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Abstract
This study comprehensively investigates the damage and fracturing behaviors of sandstone specimens containing a single 
flaw under stepwise cyclic loading using digital image correlation (DIC) and acoustic emission (AE) techniques. The deg-
radation of rocks is characterized by the evolution of residual strain, energy density, and cracking behaviors of flawed speci-
mens while considering the effect of flaw inclination angle on the mechanical properties and fracturing behaviors of rocks. 
Experimental results reveal that residual strain gradually increases with an increasing number of cycles, and the increase 
in stress level induces a sudden rise in both elastic and dissipated energy density. The dissipation factor decreases initially 
and then reaches a constant value as the upper-stress limit increases. Moreover, the energy dissipation behavior becomes 
more consistent among the five cycles as the stress levels increase. Tensile wing cracks propagate stably during the stepwise 
cyclic loading process, accompanied by scattered low-amplitude AE events and a linear increase in cumulative AE counts. 
The analysis of normal and shear displacements indicates that wing cracks are primarily tensile, with significant normal 
opening displacements and negligible shear displacements. Horsetail cracks and anti-wing cracks initiate within fan-shaped 
strain zones of great size, driven by high compressive-shear stress, and rapidly propagate in the last one or two stress levels, 
leading to the detection of abundant high-amplitude AE events. Horsetail cracks and anti-wing cracks exhibit comparable 
displacement jumps in both normal and tangential directions, suggesting a mixed tensile-shear mode of crack propagation.

Keywords  Stepwise cyclic loading · Flawed rocks · Energy density · Damage and fracturing process

Introduction

Rock masses play a crucial role in various engineering 
applications, such as hydropower, petroleum, mining, and 
underground structures. These rocks are often subjected 
to external stress disturbances resulting from earthquakes, 
blasting, and drilling, which can cause significant dam-
age and dynamic failures, such as spalling, buckling, col-
lapse, and rockburst (Cerfontaine and Collin 2017). Since 
the 1960s, cyclic loading has been applied to simulate the 

responses of rocks or slopes under repeated cyclic loads or 
stress disturbances caused by drilling processes and earth-
quakes (Burdine 1963; Haimson and Kim 1972; Hashash 
et al. 2001). Moreover, there is an urgent need for ongoing 
investigations on rock damage and fracturing under cyclic 
loading to enhance rock-cutting technologies (Karekal and 
Hood 2011) or hydraulic fracturing (Zang et  al. 2021). 
Related research results can also be applied to evaluate the 
stability of rock engineering concerning variations in the 
water level (Sorgi and Gennaro 2011), freeze–thaw cycles 
(Zhang et al. 2004), and the successive emptying and filling 
of oil and gas storage in salt mines (Zhao et al. 2021).

The propagation of stress waves induced by earthquakes, 
blasting, and drilling events is complex and exhibits signifi-
cant variations in characteristics. These variations are influ-
enced by factors such as the distance from the seismicity or 
shock source (Zhu et al. 2007; Ramulu et al. 2009), as well 
as the focal mechanism and propagation direction of waves 
(Zhang 2016). Therefore, researchers simplified this stress 
disturbance as cyclic loads with different upper or lower 
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stress limits, amplitude, and frequencies in laboratory tests 
(Xiao et al. 2010; Han et al. 2020; Miao et al. 2021a). It has 
been found that low frequency and high amplitude are con-
sidered to be adverse factors to the stability of rocks, leading 
to a high increase rate of the stable crack propagation stage 
and a high proportion of the accelerated crack propagation 
stage (Xiao et al. 2009; Miao et al. 2021a). In addition, previ-
ous studies have identified two types of stress paths used in 
cyclic loading tests: constant stress amplitude and incremen-
tal amplitude applied step by step (Meng et al. 2016; Peng 
et al. 2019c; Yang et al. 2020b). Cyclic loading tests with a 
constant amplitude are commonly employed to determine 
the fatigue properties of rocks while increasing amplitudes 
are typically utilized to investigate their damage properties 
(Cerfontaine and Collin 2017).

Studies on the mechanical properties and damage evolu-
tion of intact rock masses under cyclic loads with a constant 
amplitude have been extensively reported in the literature. 
The degradation and damage evolution of rocks can be 
characterized by variations in their physical and mechani-
cal properties, such as residual strain (Liu and He 2012; 
Geranmayeh Vaneghi et al. 2020), elastic or secant modu-
lus (Momeni et al. 2015; Peng et al. 2019b), Poisson’s ratio 
(Taheri et al. 2016; Zhu et al. 2020), P-wave velocity (Yang 
et al. 2020a), and permeability (Duan et al. 2020; Yang et al. 
2020a). The damage and cracking of rocks are a process 
of energy dissipation; hence, the dissipated energy during 
cyclic tests has also been employed as an index for evaluat-
ing the damage of rocks (Meng et al. 2016). Besides, the 
damage evolution of rocks under cyclic loading tests typi-
cally exhibits three stages, namely, fatigue crack formation, 
stable crack propagation, and unstable crack propagation 
leading to sudden breakdown (Momeni et al. 2015). During 
constant-amplitude cyclic loading tests, the determination of 
the fatigue limit holds great significance. The fatigue limit is 
defined as the stress amplitude at which no specimen failure 
occurs, resulting in an infinite fatigue life (Cerfontaine and 
Collin 2017). However, the evolution of damage and fatigue 
life are highly sensitive to the mechanical properties and 
microstructure of rocks. As a result, there are variations in 
fatigue responses among rock specimens obtained from the 
same rock block, introducing uncertainties in determining 
the fatigue limit (Taheri et al. 2015). This also poses great 
challenges to comparing the rock damage and crack develop-
ment under different stress amplitudes.

