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1. Introduction 
 

Mechanical characteristics and long-term stability of 

rock mass under complex stress environment has gradually 

attracted the attention with the strategy implementation of 

deep exploitation in field of geotechnical and mining 

engineering to seek space and resources from deep rock 

mass (Bahaaddini et al. 2013, Kim et al. 2019, Fan et al. 

2020). Especially in the aspects of rock mass excavation 

and deformation evolution (Bahrani et al. 2016, Wu et al. 

2020, Cheng et al. 2020a, Capuani and Willis 1997, Song et 

al. 2020), long-term stability during rock mass unloading is 

affected by mechanical excavation and vibration loading, 

and its stability characteristics is closely related to dynamic 

stress level and disturbance frequency. In stress disturbance 

environment, excavation disturbance effect often causes 

structure adjustment and internal stress redistribution (Wu 

et al. 2021a, b, c), and even induces strength  
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deterioration (Li et al. 2016, Zhou et al. 2020, Zhao et al. 

2021). Therefore, cycle dynamics disturbance is very likely 

to be the main cause of disasters frequent occurrence such 

as mechanical property deterioration and instability fracture 

of engineering rock mass. 

Aiming at the mechanical characteristics of one-time 

failure, many scholars have carried out uniaxial and triaxial 

mechanical failure tests (Song et al. 2020, Bahrani and 

Kaiser 2016, Bahaaddini et al. 2013), and dynamic 

mechanical tests under explosion and impact loads (Cheng 

et al. 2020b, Capuani and Willis 1997), which have 

revealed in detail the correlation between mechanical 

parameters and failure modes. However, dynamic 

disturbance under cyclic loading is substantially similar to 

rock mass excavation and unloading effect, making the rock 

mass have different mechanical responses in loading and 

unloading process, such as strain softening and hardening 

effect, acceleration effect of strength and difference in 

fracture mode and crushing forms, which are ultimately 

related to stress disturbance parameters and loading and 

unloading rates. Taheri et al. (2020) studied the relationship 

between stress loading effect and mechanical parameters of 

sandstone. The acceleration rate effect refers to the 

mechanical behavior changing with loading rate. Li et al. 

(2016) studied the acceleration rate effect of uniaxial 
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Abstract.   Fracture characteristics and damage mechanism of rock mass under cyclic loading and unloading is one of the 

basic research topics of rock mechanics. To study the deformation and fracture response characteristics of brittle hard rock under 

cyclic disturbance loading, cyclic loading and unloading tests were carried out at different loading and unloading rates, and the 

stress-strain curve shapes, modulus elastic, critical damage value, fracture characteristics and fractal dimension laws were 

analyzed. The results show that the loading and unloading effect has significant influence on stress-strain curve shape and 

fatigue life. The hysteresis loop is overdistributed from sparse to dense with increasing loading and unloading rate and fatigue 

life is significantly reduced. The loading and unloading action has a phased control effect on peak strength with a first increases 

and then decreases. The rock has a stable rupture type with a brittle strength about 1.16~31.07% of peak strength, and brittle 

strength indicates a brittle fracture. With increasing cycle number, loading elastic modulus and unloading elastic modulus firstly 

increase sharply then increase linearly and finally decrease gradually. The critical damage factor has an approximately linear 

relationship with loading and unloading rates. The rock mainly occurs oblique shear through and tension through ruptures, and 

the failure types changes from shear failure to tension failure excessively with increasing loading and unloading rate. The 

increased loading and unloading rate weakens the end constraint effect, the greater the loading and unloading rate, the more 

obvious the fragmentation degree, and the more significant the fragments uniformity. The fractal dimension is logarithmic 

function related to loading and unloading rate. 
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compressive strength of coal; Zhou et al. (2020) explored 

the elastic modulus evolution of chlorite phyllite under 

cyclic loading tests. 

However, evolution law of peak strength under cyclic 

disturbance loading is not identical due to the differential 

characteristics in stress loading rate or strain rate and 

unloading stress path. For this purpose, literature (Qi et al. 

2009) revealed that the stress loading rate had different 

leading effects on the mechanical properties, and the peak 

strength of hard rocks such as limestone, granite, and basalt 

did not increase with increasing stress loading rate. It can be 

seen from the above analysis that the evolution laws of peak 

strength with the increase of stress loading rate are not 

completely uniform. In particular, high loading and 

unloading rate or high strain conditions have extremely 

severe cyclic disturbance on rocks. Affected by special 

factors such as control modes of loading and unloading, 

cyclic stress level and unloading rate, mechanical 

parameters such as peak strength and elastic modulus will 

appear abnormal performance accordingly. 

The main research theme of this paper is to explore the 

strain and fracture response characteristics of hard rock 

under cyclic disturbance loading, and then perform the 

loading and unloading mechanical tests on hard rock at 

different loading and unloading rates, and clarify the 

correlation between deformation damage and fracture 

morphology characteristics. The morphological 

characteristics of stress-strain curves, peak strain and peak 

strength characteristics, unloading elastic mode and critical 

damage evolution laws were discussed, and then the 

fracture mode and fracture fractal features were analyzed 

based on experimental results. 

 

 

2. Experimental materials and methodology 
 

2.1 Sample preparation 
 

The physical and mechanical properties of natural rock 

masses are significantly different, leading to testing data 

discreteness under controlled test conditions. Therefore, it is 

particularly important to carry out relevant tests on 

prefabricated hard rock based on the similarity principle in 

laboratory. To obtain the tight and brittle hard rock that 

meet the test conditions, standard hard rock were prepared 

according to the weight ratio of 4 : 1 : 0.35 : 0.16 with high 

strength cement (P·O 42.5), fine quartz sand (100 mesh), 

high purity iron ore powder (Fe3O4) and engineering 

accelerating agent as similar materials. It should be noted 

that the brittle hard rock in this study only indicates a 

similarity in strength. 

