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Abstract
The original rock taken from underground powerhouses of Shuangjiangkou Hydropower Station in south-west China was 
employed to prepare granite samples containing fractures with different dip angles, widths, and lengths. On this basis, the 
failure process of rock samples with different shapes of fractures under triaxial loading was investigated; furthermore, the 
mechanical properties, failure mode, and energy transfer of fractured granite under triaxial loading were revealed. The results 
showed that a significant post-peak stress drop occurs, and the stress then slowly decreases in the form of repeated drops 
and increases under triaxial compression. The larger the fracture width, the greater the stress drop; with increasing fracture 
length, the peak stress decreases and the stress varies from slow, fluctuating reduction to abrupt reduction in the post-peak 
stage. The failure angle of fractured granite grows with the increase of the confining pressure; as the fracture length increases, 
X-shaped shear failure mode is gradually prominent and the pre-fabricated fractures more significantly dominate the failure 
mode; at the dip angle within 0 to 60°, the samples are mainly subjected to X-shaped shear failure. The energy storage limit 
of fractured granite linearly increases with the increase of the confining pressure while linearly decreases with the increase 
of the fracture length, and it first decreases, and then increases with increasing fracture dip angle.
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Introduction

Numerous microscopic or macroscopic defects (such as joint 
fractures) in rock further evolve and aggravate under high 
geostress at depth, which directly influences the stability of 
rock structures. The mechanical properties and deformation 
characteristics of fractured rock are mainly affected by the 
loading state, joint type, and environment. Energy transfer 

accompanies the whole process from elastic deformation to 
initiation, propagation, and coalescence of microcracks until 
failure of fractured rock. Therefore, it is important to reveal 
the internal failure mechanism and propagation and evolu-
tion process of cracks in fractured rock from perspectives 
of mechanical properties and the trend in energy transfer.

At present, the evolution of fractures in jointed rock  
is mainly explored by using theoretical methods, labora-
tory testing, and numerical simulation. Many scholars in 
the world have investigated the evolution law of fractures  
in rock based on the theoretical method (Luo et al. 2020; 
Yang et al. 2020; Wang et al. 2020a, 2020c). For example,  
the elastic stress–strain relationship in fractured rock 
reflects the weakening and anisotropy of mechanical proper-
ties of rock based on strain-energy theory (Wu et al. 2020a; 
Zhang and Valliappan 1990); Zheng et al. (2019) evaluated 
the effect of discontinuity angle on the mechanical proper-
ties of rock samples under triaxial test; meanwhile, they 
found and modified the deficiency of Yeager’s single dis-
continuity criterion combined with the test data. Some have 
theoretically surveyed the mode II fracture toughness of 
rock based on the modified criterion on the average strain 
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energy density at the crack tip and derived a coalescence 
model for rock containing multiple fractures (Rashidi 
et al. 2018; Zhang et al. 2020; Li et al. 2005). Similarly, 
some scholars analyzed the evolution of fractures in jointed 
rock through laboratory tests. Brown (1949) conducted the 
triaxial tests to determine the influences of the geometric 
features of fractures on the evolution of mechanical proper-
ties, deformation, and fractures in rock. By performing uni-
axial compression tests on rock samples with pre-fabricated 
fractures, the crack propagation and failure mechanism of 
fractured rock have been extensively studied (Bobet and 
Einstein 1998; Yang et al. 2015; Zhang et al. 2021; Patricia 
et al. 2016); Gupta et al. (2015) and Liu (2019) proposed 
the use of a modified criterion on the maximum circum-
ferential stress and further verified the role of T stress in 
predicting stability of fracture paths and fracture strength 
of materials. Based on the result of the acoustic emission 
source location, they found that high-energy fracture points, 
low-energy small fracture zones, extensive fracture zones, 
and macroscopic fracture belts gradually develop during the 
fracturing of rock (Du et al. 2020; Yang et al. 2021); some 
scholars proposed the criterion of the strain energy density 
and proposed that defining the uniaxial tensile-compressive 
stress and biaxial compressive stress can help to predict 
the fracture and propagation of cracks in rock (Mahmoud 
et al. 2020; Justo and Castro 2021). Due to the limitations of 
theoretical methods and laboratory tests, Wu et al. (2020b) 
explored influences of the joint distribution, joint conti- 
nuity, and normal stress on the shear behavior of rock and 
revealed the evolution of cracks in jointed rock by numeri-
cal simulations.