The existence of voids, joints, faults, and fractures in 
rock formations can lead to stress concentration, thereby 
increasing the likelihood of instability and failure. The 
failure mechanism of rocks under cyclic loads is known 
to be associated with the repetitive opening and closing of 
existing cracks, as well as the formation of new cracks due 
to progressive stress corrosion. This mechanism is more 
intricate compared to the failure observed under monotonic 

loading conditions (Cerfontaine and Collin 2017). In recent  
years, there has been growing interest in understand-
ing the mechanical properties and damage evolution of 
flawed rock masses subjected to cyclic loading. Liu et al. 
(2017) conducted experiments to investigate the fatigue 
mechanical properties of intermittently flawed rock-like 
specimens under cyclic uniaxial compression. Their find-
ings indicated that higher upper stress limit and amplitude, 
or lower loading frequency, led to increased cumulative 
damage and reduced fatigue life. Similarly, Zheng et al. 
(2020) examined the fatigue and damage characteristics 
of flawed mudstone under cyclic triaxial loading tests at 
different frequencies. Additionally, Peng et al. (2019a) 
focused on the influence of crack angles on the energy 
behavior of flawed sandstones under constant-amplitude 
signals. These studies underscore the limited research 
on the cracking behavior of flawed rock masses under 
cyclic loading, primarily focusing on mechanical prop-
erties. Furthermore, given the natural presence of vari-
ous discontinuities in rocks, the initiation and propaga-
tion of these discontinuities play a key role in fatigue 
failure. Thus, comprehending the fracturing process of 
flawed rocks under cyclic loading conditions is critical  
for understanding the fatigue mechanism of rocks.

To address the aforementioned issues, we conducted 
uniaxial stepwise cyclic loading tests on sandstone speci-
mens containing a single flaw. These tests aimed to inves-
tigate the evolution of damage and fracturing processes 
in flawed rocks. Stepwise cyclic loading offers several 
advantages for studying rock damage and fracturing  
(Cerfontaine and Collin 2017; Peng et al. 2019a). One 
advantage of stepwise cyclic loading is its ability to 
quickly determine the stress amplitude at which rock 
damage or fracturing occurs. By systematically increasing 
the stress amplitude in a stepwise manner, we can observe 
and analyze the point at which the rock specimen starts to 
exhibit damage or failure. This provides valuable insights 
into the critical conditions during cyclic loading (Liu 
et al. 2017). Moreover, stepwise cyclic loading allows 
us to study the impact of different stress amplitudes and 
the number of cycles on rock damage and fracturing 
using a single rock specimen. This approach eliminates 
the influence of rock heterogeneity when using multiple 
specimens. By manipulating the stress amplitude, we can 
examine its effects on the magnitude and progression of 
rock damage, thereby establishing a connection between 
loading conditions and subsequent rock response. Addi-
tionally, we considered flaw inclinations ranging from 
0° to 90° at intervals of 15°. The damage and fracturing 
process of the rocks were monitored using a combination 
of digital image correlation (DIC) and acoustic emis-
sion (AE) techniques. The structure of the paper is as 
follows: the “Specimen preparation and test procedure” 
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section describes the preparation and testing of the speci-
mens. In the “Results” section, we thoroughly analyze 
the experimental results, including stress–strain curves, 
energy characteristics, acoustic characteristics, and crack 
development. Finally, in the “Conclusions” section, we 
summarize the conclusions drawn from this study.

Specimen preparation and test procedure

Rock specimen preparation

Sandstone samples collected from Sichuan, China, were 
used for uniaxial stepwise cyclic loading tests. A polarizing 
microscope was used to determine the mineral particle size 
and composition. The sandstone was found to be predomi-
nantly composed of quartz (70%), fillers (approximately 
20%), detritus (about 9%), and a minor amount of biotite 
(about 1%), as depicted in Fig. 1b. Table 1 lists the physical 
and mechanical properties of Sichuan sandstone.

