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Mechanical properties and energy evolution of jointed rock specimens
containing an opening under uniaxial loading
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Abstract: To investigate the impact of an opening and joints with different inclination angles on the mechanical response behavior, the energy
evolution characteristics, and distribution law of granite specimens, uniaxial loading tests were performed on the parallel jointed rock samples
with an opening. Results indicated an initial decreasing trend of the strength and deformation parameters, which later increases with increased
inclination angle, reaching minimum values when the inclination angle is 45°. Evolution curves of the elastic strain energy and dissipated en-
ergy with strain of the samples showed step-like gradual mutation characteristics. The peak total energy, peak elastic strain energy, peak dissip-
ated energy, and total input energy during the failure of the samples showed significant nonlinear characteristics with increasing inclination
angle. The opening and joints as well as the change of the inclination angle had significant influences on the proportion of the elastic strain en-
ergy of the samples prior to the peak, resulting in the difference of the distribution law of input energy. Moreover, the energy mechanism of the
sample failure was discussed. Results showed that the energy release was the internal cause of the sudden destruction of the entire rock mass.
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1. Introduction

Rock masses are typically natural geological materials ex-
hibiting nonlinearity, discontinuity, heterogeneity, and aniso-
tropy. After a long geological process, discontinuous struc-
tural planes such as joints, fissures, weak interlayers, holes,
and faults, with different geometries and scales, are ran-
domly distributed in the rock mass. During rock mass failure,
these discontinuities have a considerable influence on the
mechanical response, showing strong nonlinear characterist-
ics. As a result, evaluation of the deformation and failure fea-
tures of the rock mass in most underground engineering, such
as mining engineering, is difficult. However, rock deforma-
tion is essentially irreversible due to the energy transforma-
tion and transfer, and the final failure indicates an instability
state with the internal energy as the driving force [1-2]. The
damage evolution process of the loaded rock is bounded by
the energy conversion mechanism, and the rock demon-
strates discrepant energy conversion features in each loading
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stage. Hence, studying the law of engineering rock mass de-
formation and failure from the perspective of energy evolu-
tion is closer to the nature of rock mass failure, which can
provide a new perspective and scheme for solving rock
mechanics problems such as rock bursts, roof caving, and
large deformation of roadway surrounding rock.

Numerous theoretical and experimental surveys have been
performed to observe the mechanical properties of rocks and
the law of energy transformation and transmission during the
loaded rock deformation and failure. A lot of valuable
achievements have been derived. For instance, Xie et al. [3]
studied the rock deformation and failure from the energy
point and explained the energy dissipation and release fea-
tures in this process. Zhang et al. [4] established a self-re-
straint evolution model of energy transformation with axial
stress by analyzing the nonlinear relation among discrepant
energy transformation mechanisms and observed the law of
energy evolution in dry and wet red sandstone. Zuo et al. [5]
studied the entire process of deformation and failure in brittle
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rocks and proposed to use the energy drop coefficient to
characterize the parameters of rock failure. Li et al. [6] in-
vestigated the whole transformation process and energy evol-
ution mechanism among the total absorbed energy, elastic
strain energy, and dissipated energy of shale. Gong ef al. [7]
studied the evolution law of different types of energy during
rock tensile failure using various test methods. Liu et al. [8]
discussed the influence of saturation on strength parameters,
deformation characteristics, and energy evolution of Badong
formation mudstone, and then established the internal rela-
tionship among mechanical properties, energy evolution, and
microcrack development. Meng et al. [9] characterized the
energy accumulation, dissipation, and release behavior of
loaded rocks using characteristic energy density and energy
consumption ratio parameters. Chen et al. [10] comprehens-
ively considered the accumulation characteristics of elastic
strain energy before the peak point and its release features
after the peak point and established an evaluation index of
rock brittleness according to the entire process of elastic
strain energy evolution.

