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Abstract The revelation of the mechanical behav-
iors of rock in complex stress conditions is of vital 
importance for the safe exploitation of underground 
resources. In this paper, the ramp loading path was 
designed to elaborate the mechanical properties and 
failure characteristics of sandstone under the com-
pound action of linear loading path and cyclic loading 
and unloading path. The strength, deformation, AE 
and failure characteristics of sandstone under ramp 
loading paths were obtained. The research achieve-
ments indicate that with the increase of the amplitude 
and decrease of the stress change rate, the peak stress 
decreases. Elastic modulus is more greatly affected by 
the linear path stress than by the cyclic disturbance. 
The irreversible strain curve is L-shaped under a sin-
gle loading and unloading cycle. Under lower ampli-
tudes and higher stress change rates, the loading 

and unloading response ratio fluctuates largely and 
decreases slightly. Under lower amplitudes and higher 
stress change rates, the deformation and failure of 
sandstone caused by stress growth under the linear 
path is the leading cause for total deformation and 
failure of sandstone. Under higher amplitudes and 
lower stress change rates, cyclic loading and unload-
ing are the dominant factor for the failure of sand-
stone. The research results are of scientific value for 
evaluating rock failure.

Article Highlights

1. Variation law of sandstone strength and crack 
angle under ramp loading paths with different 
amplitudes was obtained.

2. Change law of cracks in sandstone under ramp 
loading paths with different amplitudes was clari-
fied.

3. Damage and deformation mechanisms of sand-
stone under ramp loading paths with different 
amplitudes were revealed.
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1 Introduction

In deep mining engineering, the coal and rock mass 
is in a complex stress equilibrium, and mining dis-
turbance has an important impact on the mechanical 
properties of coal and rock mass (Xie et al. 2022; Zou 
et al. 2022a). The mining action of working face will 
make the surrounding rock bear more vertical stress 
from the overlying rock. The faster the mining speed, 
the greater the change of the load stress on the sur-
rounding rock (Yin et  al. 2021). At the same time, 
the surrounding rock is also disturbed by mining. 
Therefore, the surrounding rock is in a complex envi-
ronment under the dual effect of stress elevation and 
stress disturbance during mining process. Under labo-
ratory conditions, the rate of stress change is usually 
characterized by linear loading rate, and the intensity 
of stress disturbance can be reflected by the amplitude 
of cyclic loading and unloading (Zou et  al. 2022b). 
Therefore, it is important to study the mechanical and 
failure characteristics of sandstone under the com-
pound action of two paths for the study of evaluating 
rock failure in coal mining.

On the one hand, the mechanical properties of rock 
under linear loading with different loading rates have 
been studied extensively. Wang et  al. (2021) tested 
and observed the mechanical and related spatio-tem-
poral microfracture behaviors of fractured sandstones 
at different uniaxial loading rates using an acoustic 
emission system. The results showed that the static 
loading rate has a significant effect on the mechani-
cal, acoustic and microfracture processes of fractured 
hard rock. The dominant damage mode of fractured 
sandstone changed from secondary shear mode to 
primary tensile fracture mode with increasing load-
ing rate. Cao et  al. (2019) systematically analyzed 
the effects of strain rate on the mechanical properties 
of rocks, acoustic emission parameter response and 
damage evolution pattern. Wu et  al. (2019) studied 
the mechanical properties of fractured rock speci-
mens with the same geometric. The uniaxial and tri-
axial acoustic emission monitoring compression tests 
were conducted on fractured rock specimens with the 
same geometric distribution at different loading rates. 
The shear expansion and acoustic emission activity of 
the specimens were discussed, and the effects of the 
surrounding pressure and loading rate on the mechan-
ical parameters and damage characteristics of the 
specimens were analyzed, and Hashiba et  al. (2006) 

proposed a loading-rate dependent method for meas-
uring the peak strength by loading a single specimen 
at alternating strain rates. Huang et  al. (2013) con-
ducted uniaxial compression tests on combined coal 
rocks at different loading rates. The effects of load-
ing and unloading rates and paths on the mechanical 
properties of the composite coal rock were analyzed. 
The overall negative logarithmic curves of the post-
peak cutline modulus and strain softening modulus of 
the kerogen decreased with increasing loading rate. 
Zhang et al. (2017) combined the numerical method 
of particle model to study the acoustic emission prop-
erties of rocks under different compression loading 
rates, and concluded that the total crack number, ten-
sile crack number, shear crack number and acoustic 
emission event number increased with the increase 
of loading rate. Zhou et  al. (2018) investigated the 
effect of loading rate on crack extension rate and rock 
cracking toughness based on new crack tunneling 
specimens.

