
Vol.:(0123456789)1 3

Bulletin of Engineering Geology and the Environment (2023) 82:311 
https://doi.org/10.1007/s10064-023-03335-9

ORIGINAL PAPER

Mesomechanical characteristics of rock failure under variable 
amplitude cyclic loading by DEM

Ze‑han Liu1  · Jin Yu2  · Chong‑hong Ren2  · De‑fu Zhu3  · Xiao‑qin Chen1 

Received: 6 November 2022 / Accepted: 2 July 2023 / Published online: 14 July 2023 
© Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
During the construction and application of underground engineering, rock materials are often subjected to cyclic loads with 
varying amplitudes. Although the mechanical properties of rock materials under cyclic loading have been extensively studied, 
the gradual process of internal crack propagation still needs further exploration and quantitative description. In this paper, 
the failure process of rock under monotonic loading and cyclic loading was analysed from macroscopic and microscopic 
perspectives using laboratory experiments and numerical simulations. Triaxial experiments and cyclic loading experiments 
with variable amplitudes were conducted on marble specimens under different confining pressures. Then, the experimental 
process was reproduced by numerical simulation using the discrete element method, and the process of rock failure was 
described quantitatively by defining the contact failure rate and damage density. In addition, the relationship between dissi‑
pated energy and crack propagation is discussed to some extent. The results show that based on the evolutions of the contact 
failure rate and damage density, the monotonic loading process can be more accurately divided into four stages. During the 
accelerating crack propagation stage, the cyclic load will generate more failure contacts beyond the direction of 70° to 110°, 
forming diffuse cracks and ultimately resulting in a bulging failure mode. The higher the confining pressure is, the greater the 
impact. The increment of the damage density is exponentially proportional to the increase in the cyclic stress amplitude ratio, 
while the relationship between the confining pressure condition coefficient and confining pressure follows a power function.

Keywords Marble · Cyclic loading · DEM · Crack extension · Dissipation energy

Introduction

It is well known that a rock mass usually suffers cyclic load‑
ing during geotechnical engineering activities, such as high 
slope excavation, tunnel excavation and dam storage and dis‑
charge. In addition, these activities involve problems such 
as construction disturbance of repeated loading and unload‑
ing, which would result in the accumulation and release of 
energy within the rock mass (Taheri et al. 2016; Ma et al. 
2013; Bagde and Petroš 2005a, b, 2009; Song et al. 2012; Yu 
et al. 2020a, b). This will lead to the initiation, expansion, 
convergence and interaction of cracks inside the rock mass 
(Peng et al. 2015; Xie et al. 2011). Rock exhibits unique 
mechanical response characteristics under cyclic loading, 
which seriously affects the stability of the surrounding rock 
and severely threatens the safety of engineering technicians 
and equipment (Erarslan 2013, 2016; Liu and He 2012; 
Aghaei et al. 2012). Therefore, it is very important to study 
the damage and crack development processes of rock under 
cyclic loading.
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The development of microdefects and new cracks in rock 
under the action of cyclic loading leads to rock deterioration 
and weakening. From the perspective of laboratory experi‑
ments, Xiao et al. (2010) compared and analysed the advan‑
tages and disadvantages of damage definition methods, such 
as the cumulative acoustic emission method, residual strain 
method and wave velocity method. The results showed that 
the residual strain method had clear physical significance 
and could reasonably consider the initial damage. On this 
basis, the concept of the average dynamic modulus was 
introduced to make this method better reflect the fatigue 
damage of rock under different loading conditions. How‑
ever, this method requires many preliminary experiments to 
determine the material constants, and its application in engi‑
neering needs to be verified. Wang et al. (2018) studied the 
damage evolution of rock masses under cyclic loading with 
varying amplitudes and modified the damage method based 
on plastic strain. At the same time, the experimental process 
was analysed by acoustic emission. Li et al. (2019) studied 
the variation in the elastic modulus and residual deforma‑
tion during variable‑amplitude cyclic loading. Shen et al. 
(2020) used the acoustic emission method to study the effect 
of the lower stress limit on rock damage during the cyclic 
loading of sandstone. It is found that the damage caused by 
a single cycle can be inhibited with an increase in the lower 
limit of stress. Li et al. (2020) studied the influence of the 
loading rate on rock mass properties during cyclic loading 
and found that the higher the loading rate was, the larger the 
plastic strain and the smaller the residual strength. It was 
also considered that the failure of a rock mass can be pre‑
dicted according to the change in energy and elastic energy 
index. Clearly, research on the damage evolution of cyclic 
loading is still mainly conducted through acoustic emission 
and energy dissipation. Although these methods can bet‑
ter represent the process of rock damage, it is difficult to 
directly observe the location of crack initiation and the trend 
of crack propagation. For this reason, more advanced test 
methods are applied to rock experiments. Ghamgosar and 
Erarslan (2016) used the Brazilian split test and numerical 
simulation method to study the development and closure 
of the fracture process zones (FPZ) of microcracks under 
static and repeated loading. The verification with X‑ray 
microcomputed tomography observations showed that more 
microcracks were deduced under repeated loading due to 
the friction between grains. A smooth and luminous shear 
zone was formed under monotonic loading. Ghamgosar 
et al. (2017) also carried out different kinds of repeated 
loading experiments. Their results showed that the inten‑
sity decreased by approximately 30% due to step‑by‑step 
cyclic loading, and most of these high‑density microcracks 
occurred in the FPZ zone. Wang et al. (2020) used X‑ray 
microcomputed tomography to study the energy character‑
istics and crack development of rock under fatigue cyclic 

loading and confining pressure unloading (FC‑CPU) tests. 
The effect of the fatigue cycle on crack generation and the 
effect of unloading on crack size and density were revealed.