Previous researches have vigorously prompted the pro-
gress of rock energy theory in rock mechanics and enriched
and deepened the cognition of the mechanical response of
loaded rocks. However, existing research results mainly fo-
cus on the energy evolution law of loaded intact rocks, while
less emphasis has been placed on the energy evolution law of
jointed rock mass, especially those containing an opening un-
der loading, which is exactly the key to the failure mechan-
ism analysis and stability control of the surrounding rocks of
underground engineering caverns. Therefore, the energy
mechanism of strength weakening of the jointed rock mass
with an opening needs to be further studied. To that end, the
uniaxial compression tests are performed in the present art-
icle to study the energy evolution law of intact rock speci-
mens, intact rock specimens containing an opening, and join-
ted rock specimens containing an opening in the process of
deformation and failure. The analysis is done on the influ-
ence of the opening and joints with different angles on the
total energy, elastic strain energy, and dissipated energy.
Moreover, the action law of these factors on the energy stor-
age capacity, energy dissipation mechanism, and damage and
failure evolution mechanism of those samples is revealed.
The research results are of great theoretical value and engin-
eering significance for further understanding the damage and
energy evolution mechanism of jointed rock masses and im-
proving the energy theory system of rock mechanics.

2. Experimental

2.1. Specimen preparation and material properties

The granite samples used in the experiments are all
sourced from the Laizhou area, Shandong Province, China.
The tested granite was dense in texture without visible de-
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fects and was mainly composed of plagioclase, quartz, and
biotite. The intact cuboid granite samples were first pro-
cessed by the mechanical cutting method. During the ma-
chining process, all samples were cut in the same orientation
to avoid the impact of anisotropy on the results of the test.
Hence, identical, intact, and undisturbed granite samples with
anominal size of 100 mm X 35 mm x 35 mm (length X width
x thickness) were processed (Fig. 1(a)). The length-to-width
ratio of the tested samples was about 2.86, which conformed
to the testing standard of the uniaxial loading test recommen-
ded by the International Society for Rock Mechanics
(ISRM), which is a length-to-width ratio of 2.5-3.0 [I1].
Consequently, all specimens with a length-to-width ratio of
2.86 guarantee that the central part of the specimens is in a
uniform stress state.

(ll
/&(;) 3

inted sample with an opening

Fig. 1. Photos of different granite samples: (a) intact granite
sample; (b) intact samples containing an opening; (c) parallel
jointed samples with an opening.

After the intact samples were prepared, circular openings
and parallel joints were produced using an improved high-
pressure water jet cutting equipment. A circular hole of 10
mm in diameter was created in the central part of the intact
samples, which was called the intact sample containing an
opening (Fig. 1(b)). Further, two parallel joints with varying
inclination angles a (a = 0°, 15°, 30°, 45°, 60°, 75°, and 90°)
and symmetrically distributed with the circular opening as
the center were produced through the intact samples contain-
ing an opening, which was regarded as the parallel jointed
samples with an opening (Fig. 1(c)). For all parallel jointed
samples with an opening, the geometric dimensions of the
two parallel joints were the same, and the joints were approx-
imately 10 mm long and 0.8 mm wide. To obtain reliable and
accurate test results, all tested specimens had been polished
to guarantee parallelism and perpendicularity of the loading
surfaces and smoothness of the opening and joint surfaces
[12]. The nonlinearity and non-perpendicularity of the end
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faces of the specimens were controlled to be smaller than
0.02 mm, which meet the basic requirements of the rock
mechanics test and minimize the influence of the end friction
effect during loading [13].

The prepared samples were divided into several groups
and named according to sample type to better distinguish
them. Three samples were prepared for each group, which
was beneficial in obtaining reliable and convincing test res-
ults. In the sample number, Ul stands for the intact samples,
UC denotes the intact samples containing an opening, and the
digits followed by them represent the test serial numbers of
the samples. UCJ stands for the parallel jointed samples with
an opening, where the first and second digits behind it repres-
ent the inclination angle of the joint and the test serial num-
bers of the samples, respectively. From this point, we use the
nomenclatures UI, UC, UCJ to denote the intact samples, in-
tact samples containing an opening, and parallel jointed
samples with an opening, respectively.

The common physical and mechanical parameters of the
intact granite samples were obtained according to standard
rock mechanics test methods suggested by the ISRM [11].
The average unit weight, uniaxial compressive strength,
tensile strength, elastic modulus, and Poisson’s ratio of the
intact granite specimen were 2595 kg/m’, 251.27 MPa, 17.85
MPa, 34.61 GPa, and 0.21, respectively. Thus, it follows that
the granite possesses high strength, and exhibits a uniaxial
compressive strength to tensile strength ratio of approxim-
ately 14, which suggests that the granite samples belong to a
typical brittle or quasi-brittle rock type [14].

