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A promising large-scale energy storage is underground compressed air energy storage
(CAES) in lined rock caverns. To ensure the safety and stability of storage caverns because
of the influence of periodic injection during production, it is crucial to understand the
mechanical behavior of lining concrete under different complex stress paths. In this study,
three types of uniaxial compressive fatigue test and uniaxial creep test were conducted on
concrete. The following conclusions were obtained from the results. 1) The irreversible
deformation after the interval was larger than that before the interval in the discontinuous
multi-step cyclic loading (DMCL) test. 2) Loading velocity significantly influenced concrete
fatigue, and the irreversible deformation in the cycle of low loading velocity was greater than
that in the cycle of high loading velocity. 3) The residual strain increased with an increase in
stress level. 4) The creep strain increased with an increase in stress level during the multi-
step creep loading test; the fractional derivative results were more consistent with the
experimental results. 5) The permeability of concrete increased rapidly under the influence
of an external force when the stress level exceeded 0.73.

Keywords: complex stress path, irreversible deformation, creep, permeability, concrete

INTRODUCTION

In the context of carbon peak and carbon neutrality, renewable energy sources, which can replace fossil
energy on a large scale, present new opportunities for development (Liu et al., 2020a; Ben Yosef et al., 2021;
Jiang et al., 2021; Liu et al., 2020b; Ma et al.,, 2021; Nair et al,, 2021). The development of renewable energy
sources is currently restricted because they are inherently intermittent, being dependent on weather
conditions and daily cycles. Therefore, reliable storage technology is essential to the economic and technical
feasibility of renewable energy sources. The pumped hydroelectric storage (PHS) (Winde et al,, 2017; Jurasz
et al, 2018; Sultan et al., 2018; Liu et al., 2020c; Emmanouil et al,, 2021) and compressed air energy storage
(CAES) (Zhao et al,, 2015; Zhang et al., 2019; Soltani et al., 2020; Li et al., 2021; Liu et al., 2021; Yang et al,,
2022) have been regarded as promising large-scale electric energy storage technologies. The PHS is limited
by the hydrogeological conditions and large cover depths during its construction, whereas CAES has
attracted much attention because of its lower capital and maintenance cost (Rutqvist et al, 2012;
Venkataramania et al., 2016; Wei et al., 2016; Chen et al., 2017; Ye et al., 2018; Liu et al.,, 2020d).
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TABLE 1 | Chemical composition of the cement.

Mechanical Properties of Lining Concrete

Si0, Fe,03 Al,O03 Ca0 MgO Na’0 K0 SO; Lol

(%) (%) (%) (%) (%) (%) (%) (%) (%)

20.4 4.4 5.14 62.8 1.31 0.42 0.28 2.48 2.39

TABLE 2 | Mixture proportions of concrete.

Material Cement (P.O. Water Coarse stone Fine aggregate Admixture Fly ash
425) aggregate

Content (Kg/m3) 429 148 1,122 728 5.72 48

FIGURE 1 | Photograph of the processed concrete samples.

CAES can be constructed using rock cavities, salt cavities, and
porous-media reservoirs. The construction of CAES has greater
flexibility in terms of site selection and substantially reduced
construction costs through the use of underground lined caverns
with an artificial sealing layer, such as concrete (Raju and Kumar
Khaitan, 2012; Kim et al., 2013; Kim et al., 2016; Jiang et al., 2020;
Zhou et al., 2020). For a typical CAES system with frequent injection
and production, a major challenge in storing compressed air in
underground lined caverns is the risk of air leakage from the caverns.
Therefore, it is necessary to investigate the porosity, permeability,
and fatigue behavior of concrete under various loading conditions.

Recently, many studies have been conducted to understand the
fatigue performance and permeability of concrete and rock (Jiang
et al, 2016; Fan et al, 2020; Kang et al, 2021; Xu et al, 2022).
Irreversible strain, fatigue crack initiation, and fatigue life are the main
subjects of investigations on fatigue performance (Youshi et al., 1992;
Pan and Hong, 2019). Du et al. studied the fatigue behavior of
prestressed concrete under the fatigue loading of different stress