The casting size of initial hard rock was 300 mm × 400 

mm × 100 mm to obtain the homogeneous rock mass, and 

reduced the discrete type of single rock sample. Use a small 

- frequency vibrating table to vibrate and compact, and then 

the core drilling and grinding of standard hard rocks (φ50 

mm × 100 mm) were carried out after curing for 120 hours 

in a humid state, and the non-parallelism and non-

perpendicularity of the end faces were less than 0.02 mm. 

Those standard hard rocks were preserved in wet  

 

Fig. 1 Hard rocks 

 

 

Fig. 2 Rock mechanics testing machine 

 

 

environment for 23 days, then weighed, and measured the 

wave velocity, and removed those rock samples with large 

residual differences. The weight and wave velocities of 

effective hard rocks with little difference in physical and 

mechanical characteristics are 400.57~407.10 g and 

4.40~5.40 km/s, respectively. Laboratory core drilling and 

standard hard rocks are shown in Fig.1. 

 

2.2 Experimental equipment and procedure 
 

The cyclic loading and unloading test was completed in 

the Key Laboratory of Geotechnical and Underground 

Space Engineering of Shaanxi Province, Xi'an University of 

Architecture and Technology. The experimental equipment 

was a computer-controlled electro-hydraulic servo rock 

mechanics testing machine (shown in Fig. 2) developed by 

Xi'an Lichuang Instrument and Equipment Co., Ltd, which 

can provide sine-waves for cyclic loading and unloading. Its 

maximum loading intensity was 600 kN, and the 

disturbance frequency was 0~3 Hz. This study mainly 

conducted the uniaxial compression test and cyclic loading 

and unloading test, with the loading method of stress 

control. The initial preloading stress was 0.30 kN, and 

ensured that the rock was in contact with the indenter of 

mechanical testing machine. 

The uniaxial compression test results as shown in Fig. 3 

of the same batch specimens show that the stress-strain 

curve has undergone four stages of compression 

compaction stage (oa stage), elastic deformation stage (ab 

stage), damage deformation stage (bc stage), and instability 

rupture stage (cd stage). The stress-strain curve drops 

rapidly after reaching peak strain, showing a brittle failure 

characteristics. The uniaxial compressive strengths of rock 

samples HR-1~HR-3 are 74.56 MPa, 76.53 MPa, and 78.01 

MPa, respectively, and the corresponding average strength 

is 76.37 MPa. The experimental results (Karma and 

552



 

Strain performance and fracture response characteristics of hard rock under cyclic disturbance loading 

Lobkovsky 2004) confirmed that the prefabricated rock 

samples with typical brittle fracture characteristics belong 

to hard rock. 

According to the uniaxial compression test results, 

initial upper limit stress of cyclic loading and unloading 

tests was set as 15 MPa, which was 19.64% of the average 

uniaxial compressive strength (76.37 MPa), and the lower 

limit stress (Δσ0) in each cycle was 5 MPa, and then 

reloading until it exceeded the maximum axial stress of the 

upper stage by 5 MPa (stress increament Δσ). The 

maximum axial stresses (upper limit stress) were 0, 15, 5, 

20, 5, 25, ... , 50, 5 MPa, ..., until the hard rock was 

destroyed. This test mainly refers to the Rock Code for 

Hydropower and Water Conservancy Engineering 

(DLT53682007) (Li, 1995). The cyclic loading and 

unloading tests were carried out on the hard rocks HR-4, 

HR-5, HR-6, and HR-8 with the loading and unloading 

rates of 0.10, 0.25, 0.40, and 0.55 MPa/s, respectively. Fig.4 

shows the stress loading and unloading path. 
 

 

3. Experimental results and analysis 
 

3.1 Morphological characteristics of stress - strain 
curves 

 

The stress-strain curves morphology at different loading 

and unloading rates are shown in Fig. 5. It can be seen from 

Fig. 5 that the stress-strain curves are similar in distribution 

shapes. After compressive compaction, elastic deformation 

and plastic deformation, they gradually transition into the 

cyclic deformation stage, and typical brittle failure (Davies 

and Hunter 1963; Zhou et al. 2020) occurs after several 

cyclics. The direct effects of loading and unloading rate on 

stress-strain curve are mainly reflected in the density degree 

of hysteretic loops and strength deterioration. With 

increasing loading and unloading rate, hysteretic loops of 

stress-strain curve generally change from sparse distribution 

to dense distribution, showing that the loading-unloading 

effect intensifies the initiation, expansion speed and damage 

accumulation of internal cracks. 

Compared with soft rock, hysteresis loop of hard rock in 

this study at the same loading and unloading rate does not 

appear sparse-dense-sparse distribution characteristics 

(Zhou et al. 2020), but presents a dense-sparse distribution 

characteristics. The analysis believes that the hard rock has 

homogeneous and low porosity characteristics, and its 

initial upper limit stress of preloading before unloading will 

compact the partial pores, and rock stiffness is relatively 

improved. The cyclic stress amplitude in the early stage is 

small (5~35 MPa), and the maximum upper limit stress is 

only 45.83% of its uniaxial compressive strength, which is 

obviously less than the damage threshold (Taheri et al. 