2.2. Testing facilities

The uniaxial loading test was performed with a TAW-
3000 rock mechanics servo-controlled testing machine. The
maximum axial bearing capacity of the test system ap-
proaches 3000 kN, and the loads and displacements of the
samples during loading can be automatically acquired and re-
corded by the loading equipment in real time. Moreover, the
machine can realize full curve drawing, and has the advant-
ages of various loading modes, stable equipment perform-
ance, and high control precision.

2.3. Testing procedures

The prepared sample was put on the test bench. The upper
and lower loading ends of the sample are evenly coated with
a layer of Vaseline and then pasted with a thin paper of the
same cross-section size. After that, two rigid steel blocks
were put amid the loading frame and the specimen to minim-
ize the friction effect between the sample and the loading
plate during the test. A vertical load of 2 kN was applied in
advance to guarantee full contact between the specimen end
face and the loading plate. When the loading begins, the ver-
tical load increased gradually until the specimen failure took
place. Uniaxial loading tests were performed using the dis-

placement-controlled mode under the constant loading rate of
0.1 mm/min (the corresponding strain rate was about 1.67 x
107 s™"). This low loading rate can eliminate the dynamic
disturbance of the testing machine on the samples and guar-
antee the quasi-static balance of the samples during the test
[15].

2.4. Energy calculation methods

Generally, the deformation and failure process of loaded
rocks is regarded as a closed system, i.e., it is assumed that
the rock has no exchange of heat with the outside during the
entire loading process. Thus, the energy driven by the extern-
al force is determined as

U=U4+U, 1)
where U, U,, and Uy correspond to the external energy input,
elastic strain energy, and the dissipated energy that is in
charge of the plastic deformation and cracks propagation of
rocks, respectively.

Given the reversibility of the elastic strain energy, U, and
U, of rocks can be computed with the knowledge of the
stress—strain curve under loading and unloading. It is gener-
ally believed that the energy released after unloading equates
to the elastic strain energy accumulated at the stress level
when unloading, and the reduction relative to the total en-
ergy under loading equates to the energy dissipated under the
stress level. Fig. 2 displays the schematic diagram of the link
between U, and Uy, in which the shaded area suggests the U,
accumulated in rocks because of deformation. The area en-
closed by the unloading elastic modulus £, stress—strain
curve, and the horizontal axis denotes the Uy. In a three-di-
mensional condition, the energy calculation formula per unit
volume of rock is defined as

U= jo ode; +f0 oade, + jo' o3des )
1 1 1
U.= Ea-lgel + 50'2&:2 + 50-385:3 €)

According to Hooke’s law, Eq. (3) can be transformed

into

U.= L[0'%+0'§+0'§—2v(0'10'2 +0'20'3+a'10'3)] 4)

2E,

where o; (i = 1, 2, 3) refers to the principal stress; &; (i =1, 2,
3) corresponds to the principal strain, and the lateral strain &,
and &; of the rock after compression are negative (the com-
pressive strain is positive); &, (i =1, 2, 3) suggests the corres-
ponding elastic strain; £, indicates the elastic modulus; and v
denotes the Poisson’s ratio.

To conveniently calculate the releasable U, per unit
volume, the unloading curve and the reloading curve of rocks
on the stress—strain curve are usually regarded to be basically
consistent, i.e., £, approximates E,. When computing U.,
which corresponds to any point of the stress—strain curve, it
can be defined pursuant to the stress value and elastic modulus
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Fig. 2. Relationship between the elastic strain energy and dis-
sipated energy in rock.

of that point. Therefore, for the uniaxial compression, the en-
ergy per unit volume of rocks is simplified as below:

U= fo oide, 5)
1
U.=~—0] 6
ZEOO—I ( )
U, is determined as
Us=U-U, (7

3. Analysis of mechanical properties
3.1. Axial stress—strain relationship

Fig. 3 presents the axial stress—strain curves of the intact
sample (UI) and the intact sample containing an opening
(UC) subjected to uniaxial loading. Shortly after reaching the
peak strength, the stress drops sharply to nearly zero with the
huge sound of specimen rupture. The stress—strain curve of
the Ul is in good accordance with the representative brittle
behavior model [16], which indicates that the granite speci-
men has strong brittle or quasi-brittle failure characteristics.
This is further confirmed by the final failure characteristic of
UI, which is a typical vertical splitting failure as shown in
Fig. 4. On the other hand, UI has an especially smooth stress—
strain curve before peak strength, whereas the stress—strain
curve of UC exhibits two noticeable stress drops prior to peak
strength, which suggests that the existence of opening en-
hances the plastic properties of the granite specimen.

