al., 2004). The interfacial tension for the
H,-water system may be similar that for the CH,-water
system as both gases have low aqueous solubilities in
water. However, breakthrough pressure of CO, can be
significantly influenced by the CO,-brine-rock interac-
tions. CO, can be dissolved in brine to form acid solution,
then, the pore structure and minerals of the rock can be
altered by the CO,-brine-rock interactions, inducing the
alteration in wettability behaviors of rock, which further
affect the breakthrough pressure of CO, in it.

4 Conclusions

Based on the in situ nuclear magnetic resonance (NMR)
test technology, the pore structure evolution of mudstone
caprock under cyclic loading-unloading is obtained, and

its influence on the gas breakthrough pressure was
discussed, the main conclusions are as follows.

1) During the loading process, with the increase of
confining stress, the 7, spectra of mudstone caprock
shown a trend of move to the left, the first peak amplitude
increased, while the second peak amplitude and its
corresponding 7, value decreased, indicating that the
macropores are compressed and transformed into micro
and mesopores, resulting in the decrease in the volume of
macropores and the increase in the amount of micro- and
mesopores. In the loading-unloading process, the pore
structure changes in the mudstone are mainly caused by
the compression of larger pores.

2) In the loading process, the porosity decreased first
and then increased, which indicates that the mudstone is
damaged at a higher confining stress level. Under the
same confining stress, the porosity curves in the loading
and unloading process do not coincide, indicating that the
mudstone has experienced irreversible deformation, the
porosity in any loading process is less than that in the
unloading process. With the increase of cycle numbers,
the pore volume of micropore, mesopore, and the total
porosity in mudstone shown an increasing trend,
indicating the damage of rock is enhanced under multiple
cyclic loading-unloading.

3) The breakthrough pressure of caprock is closely
related to its pore size distribution, as the porosity and
pore structure alteration of caprock is depending on the
cyclic stress load-unload path and cycle numbers, thus the
breakthrough pressure is also stress-dependent. The
breakthrough pressure of mudstone decreased with the
increase of the cycle numbers. In addition, the
breakthrough pressure is also related to the gas type, the
breakthrough pressure considering pore structure and gas-
rock interaction should be further studied.
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