Energy loss generally occurs during the evolution of 
fractures in rock. From the perspective of the energy loss, 
research into the evolution of fractures in jointed rock is 
of great significance. By conducting the triaxial unloading 
test on fine-grained marble, some have suggested that the 
energy changes in three stages (i.e., energy accumulation, 
dissipation, and release) during the unloading test and stud-
ied the energy dissipation during the failure of rock samples 
upon unloading of the confining pressure unloading (Wang 
et al. 2020d; Zeng et al. 2019; Zhu et al. 2011); through 
investigation of the anisotropic fracture and energy dissipa-
tion characteristics of marble under multi-level cyclic load-
ing, they found that the fatigue deformation, strength, and 
dissipated energy of rock are greatly influenced by cyclic 
loading (Zhou et al. 2020; Wang et al. 2020b); Mishra and 
Basu (2012) and Li et al. (2012) conducted uniaxial fatigue 
loading test with increasing amplitude and three-dimensional  
(3-d) CT scanning test on granite and marble with multiple  
defects; some scholars relied on 1.0-Hz frequency cyclic 
triaxial test results and investigated the mechanical behav-
ior of artificial jointed rock samples with different joint dip 

angles under different stress amplitudes and different confin-
ing pressures, defining two new damage variables (density) 
method and residual strain data to describe jointed rock in 
the three stages of fatigue damage under circulating load 
(Zheng et al. 2020; Liu and Liu 2017); some analyzed the 
energy dissipation and energy release characteristics.

Numerous microscopic or macroscopic defects (such as 
joint fractures) in rock further evolve and aggravate under 
high geostress in deep parts, which directly influences the 
stability of rock structures. The mechanical properties and 
deformation characteristics of fractured rock are mainly 
affected by the loading state, joint type, and environment. 
Energy transfer keeps in company with the whole process 
from elastic deformation to initiation, propagation, and 
coalescence of microcracks until failure of fractured rock. 
Therefore, it is significant to reveal the internal failure mech-
anism and propagation and evolution process of cracks in 
fractured rock from perspectives of mechanical properties 
and the law of energy transfer.

Triaxial loading tests on fractured granite

Sample preparation

The original rock (largely intact, with few natural frac-
tures) was sampled from the underground powerhouses of 
Shuangjiangkou Hydropower Station. In terms of the lithol-
ogy, the rock mainly appeared as porphyritic biotite moyite, 
which was processed to form cylindrical rock samples with 
the diameter of 50 mm and the height-diameter ratio of 2: 
1 after being core-cut, trimmed, and ground. To reduce the 
error caused by defects in the specimens themselves, the 
intact rock samples with relatively approximated longitudi-
nal wave velocity and density were selected to fabricate frac-
tures; the intact samples were drilled through at their cent-
ers; thereafter, the samples were cut to form pre-fabricated  
fractures with widths of 0.4 and 1 mm, respectively; further-
more, the fractured samples with different dip angles (0°, 
30°, 45°, 60°, and 90°) and lengths (10, 20, 30, and 40 mm) 
were prepared (Fig. 1).

Loading schemes and test conditions

The underground powerhouses of Shuangjiangkou Hydro-
power Station lie at an average burial depth of about 400 m 
and a maximum geostress of about 37.82 MPa. Based on 
different shapes (involving length, dip angle, and width) of 
fractures, the failure mode and trend in energy transfer in 
rock with different shapes of fractures during triaxial load-
ing under different confining pressures were explored. The 
working conditions are summarized in Table 1.
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The mechanical properties of fractured rock were 
explored based on the pseudo-triaxial test system for rock 
shown in Fig. 2. During the test, the confining pressure 
was laterally applied to the pre-set value at the rate of 
0.05 MPa/s and the displacement load was axially applied 
at the rate of 0.002 mm/s. Load was applied until sam-
ples were damaged; finally, the stress–strain relationships, 
strength characteristics, energy transfer, and failure modes 
of granite samples with different shapes of fractures were 
determined.