ranges and proposed the S-N relationship between the tested beam
and the bottom tensile steel bar related to the prestressing force (Du
etal,, 2020). Li et al. obtained the crack growth rate of the strengthened
reinforced concrete beams through fatigue crack propagation tests,
proposing a fatigue crack growth equation of strengthened reinforced
concrete beams (Li et al, 2018) Lv et al. investigated the fatigue
performance of self-compacting rubber lightweight aggregate concrete
with different rubber particles substitution percentages under uniaxial
compression (Lv et al, 2020). Abbass et al. conducted low cycle
loading tests on reinforced concrete beams under different stress
amplitude range levels; the authors found that the bond strength of
normal-strength concrete was less than that of high-strength concrete
(Abbass et al., 2013). Kasu et al. tested concrete beam specimens with
different nominal maximum aggregate sizes (10 and 20 mm) under
bending cyclic loading; the authors found that the smaller the nominal
maximum aggregate size was, the better the fatigue performance of
concrete was (Kasu et al, 2019). Jiang et al. conducted concrete
uniaxial and eccentric cyclic loading tests to determine the fatigue
performance, elastic modulus, and residual strain of concrete (Jiang
et al, 2017). Zhu et al. tested the externally reinforced concrete
specimens under fatigue loads with different fatigue amplitudes
and developed a bond-slip model, considering the effects of the
concrete strength and the fatigue loading amplitude (Zhu et al,
2016). Zhang et al. tested the permeability of 12 concrete specimen
mixtures and found that the Klinkenberg factor was the key parameter
of conversion (Zhang and Li, 2019). Rahal et al. proposed a
macroscopic model for predicting the evolution of permeability
with cracking (Rahal and Sellier, 2019).

The mechanical and seepage properties of lining concrete
under various cyclic loadings are critical design parameters of
CAES underground caverns and are crucial to ensuring the
tightness and stability the cavern’s structure. This paper
presents the mechanical and seepage properties of concrete
under different conditions based on three groups of cyclic
loading tests and a group of creep tests.

EXPERIMENTAL PROCEDURE

Materials
To prepare the concrete, we used ordinary Portland cement, fine
aggregate, sand, water, admixture, fly ash, and coarse aggregate with a
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FIGURE 2 | Loading pattern applied in three fatigue tests: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests; (D) Multi-step creep test.

maximum grain size of 40 mm. The fine aggregate and cementing
material were natural sand and Chinese standard 42.5 Portland
cement, respectively. The chemical composition of the cement is
presented in Table 1, and the concrete mix proportion is shown in
Table 2. The water-to-binder ratio of the concrete preparation was

0.31. The concrete mixtures were mixed evenly and poured into cubic
molds with the size of 150 x 150 x 150 mm. The concrete was
vibrated using a needle vibrator until the concrete surface formed a
paste layer; the vibrator was pulled out slowly. The concrete cubes
were removed from molds after 24 h and then placed in a standard
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FIGURE 3 | Schematic of the LW-I core porosity and permeability automatic tester.

Axial stress
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FIGURE 4 | Schematic of elastic deformation and irreversible
deformation calculation.

curing chamber at 20 + 2°C with relative humidity >95% for 28 days.
The pouring and curing conditions of the concrete were in
compliance standard requirements (GB/T 50081-2002) (M. Of
Housing, U.-RD. of the People’s Republic of China, 2002). The
compressive strengths of the 7day and 18 day were 51.7 and
61.5 MPa, respectively. The concrete cubes were drilled using a
high-speed coring machine with an inner diameter of 50 mm to
obtain the cylindrical specimens, which were cut by a cutting machine
and smoothened at the end by a grinder. The length of each specimen
was 100 + 0.5 mm, the diameter was 50 mm, and the end surface
roughness was controlled within a £0.02 mm margin (Figure 1). To
reduce the effect of water content on concrete strength, all specimens
were placed in a vacuum heating oven at 45°C for 24 h before testing.

Experimental Design and Conditions

The mechanical tests under uniaxial compression comprise four
loading paths (Figure 2). 1) Conventional multi-step cyclic
loading (CMCL, Figure 2A). The upper limit of the first stress
path 0,,, was set at 15 MPa, and the upper-limit stress was
increased by 7.5 MPa every step containing 20 cycles. The loading
velocity v; was set at 2 kN/s, and the lower-limit stress ,,;, was
set at nearly 0 MPa. 2) Discontinuous multi-step cyclic loading
(DMCL, Figure 2B). The stress-free time intervals (SFIs) of 30 s
were added to each of the two stress cycle paths based on the
CMCL tests. To facilitate the presentation and analysis, the first
stress cycle of each step is defined as the F cycle. The stress cycles
before and after the SFIs were indicated as B cycle and A cycle,
respectively. 3) Multi-step cyclic loading with different loading
velocities (MCL-DV, Figure 2C). The v; for odd cycles (named H
cycles) and even cycles (named L cycles) were set at 2 kN/s and
0.2 kN/s, respectively. The material discreteness influence can be
further minimized by the loading path combining cyclic stress
and SFIs on a specimen in DMCL tests and the different speed
loading path in MCL-DV tests. 4) Multi-step creep loading. Each
step of the creep process lasted 18 h. The stress path of the creep
test is shown in Figure 2D. After loading at each step in the four
tests, the porosity and permeability tests were performed on the
concrete samples.