On the other hand, many scholars have explored 
the changes in stress–strain curves, deformation 
modulus, evolution laws of deformation and crack 
development in the samples under cyclic loading 
and unloading. The general laws of stress–strain 
curves are shown as follows: with the increase of the 
number of cycles, the irreversible deformation con-
stantly accumulates, showing an initially rapid, then 
gentle and finally rapid trend. This is reflected by a 
phenomenon that stress–strain loops become sparse 
first, then dense, and finally sparse again. In a single 
cycle, the stress–strain curve has the phenomenon of 
changes in strain lagging stress, and the image shows 
stress–strain hysteresis loops. No consensus has been 
reached on the change laws of secant modulus, defor-
mation modulus and elastic modulus. The deforma-
tion modulus decreases in some research while it 
increases in numerous studies. Moreover, it is found 
to rise firstly and then reduce in other studies. More-
over, the crack development characteristics under 
cyclic loading and unloading conditions are obtained 
using technologies, such as acoustic emission (AE) 
and electron microscopy and the process of microc-
rack initiation and propagation is monitored. These 
microscopic research methods can reflect micro-
changes of damages to a certain extent (Erarslan 
2013, 2016; Ghamgosar et  al. 2015; Le et  al. 2014; 
Zhang et al. 2019).



Geomech. Geophys. Geo-energ. Geo-resour.            (2023) 9:39  

1 3

Page 3 of 17    39 

Vol.: (0123456789)

Above all, a large number of researches on linear 
loading and cyclic loading and unloading based on 
different loading rates have been carried out. How-
ever, There are few researches on the mechanical 
properties of rock under the combined stress paths 
of linear loading and cyclic loading and unload-
ing. Therefore, the mechanical properties and fail-
ure characteristics of sandstone under ramp loading 
paths with different amplitudes and stress change 
rate were investigated. Based on this, the strength, 
deformation, AE and failure characteristics of sand-
stone with different amplitudes and stress change rate 
were obtained. The mechanical response and loading 
and unloading response ratio of rock under different 
amplitudes and stress change rates loading were dis-
cussed. The research results are of scientific value for 
evaluating rock failure.

2  Rock sample preparation and test procedures

2.1  Sample preparation

All samples were cored from the same rock block 
in Hunan, China, and along the same direction, and 
they had grayish white surfaces and block structures. 
Because the samples were easy to expand and disinte-
grate in contact with water, the samples were ground 
without water during preparation. According to the 
International Society for Rock Mechanics (ISRM) 
standard, the samples were processed into stand-
ard cylinders with a diameter of 50  mm and height 

of 100  mm. The errors of the length of all samples 
were smaller than 2 mm, and the unevenness of both 
ends after grinding was smaller than ± 0.05 mm. The 
end face was perpendicular to the axis, with a maxi-
mum deviation not larger than 0.25°. To control the 
discreteness of the rock samples, six fine sandstone 
samples with very approximate wave speeds were 
selected for experiments. The differences in wave 
speeds thereof were smaller than 0.02 km/s.

2.2  Test system

In this study, a 60-ton electrohydraulic servo testing 
machine with a maximum output pressure of 600 kN, 
loading rate in the range of 50 N/s ~ 10 kN/s and force 
resolution of 1/800,000 was used for experimen-
tal research. The loading rate was 400 N/s, and the 
relative error of displacement of the electrohydraulic 
servo machine was ± 0.5% in this experiment. An AE 
analysis system was composed of a sensor, a signal 
processor and a signal amplifier set at 40 dB (Fig. 1).

