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Long-term geological storage of carbon dioxide in underground engineering is the
most economically viable option for reducing emissions of this greenhouse gas to
the atmosphere. Underground engineering projects are often subjected to
earthquakes during their lives, thus it is essential to investigate the deformation
characteristics of surrounding rock of those underground engineering works
subjected to seismic load under different confining pressures. To date, however,
there have been notably few studies on the characteristics of rock materials under
seismic load and the influences of seismic load on dynamic deformation properties
of rock material under different confining pressures remain unclear. Therefore, a
numerical study of the dynamic mechanical properties of a rock material
(T2,6 marble) under Kobe seismic load with four different maximum stresses
and four different confining pressures was conducted. The results show cyclic
behavior, strain rate effect and damage are found in the stress-strain curves of the
rock under simulated Kobe seismic load. Confining pressure can significantly limit
the increases in lateral strain and volumetric strain, thus dilation can occur in the
rock when the maximum stress of seismic load is large, and the confining pressure is
small. Seismic load with small maximum stress cannot cause severe damage to the
rock, but the influence is larger than that of static load. The maximum stress can be
treated as a main factor affecting the damage to rock under seismic loads, while the
effect of confining pressure thereon is smaller than that of the maximum stress.
Furthermore, the relationships between deformation characteristics of the rock
under these seismic loads, such as maximum strain, residual strain, plastic internal
variable, deformation modulus, and maximum stress are different from that
between the deformation characteristics and confining pressure.
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Introduction

Since the 21st century, global carbon emissions have grown
rapidly, and global carbon dioxide emissions were increased by
40% from 2000 to 2019. According to the statistics of the World
Energy Statistical Yearbook (70th Edition) released by BP, in
2019, global carbon emissions reached 34.36 billion tons, a
record high. As the most economically viable option for
reducing emissions of carbon dioxide to the atmosphere, the
long-term safety of underground engineering for the long-term
geological storage of the greenhouse gas is extremely important
(Al-Ameri et al., 2016; Lu et al., 2019; Xu et al., 2021), however,
these underground engineering works are likely to be subjected to
earthquakes during their service lives (Liu et al., 2018). Similar
problems will be encountered for rock slopes (Aydan 2016;
Huang et al., 2018; Huang et al., 2020; Chang et al., 2022; Du
et al., 2022; Fu et al., 2022). Thus, it is crucial to characterize the
mechanical behavior of the rock surrounding such works under
seismic loads.

Due to the amplitude of a seismic load varying with time,
seismic loads are generally simplified to common cyclic loading
events for convenience. In recent decades, experimental
investigations on the mechanical properties of rock materials
subjected to cyclic loading have been conducted. Bagde and
Petros (2005) and Fuenkajorn and Phueakphum (2010)
performed uniaxial cyclic loading tests on sandstone and rock
salt. Results from the tests indicate that the compressive strength
of rocks decreases with increasing number of loading cycles.
Amplitude, loading frequency, maximum stress, and waveform
of cyclic loading are usually deemed significant in terms of their
effects on the mechanical properties of rock. Heap and
Fuenkajorn (2008)
loading experiments and constant-amplitude cyclic loading

conducted increasing-amplitude cyclic

experiments to quantify the contribution of microcracking to
the static elastic response of Westerly granite. Tests results imply
that increasing-amplitude stress cycling causes 11% decrease in
Young’s modulus measured at a constant stress. Liu et al. (2012)
found that frequency has a strong influence on the deformation,
stiffness, and failure mode of sandstone. The higher the
frequency, the larger the strength of sandstone and granite
(Peng et al., 2020; Vaneghi et al., 2020). From the results of
cyclic loading tests of rock salt, it was found that with the increase
in maximum stress of cyclic loading, the damage evolution of
rock salt becomes more evident (Liu et al., 2014). Sinusoidal,
ramp, and square waveforms were applied by Bagde and Petros
(2005) to assess the effect on the fatigue properties of sandstone,
and results show that the loading waveform affects the
accumulation of damage to the rock. Furthermore, triaxial
cyclic loading tests have been conducted to study the
influence of confining pressure on the mechanical properties
of rock materials (Yang et al., 2020; Jiang et al., 2021; Yang et al.,
2021). Chen et al. (2021) applied five different confining
pressures in triaxial cyclic loading tests on intact sandstone to
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the
Experimental results show that the confining pressure can