Although the emergence of computed tomography (CT) 
and other methods can help to this problem, it is still diffi‑
cult to obtain more continuous data. With the development 
of computer technology, numerical simulation is increas‑
ingly applied to rock damage analysis. Zhou et al. (2019, 
2020) studied the mechanical and deformation properties 
of rock materials under different frequencies, minimum 
stresses and amplitudes and single and multistage cyclic 
loads. On this basis, the constitutive relation of the rock 
dynamic response is established and verified using finite 
element numerical simulation. Cerfontaine et al. (2017) 
established a new constitutive model to study the volumet‑
ric strain of rock with the number of cycles by using the 
finite element method (FEM). However, natural rock masses 
usually contain weak structural planes such as cracks, joints 
and faults, which make it difficult to apply FEM and other 
continuum‑based calculation methods. Moreover, this kind 
of method has difficulty simulating the failure and cracking 
of rock materials. For this reason, calculation methods based 
on discontinuous medium theory were developed (Tan et al. 
2016). Tan et al. (2016) used block discrete elements and 
digital image processing (DIP) to jointly analyse the fracture 
process of granite in a Brazilian experiment and analysed the 
influence of rock inhomogeneity and microstructure on the 
fracture mode. Tan and Konietzky (2019) also used block 
discrete elements to study the stress, strain and seepage 
evolution of granite in triaxial compression tests. Liu et al. 
(2018) conducted experimental and particle discrete element 
numerical studies on brittle rocks through the Brazilian disc 
testing. The results showed that the cracks initiated at the 
centre of the specimen. As the cyclic loading proceeded, 
the cracks continued to grow in the vertical direction and 
eventually failed. Yu et al. (2020a, b) studied the evolutions 
law of the mechanical properties and permeability of weakly 
anisotropic sandstone in the process of fracturing from the 
perspective of the macroscopic and mesoscopic combina‑
tion through triaxial experiments and the particle discrete 
element method. (DEM). Saadat and Taheri (2019) used par‑
ticle discrete elements to study the influence of particle size 
on the failure response of prefabricated fractured granite. Ma 
and Liu (2022) used the three‑dimensional discontinuous 
deformation analysis (3D DDA) method to study the rockfall 
and fracture process of individual boulders and large rock 
masses under different geometric slope conditions, provid‑
ing a basis for the development of disaster prevention strate‑
gies in practical engineering.

The current discrete element numerical simulation is 
mainly based on triaxial experiments or Brazilian split‑
ting experiments. The crack initiation and propagation in 
the cyclic loading process need further study. However, 
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Potyondy and Cundall (2014) noted that when a particle 
discrete element numerical specimen was calibrated in 
terms of uniaxial strength, its strength in the process of tri‑
axial numerical simulation was meagre. To investigate the 
difference between the damage accumulation process and 
the mesoscopic mechanism of the rock under monotonous 
loading and cyclic loading, first, laboratory triaxial experi‑
ments and cyclic loading experiments to variable loading 
amplitudes were conducted on the marble specimens. From 
a macroscopic perspective, the differences in the mechani‑
cal properties and failure modes of marble under different 
loading conditions were analysed. Then, a discrete element 
numerical model was established based on the laboratory 
experimental results. The numerical simulation results were 
compared with the experimental results to verify the reli‑
ability of the numerical model and reveal the differences in 
the process of internal crack propagation in marble speci‑
mens from a microscopic perspective. The corresponding 
relationship between dissipated energy and crack extension 
was also discussed.

Laboratory experiments

Specimen preparation

The rock specimens are white coarse‑grained marble, which 
is homogeneous, with no impurities and fewer cracks. The 
average density of the specimens is 2602 kg/m3. Accord‑
ing to the recommendations of the International Society for 
Rock Mechanics (ISRM), the specimens were processed into 
standard cylinders with a diameter of 50 mm and a height of 
100 mm. The flatness of the processed specimen end face 
was within 0.02 mm, and the diameter error was less than 
0.03 mm.

Experimental apparatus and method

A TFD‑2000/D type electrohydraulic servo triaxial test 
machine was used in this study. The maximum confining 
pressure is 100 MPa, the maximum axial pressure is 2000 
kN, and the measuring accuracy of the stress sensor is 0.01 
kN. An axial extensometer and a circumferential chain 
extensometer were adopted for deformation measurement. 
The maximum ranges are 10 mm and 3 mm, respectively, 
and the measurement resolution is 0.0001 mm. The control 
system was an EDC digital servo controller, which can real‑
ize different control types, such as axial stress control, axial 
strain control, hoop strain control and hoop stress control.