Mechanical properties of fractured granite 
under triaxial loading

Analysis of the stress–strain curves of fractured 
granite

1. The influence of confining pressure
  When the dip angle and length of fractures are set 

to 60° and 30 mm respectively, the stress–strain curves 
under uniaxial compression and triaxial compression 

Fig. 1  Test specimens. a Com-
plete rock sample. b Different 
fractured lengths (10, 20, 30, 
40 mm). c Different dip angles, 
fracture width 0.4 mm. d Dif-
ferent dip angles, fracture width 
1 mm

Table 1  Design of test conditions

Confining 
pressure 
(MPa)

Fractured 
lengths 
(mm)

Fractures 
widths 
(mm)

Fracture 
dip angle 
(°)

Diameter (mm) Height (mm) Density (kg·m−3) Weight (g) Longitudinal 
wave velocity 
(cm/s)

40 30 0.40 0 50.26 99.89 508.3 2564.86 4089
40 30 0.40 30 49.96 99.85 507.2 2591.18 4065
40 30 0.40 45 50.22 100.03 508.4 2565.86 3966
40 10 0.40 60 49.97 100.14 507.4 2583.66 4025
40 20 0.40 60 49.78 99.78 508.1 2616.41 4133
40 40 0.40 60 50.30 99.97 507.4 2554.20 3952
0 30 0.40 60 49.76 99.93 509.60 2622.31 4012
20 30 0.40 60 49.68 99.84 508.10 2625.38 4125
40 30 0.40 60 49.83 99.78 507.80 2609.62 4033
60 30 0.40 60 50.12 100.02 508.90 2578.90 4102
40 30 0.40 90 50.14 100.06 509.4 2578.34 3923
40 30 1.00 0 49.86 100.09 507.5 2596.88 3962
40 30 1.00 30 49.74 99.75 507.1 2616.25 3922
40 30 1.00 45 49.93 99.92 508.8 2600.65 3987
40 30 1.00 60 50.06 100.01 508.2 2581.78 4094
40 30 1.00 90 50.14 99.96 509.0 2578.89 4014
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with different confining pressures are plotted, as shown 
in Fig. 3. Relative to the radial stress–strain curve, the 
axial stress–strain curve changes more slowly; as the 
confining pressure increases, the pre-peak deformation 
stage is prolonged and the peak stress increases. This 
indicates that confining pressure increases the peak 
strength of fractured rock; as the loading continues to 
the post-peak stage, the stress–strain curve of fractured 
granite under uniaxial compression exhibits a remark-
able difference with that under triaxial compression. To 

be specific, the curve smoothly decreases in the post-
peak stage under uniaxial compression; by contrast, the 
significant stress drop appears after reaching the peak, 
and then, the stress slowly decreases in the fluctuating 
form of repeated drop and increase under triaxial com-
pression. The reason is that the lateral deformation of 
rock is controlled under the effect of confining pressure. 
Under uniaxial compression, a large amount of energy 
is accumulated in rock samples and the testing machine, 
and after sudden post-peak release of energy, cracks in 
rock samples converge to form macroscopic fractures. 
Each stress drop is regarded as the response to coales-
cence of cracks in rock samples.

2. The influence of fracture length
  When keeping the fracture dip angle at 60° and the 

confining pressure at 40 MPa, the stress–strain curves 
of rock samples with different fracture lengths under 
triaxial compression were obtained, as shown in Fig. 4. 
The data in the figure indicate that the fracture length 
exerts remarkably different influences on mechanical 
properties of rock. With the growth of the fracture 
length, the peak stress gradually declines; the stress–
strain curve gradually fluctuates, and the reduction in 
stress varies from a slow, fluctuating trend to a drastic, 
sudden one in the post-peak stage. Similarly, the axial 
strain is much greater than the circumferential strain 
in granite samples with the same fracture length when 

Fig. 2  Pseudo-triaxial test 
system. a Pseudo-triaxial test 
apparatus. b Confining pressure 
device. c Loading process. d 
Data control
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Fig. 3  Stress–strain curves of fractured granite under triaxial loading 
with different confining pressures
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reaching the stress peak; in addition, the samples are 
not significantly radially deformed under the effect of 
confining pressure when the fracture length does not 
exceed 20 mm.

3. The influence of the fracture dip angle
When the fracture length is 30 mm at a confining pres-

sure of 40 MPa, the stress–strain curves of granite samples 
with the fracture widths of 0.4 and 1 mm at five different 
fracture dip angles under triaxial loading are as displayed 
in Fig. 5.

