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In the process of engineering construction such as tunnels and slopes, rock mass is frequently subjected
to multiple levels of loading and unloading, while previous research ignores the impact of unloading rate
on the stability of rock mass. A number of uniaxial multi-level cyclic loading-unloading experiments
were conducted to better understand the effect of unloading rate on the deformation behavior, energy
evolution, and damage properties of rock-like material. The experimental results demonstrated that the
unloading rate and relative cyclic number clearly influence the deformation behavior and energy evo-
lution of rock-like samples. In particular, as the relative cyclic number rises, the total strain and reversible
strain both increase linearly, while the total energy density, elastic energy density, and dissipated energy
density all rise nonlinearly. In contrast, the irreversible strain first decreases quickly, then stabilizes, and
finally rises slowly. As the unloading rate increases, the total strain and reversible strain both increase,
while the irreversible strain decreases. The dissipated energy damage was examined in light of the
aforementioned experimental findings. The accuracy of the proposed damage model, which takes into
account the impact of the unloading rate and relative cyclic number, is then confirmed by examining the
consistency between the model predicted and the experimental results. The proposed damage model
will make it easier to foresee how the multi-level loading-unloading cycles will affect the rock-like
materials.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In the course of engineering construction, rocks are frequently
subjected to cyclic loading and unloading, such as during the
excavation of underground caverns and reinforcement of steep
slopes. The equilibrium state of in situ stress will change as a result
of the excavation of underground chambers, which include the
tunnel, roadway, and storage, resulting in cyclic loading and
unloading of the surrounding rock (Yang and Hu, 2018; Peng et al.,
2019; Duan et al., 2020; Hu et al., 2020a). Numerous studies have
demonstrated that when rock mass is subjected to cyclic loading
and unloading, its mechanical properties are very different from
those under monotonic static loading (Momeni et al., 2015; Pouya
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et al., 2016; Vaneghi et al., 2020a; Zhang et al., 2020, 2021; Zhou
et al., 2020; Shirani Faradonbeh et al., 2021; Wang et al., 2021). In
comparison to monotonic loading, cyclic loading-unloading of rock
materials is much more likely to damage and fail the rock mass
(Bagde and Petro�s, 2005; Vaneghi et al., 2018; Chen et al., 2019).

Engineering rock masses frequently experience a type of load
known as constant amplitude cyclic loading. The majority of cur-
rent research focuses on how cyclic loading parameters affect the
mechanical behavior and damage of rock mass. The studied loading
parameters mainly include the waveform (Taheri et al., 2016),
amplitude (Vaneghi et al., 2020b; Wang et al., 2020; Zhu et al.,
2021), frequency (Li et al., 2020), stress level (Chen et al., 2020),
number of cycles (Chen et al., 2017), loading rate (Huang and Li,
2014; Meng et al., 2016, 2019; Zhang et al., 2018). In particular,
the effect of waveforms, i.e. triangular, sinusoidal, and square, on
the damage response of rock was investigated. The results showed
that the cumulative fatigue damage of rock impacted by a cyclic
loading of a sinewaveform is worse than that of a squarewaveform,
but better than that of a triangular waveform (Xiao et al., 2008).
es of rock-like materials subjected to multi-level loading-unloading
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Fig. 1. The WHY-300/10 microcomputer servo-controlled pressure test machine.

Fig. 2. The stressestrain curves of rock-like samples subjected to the monotonic static
loading.
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With the increase of loading amplitude, the fatigue life becomes
shorter, and the strength degradation and total strain increase (Ma
et al., 2013). The compressive strength and total strainwill decrease
with an increase in loading frequency (Ma et al., 2013), as will fa-
tigue (Pouya et al., 2016) and energy release (Bagde and Petro�s,
2009). And the level of cyclic stress is positively correlated with
the strength damage of rock (Ma et al., 2013). The elastic modulus
and compressive strength of salt rock also decrease as the number
of cycles increases (Fuenkajorn and Phueakphum, 2010). The
loading rate also obviously affects the damage level of the rock
mass. The damage generated inside the rock increases with the
loading rate for a given amount of time (Lavrov, 2001). These results
showed that the fatigue, damage, and failure behaviors of rock
materials are significantly influenced by cyclic loading parameters.