Five groups of tests were set up according to different 
confining pressures: 0 MPa (uniaxial condition), 5 MPa, 
10 MPa, 15 MPa and 20 MPa. There were five specimens 
for each group, with two specimens subjected to monotonic 

loading and the other three specimens subjected to cyclic 
loading. Strain control was used during loading with a load‑
ing rate of 0.03 mm/min. Since unloading might start near 
the peak stress point, in which the specimen might fail and 
strain control was no longer suitable, stress control was used 
during unloading, with an unloading rate of 0.15 MPa/s. 
Referring to the peak stress from the monotonic loading test, 
the number of cycles was set to 5 in the cyclic loading tests 
with an equal‑amplitude increment of stress (Fig. 1), and 
then the specimens were loaded until failure. Under the same 
confining pressure, the increasing amplitude was approxi‑
mately 20% of the peak stress level in the monotonic loading 
test. The load was removed to 0 MPa after each target value 
was reached before starting the next loading cycles. As the 
rock specimens might fail before reaching the fifth loading 
target, the fifth unloading process was performed when the 
slope of the deformation curve was close to 0 or the present 
stress level was reached. The sixth loading process continued 
until the rock failed. The specific experimental results and 
analysis are presented in the next section.

Numerical simulation

After performing laboratory triaxial experiments and cyclic 
load experiments with variable loading amplitudes, a DEM 
numerical model was established by using Universal Dis‑
tinct Element Code (UDEC) v7.0 (Itasca 2014) to further 
investigate the difference in crack development and failure 
mechanism between a rock mass under variable amplitude 
loading and unloading and that under monotonic loading.

DEM was proposed by Cundall and Strack (1979) in 1979 
and has since been extensively studied and developed by 

Fig. 1  Schematic diagram of loading and unloading
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numerous scholars in the field of rock mechanics (Lin et al.  
2020; He et al. 2021; Meng et al. 2021). DEM regards the 
problem domain (i.e. rock mass) as a collection of discrete 
blocks/particles, each with its own independent physical 
properties. The contact between each block is considered 
an interface between different objects, which means that 
the discontinuous parts are treated as boundary conditions. 
The motion of blocks is governed by Newton’s second law, 
while the contact between blocks is described by a force‒ 
displacement relationship. The DEM updates the position, force 
and displacement of each block at each calculation step (Duan 
et al. 2020). At each calculation step, the contact between the 
blocks may fail and lose its load‑bearing capacity when the 
stress in the shear or tensile direction exceeds the established 
strength. The force is then redistributed, causing other contacts  
to fail. Thus, the progressive failure process of rock is simulated 
(Woodman et al. 2021). Compared with continuous medium  
mechanics methods, such as the FEM, and other special 
algorithms such as special joint elements (Goodman 1976) 
and discrete fracture networks (Jing and Stephansson 2007), 
DEM have inherent advantages in simulating the initiation and  
propagation of rock cracks (Tan et al. 2016).

To date, mature discrete element software can be divided 
into particle‑based discrete element software, such as Particle  
Flow Code (PFC) (Mehranpour and Kulatilake 2017)  
and MatDEM (Liu et al. 2021), and block‑based discrete  
element software, such as UDEC. However, in the numerical 
simulation of rock materials using PFC, the tensile strength 
presented by the numerical specimens is exceptionally high 
(Cho et al. 2007). Although the use of ‘cluster logic’‑generated  
models can solve this problem to some extent (Cho et al. 
2007; Potyondy and Cundall 2014), this modelling method 
involves some microscopic parameters that have no physical 
meaning. In addition, considering that the smallest unit of 
rock specimens is more similar to a polyhedral block than a 
sphere, Lorig and Cundall (1989) built the Voronoi program 
into UDEC, which can quickly discretize numerical specimens 
into a collection of polygonal blocks. In view of the above 
considerations, UDEC was finally selected to replicate the  
laboratory experiment process.

DEM model establishment

First, one intact numerical specimen was generated. The 
numerical specimen size is the same as that of the laboratory 
test, with a width of 50 mm and a height of 100 mm. Then, 
two rigid splints were generated at the top and bottom of the 
numerical specimen. There is no friction between the rigid 
splint and the specimen. Finally, the numerical specimen 
was discretized into convex polygonal blocks using the built‑
in Voronoi program. Considering the calculation accuracy 
and calculation efficiency of the model, the average side 
length of the final block was selected to be 2 mm.

The divided convex polygonal blocks were rigid and only 
had a density attribute of 2602 (kg/m3), which was the same 
as the average density of the test specimen. The contact 
between blocks adopted the Mohr‒Coulomb point contact 
constitutive model. The microscopic parameters include con‑
tact normal stiffness Jkn, contact shear stiffness Jks, contact 
cohesion strength cc, contact friction angle φc, contact tensile 
strength σt

c and contact dilatancy angle ψc. The maximum ten‑
sile strength of contact was determined by the contact tensile 
strength σt

c, and its maximum shear strength was determined 
by the contact cohesion strength  cc and contact friction angle 
φc. Contact failure occurred when the contact force exceeded 
the set maximum tensile or shear strength. The expansion 
behaviour after contact failure was controlled by the contact 
dilatancy angle ψc. Because each block is rigid, the macro‑
scopic mechanical properties of the numerical specimens 
depend entirely on the choice of contact parameters. First, 
the microscopic parameters of the numerical specimen were 
verified based on laboratory uniaxial loading experimental 
data. The contact normal stiffness and contact shear stiffness 
were preliminarily calculated according to the method in the 
UDEC manual (Itasca 2014). Other parameters were selected 
according to the microcontact parameter calibration method 
mentioned by Kazerani and Zhao (2010). It is well known 
that rock is a typical heterogeneous material. As a result, the 
mesoscopic mechanical parameter distribution of the numeri‑
cal specimen will be more complex. To simulate the inhomo‑
geneity within the rock, the microscopic contact parameters 
were assigned Weibull distributions (Xu et al. 2020):