2.3  Test program

Ramp loading tests with different amplitudes and 
stress change rates were conducted on fine sandstone 
specimens to study the mechanical properties and 
failure characteristics of sandstone specimens under 
experimental conditions, and the detailed experimen-
tal procedures are as follows:

Uniaxial compression tests were carried out to 
determine the uniaxial compression strength (UCS) 

Fig. 1  Experimental 
system
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of sandstone specimens. The strengths of the samples 
were tested under the loading rate of 400 N/s, and 
the obtained two measurements are shown in Fig. 2. 
The experimental results show that the strength of 
the sample with a fast wave speed is slightly higher 
than that with a slow wave speed. The average 
45 MPa obtained through two experiments was taken 
as the maximum UCS of the `experimental samples 
(Table 1).

In this study, the ramp loading path is designed 
by superimposing the linear loading path with the 
cyclic loading and unloading path. In the ramp load-
ing path, amplitude and stress change rate are two key 
parameters to control the stress path. Stress change 
rate is the rate of stress change with time in the ramp 
loading path as a whole. Its essence is the equivalent 
loading rate. To study the mechanical properties and 
failure characteristics of sandstone with low stress 
variation at high amplitude and high stress variation 
at low amplitude loadings, four groups of tests were 

designed. The loading amplitudes were 10% UCS, 
30% UCS, 50% UCS, 70% UCS respectively. And the 
overall stress increased by 0.9 MPa after each loading 
and unloading. The loading rate of the machine was 
400 N/s, and the schematic diagram of the stress path 
is shown in Fig. 3.

3  Results and analysis

3.1  Stress strain response

Stress-time curves under ramp loading and unloading 
with different amplitudes and stress change rates were 
shown in Fig.  4. Equivalent loading rate represents 
the growth of the linear component of ramp stress 
signals. By comparing with the existing laws in the 

Fig. 2  Strength test results

Table 1  Serial numbers and wave speeds of the samples

No Shear wave 
speed (km/s)

ST1 2.74
ST2 2.76
T1 2.74
T2 2.75
T3 2.75
T4 2.76

Fig. 3  Test schemes of ramp loading and unloading
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strength test of the rock mechanics sample, it can be 
found that the faster the loading rate is, the larger the 
UCS of the rock. The linear path in the ramp com-
ponent conforms to the existing relevant laws. From 
Case 1 to Case 4, the amplitude becomes larger and 
larger, and the stress change rate becomes smaller and 
smaller, as can be seen from Fig. 4 and Table 2.

The typical stress–strain curves of sandstone sam-
ples under different amplitudes and stress change 
rates are shown in Fig. 5. The results show that under 
the slope loading path, the stress–strain hysteresis line 
shows the characteristics of sparse, then dense, and 
finally sparse again. The stress–strain curves have 
consistent change laws on the whole. After the rock 
begins to be subjected to external force, many micro-
cracks are closed. In this case, strain changes signifi-
cantly, and the spacing between stress–strain hyster-
esis loops enlarges. After that, the stress–strain curves 
become denser, and the samples show a trend that 
the change of stress is proportional to that of strain. 
Moreover, the spacing between hysteresis loops of 
stress–strain curves widens again, and damage accu-
mulation occurs in the sample. Based on the results, 

the failure process of the sample undergoes four 
stages, namely a compaction, elastic, yield and fail-
ure stage. The hysteresis loops are sparse first, then 
dense, and finally sparse again.

With amplitude increasing and stress change rate 
decreasing, the width of hysteresis loops increases, so 
the overall width becomes larger. As a result, larger 
hysteresis loops are generated in each cycle. As dis-
played in Fig.  5, hysteresis loops under each cyclic 
loading and unloading at the beginning are generated 
in the plastic zone in the previous cycle. It is shown 
that the primary and secondary cracks are compressed 
and closed, resulting in irreversible plastic deforma-
tion, which is the same as the compaction stage under 
each cyclic loading and unloading. This indicates that 
hysteresis loops are produced in the compaction stage 
during the cyclic loading and unloading. It can be 
concluded that the area of hysteresis loops increases 
with the rise of elastic strain energy. As the loading 
process continues, hysteresis loops under each load-
ing and unloading cycle are parallel to those in the 
previous cycle, and the sample shows elastic charac-
teristics in this stage. In the next stage, the hysteresis 
loop gradually widens and begins outside the previ-
ous hysteresis loop. The strain of the sample gradu-
ally becomes unstable with the change of stress. The 
sample gradually yields and finally fails.