It can be seen from the figure that the fracture dip angle 
does not alter the trend in the stress–strain curves of rock 
samples; moreover, the stress–strain curves of rock with 
different fracture widths present similar behavior and the 
slopes of the rising curve of rock with different fracture 
dip angles in the pre-peak stage are generally equivalent; 
with the increasing fracture dip angle, the peak stresses of 
granite with different fracture widths first decrease, and 
then increase. The greatest stress drop occurs in the pre-
peak stage of the stress–strain curves of samples with the 
fracture dip angle of 0 to 60° because wing cracks or wing 
cracks in the opposite direction (hereinafter referred to as 
opposite-wing cracks) are generated before the closure 
of pre-fabricated fractures. During loading, the fractured 
rock undergoes a compaction stage, an elastic deformation 
stage, a stable crack propagation stage, an accelerated crack 
propagation stage, and a post-peak stage. In the initial load-
ing stage, the primary microfractures and pre-fabricated 
fracture surfaces in rock samples are compressed, closed, 
and compacted, resulting in the rapid growth of the axial 
strain; however, the circumferential strain increases due to 
the effect of the confining pressure. The loading continues 
until the joint fractures are completely closed. In this case, 
the rock samples enter the elastic deformation stage, dur-
ing which the radial deformation increases less relative to 
the axial strain; as the loading proceeds, the rock samples 
are in the stable crack propagation stage: the stress–strain 
curve remains quasi-linear while its slope slightly decreases 
compared to the elastic stage. The lower the fracture dip 
angle, the more significant the change. In this stage, the 
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radial strain increases by more than that in the elastic stage; 
as the load is increased, rock samples reach the rapid crack 
propagation stage: microcracks in rock samples propagate 
and converge to evolve into macroscopic fractures; finally, 
the rock samples are loaded to the post-peak stage. In this 
stage, the stress–strain curve slowly drops and gradually sta-
bilizes until the samples are completely damaged.

Figure 6 shows the stress–strain curves of granites with 
different fracture widths (dip angles of 0° and 60°) dur-
ing triaxial loading under the constant confining pressure 
(40 MPa) to characterize the change of mechanical prop-
erties of granites with different fracture widths under tri-
axial loading: at the same fracture dip angle, the peak stress 
decreases with increasing fracture width and the slopes of 
the curves of rock samples with the two fracture widths in 
the pre-peak stage are similar. This implies that the frac-
ture width does not significantly affect the elastic modu-
lus of fractured rock; after reaching the stress peak, the 
stress–strain curve of rock samples with the fracture width 
of 1 mm fluctuates more than that with a fracture width of 
0.4 mm: the wider the fracture, the greater the stress drop.

Analysis of strength parameters of fractured granite

1. The influence of the confining pressure
  When the fractures have a length of 30 mm and a 

dip angle of 60°, the changes in peak strength and elas-
tic modulus of fractured granite during triaxial load-
ing under different confining pressures are illustrated 
in Fig. 7: the peak strength increases linearly with the 

confining pressure; moreover, the peak strength under 
triaxial compression is greatly higher than that under 
uniaxial compression. This indicates that the confining 
pressure can increase the peak strength of fractured rock; 
the elastic modulus of granite samples containing frac-
tures varies with increasing confining pressure, implying 
that the change of the confining pressure shows marginal 
influence on the elastic modulus of fractured rock.

2. The influence of the fracture length
  At a fracture dip angle of 60°, Fig. 8 shows the changes 

in peak strength and elastic modulus of granite with dif-
ferent fracture lengths during triaxial loading under the 
same confining pressure (40 MPa). As shown in the fig-
ure, the peak strength decreases linearly with the increase 
of the fracture length; at fracture lengths between 10 and 
20 mm, both the elastic modulus and deformation modu-
lus increase slightly, which is probably attributed to a 
certain difference among samples. Overall, the changes 
in peak strength are similar to those of the elastic modu-
lus: the two parameters both decrease with increasing 
fracture length: the pre-fabricated fractures reduce the 
tensile strength and compressive strength of rock.