where a is the mesoscopic parameter and a0 is the average 
mesoscopic parameters value. m is the shape parameter of 
the Weibull distribution. However, the built‑in parameter 
assignment method of UDEC cannot accurately assign the 
microscopic parameters with Weibull distributions to the con‑
tact points, so it uses Fish statement programming to achieve 
this. To ensure that the numerical specimen maintains quasi‑
static equilibrium without a strength increase or unexpected 
mechanical response during the simulation process, damp‑
ing should be applied at each computational step. Sinha et al. 
(2022) noted that the damping mode had no significant effect 
on the mechanical response of the numerical model at the 
specimen scale. However, considering that the cyclic load will 
be simulated, the block velocity will change significantly, so 
the ‘local’ damping mode was adopted. After the preliminary 
determination of the microscopic parameters, the method pro‑
posed by Stavrou and Murphy (2018) was used to inversely 
calculate and iterate the microscopic parameters. The final 
selection of microscopic parameters is shown in Table 1. The 
established numerical specimen is shown in Fig. 2.
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The numerical model consists of 1302 blocks and 7864 
contact points. During the loading process, the confining 
pressure is constant, the lower splint is fixed, and the speci‑
men model is loaded by applying the upper splint a constant 
speed. The selected loading rate is 5 ×  10−3 m/s.

Under uniaxial loading, the comparison between the 
numerical simulation and laboratory experiment results 
is shown in Fig. 3a, as indicated by the blue dashed and 
solid lines. The uniaxial compressive strength of the mar‑
ble specimen and the numerical specimen is 48.71 MPa 
and 47.89 MPa, respectively, with a difference of only 
1.68%. The elastic moduli are 29.56 GPa and 29.23 GPa, 
respectively, with a difference of 1.1%, indicating a good 
matching effect. Then, keeping the calibrated microparam‑
eters unchanged, laboratory triaxial compression experi‑
ments were simulated. The comparison results are shown 
in Fig. 3a and Table 2. The numerical results match well 
with the experimental results, and the selection of contact 
parameters is reasonable. That is, the numerical model can 
characterize the mechanical characteristics of this type of 
specimen. Figure 3b shows that the numerical results match 
the experimental results better under variable‑amplitude 
cyclic loading. Both the numerical and experimental residual 

strains increase with the upper cyclic stress ratio at a given 
confining pressure. As the confining pressure increases, the 
residual strain increases at the same upper limit stress ratio 
of the cyclic amplitude, and the hysteresis loop gradually 
becomes ‘fuller’. In other words, the numerical model can 
characterize the mechanical properties of marble specimens 
under variable‑amplitude cyclic loading. However, there 
are still some discrepancies between the simulation results 
and the experimental results. Although the variation in the 
obtained residual strain with the upper limit ratio of cyclic 
stress is similar, the experimental results are still quite dif‑
ferent from the simulated results in terms of the residual 
strain. The numerical results also differ slightly from the 
simulation results in terms of the position of the peak for 
each cycle. After repeated consideration and discussion, it 
was determined that the reason for this difference should be 
that before the experiment, the batch of marble specimens 
was been screened by density and wave velocity measure‑
ments, to make the specimens have a certain uniformity. 
However, the actual results show that the natural rock speci‑
men still has large discreteness. For example, in Fig. 3b, 
the fourth loading peak and the fifth loading peak of the 
experimental stress‒strain curve obviously do not conform 

Table 1  Contact parameter table Input contact parameters Macroscopic output 
parameters

Normal stiffness of contact Jkn (Pa/m) 4.45 ×  108 Elastic modulus E (GPa) 29.22
Shear stiffness of contact Jks (Pa/m) 1.82 ×  108 Poisson’s ratio μ 0.225
Friction angle of contact φc (°) 25.5 Friction angle φ (°) 25
Cohesion strength of contact cc (MPa) 24.24 Cohesion c (MPa) 15.32
Tensile strength of contact σt

c (MPa) 13.96
Dilatancy angle of contact ψc (°) 18

Fig. 2  DEM model schematic 
diagram
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to the expected experimental trend. Although the numerical 
specimens were discretized as Tyson polygon blocks and the 
Weibull distribution function was used to describe the inter‑
nal inhomogeneity of the numerical specimens, the random 

seeds used in the modelling were consistent, and the same 
numerical specimens were generated each time. This means 
that numerical specimens have better homogeneity and more 
reliable response patterns than natural rock specimens.

Fig. 3  Experimental and simulated stress‒strain relationships under monotonic and cyclic loading conditions: a conventional triaxial stress‒
strain relationships under different confining pressures; b stress‒strain relationships of cyclic loading under different confining pressures

Table 2  Comparison of marble specimens with numerical specimens

Confining 
pressure (MPa)

Experimental peak 
strength (MPa)

Simulated peak 
strength (MPa)

Difference in peak 
strength (%)

Experimental elastic 
modulus (GPa)

Simulated elastic 
modulus (GPa)

Difference in 
elastic modulus 
(%)

5 60.53 59.13 2.31 31.18 29.23 6.25
10 67.77 69.56 − 2.64 29.17 29.23 − 0.20
15 83.65 82.96 0.82 30.73 29.23 4.89
20 97.81 97.45 0.36 30.30 29.23 3.55
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The secant modulus of each loading in the stress‒strain 
curve obtained by numerical simulation under a variable‑
amplitude cyclic load is statistically analysed and compared 
with the experimental results. The results are shown in Fig. 4.