As shown in Fig. 5, during the loading and unload-
ing of ramp signals in the sample, the box shows that 
the changing area is dominated by cyclic loading and 
unloading disturbance. Obviously, with the increase 
of amplitude for cyclic loading and unloading dis-
turbance, the change range of disturbance enlarges. 
Under lower amplitudes and higher stress change 
rates, the deformation and failure of sandstone caused 
by stress growth under the linear path is the leading 
cause for total deformation and failure of sandstone, 
such as Case 1 and Case 2. Under higher ampli-
tudes and lower stress change rates, cycle loading 
and unloading are the dominant factor for the failure 

Fig. 4  Stress-time curves

Table 2  Stress change rates 
in different cases

Case number Amplitude Change of stress/MPa (After each 
loading and unloading)

Stress change 
rate/(MPa/s)

Case1 10% UCS 0.9 0.02227
Case2 30% UCS 0.9 0.00698
Case3 50% UCS 0.9 0.00422
Case4 70% UCS 0.9 0.00316
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of sandstone. The deformation and faliure caused 
by cyclic loading and unloading is the primary part 
of total deformation and faliure, such as Case 3 and 
Case 4.

Stress–strain curves under different case show 
consistent changes overall. The difference is that, the 
hysteresis loops become sparser in the elastic stage 
from case 1 to Case 4. Microcracks in the sample 
constantly connect and coalesce with loading, thus 
gradually showing plastic characteristics. Then, the 
hysteresis loop gradually widens, indicating that the 
sample is about to be damaged. Finally, cracks in the 
sample coalesce, and the sample fails. During failure, 
the sample breaks and slips, resulting in a weak fail-
ure plane and losing bearing capacity. In Fig. 5, this 
phenomenon is shown by a sudden drop of the curve 
after the peak, maintenance of the slope and finally, 
a sudden decrease. The difference is that the sample 
breaks once under Case 1, Case 2 and Case 3, while 
the secondary fracture is found in the sample under 
Case 4, as evinced by the drop of two oblique lines 
with different slopes.

The elastic modulus of the rock reflects its abil-
ity to resist deformation under stress conditions and 
characterizes the process of crack initiation, propa-
gation and coalescence in rock to a certain extent. 
Under different loading histories and paths, the elastic 
modulus of rock differs significantly due to adverse 
effects, such as hysteresis, viscous effect and unload-
ing induced damage (Zhou 2018). The deformation 
modulus under the loading and unloading is obtained 
as E = Δ�/Δ� (Zhou 2018).

It can be seen from Fig.  6 that the deformation 
modulus of the samples are equal initially, before 
rising in the loading and unloading stages. From the 
loading deformation modulus, elastic modulus tends 
to rise with the increase in stress level. Under lower 
amplitudes and higher stress change rates, such as 
Case 1 and Case 2, elastic modulus increase faster. 
The unloading deformation modulus also presents 
a similar law. Either loading or unloading the elas-
tic modulus, elastic modulus of the samples is more 
greatly affected by the linear path stress than by the 
cyclic disturbance.

The irreversible strain of rock is the difference 
between the strain at the end and the beginning of a 

Fig. 5  Stress-strain curves ▸
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cycle. Based on the above stress–strain curve, strains 
can be collected at the beginning and end of each 
cycle. The variation of strain is calculated as Δ� 
▵ �

in
= �

n+1−� through the formula. Furthermore, 
irreversible strain is calculated based on �

ir
=

∑

�
in

 
(Peng 2019).

The irreversible strain curve is L-shaped under 
a single loading and unloading cycle, as shown in 
Fig.  7. The irreversible strain produced during the 
first loading and unloading cycle is much larger than 
in subsequent cycles. In this case, the correspond-
ing cumulative irreversible strain accounts for a large 
proportion (more than 30%) of the total and stead-
ily changes in the subsequent loading and unloading 
process. The cumulative irreversible strain grows in 
the following law: it approximately linearly rises after 

the sudden increase corresponding to a single cycle 
and finally suddenly rises. Large irreversible strain 
appears in the compaction stage. When stress level 
is low, a small decrease trend of irreversible strain 
is shown. With stress level increase, the irreversible 
strain begins to grow and increases faster after enter-
ing the yield stage.