3. The influence of the fracture dip angle

When the fracture length and the confining pressure are 
separately 30 mm and 40 MPa, the change curves of the 
peak strength and elastic modulus of granite samples with 
different fracture dip angles under triaxial compression 
are shown in Fig. 9.
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Fig. 6  Stress–strain curves of fractured granite with different widths under triaxial load. a A dip angle of 0°. b A dip angle of 60°
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Figure 9 shows that the change in the peak strength with 
the dip angle generally coincides with that of the elastic 
modulus of granite samples with different fracture widths. 
As the fracture dip angle varies, both the peak strength 
and elastic modulus first decrease, and then increase; this 
is because with increasing dip angle of pre-fabricated 

fractures, shear slip is more likely to occur at the end of 
fractures under the loading effect, thus decreasing the com-
pressive strength. On condition that fractures develop along 
the horizontal direction (dip angle of 0°), the peak strengths 
of rock samples with the fracture widths of 0.4 and 1 mm are 
up to 362.7 and 333.9 MPa at most; at a fracture dip angle 

Fig. 7  Strength curve of 
fractured granite under triaxial 
loading under different confin-
ing pressures
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of 60°, the peak strengths drop to the lowest values, which 
decrease by 33.88% and 39.14%, respectively; similarly, at 
a fracture dip angle of 0°, the elastic moduli of rock samples 
with the fracture widths of 0.4 and 1 mm reach maxima 
of 40.18 and 38.03 MPa (some 30.71% and 31.97% below 
previous minima, respectively). The wider the fracture, the 
more significantly the peak strength and elastic modulus of 
rock samples reduce with increasing dip angle.

Analysis of the failure mode of fractured granite

1. The influence of the confining pressure
  At a constant fracture length of 30 mm and a frac-

ture dip angle of 60°, the failure modes of rock samples 
under uniaxial compression and triaxial compression 
with different confining pressures were obtained, as 
shown in Fig. 10.

  Under uniaxial compression, two vertical cracks 
formed due to coalescence of opposite-wing cracks and 
wing cracks are generated after the samples are dam-
aged, in which the opposite-wing cracks are much wider 

than wing cracks. Under the influence of the friction 
effect at the end-faces of each specimen, an approxi-
mately conical failure appears, which indicates that 
the crack tip causes (in part) tension cracking. Under 
triaxial compression, opposite-wing cracks, and then 
co-planar cracks, are generated in samples along the 
pre-fabricated fractures. With increasing confining 
pressure, the included angle between the opposite-wing 
cracks and the vertical direction increases. On this con-
dition, the specimens are severely damaged because the 
elastic strain energy stored in the specimens increases 
with increasing confining pressure and more energy is 
released when reaching the peak strength.

2. The influence of the fracture length
  At a confining pressure of 40 MPa and fracture dip 

angle of 60°, the failure modes of granite samples with 
different fracture lengths under triaxial compression 
are as shown in Fig. 11. At a fracture length of 10 mm, 
only co-planar cracks are generated on the surface of 
the damaged samples, corresponding to single shear 
failure; at the fracture length of 20 mm, a single shear 
crack and two short opposite-wing cracks occur on the 
surface of the damaged samples, in which the opposite-
wing cracks are connected with the co-planar cracks, 
so it still mainly appears as single shear failure; at the 
fracture length in the range of 30 to 40 mm, a co-planar 
crack connected with pre-fabricated fractures and two 
opposite-wing cracks cutting through the flank of sam-
ples appear on the surface of the damaged samples. In 
this case, the stress drop is found in the stress–strain 
curve as a response, which characterizes the moment 
of coalescence of opposite-wing cracks in the X-shaped 
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Fig. 10  Failure modes of fractured granite under triaxial loading under 
different confining pressures
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shear failure; the longer the fracture, the stronger the 
dominant effect of pre-fabricated fractures on the failure 
mode; in addition, by studying the fracture of fragments 
of damaged samples with a fracture length of 40 mm in 
the figure, it was found the fracture formed by opposite-
wing cracks does not show regular corners and is signifi-
cantly torn; by contrast, the fracture formed by co-planar 
cracks, in which the particles are crushed, is smooth and 
significantly sheared.

3. The influence of the fracture dip angle
At a fracture length of 30 mm and confining pressure of 

40 MPa, Fig. 12 separately shows the failure modes of rock 

samples with different fracture dip angles at fracture widths 
of 0.4 and 1 mm under triaxial compression.