2020; Sun 2021). The mainly elastic deformation does not 

cause fatigue damage at this time, and the increment in 

residual strain is not significant, and the hysteresis loops are 

densely distributed in the early loading and unloading stage. 

With increasing the upper limit stress (greater than 35 

MPa), hard rock begins to change from elastic deformation 

to excessive plastic deformation, its internal cracks 

gradually sprout, the accumulated fatigue damage increases,  

 
(a) 0.10 MPa/s 

 
(b) 0.25 MPa/s 

 
(c) 0.40 MPa/s 

 
(d) 0.55 MPa/s 

Fig. 5 Stress-strain curves at different loading and 

unloading rates 
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the residual deformation increases sharply and the area of 

hysteresis loop increases simultaneously, and this then leads 

to a sparse distribution of the hysteresis loop. 

The rock exhibits dynamic strain characteristics during 

the loading and unloading process, the strain variables that 

can be recovered are called elastic strain that cannot be 

recovered are called residual strain. Fatigue life represents 

the maximum number of loading and unloading cycles that 

a rock can withstand before it ruptures. Fig. 6 shows the 

relationships between residual strain, elastic strain, fatigue 

life and loading and unloading rate, and the value ranges of 

residual strain and elastic strain are shown in Fig. 6(a). It is 

seen from Fig. 6(a) that when the loading and unloading 

rate increases from 0.10 to 0.55 MPa/s, residual strain and 

elastic strain are decreased by 64.05% and 24.97%, 

respectively. According to Fig. 6(b) shows that the loading 

and unloading rate has a deterioration effect on the fatigue 

life. When the loading and unloading rate is 0.10~0.25 

MPa/s, hard rocks HR-4 and HR-5 complete 14 cycles and 

fatigue rupture occur in the 15th loading section. When the 

loading and unloading rate is 0.40~0.55 MPa/s, only 11 and 

9 complete cycles of hard rocks HR-6 and HR-8 are broken, 

and the average cycle is reduced by 28.57%. This indicates 

that with the increase of cycle number, a large number of 

irreversible deformation accumulated in hard rock 

aggravates the cyclic weakening effect of fatigue 

deformation. The regression analysis shows that the residual 

strain, elastic strain and fatigue life decay linearly with 

increasing loading and unloading rate. 

 

3.2 Strength characteristics under cyclic loading and 
unloading 

 

It has been shown in Fig. 5 that the envelope line of 

stress-strain curve is distributed in a lower concave shape 

and then reaches its peak strength after compression 

compaction, elastic deformation and plastic deformation 

stages. The stress-strain curve decreases by 1.16~31.07% 

after passing the maximum bearing capacity (σc as shown in 

Fig. 5(d)), but the hard rock still has a certain bearing 

strength. With increasing loading time, axial stress rises and 

reaches the second peak strength (σb as shown in Fig. 5(d)), 

indicating that the hard rock still has potential bearing 

capacity despite the formation of macroscopic fractures but 

no macroscopic slip plane. This is due to the superimposed 

effect (Hooker et al. 2019) of pores collapse and cracks 

closure during fracture process, and this failure mode is 

called stable fracture type. When the bearing strength 

crosses the second peak strength, its stress-strain curve falls 

rapidly, and the hard rock produces transient rupture. It is 

seen that the second peak strength indicates the occurrence 

of complete brittle failure, which can be called the brittle 

strength (σb) and the corresponding strain is called the 

brittle strain in this study. 
 

3.2.1 Peak strength characteristic 
To further study the influence characteristics of loading 

and unloading rate on the peak strength of rock under cyclic 

loading and unloading, corresponding relationship between 

peak strength and loading and unloading rate is given based 

on Fig. 5, as shown in Fig. 7. 

 
(a) Residual strain and elastic strain 

 
(b) Fatigue life 

Fig. 6 Relationships between residual strain, elastic 

strain, fatigue life and loading and unloading rate 

 

 

As can be seen from Fig. 7(a) that the peak strength 

increases first and then decreases with the loading and 

unloading rate increases, which is consistent with the 

existing experimental results (Taheri et al. 2020). When the 

loading and unloading rate increases from 0.10 to 0.25 

MPa/s, peak strength increases from 82.52 to 83.26 MPa; 

when the loading and unloading rate increases from 0.40 to 

0.55 MPa/s, peak strength decreases from 65.15 to 59.56 

MPa. Compared with the average uniaxial compressive 

strength (76.37 MPa), the acceleration effect (Zhou et al. 

2020) is observed at the loading and unloading rates of 

0.10~0.25 MPa/s, and its peak strength is increased by 

8.05%~9.02%, but the strengthening effect is negatively 

correlated with the loading and unloading rate. However, 

when the loading and unloading rate increases from 0.40 to 

0.55 MPa/s, the hard rock has a significant deterioration 

effect and its peak strength decreases by 14.69%~22.01%. 

The above analysis shows that the small expansion of 

internal microcracks at relatively low loading and unloading 

rates results in the less accumulated damage, and the peak 

strength exhibits an acceleration effect. However, with 

increasing loading and unloading rate, the violent cyclic 

disturbance effect induces new cracks to sprout and expand 

quickly, aggravating the expansion and penetration of 

original cracks and new cracks, causing the structural 

adjustment and stress redistribution of rock skeleton, 

leading to the accumulation of irreversible deformation,  
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(a) Peak strengh and brittle strengh 

 
(b) Peak strain and brittle strain 

Fig. 7 Strength and strain characteristics at different 

loading and unloading rates 
 

 

significantly improving the damage degree, and thus 

deteriorating the peak strength. In addition, compared with 

the natural rock, the physical characteristics of the hard rock 

poured in the laboratory are discrete. It is easy to cause 

stress concentration phenomenon when the quartz sand is 

encased in cement and crystals of uneven strength are 

formed, and its stress concentration level is generally 

positively related to loading and unloading rate, which 

further aggravates the strength deterioration. 