The main reason for such a phenomenon is that 
many microcracks are compacted and closed during 
rock compaction, resulting in great irreversible defor-
mation. In the later yield stage, microcracks acceler-
ate to propagate, and the damage is relatively large. 
Moreover, the slope of the curve rises so the irrevers-
ible strain changes from steady to accelerated growth 
in the last stage.

A single disturbance under higher amplitudes and 
lower stress change rates can considerably damage 

Fig. 6  The deformation modulus of the samples
Fig. 7  Changes of irreversible strain
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rock. In each disturbance of Case 1, the sample is less 
dramatically damaged than that under higher ampli-
tudes and lower stress change rates.

3.2  Failure characteristics of rock

The dip angle of the main cracks at the failure of 
sample in the experiment ranges from 60° to 80°, as 
shown in Fig.  8. Shear failure along single inclined 
planes of the sample is found from Case 1, 2 and 3, 
while shear failure along conjugated planes is shown 
from Case 4. Such results are consistent with the two 
post-peak fractures on the stress–strain curve. Pri-
mary fracture first occurs on the surface of the sam-
ple, and then secondary fracture appears, which does 
not belong to the typical conjugated failure.

After initiating at the tip, cracks continuously 
propagate along their dip angle till the failure of the 
sample, during which multiple secondary cracks are 
derived to form a failure plane. Under lower ampli-
tudes and higher stress change rates, signals under 
the linear path can promote the oblique development 
of cracks, leading to a larger dip angle such as Case 
1 and Case 2. For ramp signals under higher ampli-
tudes and lower stress change rates, stress disturbance 
under cyclic loading and unloading are transferred 
more uniformly in the sample so that more uniform 
cracks are generated in the sample, and the dip angle 
of main cracks on the surface is smaller, such as Case 
3 and Case 4. Moreover, the length of the crack inter-
section with the sample surface is shorter, reducing 
the length of fracture coalescence. A small dip angle 
of cracks can lead to more intensified sliding friction 
on both sides of the crack, producing more powder, 

so there will be more powder after the experiment 
(Figs. 9, 10, 11).

Rock failure is a process of initiation, propaga-
tion, aggregation, mutual-influence, interconnection 
and final coalescence of numerous microcracks (Liu 
et al. 2012; Zhou et al. 2018). During crack develop-
ment, there is no such proportional physical relation-
ship as mass, volume and density, and many different 
properties may exist during loading and unloading. 
The fractal dimension effectively observes the laws 
of crack development during loading and unloading 
(Zhou et al. 2018).

The cracks in the samples conform crack evolu-
tion laws in a particular range. Because such laws 
are more complex than simple linear laws, the chaos 
theory is necessary for studying such crack laws. 
The specific steps for calculation are shown as 
follows:

Fig. 8  Pictures of damaged 
samples

Fig. 9  Relationship between the dip angle



Geomech. Geophys. Geo-energ. Geo-resour.            (2023) 9:39  

1 3

Page 9 of 17    39 

Vol.: (0123456789)

Fig. 10  Image processing 
and calculation
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Firstly, the images of cracks in the samples dam-
aged under different amplitudes were processed by 
Photoshop and MATLAB, and then the obtained 
diagram of crack distribution was input into the self-
made software for calculating fractal dimension in 
MATLAB. Moreover, the surface fractal dimension 
of cracks was calculated by Fraclab according to 
quantitative and fractal indexes (length/width/thick-
ness). In addition, 60 boxes with different sizes were 
selected to eliminate the effects of different sizes of 
boxes on experimental results. By selecting a linear 
relationship for fitting, the calculation results of frac-
tal dimension were finally obtained.

With amplitude increasing and stress change rate 
decreasing, the fractal dimension rises. Under Case 
1, the theoretical fractal dimension is 1.5566, and 
the fractal dimensions are 1.6329, 1.7525 and 1.7648 
under Case 2, 3 and 4. Under the experimental paths, 
the fractal dimension has a reverse relationship with 
the strength. That is, as the strength of the sample 
decreases, the fractal dimension rises. The experi-
mental results are similar to the existing experimental 
results (Park 2013, Liu 2017).