expound damage evolution and failure behavior.
stop the formation and propagation of fractures in rock
samples and reduces damage thereto. Similarly, triaxial cyclic
loading tests under five confining pressures were conducted to
investigate the variation of energy evolution and distribution
characteristics with confining pressure: the confining pressure
can limit the energy dissipation and release due to fracture or
failure of the rocks (Meng et al., 2021). However, surrounding
rock is generally in a true triaxial state of stress. Gao and Feng
(2019), Feng et al. (2020), Gao and Wang (2021), and Duan et al.
(2021) measured the mechanical and damage characteristics of
rocks under true triaxial cyclic loading. Results show that the
variation of damage in the intermediate principal stress direction
is different from that in the maximum and minimum principal
stress directions, while the variation of damage in the latter two
directions is similar.

The literature shows that studying the mechanical responses
of rock materials subjected to cyclic loading remains the focus of
research, while the applying loads of research are limited to
common cyclic loading. To date, metallic and reinforced concrete
materials (Faisal et al., 2013; Li et al., 2014) were applied to
explore their mechanical properties under random cyclic loading.
However, the mechanical response of rocks under seismic load
has never been studied (Liu et al., 2018), furthermore, the
influences of seismic load on dynamic deformation properties
of rock material under different confining pressures remain far
from being understood, hence the need for the present work. The
rest of this manuscript is organized as follows: firstly, a dynamic
constitutive model for rock materials under seismic load is
presented. Secondly, a triaxial numerical test loading scheme
on a hard rock specimen (T,,6 marble) is introduced. Thirdly,
the dynamic responses of the rock samples are evaluated.
Fourthly, the relationship between dynamic deformation
properties of rock material and maximum stress is studied.
Then, the influence of confining pressure on the deformation
properties of rock materials is analyzed. Finally, the conclusions
are drawn.

The dynamic constitutive model under
seismic load

Hashiguchi (2005) and Tsutsumi and Hashiguchi (2005)
built models using sub-loading surface theory, proving it can
reflect the deformation characteristics of materials under cyclic
loading. Thus, Zhou et al. (2020a, 2020b) applied the theory to
rock materials, and established a constitutive model for rock
materials subjected to triaxial cyclic loading based on the
Drucker-Prager criterion. Numerical results almost matched
the experimental results of different rocks under cyclic
loading. Furthermore, to simulate the strain rate effect on
rock under dynamic load and the coupling effect of strain rate
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TABLE 1 Parameters for T,,6 marble.

E,(GPa) KE Ep(GPa) v
29.92 1 24.09 0.15
K, K, Ky, Ky, a r
0.4 1 0 0.4 0 0

10.3389/feart.2022.1035905

¢o(MPa) ¢, (MPa) $,(0) 6,0
23.84 7.95 18.72 32.67
u C X ap b d

2000 1 1 0.0731 0.634 0.30

Note: a and r are the material parameters for kinematic hardening, u is a material parameter for similarity ratio, and C is a material parameter for Similarity-center. y is the maximum value

of similarity ratio.
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FIGURE 1

The velocity time history and load time history of Kobe
seismic load with different maximum stresses: (A) Velocity time
history; (B) Load time history.

effect and damage effect under dynamic cyclic loading, Zhou
et al. (2022) constructed a dynamic constitutive model for rock
materials suited to a medium and low-strain-rate dynamic cyclic
loading regimes. Similarly, the dynamic constitutive model also
demonstrates the

good performance compared with
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experimental results under dynamic cyclic loading. In
general, seismic load can be treated as a medium and low-
strain-rate dynamic cyclic loading. Thus, the dynamic
constitutive model is also suited to seismic load, and the
yield function on the normal-yield surface of the dynamic
constitutive model is written as:

f(0,6%) = VI, + ()1 = Q(é %), 1)
0=t ®
Q(&x) = -32((&;'?:;35 ((:f)))’ (3)
1, (k<xy),
6 () = 1+%<%}—1>, (kg <K<K, )5 @
% )

co(d1g<é£) + 1), (k< Ke)s
c(& k) = ca(dlg<§> + 1)(%;+ 7:“__: (1 - %)), (K <K<Ke),  (5)
é
c,(dlg(é—) + 1),
2

o= de - JG\/§<deP - %tr(dsl’))(del’ - %tr(dsP)), ©)