By comparing the failure modes of rock samples with differ-
ent fracture widths, it is observed that the failure modes under 
the same confining pressure are similar and macroscopic frac-
tures are more significant after the samples with a large fracture 
width are damaged. This is ascribed to two causes: on the one 
hand, the brittleness of the rock increases with the increase of 
the fracture width; on the other hand, due to the growth of the 
fracture width, a longer time is required for closure of fractures, 
and therefore, the samples with a large fracture width are sub-
jected to less dissipation of energy via frictional work within the 
same time. As a result, more energy is used to break the rock.

Fig. 11  Failure modes of 
granite with different fracture 
lengths under triaxial loading

Fig. 12  Typical failure modes 
of granite with different fracture 
dip angles under triaxial load-
ing. a Fracture width of 1.0 mm. 
b Fracture width of 0.4 mm
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Given fracture dip angles between 0 and 60°, the samples 
are globally subjected to X-shaped shear failure. To be spe-
cific, at a dip angle of 0°, a shear crack, two opposite-wing 
cracks, and two wing cracks are generated after samples are 
damaged. The shear crack passes through the center of the 
pre-fabricated fracture; the opposite-wing cracks propagate 
to co-planar shear cracks and the wing cracks run through the 
flank of the samples; at a dip angle of 30°, a shear crack and 
two opposite-wing cracks occur after samples are damaged. 
The shear crack goes through the center of the pre-fabricated 
fracture and the opposite-wing cracks run through the flank 
of the samples; at dip angles of 45° and 60°, a shear crack 
and two opposite-wing cracks separately occur on the surface 
of the damaged samples. The shear crack exhibits a certain 
angle with the pre-fabricated fracture when the dip angle of 
the pre-fabricated fracture is 45°, while being basically co-
planar with the pre-fabricated fracture when the dip angle is 
60°. The opposite-wing cracks in samples run through the 
flank of samples; at the dip angle of 90°, only a single shear 
crack is present on the surface of the damaged samples.

Energy transfer in fractured granite under  
triaxial loading

Theory underpinning energy calculation

Energy dissipation is regarded as an essential attribute 
during deformation and failure of rock, which reflects the 
process, whereby microdefects in rock constantly develop 
and rock is constantly weakened until failure. During the 
deformation and failure of fractured rock, energy is always 
exchanged with the external environment. The total energy 
input from the external environment is mainly transformed 
into the elastic strain energy and dissipated energy, which 
further influence the rock. The deformation characteristics 
of rock during energy transformation can be divided into 
reversible and irreversible deformations. During reversible 
deformation, the elastic strain energy is generated; however, 
energy is dissipated during the irreversible deformation in 
the forms of plastic deformation, damage, friction, and ther-
mal radiation to generate the dissipated energy. Xie et al. 
(2005) believed that the mechanical energy input from the 
external environment per unit volume during the deforma-
tion of jointed rock is only transformed into elastic strain 
energy stored in rock and the energy dissipated during dam-
age to the rock, that is,

where U, Ue, and Ud separately refer to the total strain 
energy (kJ/m3) input from the external environment, the 
releasable elastic strain energy (kJ/m3) stored in the rock, 

U = U
d
+ U

e

and dissipated energy (kJ/m3), which is mainly dissipated 
by internal damage to, and plastic deformation of, the rock.

The energy in rock specimens under triaxial compression 
satisfies the following relationship:

where U refers to the total input energy; U1 and U3 sepa-
rately denote the axial strain energy and circumferential 
strain energy; U0 is the strain energy stored in rocks under 
the hydrostatic stress; σ1i, ε1i, σ3i, and ε3i represent the axial 
stress, axial strain, circumferential stress, and circumferen-
tial strain at each point on the stress–strain curve; and E0 
and μ denote the initial elastic modulus and Poisson’s ratio.

Under a triaxial state of stress, the elastic strain energy Ue 
at any time t satisfies the following relationship:

where Eu
t is the elastic modulus during unloading at time t of 

the rock which can be replaced by the initial elastic modulus 
in the calculation.