3.3  AE characteristics

AE signals can reflect the memory characteristics of 
the loading of coal and rock during cyclic loading and 
unloading. When the loading stress reaches the high-
est stress in the previous loading, obvious AE infor-
mation appears, known as the Kaiser effect. When the 
loading stress is smaller than the highest stress in the 
previous loading, obvious AE information appears, 

called the Felicity effect. The Felicity ratio can deter-
mine whether the two effects are significant (Li et al. 
2020).

In this study, the threshold filtering method was 
used to eliminate the possible noise, a signal ampli-
fier was used to enhance the wave signal, and finally, 
the corresponding software of the AE instrument was 
used for initial processing. The primary method used 
is acoustic emission signal parameter experience dia-
gram analysis.

As shown in Fig.  12, the total AE ring-down 
count increases abruptly after the experiment starts 
for a while. The frequent AE events are related to 
the continuous closure of cracks in the compac-
tion stage during loading. Because there are cracks 
and pores in sandstone, the closure of cracks and 
pores can produce acoustic signals at the beginning 
of compression, leading to the rapid growth of AE 
events. The middle stage is the steady increase stage 
of the AE ring-down count, in which acoustic sig-
nals are mainly caused by microcrack development 
in the sample and cracks are very small. The sample 
is basically in the elastic stage and the crack coa-
lescence will not occur during crack development. 
Finally, the total AE ring-down count increases 
rapidly. In this stage, the cracks in the sample 
propagate and gradually coalesce, showing a trend 
of accelerated development. The acoustic signals 
increase, and the growth speed accelerates. When 
the sample is reaches failure, the AE ring-down 
count rises exponentially, and cracks in the sample 
are coalesce. Hence, the overall structure inside the 
sample is damaged, and the rock on both sides of 
the cracks is subjected to shear force. Moreover, 
cracks propagate rapidly, and dislocation and fric-
tion occur between rock blocks. In this case, the 
compressive capacity of the sample is lost, and a 
very large axial strain appears.

AE ring-down count is the number that the ring-
down pulse exceeds the threshold in the measure-
ment, reflecting the occurrence of AE events. The 
experimental images show that the AE ring-down 
count confirms the Felicity effect, and the arrow in 
the figure points to the position of the theoretical 
Felicity response, where the AE ring-down count 
increases.

AE signals present similar laws with irrevers-
ible strain. In the beginning, signals are evident 
and large, and then signals are stable and do not 

Fig. 11  Relationship between the fractal dimension and peak 
stress
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suddenly increase until the sample approaches fail-
ure, indicating that the rock sample is about to be 
damaged. However, a certain difference from the 
previous general AE signals is that a peak signal 
much larger than surrounding signals can be gener-
ated in the middle of the experiment (Li 2020).

4  Discussion

4.1  Strength variation of rocks under ramp loading 
paths with different amplitudes and stress change 
rates

In the experiment on the sample under ramp load-
ing and unloading with different amplitudes and 
stress change rates, the total time leads to failure 
of samples from Case 1 and 4 is shorter. Moreover, 
the total time of the experiment shows a parabola 
law from Case 1 to Case 2 (Fig. 13).

Under the ramp stress loading and unloading 
paths, the rock strength is lower than the maximum 
UCS of rock. With the increase of amplitude and 
decrease of stress change rate, the peak stress of 
sample decreases. This process can be discussed 
regarding hardening and damage of the sam-
ple under cyclic loading. The loading with lower 
amplitudes and higher stress change rates can pro-
mote the closure of cracks in the sample, which 
increases the compactness and sample strength. 
The main reason for the failure of the sample is that 
sample damage is caused by stress growth under 
the linear path, which mainly occurs in the mid-
dle and later stages of the experiment. However, 
stress grows rapidly under the linear path under 
lower amplitudes and higher stress change rates. 
For this reason, when the stress level exceeds the 
damage threshold of the rock, damages constantly 
occur and accumulate, and the sample can fail in a 
shorter time.