(k> Ke,)s

whereéis the strain rate, I; represents the first invariant and J; is
second invariant of the deviatoric stress, f is a yield surface
function, R denotes a similarity ratio, cand ¢ refer to the cohesion
and internal friction angle of the rock, respectively; ¢, and
¢,represent the initial and residual internal friction angles; «
is a plastic internal variable, x4, and x4 are the thresholds at
which the internal friction angle starts to change and reaches its
residual value, respectively. G is a function which considers the
dependence of plastic deformation on the confining pressure,
and dePrepresents the increment of plastic strain. cpand c,are the
initial and residual cohesions; #.,and «., denote the thresholds at
which the cohesion starts to change and reach its residual value,
respectively. & is the static strain rate (set to 1 x 10 s™"), and d is
a material constant.
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The dynamic constitutive model is established based on the
sub-loading surface theory, thus the yield function on sub-
loading surface is

F@.60 =T+ BT = Q& n), )
G=0—-Ra+s(R-1), (8)

where s is the similarity-center, adenotes the geometric center of
the normal-yield surface, ¢ represents the current stress
considering the geometric center of the sub-loading surface, I
is the first invariant of the current stress tensor, J, represents
second invariant of the current deviatoric stress, and R denotes a
similarity ratio.

Meanwhile, like the variation of strength, the Young’s
modulus of rock materials is also a function of strain rate and
damage under dynamic cyclic loading. Thus, the Young’s
modulus of rock materials under seismic load was also
established by Zhou et al. (2022) as given by

e (w(e(2)) )
(o)) ) (B2 e
(o) e

where «gis the threshold at which the Young’s modulus reaches

k=0,

E(éx) = 4

K> Kg,

its residual value under static strain conditions, E;andEg

TABLE 2 Test plan.

The type of seismic
load

Confining pressure (MPa)

Kobe wave 0 30
60
70
80

60
70
80

60
70
80

60

70
80
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represent the initial and residual Young’s modulus under
static strain conditions, and a and bare material parameters.

Numerical test loading scheme

Zhou et al. (2020b, 2022) elucidated the physical meaning and
determined the parameters of the dynamic constitutive model in
detail. To study the effects of seismic loads with different maximum
stresses on the deformation properties of rock material under
different confining pressures, triaxial tests were performed and
the dynamic constitutive model was applied to simulate the
response of a rock specimen. The rock specimen is a
T,y6 marble which comes from a hydropower station in China
(Zhang et al., 2010), and each specimen is a cube with a side-length
of 100 mm. The seismic loads are applied at the top of the rock
specimen and a vertical constraint is applied at the bottom of the
calculation model; the confining pressure is applied around the
specimen. The parameters of T,,6 marble are listed in Table 1. It
should be noted that the initial and final Young’s moduli are the
same under different confining pressure conditions.

The Kobe Earthquake refers to an earthquake disaster with a
magnitude of 7.3 that occurred in the Kansai region of Japan at 5:
46:52 (Japanese Standard Time) on 17 January 1995. The Kobe
wave is chosen for the present analysis and its velocity-time
history curve is shown in Figure 1A. The loading diagram of
Kobe seismic load with four maximum stresses (i.e., 30 MPa,

The maximum static load  Duration(s)
(MPa)

12.84 71.36
25.68 122.72
29.94 139.76
34.22 156.88
12.84 71.36
25.68 122.72
29.94 139.76
3422 156.88
12.84 71.36
25.68 122.72
29.94 139.76
34.22 156.88
12.84 7136
25.68 122.72
29.94 139.76
3422 156.88
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FIGURE 2

The stress-strain curves of the rock under Kobe seismic load
with different confining pressures: (A) Maximum stress of 30 MPa;
(B) Maximum stress of 80 MPa.