Cuboid-shaped specimens were cut from an intact 
block, measuring 100 mm in height, 50 mm in width, 
and 30 mm in thickness, all in the same orientation to 
eliminate the effects of anisotropy (Fig. 1a). The length 
errors of all samples were less than 1.5 mm. The surface 
roughness deviation was controlled within ± 0.05 mm, 
and the deviation of perpendicularity between adjacent 
surfaces was not greater than 0.25°. A straight flaw was 
created in the center of specimens parallel to the speci-
men thickness, having a length of 20 mm and an aperture 
of 1.5 mm. Different flaw inclination angles � ranging 
from 0° to 90° at an interval of 15° were considered, and 
three rock specimens were prepared for each geometry. 
The rock specimens were named with flaw inclination 
angle and number, for instance, “S30-1” corresponds to 
the first prepared sandstone specimen with a flaw inclined 
at 30°. Before testing, the integrity of the specimens was 
verified, and a random speckle pattern was applied to the 
specimen surfaces by spraying black and white paints for 
DIC analysis. As shown in Fig. 1a, the speckle pattern 

Fig. 1   a Dimensions of flawed 
sandstone specimens, location of 
AE sensors, and speckle pattern 
on rock specimen, and b micro-
scopic observation of mineral 
particles in sandstone specimens 
(quartz—Qtz, biotite—Bt)
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employed in our study demonstrated a grayscale distribu-
tion ranging from 30 to 255. This range provides adequate 
contrast between the speckles and the background, facili-
tating accurate tracking and measurement of deformation. 
Additionally, note that the distribution of gray values was 
uniformly spread across the pattern, avoiding any signifi-
cant concentration of dark or light areas. To minimize the 
friction with the loading plates, the upper and lower ends 
of the specimen were lubricated before each test.

Experimental equipment

Uniaxial stepwise cyclic loading tests were conducted 
using an electro-hydraulic servo-controlled rock mechan-
ics testing system (MTS 815.03) at the Institute of Rock 
and Soil Mechanics, Chinese Academy of Sciences, 
Wuhan. The system is capable of performing static and 
dynamic compression testing on rock specimens, with a 
maximum vertical load of 4600 kN and a maximum ver-
tical piston stroke of 100 mm. Axial load was measured 
with a load cell and axial displacement was measured with 
a linear variable differential transformer. The load and 
displacement data were collected using a data acquisition 
system with a sampling interval of 0.02 s.

To monitor rock damage and fracturing, DIC and AE 
techniques were used together. The device used for record-
ing digital images comprised a CCD camera with a resolu-
tion of 3376 × 2704 pixels, two white light sources, and a 
computer with image acquisition software. The CCD cam-
era sensor was fixed perpendicular to the specimen surface 
to record high-resolution digital images. The image acqui-
sition software recorded a sequence of images at a rate of 
9 frames per second. The AE monitoring system included 
four AE sensors (PAC, Nano 30), four preamplifiers, and 
a 16-channel monitoring board (PCI-2, PAC). The AE sen-
sors were attached directly to the specimen surfaces with 
grease to ensure good acoustic coupling. Adhesive tapes 
were used to ensure good contact between the rocks and 
sensors. The threshold and pre-amplifier gain were set to 
40 dB, and the AE signals were recorded at a sampling 
rate of 2 MHz.

Loading path

The study applied sinusoidal waveforms to the specimens 
in uniaxial stepwise cyclic compression tests. The upper-
stress limit was incrementally increased by 5 MPa at each 
stress level, while the lower stress limit was set to 0.5 MPa 
to ensure proper contact between the loading device and the 
rock specimen. To study the damage evolution and cracking 
behavior under repeated loads, five cycles were repeated at 
each stress level. The frequency of the sinusoidal waveform 
varied in each stress level to maintain an average loading and 
unloading rate of 1 MPa·s−1 in each cycle, thus eliminating 
the effects of loading rate during stepwise cyclic tests. As a 
result, the loading time for each stress level depended on the 
applied maximum axial stress. For instance, the frequency 
was set to 0.1 Hz for the first stress level with a maximum 
stress of 5 MPa, and then decreased to 0.05 Hz for the second 
stress level with a maximum stress of 10 MPa, and so on. The 
stepwise cyclic loading was executed automatically accord-
ing to a prewritten program until the specimen failed (Fig. 2).

Results

Stress–strain curves

Figure 3 displays stress–strain curves for flawed rock speci-
mens with a single flaw under uniaxial stepwise cyclic load-
ing. The curves for flawed specimens with various flaw 
inclination angles show a similar evolution pattern. Unlike 
elastic materials, rock materials with various defects exhibit 
a hysteresis loop in the stress–strain curves. The loading and 
unloading process within a cycle may induce damage and 
fractures within rocks, with the unloading paths not coin-
ciding with the reloading paths. The hysteresis loop is pro-
nounced in the first cycle due to the compaction effect of 
voids, defects, pre-existing flaws, or crack extension induced 
by sudden increases in the maximum stress limit. The irre-
versible deformation accumulates as the number of cycles or 
stress levels increases, and the generation of several macro 
cracks can cause great irreversible deformation and hys-
teresis loop areas. Moreover, a sudden loose pattern of the 
stress–strain curves is observed in the last few cycles.