The room temperature was kept at 22 + 3°C, and the stable
relative humidity was kept at 50-70%. The mechanical tests of
the concrete ware performed on MTS 815 (United States)
machine with an axial force range of 600kN. The axial
deformation was measured by linear variable differential
transformer (LVDT), which followed the piston position in
real time. The porosity and permeability tests were conducted
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FIGURE 5 | Elastic deformations &, of each cycle: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests.

with LW-I core porosity and permeability automatic tester,
which was developed independently by the State Key
Laboratory of Coal Mine Disaster Dynamics and Control at
Chonggqing University, China. The schematic of the LW-I core
porosity and permeability automatic tester is shown in
Figure 3. In the permeability test module, the hydraulic
pressure pump can provide confining pressures ranging
from 0 to 25 MPa, and the inlet gas pressure ranges from 0
to 5 MPa. Fixed containers one and two were used to record the
inlet and outlet pressures, respectively. The permeability test

was performed under the conditions of 2 MPa confining
pressure and 0.6 MPa inlet pressure.

The typical specimens were scanned using X-ray CT to obtain
the coalescence patterns of the cracks before and after the
mechanical tests. X-ray CT is a non-destructive tool for
obtaining accurate images and three-dimensional data. The
main settings of the X-ray CT scanner in this study were as
follows: size measurement accuracy, 50 um; CT image density
measurement accuracy, 1.0%; spatial resolution >2.5 lp/mmy;
voltage, 130 kV; and power current, 81 pA.
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FIGURE 6 | Irreversible deformations ¢ of each cycle: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests.

RESULTS AND DISCUSSION

Concrete can be deformed under the influence of external forces.
Concrete exhibits elastic characteristics and reverses elastic
deformation when acting external forces are removed. Concrete
naturally contains complex porous structures (such as micro-
cracks), causing it to exhibit certain plastic characteristics. After
removing the external force, the elastic deformation is reversed;
when the concrete cannot be restored to the original state, the
deformation is said to be irreversible or residual.

The elastic modulus from the loading and unloading processes,
irreversible deformation (g;), and elastic deformation (e,) are
illustrated in Figure 4. The elastic deformation is the difference

in the strains at the beginning and end of the unloading process in a
cycle. The irreversible deformation of a cycle is the difference in
strain between the starting and ending points in that cycle.

The elastic moduli from the loading and unloading processes
are equal to the slope of the linear segment (AB and CD in
Figure 4) of the stress—strain curve during the loading and
unloading stages, respectively. The elastic modulus for the
loading and unloading stages are given by Eq. 1 and Eq. 2.

ogp— 0

E=——2 (1)
EB — €a
op — 0,

E, = u: (2)
€p — &
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FIGURE 7 | Irreversible deformations ¢ of each cycle: (A) CMCL tests; (B) DMCL tests; (C) MCL-DV tests.

where E; is the elastic modulus for the loading stage; E,, is the
elastic modulus for the unloading stage; 04, 05, 0¢, and op, are the
values of stress at points A, B, C, and D, respectively; €4, €5, £c, and
ep are the values of strain at points A, B, C, and D, respectively.

Evolution of Elastic and Irreversible

Deformations

By calculation and sorting, Figure 5 and Figure 6 illustrate the
relationship between elastic deformation and irreversible
deformation and the number of cycles in CMCM, DMCL and
MCL-DV tests. Figure 5 illustrates a narrow fluctuation without
an obvious regularity at each stress level, for the elastic
deformation from even and odd cycles in the CMCM test, the
& from A and B cycles in the DMCL tests, and ¢, from the Hand L
cycles in the MCL-DV tests. The elastic deformation increased
with increasing upper-limit stress.