As shown in Fig. 4, when the confining pressure is con‑
stant, the experimental secant modulus first increases and 
then decreases with increasing loading times, while the sim‑
ulated secant modulus shows a nonlinear decreasing trend. 
The secant modulus of the first loading obtained from the 
experiment will change with the change in the confining 
pressure, and there is almost no regularity at all. However, 
the first secant modulus obtained by numerical simulation 
is kept at approximately 30 GPa, and the rate of decrease 
in the secant modulus increases with increasing confining 
pressure. This is because of the random distribution of voids 
and microcracks in natural rocks (Wang et al. 2022). Ren 
et al. (2022) believe that rock is in a competitive state of 
compaction and cracking during the failure process of load‑
ing. In the initial stage of variable‑amplitude loading, many 
voids and microcracks are closed, and the rock tends to be 
dense, so the secant modulus of the first to third loading 
cycles shows an upwards trend. With the increase in the 
upper limit stress ratio and the number of cycles, the initial 
defects and new cracks continue to expand and converge, 
so the secant modulus shows a decreasing trend in the last 
two cycles. Even if the specimens are all taken from the 
same rock and screened, the internal defects still do not show 
a clear uniform distribution. With the change in confining 
pressure, the degree of compaction of voids and microcracks 
in a rock specimen also changes. This is why the secant 
modulus changes with the confining pressure during the first 
loading stage of the experiment. However, the blocks inside 

the numerical specimens are in close contact with each other 
and will not be compacted during the loading process, so the 
secant modulus of the first loading stage under different con‑
fining pressures is maintained at approximately 30 GPa. As 
the loading continues, the internal contacts of the numerical 
specimen begin to fail, and the cracks gradually initiated and 
expanded. Therefore, the secant modulus of the numerical 
specimen decreases with increasing loading times.

Similarly, the variation in generalized Poisson’s ratio with 
loading times is shown in Fig. 5. Under the same confin‑
ing pressure, the generalized Poisson’s ratio obtained by the 
experiment and simulation shows a trend of first being stable 
at and then increasing rapidly with the loading times. As the 
confining pressure increases, the generalized Poisson’s ratio 
obtained from the experiment increases. The generalized 
Poisson’s ratio obtained from the simulation under different 
confining pressures is stable at approximately 0.18 at the 
first loading and increases with increasing confining pres‑
sure after the second loading. The internal reason is similar 
to the change in the secant modulus.

However, that the purpose of numerical simulation is not 
to reproduce test data but to conduct a qualitative and quan‑
titative analysis of data and phenomena that are difficult to 
monitor in the experiment after determining contact param‑
eters based on standard laboratory test data.

Definition of damage variables

The connection between blocks can be regarded as a spring. 
When a contact point yields, the force will be redistrib‑
uted (Huang et al. 2017), which may lead to the yielding 
of adjacent contact points and thus affect the macroscopic 

(a) (b)

Fig. 4  The relationship between loading times and secant modulus: a experiment; b simulation
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mechanical properties of the specimen. Therefore, the num‑
ber of failure contact points generated in the model was 
counted during the numerical simulation loading process 
to assist in describing the crack process of the specimen, as 
shown in Fig. 6b. The contact failure rate is defined as

where DMi is the contact failure rate, CFP is the number of 
failure contact points, and CPP is the number of preset con‑
tact points.

ImageJ software was used to binarize the displacement 
map obtained during the numerical simulation loading pro‑
cess, as shown in Fig. 6d. The crack area was captured and 
counted. The damage density is defined as

where DMa is the damage density, SC is the crack area and Sis 
is the initial area of the specimen.

The simulation results are shown in Fig. 6, taking the 
confining pressure condition of 0 MPa as an example.

Damage evolution law

According to the various characteristics of the contact fail‑
ure rate and damage density, the simulation curve of mono‑
tonic loading is successively divided into stage I (the elas‑
tic stage), stage II (the stable crack growth stage), stage III 
(the accelerating crack propagation stage) and stage IV (the 
postpeak failure stage), as shown in Fig. 6a. In stage I, the 
stress‒strain relationship is linear, and the elastic modulus 