Table 1   Physical and mechanical properties of Sichuan sandstone

Rock type Mineral composition Grain size
(mm)

Density
(g/cm3)

UCS (MPa) Young’s modulus (GPa) Poisson’s ratio

Sandstone 70% quartz, 20% filler, 9% detritus, and 1% biotite 0.06 ~ 0.30 2.13 ~ 2.28 70 ~ 75 12.5 ~ 13.6 0.19 ~ 0.22
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Figure 4 shows that the failure stress of flawed rock speci-
mens displays an increasing trend with the flaw inclination 
angle. The average failure stress for flawed specimens with 
inclination angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90° is 
35.65 MPa, 36.64 MPa, 43.22 MPa, 46.61 MPa, 51.01 MPa, 
58.69 MPa, and 67.15 MPa, respectively. This trend is simi-
lar to that observed in flawed specimens under monotonic 
loading (Miao et al. 2018). This phenomenon is related to 
the way that the pre-existing flaw affects the distribution of 
stress within the rock specimen. The correlation between 
failure stress and flaw inclination angle can significantly 
contribute to the advancement of more precise failure crite-
ria specifically designed for flawed rock masses subjected 
to cyclic loading.

Energy evolution

Elastic strain energy refers to the amount of energy stored 
in a rock material due to the application of external stresses, 
which is released when the stresses are removed. The 
amount of elastic strain energy stored in a rock depends on 
its elastic properties, which are determined by its composi-
tion, structure, and physical properties. The degradation of 
rock materials is often associated with energy dissipation 
(Xie et al. 2004; Liu et al. 2016; Li et al. 2020). Energy dis-
sipation can occur due to various factors such as frictional 
forces between fracture surfaces, plastic deformation of the 
rock, and the formation and propagation of cracks within 
the rock. The dissipated strain energy can be considered 
to be a damage variable that can be used to evaluate the 
degradation behavior of rock materials (Liu et al. 2017). 
Assuming that there is no heat exchange between the rock 
specimens and the surrounding environment, the total input 
energy U can be expressed as the sum of the elastic strain 

energy Ue that can be recovered during deformation and 
the dissipated strain energy Ud that is utilized for generat-
ing internal damage and irreversible deformation of rocks, 
which can be described as:

According to Xie et al. (2005), the strain energy of rocks 
can be further characterized by the strain energy density:

where u , u
e
 , and u

d
 represent the total energy density, the 

elastic energy density, and the dissipated energy density of 
the rock, respectively; V  is the volume of rocks.

The strain energy density can be calculated by integrating 
the stress–strain curve. As shown in Fig. 5, the total energy 
density u , the elastic energy density u

e
 , and the dissipated 

energy density u
d
 of the rock in a cycle can be computed as 

follows (Meng et al. 2016; Peng et al. 2019a):
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Fig. 2   Illustration of the step-
wise cyclic loading path applied 
to the flawed rock specimens
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Fig. 3   Stress–strain curves for sandstone specimens containing a single flaw at various inclination angles: a S0-1, α = 0°, b S15-1, α = 15°, c 
S30-1, α = 30°, d S45-1, α = 45°, e S60-1, α = 60°, f S75-1, α = 75°, and g S90-1, α = 90°
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step in the unloading stage. The total number of integral 
steps is denoted by n.

Figure 6 depicts the strain energy density for flawed 
specimens with varying flaw inclination angles during 
stepwise cyclic loading. When the flawed rock specimen 
is subjected to greater stress levels, more elastic defor-
mation will occur, resulting in more energy being stored 
within the rock specimen. On the other hand, the bonds 
between grains within the rock are broken during plastic 
deformation, leading to the change of the rock’s internal 
structure. As the stress level increases, more and more 
bonds within rocks are broken, leading to greater plastic 
deformation and more energy dissipation. Therefore, the 
results indicate that both the elastic energy density ( u

e
 ) 

and dissipated energy density ( u
d
 ) in each cycle signifi-

cantly increase as the applied stress level increases, as 
shown in Fig. 6.

When rocks are subjected to repeated cyclic loading, 
they exhibit strong memory properties, meaning that the 
mechanical behavior of the rock is influenced by its past 
loading history. Figure 6 illustrates that the total energy den-
sity and dissipated energy density typically decrease with an  
increase in the number of loading cycles for a given loading 

level. This phenomenon is often referred to as cyclic fatigue 
or cyclic softening. The repeated cycles cause the accumu-
lation of microscopic damage and irreversible deformation, 
leading to a reduction in the rock’s strength and stiffness. As 
a result, the amount of energy that can be stored in the rock 
decreases with the increasing cycle, leading to a decrease in 
the total energy density. Additionally, the dissipated energy 
density also decreases with an increase in the number of 
cycles. This is because as the rock becomes more damaged 
and deformed, the energy required to cause further deforma-
tion decreases. As a result, less energy is dissipated during 
each loading cycle, leading to a decrease in the dissipated 
energy density. Compared to the total energy density and 
dissipated energy density, the elastic energy density changes 
slightly with the number of cycles.