The values of ¢;, of the F cycles at each stress level in the
CMCL, DMCL, and MCL-DV tests are far larger than the values
of the others (Figure 6). Different laws of ¢;, can be observed
clearly among Figure 6B, Figure 6C, and Figure 6A. The points
representing ¢;, of even and odd cycles from the CMCL test
mingle together. However, the ¢, values of A cycles are larger
than those of B cycles in the DMCL tests; the &;, values of L cycles

are larger than those of H cycles in the MCL-DV tests. These
results suggest an apparent effect of SFIs acting on concrete
during the stress-free intervals and the remarkable influence of
loading velocity v; on concrete fatigue. Many studies have
reported that residual stress is obvious in concrete (Shen et al.,
2016; Toribio et al., 2016; Shen et al., 2020). In DMCL tests, the
residual stress was caused by uncoordinated mechanical response
in concrete acting on concrete during SFIs and promoting the
expansion and developing the internal microcracks resulting in
the difference between the ¢;, of A cycles and B cycles. In the
MCL-DV tests, the loading velocity had an obvious effect on
concrete fatigue because the increase in the loading velocity at
each stress level reduced the time. Hence, the time for occlusion
and microcrack reconstruction decreased  substantially,
preventing the connection and penetration of the microcracks;
thus, the concrete was hardened while the irreversible
deformation in H cycles was reduced.

The elastic modulus of concrete indicates the ability of concrete
to resist deformation under the action of external forces; it also
indicates the initiation, expansion, and connection of concrete
cracks to a certain extent. Figure 7 illustrates that the elastic
modulus of concrete generally exhibited an
“increased-stabilized” trend as the stress level upper limit
increased. Numerous pores were in the concrete. The fewer the
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microscopic defects in the concrete and the higher the degree of
compaction, the stronger its ability to resist external forces. When
the stress level increased from 0.27 to 0.37, the original microscopic
defects of the concrete samples were gradually closed, the internal
structure tended compactness, and the ability to resist external
forces was enhanced. This behavior suggests that the elastic

modulus gradually increased macroscopically. The elastic
modulus of the concrete from the first loading cycle differed
considerably from that of the other cycles at each step of the
CMCL and DMCL tests. This difference was because the degree of
consolidation between the aggregates in the concrete increased
correspondingly as the loading progressed. When the upper limit
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stress reached 30 MPa, the elastic modulus increased substantially
compared with that at the previous level. The value of the elastic
modulus changed negligibly when the upper limit stress exceeded
45 MPa before finally decreasing. The average elastic modulus of
the specimens under different stress levels in the CMCL test was
6.01, 6.22, 7.02, 7.21, 7.34, 7.34, and 7.18 GPa; the average elastic
modulus from the DMCL test was 5.38, 6.16, 6.93, 7.16, 7.31, 7.28,
and 7.25 GPa; and the average elastic modulus from the MCL-DV
test was 6.21, 6.45, 7.08, 7.36, 7.54, 7.51, and 7.46 GPa. Moreover,
the elastic modulus from the unloading segments was larger than
that from the loading segments.

Effect of Different Stress Levels on
Concrete Fatigue

The average irreversible deformations at each stress level in A
cycles, B cycles, H cycles, and L cycles were calculated separately;
the results are shown in Figure 8. In the DMCL test, the average
irreversible deformation of the A cycles differed from that of the B
cycles at each stress stage; the average irreversible deformation of
the A and B cycles increased as the stress level increased. In the
MCL-DV test, the increase in the stress level did not influence the

effect of loading velocity on concrete fatigue. Moreover, the
irreversible deformation of L cycles increased with the increase
in the stress level when the external stress became
sufficiently large.

The catalytic rate is defined as the growth rate of the ¢;, from
B to A cycles, and the difference between the average &;, of A
and B cycles at every stress level was calculated, as illustrated in
Figure 9. The difference between the average ¢;, of A and B
cycles was relatively small under low stress, whereas the
catalytic rate was large. The difference between the average
&ir of A and B cycles exhibited an overall growing trend under
high stress, whereas the catalytic rate tended to be stable.
Therefore, it is necessary to investigate the fatigue
characteristics of concrete more comprehensively under
different working conditions during the operation of a
CAES power station.