In fact, in engineering practice, cyclic stresses are not always of
constant amplitude (Peng et al., 2020; Zhou et al., 2020;Wang et al.,
2021). For instance, the cyclic load created by the rise and fall of the
water level in a hydropower plant is multi-level; in underground
mining, the cyclic load created by blasting also acts on a certain
structure in a multi-level form (Jiang et al., 2017; Peng et al., 2020).
Additionally, the process of gas injection and production in the gas
storage involves cyclic loading-unloading with stresses of various
amplitudes, which may be equivalent to multi-level cyclic loading-
unloading (Liu et al., 2014). In light of the aforementioned engi-
neering issues, research results indicated that multi-level cyclic
loading-unloading is more likely to result in instability and failure
of the excavated rock mass than constant amplitude cyclic loading-
unloading (Heap and Faulkner, 2008; Heap et al., 2009; Kendrick
et al., 2013; Jia et al., 2018). Additionally, the deformation
behavior of rocks subjected to multi-level cyclic loading-unloading
is significantly different from that under constant amplitude cyclic
loading-unloading (Jia et al., 2018).

The majority of earlier studies have, to this point, made an effort
to assess how constant amplitude cyclic loading affects the me-
chanical characteristics of rocks. However, the mechanical charac-
teristics, energy evolution and damage behaviors of rock materials
subjected to multi-level cyclic loading-unloading were rarely
studied. In addition, the impact of the unloading rate on the me-
chanical performance and damage behavior was overlooked. It is
well known that the failure of rocks is essentially driven by energy
(Meng et al., 2016, 2019; Wang et al., 2020; Zhou et al., 2022).
Consequently, from the perspective of energy, it is of great practical
significance to systematically investigate the effect of unloading
rate on the mechanical behavior and energy evolution of rock
materials subjected to multi-level loading-unloading cycles.
Please cite this article as: Liu Z et al., Deformation and damage propert
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2. Experimental set-up

2.1. Experimental equipment

Through a WHY-300/10 microcomputer servo-controlled pres-
sure test machine with a load capacity of 300 kN, the multi-level
loading-unloading cycle tests were carried out at room tempera-
ture (25 �C). A computer system and a loading system make up the
test system. Force control and displacement control are the two
load control modes available for the test device. In the present test,
the force control modewas chosen. The loading rate range is 0.015e
15 kN/s. The test device is displayed in Fig. 1.

2.2. Experimental materials

Rock-like materials are widely used to study the mechanical
behavior of rock mass, because they are not only affordable and
simple to obtain, but also accurately reflect the mechanical char-
acteristics of natural rock (Hu et al., 2019). In this study, we also
used the rock-like sample to investigate the effect of the unloading
rate on deformation behavior and energy evolution of rock. The
2:1:1 vol ratio of cement, sand, and water used to create the rock-
like materials is a good representation of the mechanical properties
ies of rock-like materials subjected to multi-level loading-unloading
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of sandstone (Lin et al., 2020, 2021a; Liu et al., 2022). According to
the recommendations of previous research (Feng et al., 2019; Hu
et al., 2020b; Lin et al., 2021b), the aspect ratio of the sample
should be between 1 and 2 in order to effectively lessen the in-
fluence of the end effect on the test results. The sample was
intended to be 30mm thick, which can prevent both fracture failure
from being too thin and irregular failure from being too thick along
the thickness direction. According to earlier research (Hu et al.,
2020b; Lin et al., 2021b), the dimensions of rock-like samples
were 140 mm � 70 mm � 30 mm. The rock-like samples were kept
in the curing box for 28 d at a temperature of 20 �C and a humidity
of 95% before the mechanical test. Uniaxial compression tests with
a loading rate of 0.5 kN/s were then performed on three rock-like
samples. The stressestrain curves of the rock-like samples are
shown in Fig. 2, It can be found from the figure that the deformation
and strength properties of the rock-like samples have good con-
sistency, and the average elastic modulus and average uniaxial
compressive strength (UCS) of the samples are 6.2 GPa and
60.1 MPa, respectively. The stressestrain curves of the rock-like
samples can be divided into four stages: initial compaction stage,
linear elastic deformation stage, plastic deformation stage, and
post-peak stage. The stressestrain curves of the rock-like samples
(Fig. 2) are highly similar to that of sandstone reported by the
previous findings (Meng et al., 2016, 2022; Vaneghi et al., 2018). As
a result, the mechanical properties of rock-like samples can more
accurately represent those of sandstone.