 

3.2.2 Brittle strength characteristics 
The corresponding relationship between brittle strength 

and loading and unloading rate is given based on Fig. 5, as 
shown in Fig. 7(a). It can be seen from Fig. 7(a) that the 
brittle strength at the same loading and unloading rate is 
always less than peak strength. Except for the abnormal 
brittle strength of hard rock HR-6, brittle strength of other 
rocks generally decrease linearly with increasing loading 
and unloading rate. When the loading and unloading rate 
increases from 0.10 to 0.55 MPa/s, the brittle strength 
decreases by 31.03%. Compared with the soft rock, the hard 
rock has significant brittle deformation characteristic, and 
the unloading deformation is usually more obvious than 
loading deformation (Komoroczi et al. 2013), and more 
irreversible deformation will be accumulated per unit time. 
Therefore, the weakening effect of loading and unloading 
effect on the potential bearing capacity of rock skeleton is 
more severe. 

 
(a) Loading elastic modulus 

 
(b) Unloading elastic modulus 

Fig. 8 Elastic modulus at different loading and unloading 

rates 

 

 

Compared with the conventional uniaxial loading tests 

as shown in Fig. 3, brittle strengths at the loading and 

unloading rate of 0.10~0.25 MPa/s are approximately equal 

to the average uniaxial compressive strength (76.37 MPa), 

while the brittle strengths at the loading and unloading rate 

of 0.40~0.55 MPa/s are reduced by 28.38%~41.19%, and its 

strength deterioration is obviously increased. The peak 

strain and brittle strain corresponding to peak strength and 

brittle strength are shown in Fig. 7(b). Similar to the change 

characteristics of peak strength and brittle strength, the peak 

strain and brittle strain also generally show a linear decay 

trend with increasing loading and unloading rate. 

 

3.3 Characteristics of elastic modulus under cyclic 
loading and unloading 

 

3.3.1 Loading elastic modulus 
Linear fitting of the data (50%σc ± 5 MPa) in the elastic 

deformation phase of loading and unloading stress-strain 

curves, corresponding linear slopes are the loading elastic 

modulus and unloading elastic modulus as shown in Fig. 

8(a). The loading and unloading rates have a significant 

influence on the variation character of loading elastic 

modulus, the higher the loading and unloading rate is, the 

greater the loading elastic modulus. With increasing cycle 

number, loading elastic modulus firstly increases sharply, 

then increases linearly, and finally decreases gradually. The 
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boundary points of the three stages are significantly related 

to the loading and unloading rates. 

The variation characteristics of elastic modulus in the 

loading and unloading process can reflect the damage 

degree inside the hard rock. The evolution characteristics of 

loading elastic modulus are summarized as follows: 

When the stress ratio (σ/σc) of selected axial loading 

stress to uniaxial compressive strength is less than 17.29%, 

the early loading stress has an obvious strengthening effect 

on hard rock, and loading elastic modulus increases sharply 

with increasing cycle number. This is because the internal 

primary cracks are gradually compressed and closed, which 

improves the stiffness of hard rock. In this stage, loading 

elastic modulus is 3.80~9.21 GPa with a growth rate of 

42.80%~83.22%. 

When the stress ratio σ/σc is greater than 17.29% and 

less than 57.62%~86.43%, the cyclic disturbance effect and 

increased upper limit stress induce the new cracks begin to 

sprout, the fatigue damage caused by the crack expansion 

gradually offset the early strengthening effect, and the 

increasing trend of loading elastic modulus is gradually 

slowed down, and then shows an approximate linear 

growth, the greater the loading and unloading rate, the 

faster the growth rate of loading elastic modulus. 

When the stress ratio σ/σc is more than 57.62%~86.43%, the 

continuously increased upper limit stress induces the 

expansion of internal microcracks and gradually occupies 

the dominant advantage, the primary and secondary cracks 

begin to intersect and form macroscopic cracks, thus 

leading to a gradual reduction of loading elastic modulus, 

which coincides with the evolution characteristics of 

loading elastic modulus of chlorite phyllite and sandstone 

(Sun et al. 2021). This is because the cyclic loading and 

unloading disturbance leads to the slip of crystal particles, 

adjustment of rock skeleton structure and stress 

rearrangement (Bahrani et al. 2016), resulting in the 

increased irreversible deformation and damage degree, thus 

leading to a gentle or even reduction of loading elastic 

modulus. 
 

3.3.2 Unloading elastic modulus 
Compared with the variation characteristics of loading 

elastic modulus, unloading elastic modulus experiences a 

three similar evolutionary stages of a sharp increase, then 

linear increase and finally gradual decrease with increasing 

the cyclic number, as shown in Fig. 8(b). The stress 

boundary point of axial stress is the same as that in Fig. 

8(a). Compared with the evolution trend of loading elastic 

modulus and unloading elastic modulus at the initial stage 

of cyclic loading and unloading, the unloading elastic 

modulus (5.80~7.21 GPa) is much larger than that of 

loading elastic modulus (3.81~6.44 GPa), and the former is 

about 1.12~1.52 times of the latter. The elastic modulus 

curves of loading and unloading approach gradually as the 

upper limit stress increases, indicating that the two elastic 

modulus are approximately equal and the hard rock is 

approximately a completely brittle material (Liyanage et al. 