Creep Characteristics of Concrete Under

Different Stress Levels
Figure 10 shows the strain curves under the different uniaxial
creep stresses levels. It can be observed that the strain increased
rapidly with force stress before the creep stage, and the total strain
(including the strain before and after creep) increased with
increasing stress levels. The creep strain was relatively stable
and slowly increased with time during the creep stage when the
stress level increased from 0.37 to 0.98. The relationship between
the creep strain and stress level is illustrated in Figure 11. The
creep strain increased gradually with increasing stress level. The
concrete creep strain increased from 1.5 x 10*t0 3.3 x 10~* when
the stress level increased from 0.37 to 0.98. The relationship
between creep strain and stress level satisfies exponential growth,
and the fitting equation can be expressed as & = 8 x 107%¢(1:5162k),
The creep deformation of concrete generally consists of three
typical stages: the initial creep, steady creep, and accelerated creep
stages. The original microcracks in the concrete do not expand in
the short initial creep stage. In the steady creep stage, the original
microcracks propagate gradually, and the new crack is produced
and development. The concrete gradually develops to the
accelerated creep stage with an increase in stress and time.
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Based on the definition of fractional derivative, Wu et al. built a
new Fractional Derivative creep model, which uses Abel dashpot
with strain triggered and Abel dashpot (Wu et al., 2020a; Wu
et al, 2020b). The constitutive relationship of the Fractional
Derivative creep model is

g o tf
E_+;1_W’e<s“;
e(t) = oo NG
o, o ¢ o ¥ ..
E, "h)r()""l) ’71r(Y+1)) -

where E; and #, are the elastic and viscous parameters,
respectively; ¢, is the strain of the material the moment it
reaches the accelerated creep.

As shown in Figure 12, the initial creep and steady-state creep
stages are considered in multi-step creep loading tests. Figure 12
depicts fitting results of the Fractional Derivative creep model and

experimental data when the stress level was 0.98. It can be
observed that the Fractional Derivative creep model is highly
consistent with the experimental data from creep test of concrete.
This observation demonstrates that the model can adequately
describe the creep characteristics of concrete.

Gray Level Images by CT

The CT gray scanned images of four typical specimens are
shown in Figure 13. The darker the grayscale color, the smaller
the grayscale value; the larger the CT number, the greater the
density of the material (Ge et al., 2001). As shown in Figure 13,
the pixels of the CT grayscale images reflect different
microstructures in the concrete; the coarse aggregate particles
are in light gray while the hardened cement paste matrix is in
dark gray. The CT images showed obvious pores (black in the
images), which were caused by insufficient vibration during
concrete forming. Numerous obvious developmental cracks and
pores were observed in the CT images after the mechanical tests.
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Micro-cracks developed along the interfacial transition zone
and connected with the original pores to form macroscopic
shear cracks because of continuous loading in the tests. The
macroscopic cracks throughout the coarse aggregate, branched
cracks, and pores almost occupied the whole plane. Many
micro-cracks were parallel to the loading direction because of
the absence of the confining pressure. This failure pattern is
consistent with the type of shear failure of concrete under
uniaxial compression.

Figure 14 illustrates the distribution of pores after 3D
reconstruction by the CT images of the concrete before testing.
This figure indicates that the concrete samples had many small-size
pore structures and do not distribute obvious large-scale cracks.
Thus, favorable conditions were lacking for the migration of gas in
the concrete. The porosity of each sample calculated by the Avizo
software was greater than that tested by the LW-I core porosity and
permeability automatic tester. This difference was because the
number of cracks was small, the gas flow and migration in the
cracks were difficult, and some pores were not connected.

Evolution of Porosity and Permeability
Figure 15 illustrates the variations in the ratio of permeability to
initial permeability Ry, and the ratio of porosity to initial porosity
Rp, under different stress levels. The evolution of porosity and
permeability shows a trend of an initial decrease before an eventual
increase. The pores and micro-cracks in the concrete are
compacted under the action of external force, resulting in the
reduction of porosity and permeability. Figure 15A shows that the
values of porosity decreased when the stress level increased from
0.27 to 0.37, indicating that the original pores and micro-cracks
were gradually compacted. When the loading ratio increased from
0.61 to 0.97, the porosity gradually increased, indicating that the
damage increased after the action of a high-force stress. When the
stress level reached [0.24, 0.73], the concrete permeability decreased
gradually after the action of external force. When the stress level
was greater than 0.73, cracks developed rapidly, resulting in a rapid
increase in the concrete permeability and damage.

CONCLUSION

In this study, the mechanical characteristics of ordinary concrete
under three complex cyclic loading conditions and creep
condition were investigated. Based on the experimental results,
the main conclusions are as follows:

1) In the DMCL test, the interval-promoted plastic and
irreversible deformations in A cycles were remarkably larger
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