Fig. 5(a) plots the stress—strain curves for the parallel join-
ted specimens containing an opening (UCJ) subjected to uni-
axial loading. Obviously, each specimen has a highly nonlin-
ear process of deformation and failure, but the stress—strain
curves of the samples are quite similar. Moreover, all speci-
mens reveal remarkable elastic-brittle failure features but
demonstrate a degree of plastic deformation close to the peak
strength.

Taking UCJ-15-3 as an example, the change process on
the stress—strain curve (Fig. 5(b)) of the specimen generally
consists of five stages: (1) initial compaction stage (OA4), (2)
elastic deformation stage (4B), (3) stable crack propagation
stage (BC), (4) unstable crack propagation stage (CD), and
(5) residual strength stage (after point D). Specifically, the
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Fig. 3. Axial stress—strain curves of the intact specimen, Ul,

and the intact sample containing an opening, UC, under uni-

axial compression test.

Fig. 4. Failure characteristics of the intact specimen under
uniaxial loading: (a) before failure; (b) after failure.

stress—strain curve in the initial compaction stage slightly
bends upward and develops nonlinearly (concave), suggest-
ing increasing axial stiffness induced by the compaction of
original microscopic or submicroscopic pores/cracks in the
specimens. The scope of this stage is primarily determined by
the defect population’s original defect density and geometric
features [17]. The stress—strain curves of the different
samples are observed to exhibit little difference. During the
stable crack propagation stage, stress concentration begins to
appear around the joint tip and/or opening in the specimen,
and cracks start to initiate and propagate stably when the
stress intensity factor in the local area reaches the critical
stress of crack initiation. Moreover, distinct stress drops are
observed at the stage of unstable crack propagation, imply-
ing rapid crack initiation, propagation, and coalescence in the
local area of the samples. After several stress drops, cracks
develop rapidly, cross, and penetrate each other to form mac-
roscopic fracture surfaces. The sample will reach its peak
strength quickly and brittle failure will appear accompanied
by an increase of axial deformation. The bearing capacity of
the specimen will then drop sharply. However, some samples
are not completely destroyed when the peak strength is
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Fig. 5. (a) Stress—strain curves of the parallel jointed samples with an opening and (b) schematic diagram of the stress—strain curve

stage division of the sample.

reached, and a short time lag occurs between the peak point
and the final failure point, primarily due to the friction of ser-
rated crack surfaces. The strength of the specimen is mainly
the residual friction along the fracture surface, and the de-
formation resistance is very small; hence, the deformation in
the residual strength stage is mainly characterized by the
shear sliding deformation along the localized zone. Note that
the residual strength stage is not remarkable on the stress—
strain curves of Ul and UC, but it only exists on the stress—
strain curves of some parallel jointed samples with an opening.

Comparing the stress—strain curves of the specimens, it
can be observed that the presence of the opening and joints in
UCIJ will change the stress—strain features of rocks partly, i.e.,
enhance the plastic properties of the granite. Moreover, the
stress—strain curves of these samples show a certain fluctu-
ation near the peak strength. For UCJ, the stress—strain curves
show multiple stress drops in the case of a small inclination
angle (such as 0° and 15°). As inclination angle increases, the
times of stress drops of the samples during deformation and
failure overall decrease, indicating that the plastic deforma-
tion behavior of the samples decreases with increasing in-
clination angle. Each large crack propagation in the sample
corresponds to a large stress drop on the stress—strain curve,
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Fig. 6.
strength; (b) elastic modulus.

and the difference in the shape of the stress—strain curve is
also an external manifestation of the different evolution pro-
cesses of the crack propagation in samples. Therefore, the
variation characteristics of the stress—strain curves can indic-
ate whether the rock mass has weak structural planes that can
influence its mechanical response.