Analysis of the energy transfer during the failure 
of fractured granite

1. The influence of the confining pressure
  At a fracture length of 30 mm and a dip angle of 60°, 

the changes in the total energy, elastic strain energy, and 
dissipated energy in fractured granite during triaxial 
loading under different confining pressures are displayed 
in Fig. 13. The curves of the total energy density under 
different confining pressures monotonically increase 
on the whole; the curves of the elastic energy density 
increase at first and then decrease; the curves of the dis-
sipated energy density first stabilize, and then gradually 
increase; without applying the confining pressure, the 
curves of energy density are relatively smooth, showing 
no residual strain energy. When applying a confining 
pressure, the elastic strain energy density and dissipated 
energy density fluctuate, and a significant residual strain 
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energy is stored. The greater the confining pressure on 
the fractured samples, the faster the growth in dissipated 
energy; before reaching the peak strength, the elastic 
strain energy is nearly equivalent to the total energy. In 
this stage, the damage to the samples is insignificant and 
the external work is mainly stored in samples in the form 
of elastic energy; when approaching the stress peak, 
damage occurs and the dissipation of energy increases, 
an effect that is exacerbated at the stress peak; moreover, 
the elastic strain energy is largely released.

  The concept of the energy storage limit (that is, the 
maximum of the elastic strain energy density) is intro-
duced. At a large energy storage limit, the more elastic 
strain energy is released, the easier various disasters 
such as rock bursts are induced. Therefore, using data 
in Fig. 14, the confining pressure effect of the energy 
storage limit of fractured granite under triaxial compres-
sion was evaluated. The results indicate that the energy 

(a) Confining pressure of 0 MPa (b) Confining pressure of 20 MPa

(c) Confining pressure of 40 MPa (d) Confining pressure of 60 MPa
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Fig. 13  Energy curve of fractured granite under triaxial loading under different confining pressures. a Confining pressure of 0 MPa. b Confining 
pressure of 20 MPa. c Confining pressure of 40 MPa. d Confining pressure of 60 MPa

0 20 40 60

0.0

0.5

1.0

1.5

2.0

m·J
M(

ti
mil

e
gar

ots
y

gre
n

E
-3

)

Confining pressure (MPa)

Linear fitting 

Test value

Y=0.0293X-0.0291

   R2=0.9702

Fig. 14  Relationship between energy storage limit and confining pressure

Page 11 of 15    167Bulletin of Engineering Geology and the Environment (2022) 81: 167



1 3

storage limit of fractured granite under triaxial compres-
sion increases linearly with the confining pressure.

2. The influence of the fracture length
  When the fracture dip angle and the confining pressure 

are fixed at 60° and 40 MPa separately, the change curves 
of the total energy, elastic strain energy, and dissipated 
energy in granite with different fracture lengths under 
triaxial loading were obtained, as shown in Fig. 15.

  At a fracture length of 10 mm, the changes in energy 
density are relatively smooth. To be specific, the curves 
of the total energy density and dissipated energy den-
sity gradually increase while that of the elastic energy 
density first increases, and then decreases; at a fracture 

length of 20 mm, the energy density rebounds in the post-
peak stage. According to the failure mode of samples, 
shear slip occurs in the post-peak stage and the stress 
fluctuates; at a fracture length of 30 mm, the total energy 
density continues to increase; however, the elastic strain 
energy density presents significant drops on three occa-
sions: these are separately attributed to the coalescence of 
opposite-wing cracks; coalescence of co-planar cracks; 
and reduction of the post-peak friction force and cohesive 
force between fragments of samples. At a fracture length 
of 40 mm, the curve of the total energy density gradually 
increases and that of the elastic energy density fluctu-
ates twice: the first event is induced by the coalescence 
of opposite-wing cracks; the second is triggered by the 

(a) Fracture length of 10 mm (b) Fracture length of 20 mm

(c) Fracture length of 30 mm (d) Fracture length of 40 mm
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Fig. 15  Energy density evolution curve of granite with different fracture lengths under triaxial loading. a Fracture length of 10 mm. b Fracture 
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rapid release of the elastic energy in the post-peak stage 
due to the coalescence of co-planar cracks and breaking 
of samples; with the growth of the fracture length, the 
elastic strain energy density decreases.