2013). As the upper limit stress continues to increase, the 

elastic modulus curves of loading and unloading gradually 

separate with the cycle numbers increases, which means 

that the primary cracks and secondary pores begin to extend 

and even connect, and the cumulative damage continues to 

increase, thus leading to the decrease of loading elastic 

modulus. 

According to the relation curves between elastic 

modulus at different loading and unloading rates, it can be 

seen that the evolution stage of elastic modulus under 

loading and unloading conditions are similar. The numerical 

regression analysis shows that the elastic modulus of 

loading and unloading has a first-order exponential function 

relationship with cycle number, and the regression equation 

can be expressed as follows: 

 
(1) 

where E is the elastic modulus of loading and unloading 

(GPa); E0 is the response strength of elastic modulus (GPa); 

N is the cycle number (cycle); 1/t is the evolution 

coefficient of elastic modulus with the cycle number (cycle-

1); Y is regression coefficient of elastic modulus (GPa); The 

parameters E0, t, Y are linear with the loading and unloading 

rate (Va): 

In loading process: E0=-1.44Va-7.39 (R2=0.9356), t1=-

1.35Va+3.20 (R2=0.8966), Y=4.64Va+9.61(R2=0.9527);  

In unloading process: E0=-3.30Va-5.91 (R2=0.9563), t1=-

5.45Va+6.30 (R2=0.8663), Y=4.22Va+10.91 (R2=0.9768). 

 

3.4 Critical damage factor 
 

The above analysis shows that the loading and 

unloading rate have significant effects on mechanical 

parameters such as peak strength and elastic modulus, and 

the damage and deformation are caused by the circular 

disturbance effect in essence. The closure of primary cracks 

is accompanied by the initiation and expansion of new 

cracks in loading stage, and the adjustment of skeleton 

structure and stress redistribution in unloading stage 

aggravate the generation of irreversible deformation. The 

damage is essentially an excessive process of plastic 

deformation to the ultimate bearing point or peak strength, 

which is accompanied by the accumulated damage caused 

by irreversible deformation, so the peak strain point during 

the rock sample damage corresponds to critical damage 

factor. 

If the rock sample is regarded as an isotropic continuous 

medium, the corresponding relationship between effective 

stress and damage factor can be obtained according to the 

Lemaitre strain equivalence principle (Stevens and 

Holcomb 1980, Lemaitre 1984). 

 (2) 

where σ is the effective stress (MPa); E is the elastic 

modulus (GPa); ε is the axial strain; D is the damage factor, 

D=0 means no damage, D=1 means the rock failure. 

Due to the strength and strain characteristics of rock 

sample follow the Weibull distribution, rock damage factor 

can also be considered to follow the Weibull distribution, 

and the damage factor can also be described by the density 

function of the Weibull statistical distribution function. 

Therefore, the peak intensity corresponds to the critical 

damage factor. 
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(3) 

where σp is the peak stress (MPa); ε is peak strain; Dp is 

critical damage factor. 

It is seen from the Eq. (3) that the critical damage factor 

during rock rupture is related to the peak stress, elastic 

modulus and peak strain, which can be obtained from the 

data in Figs. 7~8. Since this paper mainly studies the 

influence characteristics of loading and unloading rates on 

critical damage factor, the peak stress, elastic modulus and 

peak strain are taken from the stress-strain curve of the last 

loading stage. The relationship between critical damage 

factor and loading and unloading rates is shown in Fig. 9. 

Fig. 9 shows that the critical damage factor generally 

increases as the loading and unloading rate increases. The 

critical damage factor of hard rock HR-5 is 0.36, which is 

obviously lower than hard rock HR-4. This is because the 

axial loading has a strengthening effect on the strength 

when the loading and unloading rate is less than 0.25 

MPa/s, and the evolution degree of fracture initiation and 

propagation is lower than 0.10 MPa/s. When the loading 

and unloading rate increases to 0.40 and 0.55 MPa/s, the 

critical damage factor are 0.60 and 0.63, increasing 64.25% 

and 72.99% compared to hard rock HR-5, respectively. It 

can be seen that with increasing loading and unloading rate, 

the cracks expansion becomes more intense, the penetration 

degree and expansion phenomenon of cracks become more 

significant, the accumulated fatigue damage gradually 

increases and deterioration degree is aggravated. Regression 

analysis shows that the critical damage factor has an 

approximately linear relationship with increasng loading 

and unloading rate. 

 

3.5 Macroscopic failure mode and fractal 
characteristics 

 

3.5.1 Macroscopic failure mode analysis 
The macroscopic fracture characteristics at different 

loading and unloading rates are shown in Fig. 10. It can be 

seen that the macroscopic failure modes mainly include 

oblique shear through failure and tensile through failure, 

containing at least one oblique or longitudinal through  

 

 

fractures, and the fracture number and failure degree on the 

rock surface are related to the loading and unloading rate. 

Fig. 10 shows that the hard rock have fewer 

macroscopic cracks and low penetration level at relatively 

low loading and unloading rates (0.10~0.25 MPa/s), but a 

relatively obvious slip surface is formed and mainly 

undergoes shear failure. The upper part of hard rock HR-4 

forms an obvious wedge-shaped fracture area due to the end 

constraint, then induces the wedge-shaped rock to invade 

the lower rock and occurs the phenomenon of cross-

bedding, and two oblique shear cracks intersect to form a 

tensile fracture and gradually connecte to the rock bottom. 