As the applied stress level increases, the difference 
between the elastic energy density and dissipated energy 
density becomes more significant, as depicted in Fig. 6. This 
is because, the material store more elastic energy at higher 
stress levels before it starts to generate noticeable irrevers-
ibly deform or crack, resulting in a larger difference between 
the two types of energy densities. Despite the increasing dif-
ference between the elastic and dissipated energy densities 
as the stress level increases, the dissipated strain energy in 
each cycle still experiences an increase for all rock speci-
mens. This indicates that as the stress level increases, the 
material experiences more irreversible deformation and 
cracking.

To investigate the energy dissipation behavior of flawed 
rock specimens under different stress levels, a dissipation 
factor is defined as the ratio of the dissipated energy density 
to total energy density. The variations of the dissipation fac-
tor with upper stress limit for flawed specimens under differ-
ent flaw inclination angles (0°, 30°, and 75°) are presented 
in Fig. 7a–c. It is observed that the dissipation factor initially 
decreased with increasing upper stress limit and then sta-
bilized at a constant value. At lower stress levels, there is 
a significant difference in the dissipation factor among the 
five cycles, but as the stress levels increased, this difference 
decreases, indicating a more consistent energy dissipation 
behavior of the flawed rock specimens in different cycles. 
The dissipation factor at the first cycle is generally higher 
than the other four cycles, implying a memory effect of the 
rocks. Additionally, Fig. 7d illustrates the variation of the 
dissipation factor with the flaw inclination angle. The aver-
age and median dissipation factor decrease initially and then 
increase as the flaw inclination angle increased from 0° to 
90°, and flaws perpendicular to the compression direction 
of the rock specimen lead to a higher dissipation factor. Fig-
ures 6 and 7 demonstrate that a greater crack angle in rocks 
enhances the energy storage capacity but slightly weakens 
the energy dissipation capacity, leading to increased energy 
demand for rock failure and higher peak strength during 

Fig. 4   Variation in failure stress with the increasing flaw inclination angle

Fig. 5   Schematic diagram for strain energy density calculation using 
the stress–strain curve
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Fig. 6   Strain energy density in each cycle for flawed specimens with different flaw inclination angles during stepwise cyclic loading: a S0-1, 
α = 0° b S15-1, α = 15° c S30-1, α = 30° d S45-1, α = 45° e S60-1, α = 60° f S75-1, α = 75° g S90-1, α = 90°
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failure. This phenomenon clarifies the correlation between 
crack angle and the energy-based bearing capacity of rocks, 
providing valuable insights for the instability assessment of 
flawed rock engineering.

Figure 8 shows the cumulative dissipated energy density 
during the stepwise cyclic loading process, which exhibits a 
quadratic increase with the increasing number of cycles. The 
growth rate of the accumulative dissipated energy density 
(CDED) increases as the stepwise cyclic loading proceeds, 
indicating that damage within the rocks accumulates at an 

increasing rate. The cumulative dissipated energy density 
for rock specimens with a flaw inclined at α = 0°, 15°, 30° 
is 0.127 MJ·m−3, 0.149 MJ·m−3, 0.210 MJ·m−3, respectively. 
For rock specimens containing a flaw inclined at α = 45°, 
60°, 75°, 90°, the cumulative dissipated energy density dur-
ing stepwise cyclic loading is 0.368 MJ·m−3, 0.408 MJ·m−3, 
0.381 MJ·m−3, 0.587 MJ·m−3, respectively. These results 
suggest that rock specimens with a greater inclination angle 
dissipate more strain energy before rock rupture compared 
to those with a smaller inclination angle.

Fig. 7   Variations of dissipation factor with upper stress limit and flaw inclination angle: a –c changes in dissipation factor with upper stress limit 
for flawed specimens inclined at 0°, 30°, and 75°, respectively, and d variation of dissipation factor with flaw inclination angle
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Failure characteristics

AE techniques provide valuable information on the internal 
damage of rock materials and can help researchers under-
stand the failure mechanisms. The evolution of AE count 
rate and cumulative AE counts for flawed rock specimens 
under stepwise cyclic loading is shown in Fig. 9. The AE 
evolution for flawed specimens during the stepwise cyclic 
loading process can generally be divided into two stages: 
the stable crack propagation stage (stage I) and the acceler-
ated propagation stage (stage II). For example, in Fig. 9a, 
the AE responses for the flawed specimen S0-1 contain-
ing a flaw inclined at 0° show that the AE activity in the 
accelerated crack propagation stage is much more active 
than in the stable crack propagation stage. At stage I, a 
relatively high peak of the AE count rate is observed in 
the first cycle of a specific stress level, while the AE count 
rate decreases greatly in the remaining four cycles, indi-
cating that the AE signals within the stable crack propaga-
tion stage conform to the Kaiser effect. The cumulative 
AE counts present a small-magnitude rise at the first cycle 
of these stress levels, followed by an approximately linear 
increase in the remaining four cycles. In the accelerated 
crack propagation stage, the AE count rate exhibits sev-
eral high peaks, and the cumulative AE counts present a 
stepwise growth until the specimen fails. Besides, the peak 
AE count rate decreases in the first some cycles in stage 
II, while it dramatically increases in the final few cycles, 

showing both the Kaiser and Felicity effect. Similar AE 
response patterns can be observed in other flawed speci-
mens, as shown in Fig. 9b–g.