  According to the relationship between the energy stor-
age limit of fractured rock and the fracture length in 
Fig. 16, the strength and stiffness of rock decrease with 
increasing fracture length. Thus, even a low input energy 
can induce failure, implying a reduction in the energy 
storage limit, that is, the energy storage limit decreases 
linearly with the increase of the fracture length.

3. The influence of the fracture dip angle
At a fracture length at 30 mm and confining pressure 

at 40 MPa, the changes in the total energy, elastic strain 
energy, and dissipated energy in granite with different 
fracture dip angles under triaxial loading are displayed in 
Fig. 17. The triaxial loading process of granite samples 
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Fig. 17  Energy in granite with different fracture angles under triaxial 
loading. a Width of 1 mm and dip angle of 30°. b Width of 1 mm 
and dip angle of 60°. c Width of 1 mm and dip angle of 90°. d Width 
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with fractures can be partitioned into three stages: energy 
accumulation, dissipation, and release. In the loading pro-
cess, the total energy density globally increases while that 
of the elastic strain energy density first increases, and then 
decreases; the dissipated energy density remains stable at 
first and then gradually increases. The final residual elas-
tic energies in samples with different fracture dip angles 
account for similar proportions. By comparing the changes 
in energy density in samples with different fracture widths, 
it can be found that the main difference lies in the fact that 
the elastic strain energy density in samples with a wider 
fracture fluctuates to a significant extent. The peak elastic 
strain energy decreases with increasing fracture width. The 
wider the fractures, the weaker the capacity of rock to accu-
mulate energy and the faster the release of energy; when the 
elastic strain energy increases most, the dissipated energy 
slowly increases; however, the dissipated energy greatly 
increases when the elastic strain energy gradually drops 
post-peak. This suggests that the deformation of the speci-
mens is irreversible (post-peak) owing to crystal structures 
therein being severely damaged.

Figure 18 demonstrates the change in the energy storage 
limit of fractured granite under triaxial compression with 
the fracture dip angle. By comparing fractured samples 
with two different widths, the samples were found to have 
a low-energy storage limit when showing a large fracture 
width. The reason is that the stiffness and strength of sam-
ples decrease with the growth of the fracture width, thus 
reducing the energy storage limit. The energy storage limit 
first decreases, and then increases with increasing fracture 

dip angle. At a dip angle of about 60°, the energy storage 
limit drops to its minimum.

Conclusions

The original rock was sampled from underground power-
houses of Shuangjiangkou Hydropower Station in south-
west China to prepare the granite samples with differ-
ent shapes of fractures. On this basis, the changes in the 
stress–strain relationship, peak strength, etc. and the energy 
transfer during failure of granite with different shapes of 
fractures under triaxial loading was obtained. The main con-
clusions are drawn as follows:

1. The peak strength linearly increases with the confining pres-
sure; the peak strength under triaxial compression is much 
larger than that under uniaxial compression. The change of 
the confining pressure shows an insignificant influence on 
the elastic modulus; different fracture lengths exert gener-
ally coincident influences on the peak strength and on the 
elastic modulus: the two parameters both decrease with 
increasing fracture length; an increase of the fracture dip 
angle corresponds to the reduction at first and then growth 
of the peak strength and elastic modulus. The peak strength 
drops to a minimum at a fracture dip angle of about 60° and 
the wider the fracture, the more significant the change.

2. The branch cracks initiating at the crack tip mainly appear 
as the opposite-wing cracks, wing cracks, and co-planar 
cracks. The failure angle of fractured granite increases 
with the increase of the confining pressure; at a fracture 
length of about 10 mm, only co-planar cracks are gen-
erated (manifest as single shear failure). With increasing 
fracture length, the X-shaped shear failure predominates 
and the pre-fabricated fractures exert a greater influence 
on the failure mode; at fracture dip angles of 0 to 60°, the 
samples are mainly subjected to X-shaped shear failure 
and only single shear failure occurs at the dip angle of 90°.

3. The trend in the axial stress–strain curve of rock specimens 
under triaxial loading is similar to that of the elastic strain 
energy curve. The energy density fluctuates significantly and 
shows a significant residual strain energy; the energy storage 
limit of fractured granite linearly increases with the confin-
ing pressure and linearly decreases with increasing fracture 
length; moreover, the energy storage limit first decreases, 
and then increases as the fracture dip angle increases and 
decreases to its minimum at a dip angle of about 60°.
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