2.3. Experimental methodology

The initial load of the multi-level loading-unloading cycles is
always set to 1 kN in order to prevent separation between the
machine pressure plate and the sample during testing. The incre-
mental loading gradient was set to 10 kN based on the rock-like
sample’s UCS. The maximum load is 11 kN for the first loading-
unloading cycle, and 21 kN for the second loading-unloading cy-
cle, as shown in Fig. 3a. The loading ratewas fixed at 0.5 kN/s during
the test, and the unloading rate ranged from 0.1 kN/s to 0.9 kN/s
with a gradient of 0.2 kN/s. A total of five groups of multi-level
loading-unloading cycle experiments were conducted, and three
samples were include in each group. The loading and unloading
continued until the rock-like samples were destroyed.

3. Calculation method of energy density

Energy is the primary cause of material deformation and dam-
age (Meng et al., 2016, 2019; Wang et al., 2020). The energy ab-
sorption and dissipation can be viewed as a reflection of the
structural change, including the compaction of original flaws, and
the generation, propagation, and coalescence of new cracks, as well
Fig. 3. (a) Schematic diagram of multi-level loading-unloading cycle path; and (b) Calcula
respectively. The total strain is the sum of εp and εe.
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as the ultimate failure. Therefore, by studying the energy evolution,
the deformation and damage mechanisms of rock-like materials
can be discovered. The energy theory is predicated on the notion
that there will not be any heat exchange between the tested rock-
like sample and the environment outside (Feng et al., 2021). The
total energy of rock-like samples from external loads can be divided
into elastic and dissipated energy. Elastic energy is stored in rock,
and dissipated energy is used to drive rock-like samples to generate
irreversible deformation. Fig. 3b illustrates the calculation method
for the elastic and dissipated energy densities of a single cyclic
loading-unloading. The elastic and dissipated energy densities of
rock-like materials in a loading- unloading cycle can be expressed
as

up ¼ 1
2

� Zε2
ε0

ðsliþ1 þ sliÞdε�
Zε2
ε1

ðsuiþ1 þ suiÞdε
�

ue ¼ 1
2

Zε2
ε1

ðsuiþ1 þ suiÞdε

9>>>=
>>>;

(1)

where up and ue represent the dissipated and elastic energy den-
sities, respectively; ε0, ε1 and ε2 represent the strain at the initial
loading point, the strain at the end point of unloading, and the
strain corresponding to the upper stress su, respectively; and sl is
the lower stress.

The total elastic energy density and total dissipated energy
density in multi-level loading-unloading cycles are calculated as

Up ¼
XN
i¼1

��up��i
Ue ¼

XN
i¼1

jueji

9>>>>=
>>>>;

(2)

where Up and Ue denote the total dissipated energy density and
total elastic energy density in the multi-level loading-unloading
cycles, respectively; and i and N represent the ith incremental cycle
and the total cyclic number, respectively.

The total energy density of the rock-like sampleis the sum of the
elastic and dissipated energy densities:

U ¼ Up þ Ue (3)

where U is the total energy density of rock-like sample in themulti-
level loading-unloading cycles.
tion principle of energy densities. εp and εe are the irreversible and reversible strains,

es of rock-like materials subjected to multi-level loading-unloading
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4. Experimental results