Differences in AE responses are noticed between 
specimens with small and large flaw inclination angles 
(Fig. 9a–g). The cumulative AE counts in the stable propa-
gation stage can be viewed as a linear increase, with speci-
mens containing a flaw inclined at 0°, 15°, and 30° having 
a much steeper slope than those with a flaw inclined at 45°, 
60°, 75°, and 90°. In specimens with greater flaw inclina-
tion angles, the AE events are mostly clustered in the last 
few cycles, indicating that the rapid crack propagation and 
instability take place in a short period. The differences in AE 
distribution are closely related to the initiation and propa-
gation of newly formed cracks from flaw tips, which will 
be explained later. Overall, AE monitoring is an effective 
technique for measuring rock damage in flawed sandstone 
specimens under stepwise cyclic loading.

During stepwise cyclic compression, different types of 
cracks may initiate from the pre-existing flaw, such as wing 
cracks, horsetail cracks, coplanar cracks, and anti-wing 
cracks, which are named according to their shapes (Wang 
et al. 2017; Pan et al. 2019). To characterize the cracking 
behaviors during the loading process, the AE amplitude 
distribution and maximum principal strain contours meas-
ured by the DIC technique are presented. Figure 10b shows 
the cracking behaviors of specimen S15-1, which contains 
a flaw inclined at α = 15°. The focus is on the nucleation, 

Fig. 8   CDED for flawed 
sandstone specimens during the 
stepwise cyclic loading process: 
a �=0°, 15°, and 30°, b �=45° 
and 60°, and c �=75° and 90°
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Fig. 9   AE count rate and cumulative AE counts for flawed sandstone specimens with varied flaw inclination angles a S0-1, α = 0°, b S15-1, 
α = 15°, c S30-1, α = 30°, d S45-1, α = 45°, e S60-1, α = 60°, f S75-1, α = 75°, and g S90-1, α = 90°
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initiation, and propagation of new cracks under stepwise 
cyclic loads, and some key time instants are selected and 
marked in Fig. 10a, named by the stress level and the number 
of cycles within the stress level. For example, “II-1” denotes 
the specimen is at the wave peak of the 1st cycle in stress 
level II.

As shown in Fig. 10b, for specimen S15-1, two strain 
localization bands appear at the 5th cycle of stress level I 
(i.e., point A5), resulting from tensile stress concentration 
at the center of the flaw periphery. The appearance of the 
strain localization bands means the formation of the fracture 
process zone (FPZ), which contains various tensile microc-
racks. As the stress level increases, two high-strain bands are 
observed at point B5, indicating the formation of tensile wing 
cracks. The strain contours at points C1 and C5 show that the 
wing crack continuously propagates under repeated cycles. 
This observation is also seen at points D1, D5, and E1, E5, 
where the wing cracks gradually extend under repeated cyclic 
loads in a specific stress level. When the specimen is loaded 
to the peak of the 5th cycle of stress level III, four strain 
localization bands can be vaguely distinguished at the two 
flaw tips, which exhibit a fan shape and cover a large area. 
The fan-shaped zones result from the compression of the 
voids and defects and are evidence of the existence of high 
compressive stress. As the stress level increases, the strain 
within the fan-shaped zone increases, and the size of the 
four fan-shaped bands also expands. In stress level VI, two 
high-strain bands appear within two lower fan-shaped zones 
at the peak of the 1st cycle and abruptly develop into two 
anti-wing cracks at the 3rd cycle, accompanied by abundant 
high-amplitude AE events. The formation of two anti-wing 
cracks stops the propagation of two wing cracks at the flaw 
center and simultaneously closes one of the wing cracks. 
The further increase in the stress level does not significantly 
extend the length of the initiated anti-wing cracks. In the last 
few cycles, a horsetail crack initiates from the lower flaw tip 
and extends a short distance under cyclic loads. At the same 
time, some small cracks located at the lower right corner of 
the specimens tend to coalesce with one of the anti-wing 
cracks, leading to the deterioration and instability of the 
rocks. The detailed fracturing process observed during step-
wise cyclic loading provides valuable insights for calibrating 
newly developed simulation approaches designed for cyclic 
loading in the future.

The cracking behavior during stepwise cyclic load-
ing can also be revealed by the AE amplitude distribu-
tion. A large amount of energetic AE events takes place 
once the anti-wing cracks initiate and propagate, while 
fewer AE events are observed during the initiation and 
propagation of wing cracks, as shown in Fig. 10a. Most 
events in a stress level are clustered in the first cycle due 
to the increase in the stress limit, while some scattered 
events appear in the last four cycles for a specific stress 

level, indicating that the crack extension takes place under 
repeated cycles.