3.2. Strength and deformation behavior

Fig. 6 illustrates the changes of the peak strength and
elastic modulus of UCJ with varying inclination angles, re-
flecting the effect of the inclination angle on the two mechan-
ical parameters. The intact sample has the largest peak
strength, reaching 251.27 MPa, whereas the peak strength of
the UC is decreased to 179.27 MPa with a reduction of
28.65% to the UL This indicates the remarkable impact of the
opening on the rock’s strength property. As shown in Fig.
6(a), the peak strengths of UCJ with inclination angles of
0°-90° are between 114.65 and 137.67 MPa, showing a re-
duction of 45.21%—54.37%, compared to UL The drastic de-
crease of the peak strength of UCJ indicates that the presence
of the opening and joints can significantly weaken the
strength property of the granite. This is mainly because the
opening and joints reduce the relative size of the specimen,
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Influence of inclination angle on the mechanical parameters of the parallel jointed samples containing an opening: (a) peak
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weaken the supporting capacity of the specimen, and intensi-
fy the stress concentration around the opening and joint tips,
making the specimen more prone to fracture. In addition, the
minimum and maximum peak strengths are reached at
around 45° and 90°, respectively. Overall, the peak strength
shows a nonlinear trend of initially decreasing and then in-
creasing as the inclination angle increases.

The elastic modulus (the mean slope of a straight line on
the stress—strain curve) of the Ul is highest with a value of
34.61 GPa, whereas the elastic modulus of the UC is 30.58
GPa, showing a reduction of 11.64% compared to UL Fig.
6(b) depicts the influence of the inclination angle on the
elastic modulus of UCJ subjected to uniaxial compression.
The elastic moduli of UCJ with inclination angles of 0°-90°
are between 21.94 and 26.63 GPa, which are reduced by
23.06%—-36.61%, compared to the UL. Additionally, with the
increase of inclination angle, the elastic modulus of UCJ var-
ies nonlinearly, i.e., the elastic modulus first decreases and
then increases, reaching the minimum and maximum values
when the inclination angles are 45° and 90°, respectively. In
general, the elastic modulus and the peak strength have a
similar change trend. However, the influence degree of the
opening and joints on the elastic modulus is noticeably less
than that on the peak strength.

In summary, the mechanical performance of granite is de-
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graded by the presence of the opening and joints and is af-
fected by the inclination angle. Moreover, the obtained ef-
fective mechanical parameters of the indoor jointed samples
appear to better forecast the mechanical performance of en-
gineering rock mass with specific approaches or criteria
(such as Hoek-Brown strength criterion), which can provide
important parameters for underground engineering construc-
tion, stability analysis of chamber surrounding rock, and op-
timization design of chamber support.

4. Energy evolution analysis
4.1. Energy evolution process and law

According to the above-mentioned energy calculation
methods, the evolution process of U, U,, and Uy of the
samples with strain can be obtained under uniaxial loading.
Figs. 7-8 show the evolutionary relationship of U, U,, and Uy
with strain for Ul (Fig. 7(a)), UC (Fig. 7(b)), and UCJ (Fig.
8). Basically, the energy evolution models of all samples are
relatively similar. Both U and U, show a nonlinear increase
as the load increases, in which U, shows a trend of first in-
creasing and then decreasing. On the other hand, U; in-
creases quite slowly before specimen failure and increases
sharply. Its value suddenly exceeds U, when the specimen
approaches failure.
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Fig.7. Stress—strain and energy evolution curves of (a) the intact sample and (b) the intact sample containing an opening.

However, there are some differences in energy evolution
characteristics of different samples. In the initial compaction
stage, the absorbed U and U, by all samples increase roughly
in a parabolic shape with strain. Uy grows in a flat ““S” shape
with strain and exhibits a higher growth rate compared with
U.. This phenomenon is more obvious in the energy curves of
UC and UCJ because the microcrack closure and friction in
the samples will consume most of the energy at this stage,
and the self-adaptive adjustment of the opening and joints to
the initial load will also consume energy. As the load in-
creases, the microcracks in the specimen gradually close, res-
ulting in the increase of the effective contact area. Moreover,
the self-adaptive adjustment of the opening and joints tends