4.1. Stressestrain curves

Fig. 4 displays the stressestrain curves of rock-like samples
subjected to multi-level loading-unloading cycles. The peak stress
of rock-like samples under the multi-level loading- unloading cy-
cles is reduced by 13.3%e14.6% compared to that under monotonic
static loading, suggesting that the sample may sustain damage as a
result of the loading-unloading cycles. Additionally, Fig. 4 demon-
strates that the stressestrain curve of the sample is relatively dense
at the initial stage of cyclic loading-unloading and that the hys-
teresis loop is not immediately apparent. As it enters the later stage
of cyclic loading-unloading, the stressestrain curve of the sample is
relatively scattered, and forms a clear hysteresis loop. Additionally,
the stressestrain curve of the sample shows that the unloading rate
clearly affects the deformation and strength of rock-like samples. In
particular, as the unloading rate increases, the stressestrain curve
of the sample becomes denser at the initial stage of cyclic loading,
indicating that the damage produced inside the sample decreases.
Moreover, the strain that corresponds to the peak stress first falls
and then rises, reaching a minimum value of 0.0119 at 0.5 kN/s. The
Fig. 4. The strainestress curves of rock-like materials for different un

Please cite this article as: Liu Z et al., Deformation and damage propert
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peak strength of the sample also changed slightly from 51.3 MPa to
52.1 MPa as the unloading rate changed from 0.1 kN/s to 0.9 kN/s.
4.2. Strain characteristics

The relationship between strain parameters and the relative
cyclic number under different unloading rates is depicted in Fig. 5.
Fig. 5a illustrates that the total strain rises nearly linearly as the
relative cyclic number rises. Additionally, the total strain also in-
creases with the increase of unloading rate. The variation trend of
reversible strain is very similar to that of total strain under the same
unloading rate, as shown in Fig. 5b. The irreversible strain decreases
with increasing unloading rate under the same relative cyclic
number. The aforementioned experimental results are related to
the frictional energy dissipation of microcracks during the
unloading process. Microscopically speaking, loading causes the
sample’s microcracks to close, whereas unloading causes the
compacted microcracks to reopen. Meantime, as elastic deforma-
tion from the sample’s skeleton and particles is recovered, the
larger unloading rate causes the recovery time of microcracks to be
shorter, the recovery amount of microcracks becomes smaller, and
the friction dissipation energy of microcracks gets smaller. The
sample also has more elastic energy when less energy is dissipated
loading rates. rl is the loading rate, and ru is the unloading rate.

ies of rock-like materials subjected to multi-level loading-unloading
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Fig. 5. Deformation law of rock-like materials with relative cyclic numbers under different unloading rates: (a) Total strain; (b) Reversible strain; (c) Irreversible strain; and (d)
Percentage of reversible and irreversible strains in the total strain.
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inside it. Therefore, the reversible strain increases and the irre-
versible strain decreases as the unloading rate increases.

The variation trend of the irreversible strain (Fig. 5c) is
completely different from that of the total strain and reversible
strain. The variation trend of the irreversible strain can be divided
into three stages: rapid decline stage, steady stage and slow in-
crease stage. The irreversible strain rapidly decreases when the
relative cyclic number is less than 0.3. When the relative cyclic
number is between 0.3 and 0.7, the irreversible strain is stable. The
irreversible strain gradually increases when the relative cyclic
number is greater than 0.7. In the initial loading-unloading cycle
stage, the rapid decline of irreversible strain may be due to the
compression and closure of the initial microscopic pores inside the
samples.

The evolution trend of the percentage of reversible and irre-
versible strains is depicted in Fig. 5d. Fast increase, relative stability,
and slight decrease stages are all included in the percentage curves
of the reversible strain, whereas fast decrease, relative stability, and
slight increase stages are all included in the percentage curves of
the irreversible strain. Specifically, the percentage of reversible
strain rises quickly and the percentage of irreversible strain falls
precipitously when the relative cyclic number is between 0.1 and
0.3. The percentages of irreversible and reversible strains are
essentially unchanged when the relative cyclic number is between
0.3 and 0.7. The percentage of reversible strain decreases slightly
and the percentage of irreversible strain increases slightlywhen the
relative cyclic number is between 0.7 and 1. It is important to note
that at the stable stage, the reversible strain makes up nearly 95% of
the total strain, which is 19 times more than the irreversible strain.
4.3. Energy density evolution characteristics