The fracture behavior of initiated cracks in specimen 
S15-1 can be further analyzed using a novel DIC-based 
method proposed by Miao et al. (2021b). The crack paths 
and displacement jump over the cracks are shown in Fig. 11a 
at significant time instants when new cracks initiate from 
the flaw tips, such as C1, E1, F3, and G5. The identified 
crack paths in Fig. 11a are consistent with the high strain 
bands in strain contours shown in Fig. 10, which validates 
the effectiveness of the method. Displacement jumps across 
the initiated cracks are also measured for fracture mecha-
nism identification.

According to classical linear elastic fracture mechanics, 
a crack propagates in three basic modes under plane stress 
loading: mode I, mode II, and mixed mode I/II (Anderson 
2017). Figure 11b and c illustrates the normal and tangential 
displacement jumps over the initiated cracks. At points C1 
and E1, significant normal displacement jumps are observed 
across the two wing cracks, while the tangential displace-
ment jumps are negligible. The significant normal displace-
ment jumps and the absence of the tangential displacement 
jumps indicate that the two wing cracks are tensile cracks, 
which is consistent with previous findings (Wong and 
Einstein 2009). The theoretical analysis by Lajtai (1971) 
also reveals that cracks initiated from the flaw center are 
caused by the concentration of tensile stress. At point F3, 
two anti-wing cracks (i.e., cracks 2# and 3#) appear, and 
large displacement jumps in both the normal and tangential 
directions are observed. This indicates that the two anti-
wing cracks are mixed tensile-shear cracks. The significant 
tangential displacement jumps also suggest that local shear 
stress plays a significant role in the initiation of anti-wing 
cracks. In addition, four fan-shaped zones of significant size 
provide further evidence of the existence of high compres-
sive stress around the flaw tips (Fig. 10b, E5). Therefore, 
the initiation and propagation of the two mixed tensile-shear 
anti-wing cracks are caused by high compressive-shear 
stress. Similarly, the horsetail crack (i.e., crack 4#) initi-
ated from the lower flaw tip at point G5 is also identified 
as a mixed tensile-shear crack due to comparable displace-
ment jumps in both the normal and tangential directions. 
It should be noted that the crack types appearing in flawed 
rock specimens under stepwise cyclic loads are the same as 
those under monotonic loading (Miao et al. 2021b).

Figure 12 illustrates the cracking behavior of specimen 
S45-1 under stepwise cyclic loading. The specimen remains 
elastic in the first two stress levels, and the formation of the 
FPZ is observed at the flaw tips in stress level III (Fig. 12b, 
A1, A5). As the stress level and the number of cycles 
increase, the FPZs develop into wing cracks, but unlike 
specimen S15-1, the wing cracks in S45-1 stop propagating 
after extending a shorter distance. At the first cycle of stress 
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Fig. 10   Cracking behaviors 
at significant time instants 
for flawed specimen S15-1: a 
stress-time curves with typi-
cal moments marked during 
the stepwise loading process, 
and b the maximum principal 
strain contours obtained from 
DIC technique at significant 
time instants
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Fig. 11   Crack paths and displacement jumps over initiated cracks in flawed specimen S15-1 at significant time instants: a identified crack paths, 
b normal displacement jumps across cracks, and c tangential displacement jumps across cracks
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Fig. 12   Cracking behaviors 
at significant time instants for 
flawed specimen S45-1: a stress-
time curves with typical moments 
marked during the stepwise load-
ing process, and b the maximum 
principal strain contours obtained 
from DIC technique at significant 
time instants
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Fig. 13   Crack paths and displacement jumps over initiated cracks in flawed specimen S45-1 at significant time instants: a identified crack paths, 
b normal displacement jumps across cracks, and c tangential displacement jumps across cracks
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Fig. 14   Cracking behaviors at significant time instants for flawed specimen S75-1: a stress-time curves with typical moments marked during the 
stepwise loading process, and b the maximum principal strain contours obtained from DIC technique at significant time instants
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Fig. 15   Crack paths and displacement jumps over initiated cracks in flawed specimen S75-1 at significant time instants: a identified crack paths, 
b normal displacement jumps across cracks, and c tangential displacement jumps across cracks
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level VII, four fan-shaped zones are identified at the flaw 
tips. In stress level VIII, two high-strain bands appear within 
the fan-shaped zones (Fig. 12b, D5). The high strain bands 
extend stably in the first four cycles of stress level IX, but 
abruptly propagate a long distance in the last cycle, leading 
to abundant high-amplitude AE events. However, a further 
increase in stress level and number of cycles does not sig-
nificantly extend the length of cracks 2# and 3#, but widens 
the crack openings. The displacement discontinuities across 
the cracks cause calculation errors in the continuous-based 
DIC technique, resulting in blank portions along the crack 
paths (Fig. 12b, F1). The other two fan-shaped strain zones 
at the flaw tips are also extended until the rock fails. Copla-
nar cracks, i.e., cracks 4# and 5#, start to nucleate at point F1 
and extend under repeated cycles (Fig. 12b, F1–F5). When 
the specimen is exposed to stress level XI, further extension 
of crack 4# leads to rock rupture (Fig. 12b, G1). As shown 
in Fig. 12b, the initiation and propagation of wing cracks are 
accompanied by few AE events, while the rapid initiation 
and propagation of secondary cracks are accompanied by 
dense high-amplitude AE events.