(2)DMi =
CFP

CPP

(3)DMa =
SC

SC + Sis

stays the same. The contact failure rate is 0, the rate of 
increase in the damage density is approximately 0, and the 
increasing amount of damage density can be ignored. In this 
stage, no failure contact points are generated, and the contact 
expands uniformly. There is no crack in the specimen at this 
stage. In stage II, the stress‒strain relationship exhibits a 
nonlinear change, and the elastic modulus decreases gradu‑
ally. The contact failure rate increases steadily, and the dam‑
age density increases at a minimal low rate. At this stage, 
failure contact points start to be generated (Fig. 6b,  a1), and 
contact separation intensifies at the contact failure posi‑
tion (Fig. 6c,  a1). There are only a few cracks in the speci‑
men (Fig. 6d,  a1). In stage III, the stress‒strain relationship 
presents a rapid nonlinear change, and the elastic modulus 
continues to decrease. The rate of increase in the contact 
failure rate decreases gradually, while the damage density 
increases faster. In this stage, the number of failed contacts 
further increases (Fig. 6b,  b1), and the contact separation is 
further intensified at the failed contacts (Fig. 6c,  b1); thus, 
more cracks are formed (Fig. 6d,  b1). As the loading pro‑
ceeds to the stress peak point, the increase in the number of 
failure contacts is no longer significant (Fig. 6b,  c1), and the 
contact separation increases rapidly in the upper left corner 
and lower right corner of the specimen (Fig. 6c,  c1), where 
the main cracks begins to form (Fig. 6d,  c1). In stage IV, the 
stress‒strain curve starts to sag, and the bearing capacity of 
the specimen gradually decreases to zero. The contact failure 
rate tends to be stable, and the damage density increases at 
a tremendous rate. At this stage, the contact failure has little 
change compared with the peak stress (Fig. 6b,  d1), and the 
contact separation increases rapidly along with the initiation 
location of the main crack (Fig. 6c,  d1). Two main cracks are 
formed in the specimen (Fig. 6d,  d1).

(a) (b)

Fig. 5  The relationship between loading times and generalized Poisson’s ratio: a experiment; b simulation
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Fig. 6  Stress‒strain relationship, damage evolution and crack evolu‑
tion between monotonic loading and cyclic loading under 0 MPa con‑
fining pressure: a conventional triaxial stress‒strain relations under 
different confining pressures; b evolution of failure contact under 

monotonic loading and cyclic loading; c evolution of contact separa‑
tion under monotonic loading and cyclic loading; d evolution of fail‑
ure under monotonic loading and cyclic loading
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Fig. 6  (continued)
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In the numerical simulation of variable‑amplitude cyclic 
loading, the first cycle is completed in the elastic region, 
stage I. The cyclic load has no influence on the contact failure 
rate and damage density at this stage. The second and third 
cycles are in stable crack growth stage II. At this stage, the 
specimen does not produce more failure contacts under cyclic 
loading conditions than under monotonic loading (Fig. 6b, 
 a2), so the contact failure rate does not change. However, the 
cyclic loading in this stage makes the contact separation more 
intense (Fig. 6c,  a2) and the resulting crack wider (Fig. 6d, 
 a2), which results in a slight increase in the damage density 
of cyclic loading compared to that of monotonic loading at 
this stage. The fourth and fifth cycles are in the accelerating 
crack propagation stage, stage III. At this stage, the number 
of failure contacts in specimens under cyclic loading is more 
than that under monotonic loading (Fig. 6b,  b2,  c2), and the 
contact separation at partial failed contacts is more intense 
(Fig. 6c,  b2,  c2). Therefore, more and wider cracks are gener‑
ated in the specimen (Fig. 6d,  b2,  c2). Thus, compared with 
the monotonic loading, cyclic loading in this stage causes 
more damage density. By comparing the results in postpeak 
failure stage IV, it is not difficult to see that there are more 
failure contacts due to the fourth and fifth cyclic loadings 
(Fig. 6b,  d2). Because of the second to fourth cycles, the crack 
separation is more intense and more dispersed (Fig. 6c,  d2). 
Because of the accumulation of failure contacts and damage 
density, the failure mode of the specimen changes. The analy‑
sis of the failure mode is described in detail below.

The failure contacts are divided into groups at an incre‑
ment of 10°, and the failure contact lengths of each group 
are counted. The P21 formula in the two‑dimensional case 
is used for calculation:

where L is the failure contact length and A is the area of the 
specimen.

(4)P
21

=
L

A

The results are shown in Fig. 7. Clearly, in the initial load‑
ing process of monotonic loading (σ1 < 80% peak stress), the 
specimen is in elastic stage I and the stable crack growth 
stage II. At these stages, the failure contacts mainly develop 
along the direction of 70° to 110°. With the increase in 
confining pressure, the contact failure expands faster in 
the direction of 70° to 110°and develops more obviously in 
other directions, which makes the curve of the plum blos‑
som chart more ‘plump’. However, cyclic loading has lit‑
tle effect at this stage. As the monotonic loading continues 
(80% ≤ σ1 ≤ 100% peak stress), the specimen enters accel‑
erating crack propagation stage III. At this stage, the failure 
contact develops slowly in the direction of 70° to 110° but 
rapidly in the other directions. The cyclic loading at this 
stage has little influence on the failure contacts in the direc‑
tion from 70° to 110°, but more failure contacts are gener‑
ated at other angles, and such influence is more obvious with 
increasing confining pressure.

The contact failure rate and damage density at the same stress 
ratio under different confining pressures are shown in Fig. 8.

Figure 8a shows that under the same confining pressure, 
when the stress ratio is less than 80%, the contact failure rate of 
the cyclic loading specimen is lower than that of the monotonic 
loading. When the stress ratio is greater than or equal to 80%, the 
contact failure rate of specimens under cyclic loading is greater 
than that under monotonic loading, and as the confining pres‑
sure increases, the difference in the contact failure rate increases. 
Figure 8b shows that under the same confining pressure, regard‑
less of cyclic loading or monotonic loading, the damage density 
of the specimen is small when the stress ratio is less than 80%, 
but the damage density under cyclic loading is slightly larger 
than the damage density under monotonic loading. With the 
increase in the stress ratio, the difference in the damage density 
between the two stress paths gradually becomes obvious. As the 
confining pressure increases, the difference also becomes more 
obvious. In other words, cyclic loading produces more failure 
contact and cracks under higher confining pressures.