The total energy density, elastic energy density and dissipated
energy density were calculated using Eqs. (1)e(3). The evolution of
Please cite this article as: Liu Z et al., Deformation and damage properti
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various energy density parameters of rock-like samples under
various unloading rates is depicted in Fig. 6. The total energy
density and elastic energy density both rise as the unloading rate
rises, while the dissipated energy density falls. The nonlinearity of
the energy density versus relative cyclic number curves (Fig. 6aec)
is more pronounced as the unloading rate rises. Both percentages of
elastic and dissipated energy densities can be divided into three
stages, as shown in Fig. 6d. The percentage of elastic energy density
increases quickly when the relative cyclic number is between 0.1
and 0.3, whereas the percentage of dissipated energy density is on
the opposite. The percentages of elastic and dissipated energy
densities both remain stable when the relative cyclic number is
between 0.3 and 0.7. The percentages of elastic energy density
decreases slightly and the percentages of dissipated energy density
increases slightly when the relative cyclic number is between 0.7
and 1. In addition, the percentages of elastic and dissipated energy
densities under different unloading rates change abnormally when
the relative cyclic number is less than 0.2, which may be due to the
difference of initial microcracks in the rock-like samples.
5. Damage evolution model

The aforementioned test results demonstrate that the strain and
energy density of rock-like samples are significantly influenced by
the unloading rate. The dissipated energy density is completely
irrecoverable, in contrast to the elastic energy density, which can
better reflect the damage caused by cyclic loading on the rock. As a
result, many earlier researchers used the dissipated energy density
to describe the degree of damage to rock-like samples (Li et al.,
2022; Shirani Faradonbeh et al., 2022; Wang et al., 2022). The
damage variable for the dissipated energy density can be expressed
as follows in light of the cumulative variation properties of this
quantity:
es of rock-like materials subjected to multi-level loading-unloading
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Fig. 6. Evolution laws of energy density of rock-like materials under different unloading rates: (a) The total energy density; (b) The elastic energy density; (c) The dissipated energy
density; and (d) The percentages of elastic and dissipated energy densities in the total energy density.

Fig. 7. The evolution of dissipated energy damage variable with relative cyclic number.

Table 1
The values of fitting coefficients related to the unloading rate.

ru (kN/s) a b g R2

0.1 0.047 0.32 �0.054 0.9996
0.3 0.042 0.315 �0.051 0.9989
0.5 0.036 0.298 �0.044 0.9997
0.7 0.033 0.281 �0.032 0.9999
0.9 0.016 0.243 �0.012 0.9992

Z. Liu et al. / Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx6
De ¼

Pn
i¼1

��up��i
PN
i¼1

��up��i (4)

where De represents the dissipated energy damage variable, i
represents the ith cyclic loading-unloading, and n denotes the first
n cycles of loading-unloading.

The dissipated energy damage variable of rock-like samples
under various unloading rates was calculated in accordance with
Eq. (4) and is plotted in Fig. 7. The variation of the dissipated energy
damage variable under various unloading rates exhibits some
similarity. In particular, the dissipated energy damage variable
keeps growing as the relative cyclic number rises, and its variation
can be divided into three stages: initial damage, stable damage, and
accelerated damage. Additionally, for a given relative cyclic number,
the dissipated energy damage variable is smaller under the higher
unloading rate.

An inverted S-shaped nonlinear damage cumulative model has
been proposed (Xiao et al., 2009), which can be used to calculate
the cumulative damage of rock under multi-level cyclic loading-
unloading, to characterize the evolution of damage accumulation
of rock. The dissipated energy damage variable and relative cyclic
number are related in the damage cumulative model, which can be
expressed as

De ¼ a

�
b

b� Nn
� 1

�1=g

(5)

where a, b and g are the fitting coefficients of dissipated energy
damage variable related to the unloading rate; and Nn represents
the relative cyclic number.
Please cite this article as: Liu Z et al., Deformation and damage propert
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Eq. (5) was used to fit the dissipated energy damage variable.
The fitting curves are displayed in Fig. 7. The values of fitting co-
efficients for different unloading rates are listed in Table 1. All the
ies of rock-like materials subjected to multi-level loading-unloading
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Fig. 8. The fitting results between the coefficients of the dissipated energy damage and unloading rate.