The oblique shear crack is formed in the lower part of hard 

rock HR-5, leading to the formation of split rock strips at 

the 1/4 position on the right. The main crack penetrates 

downward gradually, resulting in a tensile crack at the lower 

end of rock. Compared with hard rock HR-4, the cracks 

number and penetration degree of hard rock HR-5 are 

significantly increased. In addition, there are rock pieces 

shoot off, peeling and breaking phenomena, and powdery 

rock foam appears on the oblique shear fracture surface on 

the surface of hard rocks HR-4 and HR-5. This is due to the 

particle dislocation and sliding effect caused by the loading 

and unloading action that aggravate the friction between 

mineral particle structures. 

At relatively high loading and unloading rates 

(0.40~0.55 MPa/s), the rocks are dominated by tensile 

failure, the shear crack decrease and tensile crack increase 

significantly. The tensile crack and oblique shear crack in 

the upper part of hard rock HR-6 first spread through, 

leading to the tensile cracks in the upper right rock block. 

The stress imbalance on the right side causes the rock to tilt 

to the left and macroscopic fracture occurs, and the newly 

formed longitudinal strip rock block appears fracture. With 

increasing loading and unloading rate, the upper part of 

hard rock HR-8 is broken explosively (Mlakar et al. 1993) 

due to rapid tension, forming a longitudinal fracture 

network with a significant degree of fragmentation. As the 

upper limit stress continues to be loaded, the upper 

penetrating cracks extend downward and gradually form a 

macro crack, and the rock surface is accompanied by 

fragments ejected to form a missing area. 

Fig. 11 shows the distribution patterns of macroscopic 

rupture fragments at different loading and unloading rates.  
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Fig. 9 Critical damage factor at different loading and unloading rates 
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As the rock samples are wrapped with plastic wrap to 

prevent the fragments from scattering, there is some color 

difference between the rocks and fragments. Fig. 11 shows 

that the failure mode gradually shifts from oblique shear 

failure to tensile failure with the increase of loading and 

unloading rate. The number of macroscopic cracks on rock  

 

 

surface, penetration degree of cracks, and rupture area 

increase significantly, while the fragments number increase, 

fragments size decrease and uniformity is obviously better. 

It can be seen that the increase of loading and unloading 

rate aggravates the fragmentation degree, which is 

consistent with the existing literature (Karma et al. 2004).  

Va (MPa/s) Macroscopic fractures Sketch of major fractures Failure characteristics 

0.10 

(HR-4) 

  

 Complete 14 cycles and fatigue rupture in the 15th cycle. 
 Shear failure with a obvious slip surface. Shear cracks form 

tension crack. 

 Three major cracks and three secondary cracks. 
 Appears wedge-shaped fracture zones, and occurs the 

phenomenon of cross-bedding. 

0.25 
(HR-5) 

  

 Complete 14 cycles and fatigue rupture in the 15th cycle. 
 Oblique shear cracks penetrate to form tension cracks.  

 Two major cracks and six secondary cracks. 

 There are rock ejection, peeling and breaking phenomena. 
 Split rock strips are formed at 1/4 of the right side. 

0.40 

(HR-6) 

  

 Complete 11 cycles. 

 Rock sample is dominated by tensile failure with four major 

cracks and five secondary cracks. 
 Newly formed longitudinal strip rock appears fracture and 

induces stress imbalance on the right side. 

0.55 

(HR-8) 

  

 Complete 9 cycles. 

 Rock sample is dominated by tensile failure, and thare are 

five major cracks and seven secondary cracks. 
 Tensile cracks increase significantly while shear cracks 

decrease. 

 The broken explosively formes a longitudinal fracture 
network (Tension fissure net). 

Fig. 10 Macroscopic fracture characteristics 
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Table 1 Distribution interval and weight percentage of rock 

fragments 

Distribution 
interval 

(mm) 

Weight /g and weight percentage /% 

0.10 MPa/s 0.25 MPa/s 0.40 MPa/s 0.55 MPa/s 

0~0.63 1.31/0.34 1.49/0.38 2.06/0.53 2.52/0.63 

0.63~1.25 2.12/0.55 1.48/0.37 3.49/0.90 3.16/0.79 

1.25~2.50 4.50/1.16 3.61/0.91 2.99/0.77 3.22/0.81 

2.50~5 10.02/2.58 10.20/2.57 10.06/2.59 10.06/2.52 

5~10 20.11/5.18 30.02/7.57 40.01/10.30 60.02/15.05 

10~20 80.06/20.64 90.11/22.72 130.11/33.48 80.11/20.09 

20~40 150.04/38.68 260.10/65.58 200.02/51.47 240.00/60.20 

40~50 120.12/30.97 - - - 

 

 

Moreover, the typical wedge-shaped fracture areas are 

formed at the end position of hard rocks HR-4 and HR-5, 

and the wedge-shaped fractures of hard rock HR-6 are 

tension-broken, and no wedge-shaped fractures appear at 

hard rock HR-8. It can be seen that the increase of loading 

and unloading rate reduces the end constraint effect, and 

makes the rocks more prone to tensile fracture. However, 

there is no strict correspondence between failure mode and 

axial peak strength. 
 