to be stable. The growth rate of Uj starts to decrease, while
the growth rate of the U, begins to increase and gradually ex-
ceeds that of U and is basically the same as that of U. Dur-
ing the elastic deformation stage, U and U, have a nearly lin-
ear growing trend as strain increases, while Uy has a pro-
gressive slower growth rate and remains constant. The ab-
sorbed energy is mostly transferred into elastic strain energy
and stored in samples with very small energy dissipation. In
the stable crack propagation stage, one part of the work (total
input energy) exerted by external force on the specimen is
used to initiate, propagate, and coalesce cracks in samples,
while the remaining part is still preserved in the specimens as
elastic strain energy. Due to the brittleness of the granite
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sample, relatively few cracks are formed at this stage. U and
U. values still show an approximately linear increase with
strain, while Uj is basically unchanged. In the unstable crack
propagation stage, U and U, continually increase as the strain
increases. However, the growth rate of U, gradually slows
down and its value is maximized until it reaches the peak
point. The dissipated energy increases in a “step” shape from
the steady state, and its growth rate gradually increases. This

Strain

Stress—strain and energy evolution curves of the parallel jointed samples containing an opening: (a) @ = 0°; (b) @ = 15°

process is not obvious in UI, but it is more distinct in UC and
UCI. After the accumulated elastic strain energy reaches the
energy storage limit, the residual strength is instantly re-
leased and transferred to dissipated energy, leading to the
drastic increase of the dissipated energy, which is the energy
source of the specimen failure.

As seen from Figs. 7-8, the evolution curves of the U, and
Uy with strain of UI are relatively smooth, while that of UC
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and UCJ show step-like gradual mutation characteristics.
This phenomenon suggests that the internal stress of Ul is
quite uniform in the process of deformation and failure.
Moreover, the observed behavior implies that the local stress
concentration does not occur and the cracks are uniformly
distributed. The cracks suddenly penetrate to form a macro-
scopic rupture surface, resulting in the failure of specimens,
which belongs to a typical damage cumulative induced muta-
tion failure mode. However, the internal stress distribution of
the UC and UCJ is uneven. Obvious stress concentration will
be formed at the joint tips and around the opening, causing
cracks to begin to initiate, expand, and coalesce, which fi-
nally leads to the overall failure of the specimens. This is a
typical progressive damage and failure mode. Therefore, the
characteristics of energy evolution provide a method to fur-
ther understand the rock energy conversion mechanism.
Table 1 shows the total input energy of the three kinds of
samples under uniaxial loading and the calculated values of
the total energy, elastic strain energy, and dissipated energy
when stress—strain curves reach the peak. The total input en-
ergy is observed to be the largest for UI (1.016 MJ/m®), fol-
lowed by UC (0.643 MJ/m?), showing a decrease of 36.71%,
and finally by UCJ with a total input energy value between
0.323 and 0.467 MJ/m®, which is 54.04%—68.21% lower than
that of Ul. Consequently, the total input energy of UCJ is sig-
nificantly less than that of Ul, which indicates that the open-
ing and joints in the sample greatly weaken the overall

Table 1. Energy values of the samples under uniaxial loading
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strength of the sample, thus reducing the energy consump-
tion in the process of deformation and failure. The highest
peak elastic strain energy is achieved by UI (0.912 MJ/m’),
followed by UC (0.526 MJ/m®) with a reduction of 42.32%,
and finally followed by UCJ with a peak elastic strain energy
in the range of 0.286-0.356 MJ/m’, which is 60.96%—
68.64% lower than that of UL The peak elastic strain energy
can be used as the energy storage limit of the sample to re-
flect its ability to accumulate elastic deformation energy and
resist damage, while the opening and joints seriously weaken
the energy storage limit of the sample. UCJ with different in-
clination angles and stress states exhibit different energy stor-
age limits. UT has the highest strength and the maximum en-
ergy storage limit, while the energy storage limits of UC and
UCJ have declined to varying degrees compared to UL In
particular, the energy storage limits of UCJ are relatively
small with an inclination angle of 45°. The smaller the en-
ergy storage limit of the sample, the more likely it is to be
driven by energy and damage. In addition, compared with the
intact rock mass, the jointed rock mass has far weaker energy
storage and rapid energy release capacity. Because of this,
rock bursts are more likely to occur during the excavation
process of underground chambers in the intact hard rock
mass. In turn, the result has led to the use of loosening blast-
ing in the advanced borehole to create fractured zones in the
intact rock mass, thus greatly reducing the probability and in-
tensity of rock bursts in chambers.

MJ/m?