60 MPa, 70 MPa, and 80 MPa) is shown in Figure 1B and is
obtained from the velocity-time history curve. To ensure that the
applied loads induce compressive stresses, a maximum static load
is applied before applying seismic load as listed in Table 2.
Furthermore, the triaxial tests are performed at the four
following confining pressures: 0, 5, 10, and 15 MPa. Firstly,
the rock is subjected to a static load at a strain rate of 1 x
10 s™' in the three principal directions of the rock sample, and
the static load is linearly increased with time. Then, the load is
held constant in the two lateral directions when the load reaches
the confining pressure. Finally, the seismic load is applied when
the static load reaches the maximum value in the axial direction.

The software used for numerical simulation is developed
using C++ language and is a seismic dynamic analysis software
for rock engineering based on the continuum method. It mainly
includes three major blocks: basic mathematical calculation
module, data management module, and finite element kernel
module. The software used for the numerical simulation is a self-
programming finite element method software.
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FIGURE 3

The stress-strain curves of the rock under Kobe seismic load

with different maximum stresses: (A) Uniaxial loading; (B) Triaxial
loading with confining pressure of 15 MPa.

The numerical results

The stress-strain curves and volumetric
strain-axial strain curves

The stress-strain curves of the rock under Kobe seismic load
with different confining pressures are illustrated in Figure 2. The
stress-strain curves of the rock under seismic load with different
confining pressures are shown to be similar, and the stress-strain
curve displays the cyclic behavior of rock materials, such as
hysteresis and cumulative plastic strain. Meanwhile, the
deformation modulus of the rock becomes larger when the
seismic load is applied. This implies that the seismic load is
not only cyclic loading, but also is dynamic load. However, the
size and range of loading and unloading in each cycle are
different. This is because seismic load is different from the
common cyclic loading for its the amplitude being time-
variant. Furthermore, the axial strain is larger than the lateral
strain. With the increase of the confining pressure, the size of
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FIGURE 4
The volumetric strain-axial strain curves of the rock under
Kobe seismic load with different confining pressures: (A) Maximum
stress of 30 MPa; (B) Maximum stress of 80 MPa.

hysteresis loop and cumulative plastic strain are decreasing, as
shown in Figure 2A: the same phenomenon can be seen in
Figure 2B at a maximum stress of 80 MPa. Upon the increase of
the maximum stress of seismic load, the size of the hysteresis loop
and cumulative plastic strain increase. Figure 3 shows the stress-
strain curves of the rock under Kobe seismic load with different
maximum stresses in uniaxial loading test and triaxial loading
test at a confining pressure of 15 MPa. The confining pressure
can significantly limit the increase in lateral strain.

Figure 4 depicts the volumetric strain-axial strain curves of
the rock under Kobe seismic load with different confining
pressures: the volumetric strain and axial strain are quasi-
linearly related. As the axial strain increases, the volumetric
strain decreases, and the volumetric strain is positive when
the maximum stress is 30 MPa, as shown in Figure 4A. This
shows that the rock has been in a state of shrinkage under seismic
load when the maximum stress is 30 MPa on the condition of
four different confining pressures. However, though the
volumetric strain in most instances is positive when the
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The volumetric strain-axial strain curves of the rock under
Kobe seismic load with different maximum stresses: (A) Uniaxial
loading; (B) Triaxial loading with confining pressure of 15 MPa.

maximum stress is 80 MPa, as shown in Figure 4B, dilation
occurs when the confining pressures are less than 10 MPa. This
suggests that rock materials can be in the state of dilation when
the maximum stress of seismic load is large, and the confining
pressure is small. The similar phenomenon is also observed in
Figure 5. Dilation occurs in the rock regardless of the maximum
stress of the seismic load in the case of uniaxial loading, as shown
in Figure 5A. While, the rock is always in the state of shrinkage in
the case of triaxial loading with the confining pressure of 15 MPa,
as shown in Figure 5A. Furthermore, the larger the confining
pressure and the smaller the maximum stress, the greater the
volumetric strain is under the same axial strain.