The disturbance with higher amplitudes and 
lower stress change rates can damage the sam-
ple from the beginning. Under such conditions, 
although the stress change rate is small, the sample 
can still be damaged quickly. During this process, 
the high-amplitude disturbance does not harden the 

Fig. 12   AE ring-down counts and Felicity position ▸
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sample but constantly damages the sample from the 
beginning of the experiment, and the damage con-
tinuously accumulates. The failure of the sample is 
because the damage accumulation and microcrack 
coalescence in the sample lead to failure of rock.

4.2  Loading and unloading response ratio (LURR)

By combining with the calculated deformation modu-
lus, the LURR was calculated, and the LURRs based 
on relevant deformation modulus were obtained.

At a low stress level, a small disturbance cannot 
fracture sandstone, the sample is highly stable inside, 
and the LURR is small, as shown in Fig. 14a. In this 
case, micro-damage and deformation in the sample 
increase slightly. With the increase of the stress level, 
the stuffiness of sandstone decreases, as reflected by 
the large and wide spacing between hysteresis loops 
in the yield stage. Continuous increase of damages 
and gradual reduction of failure resistance result 
in the constant increase in the critical sensitivity of 
sandstone. The failure of materials under disturbance 
can reduce the LURR. When the LURR reaches a 
critical value, self-sustaining evolution of failure 
occurs. Under such conditions, even if the exter-
nal force is removed, the rock sample is irreversibly 
damaged.

Under lower amplitudes and higher stress change 
rates, such as Case 1 and 2, the LURR fluctuates 
largely and decreases slightly, and the LURR is 
larger. The LURRs under higher amplitudes and 
lower stress change rates are smaller, such as Case 3 
and 4, indicating that unloading induced damage is 
more obvious during cyclic loading and unloading. 

Although stress reduces in the unloading process, 
the damage does not stop but may develop faster 
than in the loading stage. Therefore, the critical sen-
sitivity reaches the critical value quickly, and the 
sample enters the independent evolution state. In 
this case, the sample is more prone to damage under 
disturbance, reducing its strength.

The LURR based on AE is different from that 
based on deformation modulus in change trends 
besides characteristics before failure. The LURR 
calculated according to AE decreases on the whole. 
During the initial loading period, the number of 
AEs in the compaction stage is much larger than 
that in the unloading stage, leading to a very large 

Fig. 13  Relationship between the peak stress and loading time

Fig. 14  LURRs based on AE counts and deformation modulus
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LURR within a period of time in the beginning and 
then dropping sharply. This indicates that the fail-
ure of the sample can be predicted earlier, and the 
difference between the LURR curves before failure 
becomes smaller and approaches a value (Fig. 15).

4.3  Mechanism analysis

This study analyzed the mechanical properties of the 
sample. It is found that compared with lower ampli-
tudes and higher stress change rates, more irrevers-
ible strain is accumulated under the same number 
of cycles under higher amplitudes and lower stress 
change rates loading, while the irreversible strain is 
smaller at the failure of the sample. Under the condi-
tion, it shows the characteristics of rapid growth and 
low upper limit, indicating that the sample is more apt 
to be damaged. The reason for such a phenomenon 
is that the disturbance under higher amplitudes and 
lower stress change rates can cause more significant 
damage in the sample. This implies that self-sustain-
ing evolution of failure exists in the unloading process 
of the sample, and deformation in the loading stage 
cannot be recovered, leading to greater irreversible 
strain. Such results indicate that the sample can be 
damaged under fewer loading and unloading cycles. 
The results of LURRs based on AE obtained through 
the experiment show that higher amplitudes and 
lower stress change rates during loading and unload-
ing results in a small LURR. This is consistent with 
the LURR based on deformation modulus, and they 
both indicate that the sample can be damaged earlier 
under high amplitude and low stress change rate.

The sample was analyzed from the perspective of 
crack development. Firstly, dip angles of the main 
cracks in the sample were extracted. It is found that 
the cracks in the sample show a larger angle with the 
vertical direction under higher amplitudes and lower 
stress change rates loading. The larger the dip angle 
of cracks is, the lower the strength of the sample. This 
is caused by the decrease in the compressive capac-
ity of the rock due to the generation of an enlarged 
inclined softening zone induced by main inclined 
cracks. Under higher amplitudes and lower stress 
change rates, the fractal dimension of the sample is 
more extensive, implying that cracks on the surface 
are more thoroughly developed. This corresponds 
with the dip angle of main cracks; that is, the larger 
the inclination is, the longer the cracks formed by 

intersecting with the outer surface of the sample, 
resulting in greater damage on the surface and larger 
fractal dimension.