3.5.2 Distribution characteristics of fragments weight 
Fig. 11 indicates that the fragments size and weight 

distribution characteristics of broken fragments show a 

certain fractal law. To reasonably analyze the distribution 

characteristics of fragment weight, sieving and weighing the 

broken fragments with the standard screens with diameters  
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Fig. 12 Weight percentage of rock fragments 
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 Obvious shear fracture 
characteristics. 

 Rock size difference is 

significant, mainly with large rock 
blocks. 

 Form wedge -shaped 
rock. 

 

 Obvious shear fracture 

characteristics. 
 Rock size difference decreases 

slightly. Rocks uniformity increase slightly. 
 Wedge-shaped rock begins to 

rupture. 

(a) 0.10 MPa/s (b) 0.25 MPa/s 

 

 Oblique shear fracture 

and tension fracture coexist. 
 Rock fragments size 

decrease, the fragments number and 

uniformity increase. 
 Wedge - shaped rock  

rupture. 

 

 Obvious tensile fracture 

characteristics. 

 Form a large number of 
medium-size fragments, improve the 

fragments uniformity. 

 Wedge - shaped rock disappear. 

(c) 0.40 MPa/s (d) 0.55 MPa/s 

Fig. 11 Distribution patterns of rock fragments 
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20 and 40 mm. The rock fragments are divided into 8 

grades including 0~0.63, 0.63~1.25, 1.25~2.50, 2.50~5, 

5~10, 10~20, 20~40. The distribution interval and weight 

percentage of rock fragments at different loading and 

unloading rates are shown in Table 1, "-" indicates that there 

is no rock fragments of corresponding size in this 

distribution interval. The numbers before and after the "/" 

are weight and weight percentage, respectively. 

Fig. 12 shows the weight percentage of rock fragments 

at different loading and unloading rates. It can be seen that 

the loading and unloading effect has a significant impact on 

the fragments distribution, mainly reflect in the 

fragmentation degree and fragments uniformity, the greater 

the loading and unloading rate, the more obvious the 

fragmentation degree, the more significant the fragments 

uniformity. When the loading and unloading rate increases 

from 0.10 to 0.55 MPa/s, the fragments weight within 

0~2.50 mm is less than 5 g and weight percentage is less 

than 2%. Although the weight percentages within the same 

distribution interval increase slightly with the loading and 

unloading rate, its increasemen is not significant. It is thus 

shown that the loading and unloading rate has little impact 

on the weight percentage distribution of small-size 

fragments (0~2.50 mm). 

The following conclusions can be summarized from Fig. 

12. ① Compared to the fragment weight within 0~2.50 

mm, the fragment weight within 2.50~5 mm is greater than 

10 g, its weight percentage is 2.52%~2.59%, and the 

corresponding increase range is greater than 30%. ② The 

fragments weight percentage within 5~20 mm generally 

increase with the loading and unloading rate. It is shown 

that the number of medium-size fragments (2.50~20 mm) 

increases significantly with the loading and unloading rate, 

and the fragments uniformity is significantly improved, 

which is consistent with the previous analysis. ③ For the 

fragments within 20~50 mm, the fragment sizes larger than 

40 mm appear at 0.10 MPa/s, while the fragment sizes at 

0.25~0.55 MPa/s is mainly concentrated on 20~40 mm. The 

weight percentages within 20~50 mm are 69.65%, 65.58%, 

51.47%, and 60.20%, respectively, it generally shows a 

decay trend with increasing loading and unloading rate. 

This implies that the loading and unloading effect reduces 

the number of large-size fragments (20~50 mm) and 

increases the number of medium-size fragments, and thus 

improving the fragments uniformity. 

In addition, Fig. 12 also shows that ① when the 

fragments size is less then 5 mm, the difference in weight 

percentage within the same distribution interval gradually 

decreases, and the difference within 2.50~5 mm is the 

smallest; ② when the fragments size is more then 5 mm, 

the weight percentage and its difference correlation in the 

same distribution interval gradually increase again, which is 

the same as the macroscopic failure mechanism. Figs. 

11~12 show that the larger the loading and unloading rate, 

the large-size fragments is significantly reduced and the 

fragment weight decreases accordingly, and the larger 

weight fragments transform to smaller weight fragments. 

Therefore, the higher the loading and unloading rate within 

a certain range, the greater the possibility of dynamic 

fracture. 

 

 

3.6 Fractal characteristics of rock fragments 
 

Fractal theory (Outer et al. 1995) is widely applied in 

rock mechanics to study the fractal characteristics and 

statistical relationship between fragments distribution and 

particle size. In this test, the weight distribution law is 

obtained by screening-weighting method, and then the 

distribution function of fragments size is as follows: 

 

(4) 

where r is the characteristic size of statistical interval of 

fragments (mm); M(r) is the fragments weight whose 

equivalent particle size (R) is less than characteristic size (r) 

(g); MT is the total weight of rock fragments; M(r)/MT is the 

cumulative weight percentage of fragments with equivalent 

particle size less than characteristic size (r); Dr is the fractal 

dimension. 

The rock fragmentation process shows a self-similarity 

characteristic, and there is an equivalent relationship 

between equivalent diameter (R) and equivalent volume of 

rock fragments. 

 
(5) 

where V is the equivalent volume of rock fragments; l, d 

and h are the equivalent length, equivalent width and 

equivalent height, respectively. 