The variation of deformation properties
Though the plastic internal variable is the function of the plastic

strain, it can reflect the damage of rock under loads based on
formulae (5) and 9. The variations in plastic internal variable of the
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The variation in plastic internal variable of the rock under
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rock with time under Kobe seismic load with different confining
pressures are shown in Figure 6. The shape of the variation in plastic
internal variable of the rock with time is similar under seismic load
with different confining pressures. The larger the confining pressure,
the smaller the plastic internal variable and its rate of change. The
plastic internal variable increases slowly under static load, while it
increases more rapidly when applying a simulated seismic load.
When the maximum stress of seismic load is 30 MPa, the maximum
plastic internal variable is less than 0.02, suggesting that seismic load
with a small maximum stress cannot cause severe damage to the
rock, but the influence is larger than that of static load. A similar
phenomenon can also be seen in Figure 6B when the maximum
stress of seismic load is 80 MPa. While, the maximum plastic internal
variable is significantly larger than that when the maximum stress of
seismic load is 30 MPa, suggesting that the maximum stress is the
main factor affecting the plastic internal variable of, even damage to,
rock materials. The variations in plastic internal variable of the rock
with time under Kobe seismic load with different maximum stresses
are shown in Figure 7. Compared with results under the conditions
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The variation in plastic internal variable of the rock under

Kobe seismic load with different maximum stresses: (A) Triaxial
loading with confining pressure of 5 MPa; (B) Triaxial loading with
confining pressure of 15 MPa

of confining pressures of 5 MPa and 15 MPa, the difference of plastic
internal variable in these two cases is found to be small, suggesting
that the effect of confining pressure on damage of rock materials
under seismic loads is smaller than that of the maximum stress.
The variations in the deformation modulus of the rock with time
under Kobe seismic load with different confining pressures are
shown in Figure 8: the variations in the deformation modulus
under different confining pressures are almost the same, and the
difference can be negligible. This is because the initial and final
Young’s moduli are the same under different confining pressures.
The deformation modulus depends on the plastic internal variable
and strain rate based on formula (9), and the strain rate is the same
under different confining pressures, thus, the difference in the
deformation modulus mainly reflect in the difference of the
plastic internal variable. In general, there are three stages in the
variation of the deformation modulus of the rock under seismic load:
remaining constant, rapidly increasing, and decreasing slowly. This
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The variation in deformation modulus of the rock under Kobe
seismic load with different confining pressures: (A) Maximum
stress of 30 MPa; (B) Maximum stress of 80 MPa.

suggests that seismic load can increase the deformation modulus due
to the strain rate effect. A similar phenomenon can also be seen in
Figure 9 where it can also be seen that the difference of the
deformation modulus under different maximum stresses is also
not large. The reason is that the maximum strain rates of
different maximum stresses are similar and the effect of strain
rate on deformation modulus is mainly reflected through a
logarithmic relationship based on formula (9).

The relationship between the dynamic
deformation properties and maximum
stress

The dynamic deformation
properties of the rock and maximum stress under Kobe

relationship between the

seismic load with different confining pressures is shown in
Figure 10. It can be found that the maximum axial strain and
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The variation in deformation modulus of the rock under Kobe
seismic load with maximum stresses: (A) Triaxial loading with
confining pressure of 5 MPa; (B) Triaxial loading with confining
pressure of 15 MPa.

residual axial strain increase quasi-linearly with maximum stress
under different confining pressures, as illustrated in Figure 10A.
Al though the maximum axial strain and residual axial strain
decrease as confining pressure increases, the difference in the
maximum axial strain and residual axial strain under different
confining pressures is small, whereas the maximum lateral strain,
residual lateral strain and maximum stress have a negative linear
relationship, as shown in Figure 10B. As well, the difference of the
maximum lateral strain and residual lateral strain under different
confining pressures is small, but the difference between
maximum lateral strain and residual lateral strain is not more
than 0.0001. Based on the axial strain and lateral strain, the
relationship between the volumetric strain and maximum stress
under different confining pressures is demonstrated in
Figure 10C. Like the axial strain, the maximum volumetric
strain, residual volumetric strain, and maximum stress show a
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linear relationship. As the maximum stress increases, the
difference between maximum volumetric strain and residual
different
increases. The variations in the maximum plastic internal

volumetric  strain  under confining pressures
variable with maximum stress under different confining

pressures are shown in Figure 10D; the maximum plastic
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internal variable and its rate of change increase with the
increase of the maximum stress under different confining
pressures. As the confining pressures increases, the maximum
plastic internal variable becomes smaller at the same maximum
stress. Figure 10E illustrates the relationship between the
maximum stress and the maximum deformation modulus,
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residual deformation modulus of rock under different confining