Fig. 9. The damage variables predicated by the dissipated energy damage model.
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fitting curves have determination coefficients that are greater than
0.99. The fitting results show that Eq. (5) is appropriate to describe
the variation of dissipated energy damage variable.

However, neither the physical significance of the parameters in
Eq. (5) nor their relationship with the unloading rate is clear.
Therefore, taking into account the impact of unloading rates, Eq. (5)
cannot be used to predict the damage of rock-like materials in a
direct manner. A damagemodel considering the unloading rate and
relative cyclic number should be presented to address the afore-
mentioned shortages. In order to determine the relationship be-
tween the unloading rate (ru) and the coefficients in Eq. (5), fitting
analysis was done based on the data in Table 1. Fig. 8 displays the
fitting results, and the following equation is used to represent the
fitting formula:

m ¼ a exp
�
�ru
b

�
þ c (6)

where m ¼ a, b and g.
The determination coefficients of all the fitting curves are above

0.98, verifying the reliability of the fitting formula.
By substituting Eq. (6) into Eq. (5), the dissipated energy damage

model that takes into account the relative cyclic number and
unloading rate can be expressed as follows:

Dem ¼
�
� 0:007eru=0:512 þ0:054

�
,

�
Nn

�0:008eru=0:376 þ 0:331� Nn

� 1
0:004eru=0:357�0:059

(7)

Fig. 9 displays the dissipated energy damage variable (Dem)
Please cite this article as: Liu Z et al., Deformation and damage properti
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obtained by the proposed damage model. The dissipated energy
damage variable obtained by Eq. (7) is represented by the histo-
gram in Fig. 9, and the error bar represents the difference between
Dem and the aforementioned experimental results (Fig. 7). Fig. 9
shows that Dem gradually increases with the increase of the rela-
tive cycle number. Except the relative cycle numbers of 0.1 and 1,
Dem gradually decreases with the increase of unloading rate.
Additionally, the average absolute error of energy dissipation
damage predicted by the proposed damage model is 7.2%. As a
result, the proposed damage model can accurately predict the en-
ergy damage of rock-like samples subjected to multi-level loading-
unloading cycles.

6. Conclusions

In this paper, a series of uniaxial multi-level loading- unloading
cycle experiments was performed to analyze the effect of unloading
rate on the deformation characteristics and energy evolution laws
of rock-like samples. A damage model was then put forth based on
the energy lost by the rock-like samples. The main conclusions that
can be drawn are as follows:

(1) The unloading rate and relative cyclic number clearly influ-
ence the strain characteristics of rock-like samples. In
particular, as the relative cyclic number rises, the total strain
and the reversible strain both grow linearly, whereas the
irreversible strain first decreases quickly, then stabilizes, and
finally increases slowly, clearly exhibiting nonlinear
behavior. As the unloading rate increases, the total strain and
reversible strain both increase, while the irreversible strain
decreases.
es of rock-like materials subjected to multi-level loading-unloading
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(2) The unloading rate and relative cyclic number clearly affect
the energy evolution of rock-like samples. The total energy
density, elastic energy density, and dissipated energy density
all exhibit a clear nonlinear increasing trend as the relative
cyclic number rises. The total energy density and elastic
energy density increase with increasing unloading rate,
while the dissipated energy density decreases.

(3) Based on the correlation between the calculated dissipated
energy damage variable and the relative cyclic number and
unloading rate, a damage model was proposed. The dissi-
pated energy damage variable of rock-like samples subjected
to multi-level loading-unloading cycles can be accurately
predicted by the proposed damage model, taking into ac-
count the effect of unloading rate, and the predicted results
are in good agreement with the experimental findings.

This study assesses how the unloading rate affects the defor-
mation and energy damage of rock-like material using a series of
uniaxial multi-level loading-unloading cycle experiments. Then, a
dissipated energy damage model considering the effect of
unloading rate and relative cyclic number was proposed and veri-
fied, which will make it easier to foresee how the multi-level
loading-unloading cycles affect the rock-like materials.
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