Fig. 7  The plum blossom dia‑
gram of failure contact develop‑
ment under different confining 
pressures
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Fig. 8  Evolution of contact 
failure rate and damage density 
under different confining pres‑
sures: a evolution of contact 
failure rate under different con‑
fining pressures; b evolution of 
damage density under different 
confining pressures
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Failure mode analysis

The failure modes of the two stress paths under different 
confining pressures are shown in Fig. 9. In Fig. 9, I, II, and 
III are the failure modes in the laboratory experiment, and i, 
ii, and iii are the failure modes in the numerical simulation.

Clearly, the failure mode results are basically consistent. 
Moreover, the numerical simulation can describe the failure 
mode of the specimen in more detail. When the confining pres‑
sure is 0 MPa, the specimen under monotonic loading shows 
splitting failure. Two main vertical cracks are formed in the 
specimen (Fig. 9a, i‑1,2). However, the specimen exhibits shear 
failure under cyclic loading. The orientation of the main crack 
changes, and three vertical secondary cracks are generated 
below the main crack (Fig. 9b, i‑1). The position of the other 
main crack changes (Fig. 9b, i‑2), and a slight bulging failure 
occurs on the right side of the specimen (Fig. 9b, i‑3). When the 
confining pressure is 5 MPa, the specimen shows shear failure 
under monotonic loading. There is an oblique main crack in 
the specimen (Fig. 9a, ii‑1). However, the specimen exhibits 
conjugate shear failure under cyclic loading (Fig. 9b, ii‑1,2). 
There are many secondary cracks in the specimen. Bulging 
failure appears on the middle part of the specimen (Fig. 9b, 
ii‑3,4). When the confining pressure is 10 MPa, the specimen 
shows shear failure under monotonic loading, which is similar 
to that when the confining pressure is 5 MPa, and here is an 
oblique main crack in the specimen (Fig. 9a, iii‑1). However, 
cyclic loading changes the location of the main crack to no 
longer penetrate the specimen (Fig. 9b, iii‑1) and instead pro‑
duce a new main crack that is inclined relative to the specimen 
axis (Fig. 9b, iii‑2). In the middle part of the specimen, there is 
obvious bulging failure (Fig. 9b, iii‑3,4).

The cyclic loading changes the failure mode of the speci‑
men and causes bulging of the specimen. Moreover, the 
larger the confining pressure is, the more obvious the bulg‑
ing phenomenon. This is because during the monotonic load‑
ing process, the rock specimen is affected by the inhomoge‑
neity of the original microcracks, and the crack is formed in 
one direction first and then expands. Therefore, the speci‑
men exhibits splitting failure or shear failure. In the process 
of cyclic loading, new cracks are generated throughout the 
specimen, which reduce the unevenness of the specimen. 
Therefore, the specimen presents conjugate shear failure 
mode and exhibits a bulging phenomenon.

Discussion

Incremental evolution of damage density

The incremental change in the damage density caused by the 
change in the upper limit ratio of cyclic stress under different 

confining pressures is shown in Fig. 10. The increment of 
damage density caused by a single cycle can be calculated 
using Eq. (5):

Fig. 9  Comparison of failure modes between cyclic loading speci‑
mens and monotonic loading specimens under different confining 
pressures: a failure modes of monotonic loading specimens under dif‑
ferent confining pressures; b failure modes of cyclic loading speci‑
mens under different confining pressures
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where Dsi
Ma

 represents the increment of the damage density 
caused by a single cycle and Dn

Ma
 is the damage density gener‑

ated by the nth cycle. Clearly, before stage III, the change in the 
upper limit stress ratio has little effect on Dsi

Ma
 . When the upper 

limit of cyclic stress enters the accelerating crack propagation 
stage, the change in the upper limit stress ratio has a significant 
effect on Dsi

Ma
 . Dsi

Ma
 has an exponential relationship with the 

upper limit ratio of cyclic stress, which can be fitted by Eq. (6).

where Rcok is the material constant; a is the confining pres‑
sure condition coefficient and �ceiling is the upper limit ratio 
of cyclic stress. For this numerical specimen, Rock is set to 
5.30879e‑5. Values of confining pressure condition coeffi‑
cient a and correlation coefficient R2 under different confin‑
ing pressures are shown in Table 3:

Table 3 shows that the correlation coefficients R2 under 
different confining pressures are all above 0.98. This indi‑
cates that the selected equation accurately describes the rela‑
tionship. The relationship between the confining pressure 
and a is shown in Fig. 11:

(5)Dsi
Ma

= Dn
Ma

− Dn−1
Ma

(6)Dsi
Ma

= Rock × a�ceiling

It can be seen from Fig. 11 that a increases along a power 
function with increasing confining pressure, so Eq. (7) can 
be used for fitting:

where A and B are fitting parameters. Under different con‑
fining pressure cyclic loads, the value of A is 4368.268, 
the value of B is 0.51514, the correlation coefficient R2 is 
0.98705, and the fitting effect is good.

Relationship between dissipated energy and  
crack propagation

Some scholars have suggested that rock deformation and 
failure reflects energy‑driven instability, including energy 
absorption, evolution and dissipation; that is, the essence of 
rock failure is energy conversion (Xie et al. 2011; Park et al. 