Take the natural logarithm of both sides of Eq. (4) to 

get: 

 
(6) 

According to Eq. (6), LnrMrML T ~]/)([n  has a 

linear relationship, and 3-Dr is the linear slope in log-

coordinates LnrMrML T ~]/)([n . The distribution 

relationship between fragments weight and particle size can 

be obtained based on Fig. 12, and then the numerical 

regression can determine the fractal dimension of rock 

fragments. Fig. 13 shows the LnrMrML T ~]/)([n  

curve of rock fragments at different loading and unloading 

rates. It can be seen that the fragments weight is linearly 

correlated with the characteristic size (r). The fractal 

dimension can be used to quantitatively characterize the 

degree of rock fragments. With increasing loading and 

unloading rate, fractal dimension of rock fragments showes 

an increasing trend of 1.56, 1.67, 1.78, 1.81, respectively. It 

can be seen that the loading and unloading rate reduces the 

large - size fragments, and the large - size fragments are 

gradually transformed into medium-size fragments. 

Fig. 14 shows the relationship between fractal 
dimensions (Dr) and loading and unloading rate (Va), which 

grows nonlinear with increasing loading and unloading rate. 

When the loading and unloading rate changes from 0.10 

MPa/s to 0.25 MPa/s, fractal dimension increases from 1.56 

to 1.67 with an increase of 7.05%; when the loading and 

unloading rate changes from 0.40 MPa/s to 0.55 MPa/s,  

rD

T

r
M

rM
Y

-3)(


33 ldhVR 

LnrD
M

rM
L r

T

)3(]
)(

[n 

560



 

Strain performance and fracture response characteristics of hard rock under cyclic disturbance loading 

 

 

Fig. 14 Relationship between fractal dimension and 

loading and unloading rate 

 

 

fractal dimension increases from 1.78 to 1.81 with an 

increase of 1.69%, and its growth rate tends to slow down. 

Data regression shows that the fractal dimension of rock 

fragments is logarithmic function related to the loading and 

unloading rate. It can be seen that the larger the loading and 

unloading rate, the larger the fractal dimension and the 

higher the fragmentation degree, and the better the 

fragmentation uniformity. This is because the rock 

deformation under the cyclic loading and unloading path 

exhibits a loading-unloading cyclic effect, and the 

disturbance mechanism is relatively complicated. The  

 

 

internal structure of rock has an interactive stress response 

to loading and unloading effect, and the stress coordination 

and damage accumulation are more adequate, which in turn 

leads to the hard rock being more prone to fracture and 

instability. 

 

 

3.7 Discussion 
 

Fig. 7(a) shows that the peak strength increases first and 

then decreases with the loading and unloading rate 

increases, and there is no acceleration effect. This is due to 

the more complex stress path of cyclic loading and 

unloading test compared with conventional uniaxial 

compression test, the loading and unloading rate exhibits a 

stepwise control effect. The loading and unloading rate in 

different stages has different activation sensitivity to the 

degree of crack opening, which in turn causes the 

strengthening and weakening characteristics of peak 

strength. In addition, the cemented body of different 

strength is formed by cement wrapping quartz sand in the 

artificially poured rock samples, which aggravates the stress 

concentration inside the rock and increases the possibility of 

strength deterioration. 

Based on the analysis of the viscosity, inertial effect and 

thermal activation effect of rock materials, the peak strength 

of rock sample usually increases or gently changes with the 

increase of strain rate or loading rate, while the acceleration 
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Fig. 13 Logarithmic curves of fragments weight and characteristic size 
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effect is often affected by lithology, strain effect and stress 

distribution characteristics inside the rock. Qi et al. (2019) 

established the competing theory of thermal activation 

mechanism and macroscopic viscosity mechanism, which 

indicated that the loading rate played a different leading 

role at different strain rate stages. With the loading rate 

increases, the strength of hard rocks such as limestone, 

granite, and basalt does not increase accordingly, but the 

acceleration effect appears only when the loading rate is in 

a particular state such as quasi-static loading. Li et al. 

(2016) also found that the peak strength and residual 

strength of coal rock both increase at first and then decrease 

with increasing loading rate. Zhou et al. (2020) showed that 

chlorite phyllite exhibited a certain strength weakening 

characteristics under cyclic conditions. It can be seen that 

the evolutionary character of peak strength under cyclic 

loading and unloading action is not completely uniform. 

The cyclic disturbance of high loading and unloading rate 

or high strain loading and unloading condition on rock is 

extremely severe, and then the strength weakening 

phenomenon appears, which is related to the control mode 

of cyclic loading and unloading, load increment, lithology 

and stress state. 

 

 

4. Conclusions 
 

Fig. 14 shows the relationship between fractal 

dimensions (Dr) and loading and unloading rate (Va), which 

grows nonlinear with increasing loading and unloading rate. 

When the loading and unloading rate changes from 0.10 

MPa/s to 0.25 MPa/s, fractal dimension increases from 1.56 

to 1.67 with an increase of 7.05%; when the loading and 

unloading rate changes from 0.40 MPa/s to 0.55 MPa/s, 

fractal dimension increases from 1.78 to 1.81 with an 

increase of 1.69%, and its growth rate tends to slow down. 

Data regression shows that the fractal dimension of rock 

fragments is logarithmic function related to the loading and 

unloading rate. It can be seen that the larger the loading and 

unloading rate, the larger the fractal dimension and the 

higher the fragmentation degree, and the better the 

fragmentation uniformity. This is because the rock 

deformation under the cyclic loading and unloading path 

exhibits a loading-unloading cyclic effect, and the 

disturbance mechanism is relatively complicated. The 

internal structure of rock has an interactive stress response 

to loading and unloading effect, and the stress coordination 

and damage accumulation are more adequate, which in turn 

leads to the hard rock being more prone to fracture and 

instability. 
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