Figure 13 provides additional quantitative information 
on the cracking behavior and fracture mechanism of the 
initiated cracks in specimen S45-1. The emergence of the 
two wing cracks (i.e., crack 1#) is characterized by signifi-
cant normal displacement jumps and negligible tangential 
displacement jumps, indicating their tensile nature. On the 
other hand, cracks 2#, 3#, 4#, and 5# are associated with dis-
placement jumps in both normal and tangential directions, 
indicating their mixed tensile-shear nature during initiation 
and propagation.

Figures 14 and 15 provide detailed information on the 
cracking behaviors and fracture mechanism of the initiated 
cracks in specimen S75-1 during the stepwise cyclic loading 
process. The specimen remains in an elastic state until stress 
level V is applied, and two FPZs appear at the flaw tips 
(Fig. 14b, A1). The FPZs gradually develop and evolve into 
cracks 1# and 2# in stress level IX (Fig. 14b, C1, C5). Cracks 
3# and 4# appear one after another in the form of high strain 
bands in stress level X (Fig. 14b, D1, D5) and then abruptly 
extend a great distance at the 1st cycle of stress level XI 
(Fig. 14b, E1). The growth rate of these cracks is reflected 
in the AE distribution in Fig. 14a, where scattered AE events 
before point E1 indicate limited growth of cracks 1# and 2#. 
Crack 3# and 4# initiate as anti-wing cracks in stress level 
X, and a sudden increase in the crack length is observed 
due to the increase in stress level, accompanied by abundant 
high-amplitude AE events. The displacement jumps over 
the initiated cracks in Fig. 15 indicate that all four cracks 
are mixed tensile-shear cracks, and it is noteworthy that the 
tensile wing crack is no longer observed in specimen S75-1.

It is important to note that this paper primarily focuses 
on investigating the behavior of single cracks under stepped 

cyclic loading, providing valuable insights into their fractur-
ing response. However, in real-world engineering applica-
tions, cracks are typically distributed randomly and exhibit a 
more complex pattern. Therefore, in future research, we aim 
to optimize the geometry and distribution of cracks in the 
rock specimens to make them more representative of actual 
engineering scenarios. This will enable us to better under-
stand the mechanical response of cracked rocks under cyclic 
loading and provide more applicable insights for engineer-
ing practice. Furthermore, although stepwise cyclic loading 
offers significant advantages in this study, it is important 
to acknowledge the limitations of simple cyclic loading in 
fully replicating the characteristics of earthquakes or blast-
ing events. To accurately capture the characteristics of earth-
quakes or blasting in numerical simulations or laboratory 
tests, more sophisticated loading models or input approaches 
should be employed. These advanced models should con-
sider factors such as frequency content, loading rates, and 
loading histories. Incorporating data from field measure-
ments (Ainalis et al. 2016), recorded ground motions (Xie 
et al. 2016), or utilizing more specialized testing methodolo-
gies (Banadaki 2010) can aid in the development of these 
advanced models.

Conclusions

To comprehensively understand the fracture mechanism of 
rocks under repeated loads, a series of stepwise cyclic load-
ing tests were conducted on sandstone specimens containing 
a single flaw. The damage process and fracture mechanism 
were quantitatively analyzed by combining DIC and AE 
techniques. The influence of flaw inclination angle on the 
mechanical properties and cracking behavior of the rocks 
was also taken into consideration. The main conclusions can 
be summarized as follows:

•	 Repeated loading cycles greatly contribute to the accu-
mulation of damage within rocks, and there is usually 
a sudden rise in strain energy density as stress level 
increases. For a given stress level, the total energy den-
sity and the dissipated energy density generally decrease 
with an increasing number of cycles, while the elastic 
energy density mostly remains constant. The dissipation 
factor decreases initially and then reaches a constant 
value as the upper-stress limit increases. Furthermore, 
rock specimens with smaller inclination angles of flaws 
tend to exhibit higher dissipation factors.

•	 Repeated cyclic loading can stimulate the extension of 
cracks from the flaw tips. Tensile wing cracks initiate 
at low inclinations and stress levels and become fully 
developed under stepwise loading, but their initiation and 
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propagation are inhibited at high flaw inclination angles. 
Mixed tensile-shear horsetail cracks may experience both 
stable and unstable crack propagation. Anti-wing cracks 
tend to rapidly extend to great lengths after initiation 
without significant stable crack propagation.

•	 The evolution of AE characteristic parameters can clas-
sify crack development during cyclic loading into two 
stages: stable and accelerated propagation. During the 
stable crack propagation stage, the AE signals at a spe-
cific stress level conform to the Kaiser effect. Addition-
ally, sparsely distributed small-amplitude AE events are 
observed during the stable stage. However, during the 
accelerated crack propagation stage, more peaks in the 
AE count rate and several high-amplitude events are 
observed compared to the stable crack propagation stage.
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