In addition, crack development in rock is predicted 
based on the results of AE signals. It can be inferred 
from AE results that the overall microcrack develop-
ment, propagation and coalescence in the rock sample 
is not the leading cause for the failure of the sample 
under ramp signals. This is because the total cumu-
lative ring-down count decreases with the amplitude 
increase, indicating that a smaller number of micro-
cracks are developed in the rock sample. Combined 
with the full development of cracks on the surface of 
the sample and the large dip angle of main cracks, the 
loading and unloading with higher amplitudes and 
lower stress change rates can promote crack propaga-
tion with a certain tendency.

Based on the above aspects, the sample is easier 
to be damaged under higher amplitudes and lower 
stress change rates. The loading and unloading can 
reduce the strength of the sample, which can promote 
cracks to propagate more intensively along a larger 
dip angle. The dip angle of the main cracks become 
larger, resulting in a larger softening zone and a larger 
area of cracks on the surface. The loading and unload-
ing with higher amplitudes and lower stress change 
rates can lead to more obvious fatigue of the sample, 
faster accumulation of damages and earlier damage of 
the sample.

5  Conclusions

In this study, the mechanical properties and failure 
characteristics of sandstone under ramp loading paths 
with different amplitudes were investigated. Based on 
this, the strength, deformation, AE and failure char-
acteristics of sandstone with different amplitudes 
and stress change rate were obtained. The mechani-
cal response and loading/unloading response ratio of 
rock under different amplitude and stress change rate 
were discussed. The conclusions are as follows:

(1) With amplitude increasing and stress change 
rate decreasing, the width of hysteresis loops 
increases, so the overall width becomes larger. 
Under lower amplitudes and higher stress change 
rates, the deformation and failure of sandstone 
caused by stress growth under the linear path is 
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the leading cause for total deformation and fail-
ure of sandstone. Under higher amplitudes and 
lower stress change rates, cycle loading and 
unloading are the dominant factor for the failure 
of sandstone. Either loading or unloading the 
elastic modulus, elastic modulus of the samples 
is more greatly affected by the linear path stress 
than by the cyclic disturbance.

(2) The irreversible strain curve is L-shaped under 
a single loading and unloading cycle. A single 
disturbance under higher amplitudes and lower 
stress change rates can considerably damage 
rock. The dip angle of the main cracks at the 
failure of sample in the experiment ranges from 
60° to 80°. Under lower amplitudes and higher 
stress change rates, signals under the linear path 
can promote the oblique development of cracks, 
leading to a larger dip angle. For ramp signals 
under higher amplitudes and lower stress change 
rates, stress disturbance under cyclic loading and 
unloading are transferred more uniformly in the 
sample so that more uniform cracks are generated 
in the sample, and the dip angle of main cracks 
on the surface is smaller. As the strength of the 
sample decreases, the surface fractal dimension 
rises.

(3) Under the ramp stress loading and unloading 
paths, the rock strength is lower than the maxi-
mum UCS of rock. With the increase of ampli-
tude and decrease of stress change rate, the peak 
stress of sample decreases. The loading with 
lower amplitudes and higher stress change rates 
can promote the closure of cracks in the sample, 
which increases the compactness and sample 
strength. The disturbance with higher amplitudes 
and lower stress change rates can damage the 
sample from the beginning of loading process. 
Under lower amplitudes and higher stress change 
rates, the LURR fluctuates largely and decreases 
slightly, and the LURR is larger.

(4) The sample is easier to be damaged under higher 
amplitudes and lower stress change rates. The 
loading and unloading can reduce the strength 
of the sample, which can promote cracks to 
propagate more intensively along a larger dip 
angle. The dip angle of the main cracks become 

larger, resulting in a larger softening zone and 
a larger area of cracks on the surface. The load-
ing and unloading with higher amplitudes and 
lower stress change rates can lead to more obvi-
ous fatigue of the sample, faster accumulation of 
damages and earlier damage of the sample.
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