pressures; the maximum deformation modulus increases as the

maximum stress increases under different confining pressures,
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and its rate of change decreases gradually. When the residual

deformation modulus increases in the stage of maximum stress

from 30 MPa to 60 MPa, then remaining almost unchanged as
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the maximum stress increases under different confining
pressures. This is because the damage in the initial loading
stage is small, the deformation modulus mainly depends on
the maximum strain rate, however, the damage increases
owing to the influence of seismic load, thus the deformation
modulus not only depends on the maximum strain rate, but also
the plastic internal variable.

The relationship between the dynamic
deformation properties and confining
pressure

Figure 11 depicts the relationship between the dynamic deformation
properties of the rock and confining pressure under Kobe seismic load
with different maximum  stresses. The maximum axial strain and
residual axial strain show a negative quasi-linear relationship with
confining pressure under different maximum stresses, as illustrated
in Figure 11A; the difference between the maximum axial strain and
residual axial strain under different maximum stresses is less than
0.0002. While, the maximum lateral strain, residual lateral strain and
confining pressure have a linear relationship, as shown in Figure 11B,
and the linear correlation between the residual lateral strain and
confining pressure is stronger than that between the maximum
lateral strain and confining pressure. The relationship between the
volumetric strain and confining pressure under different maximum
stresses is demonstrated in Figure 11C. As the confining pressure
increases, the maximum volumetric strain and residual volumetric
strain increase linearly, albeit slowly. Unlike the relationship between
the maximum plastic internal variable and maximum stress, it shows a
negative quasi-linear relationship between the maximum plastic internal
variable and confining pressure under different maximum stresses, as
shown in Figure 11D. The variations in the maximum deformation
modulus and residual deformation modulus of rock with confining
pressure under different maximum stresses are shown in Figure 11E; this
also differs from that with maximum stress. There is a linear relationship
between the maximum deformation modulus, residual deformation
modulus of rock and confining pressure. The reason is that the
maximum strain rate under different confining pressures at the same
maximum stress is the same, thus the plastic internal variable becomes
the main factor for determining the deformation modulus based on
formula (9). The plastic internal variable in the initial loading stage is
small, while it increases because of the influence of seismic load,
therefore, according to the variation of the maximum plastic internal
variable with confining pressure as shown in Figure 11D, the increasing
rate of the residual deformation modulus with the increase of confining
pressure is greater than that of the maximum deformation modulus.

Conclusion

The influences of confining pressures on the dynamic
deformation properties of T,,6 marble under Kobe seismic load

Frontiers in Earth Science

1

10.3389/feart.2022.1035905

with four different maximum stresses were studied through
numerical simulation. The main conclusions are as follows:

1) Hysteresis loops, cumulative plastic strain, strain rate effect,
and damage are found in the stress-strain curves of the rock
under Kobe seismic load, while the size and range of loading
and unloading in each cycle are different.

2) The volumetric strain and axial strain are quasi-linearly
related, and the rock tends to shrink under seismic load,
whereas dilation occurs in the rock when the maximum stress
of seismic load is large and the confining pressure is small.

3) Seismic load with small maximum stress cannot induce
significant damage in the rock, but the influence thereof is
greater than that of a static load. The maximum stress is the
main factor affecting the damage to rock materials under
seismic loads, while the effect of confining pressure on
damage is smaller than that of maximum stress.

4) The maximum axial strain, residual axial strain, maximum
volumetric strain, residual volumetric strain, and maximum
plastic internal variable almost linearly increase with
maximum stress under different confining pressures; the
maximum lateral strain, residual lateral strain, and maximum
stress have a negative linear relationship. The maximum
deformation modulus and final deformation modulus show a
non-linear relationship with maximum stress.

5) The maximum axial strain, residual axial strain, and maximum
plastic internal variable demonstrate a negative quasi-linear
relationship with confining pressure under different maximum
stresses. While, the maximum lateral strain, residual lateral strain,

residual volumetric strain,

maximum volumetric  strain,

maximum deformation modulus, residual deformation

modulus, and confining pressure have a linear relationship.
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