(7)a = A × �
B
3

Fig. 10  Relation between the upper limit stress ratio of variable 
amplitude cyclic loading and Dsi

Ma

Table 3  Confining pressure condition coefficient and correlation 
coefficient

�
3
(MPa) Confining pressure condition 

coefficient a
Correlation 
coefficient R2

0 1052.892 0.98664
5 9596.417 0.9847
10 14757.98 0.99445
15 17865.61 0.99864
20 20199.09 0.99861

Fig. 11  The relationship between a and confining pressure

Fig. 12  Dissipated energy calculation principle
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2014; Ma et al. 2022). Based on this, many scholars have 
calculated the energy of rock through a stress‒strain curve 
from cyclic loading experimentation, studied the energy evo‑
lution and established a corresponding damage evolution 
equation; this is a well‑recognized approach (Liu et al. 2016; 
Meng et al. 2016). However, due to the limitation of experi‑
mental equipment and conditions, the evolution of internal 
cracks of rock specimens cannot be obtained directly during 
an experiment. How the dissipated energy calculated from 
the stress‒strain curve corresponds to the evolution of the 
internal cracks in the specimen has not been fully discussed. 
The technology applied in this paper can obtain the parame‑
ters of the actual crack area while obtaining the stress‒strain 
data. The above issues can be explored to some extent. The 
calculation method for dissipated energy is shown in Fig. 12 
(Han et al. 2022).

From the perspective of energy, the area enclosed by 
the loading curve OA and the horizontal axis is the total 
input energy Wtol. The area enclosed by the unloading curve 
AB and the horizontal axis is the unloading recovery strain 
energy We. The shaded area in Fig. 12 is the dissipated 
energy under loading and unloading:

Here, we calculate the total dissipation energy for the 
nth cycle:

where Wtol
dis

 is the total dissipated energy under cyclic loading 
and Wn

dis
 is the dissipated energy calculated for the nth cycle. 

From this, the relationship between the total dissipated 
energy Wtol

dis
 and the damage density DMa can be obtained as 

shown in Fig. 13.
When the upper limit of the cyclic stress is small (i.e. 

the first to third cycles), the dissipated energy and the dam‑
age density show a nonlinear growth relationship. When 

(8)Wdis = Wtol −We = ∫ �d�i − ∫ �d�p

(9)Wtol
dis

=
∑

Wn
dis

the upper limit of the cyclic stress is large (i.e. the third 
to fifth cycles), the dissipated energy seems to have a lin‑
ear relationship with the damage density because when 
the upper limit stress is small, the dissipated energy of 
the rock is mainly caused by the friction between parti‑
cles (blocks), and only a very small part of the dissipated 
energy is caused by the generation of cracks. With increas‑
ing upper limit stress, the specimen gradually completely 
fails. At this time, the energy dissipated due to the friction 
between particles (blocks) is negligible. Almost all the 
energy dissipated by the specimen is caused by the expan‑
sion of cracks. Of course, because the energy consumed by 
friction between particles is extremely difficult to measure, 
more advanced experimental methods are required to be 
verified in follow‑up.

Conclusion

To study the trend of crack propagation in rock under 
variable‑amplitude cyclic loading, the elastic parameters 
of rock and the process of crack propagation are analysed 
in detail by laboratory experiments and discrete element 
numerical simulation. The corresponding relationship 
between the dissipated energy and fracture area is dis‑
cussed, and the conclusions are as follows

1. Under triaxial loading and cyclic variable‑amplitude 
loading, the simulation results of the DEM numerical 
specimen calibrated by uniaxial experimental results are 
in good agreement with those of the laboratory experi‑
ments, indicating that the DEM numerical model can help 
establish the damage mechanism and intuitively capture 
the differences in crack propagation of rocks under differ‑
ent loading conditions. Additionally, in terms of the vari‑
ation in elastic constants and peak stresses under different 
load conditions, numerical specimens demonstrate better 
uniformity than rock specimens.

Fig. 13  Total dissipated energy‑
damage density relationship
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2. The loading process can be more accurately divided into four 
stages according to the variation trends of the contact failure 
rate and damage density during monotonic loading. Com‑
pared with monotonic loading, cyclic loading not only affects 
the degree of contact separation, but also generates more/
longer failure contacts in directions beyond 70° to 110°, ulti‑
mately resulting in a bulging failure mode of the specimen.

3. In cyclic variable‑amplitude loading under various confining 
pressures, the increment of damage density is exponentially 
related to the upper limit ratio of cyclic stress. An exponen‑
tial function expression is used for fitting, and the correla‑
tion coefficient R2 is greater than 0.98 in all cases. After 
determining the material constant, the confining pressure 
condition coefficient in the relationship between the increase 
in damage density and the upper limit ratio of cyclic stress 
increases exponentially with increasing confining pressure. 
The correlation coefficient R2 is 0.987, indicating a good fit.

4. When the upper limit of the cyclic stress is less than 
80% of the peak stress, there is a nonlinear correspond‑
ence between the damage density and total dissipated 
energy. When the upper limit of the cyclic stress is 
greater than 80% of the peak stress, there is a linear cor‑
relation between the damage density and total dissipated 
energy. This may be related to the relationship between 
the energy dissipated by overcoming interparticle fric‑
tion and that consumed by crack propagation.
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