Specimen Peak total energy Peak elastic strain energy Peak dissipated energy Total input energy

UI-2 0.941 0.912 0.029 1.016

UC-3 0.632 0.526 0.106 0.643
UClJ-0-2 0.384 0.320 0.064 0.413
UCJ-15-3 0.419 0.337 0.082 0.426
UCJ-30-1 0.405 0.344 0.061 0.467
UCJ-45-3 0.298 0.286 0.012 0.323
UCJ-60-1 0.361 0.335 0.026 0.364
UCJ-75-2 0.385 0.356 0.029 0.397
UCJ-90-1 0.432 0.356 0.076 0.457

Fig. 9 presents the variation trends of the total energy,
elastic strain energy, and dissipated energy at peak points and
the total input energy of UCJ as a function of inclination
angle. It can be seen that all four kinds of energy of UCJ
showed an overall trend of decreasing at first and then in-
creasing as the inclination angle increases, reaching the min-
imum values when a = 45°. Therefore, the energy absorption
and utilization efficiency of the jointed rock mass is closely
correlated with the inclination angle, which will lead to dif-
ferent energy release characteristics when the jointed rock
mass is damaged. The observation results can be applied to
dynamic disasters (such as rock bursts, collapse, spalling, and

roof fall) monitoring [18]. Moreover, the changing trend of
energy has a good correspondence with the trends of strength
and deformation parameters (Fig. 6) of UCJ, which appears
to reflect the intrinsic connection between the energy proper-
ties and mechanical performance of rocks.

The above analysis indicates that elastic strain energy and
dissipated energy jointly determine the failure process in the
brittle granite. Even with similar lithology, the energy evolu-
tion of samples will still vary because of the existence of the
opening and joints and the change of the inclination angle.
Owing to the original damage resulting from the artificial
opening and joints and the dissipated energy caused by the
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Fig. 9. Evolution of energy values of the parallel jointed
samples containing an opening with the inclination angle.

crack initiation and propagation at the joint tips and near the
opening in the process of deformation and failure, the energy
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absorption capacity of UCJ is greatly weakened. In other
words, the opening and joints have a significant energy
weakening effect on the granite.

4.2. Energy distribution law

For different types of specimens, the distribution propor-
tions of the energy parameters will be different while con-
verting external total energy input to the elastic strain energy
and dissipated energy, which may affect the deformation and
failure mode of the samples. Because the sum of the propor-
tions of the elastic strain energy and dissipated energy to the
total input energy equates 100%, only the curves of the elast-
ic strain energy proportion versus strain for the samples dur-
ing the process of deformation and failure are given (Fig. 10),
which reflects the joint effect of the energy distribution law
of the samples.
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Fig. 10. Variation of the proportion of the elastic strain energy with strain of the samples: (a) the intact sample and the intact
sample containing an opening; (b) the parallel jointed samples containing an opening.

In general, the energy distribution modes of all samples
are similar. The proportion of the elastic strain energy is gen-
erally higher than that of the dissipated energy prior to the
peak point, i.e., the energy input into the samples is mostly
stored as elastic strain energy. Nevertheless, there are also
cases where the proportion of the elastic strain energy is less
than or similar to that of the dissipated energy. The opening
and joints have little influence on the energy distribution pro-
portion, which indicates that all samples have similar energy
transformation laws in the pre-peak loading process and are
dominated by energy accumulation. Specifically, as the spe-
cimen is subject to loading, the proportion of elastic strain en-
ergy is close to 100%, which is caused by the adjustment of
the specimen to the load. At this time, the stress level is not
enough to close the original microcracks, and energy dissipa-
tion does not appear. The proportion of elastic strain energy
is relatively small at the initial compaction stage and gradu-
ally increases after the specimen enters the elastic deforma-
tion stage. Due to the brittle characteristics of the granite, the
proportion of the elastic strain energy suddenly decreases

when the specimen is near failure. Moreover, the proportion
of the dissipated energy has an opposite change trend with
the elastic strain energy, and the proportion of dissipated en-
ergy is larger due to the closure and friction of the original
microcracks at the primary compaction stage. However, as
load increases, the proportion of the dissipated energy gradu-
ally stabilizes at a lower level, and suddenly increases be-
cause of the propagation and coalescence of macrocracks.
The minimum elastic strain energy proportions of UI and
UC at the initial compaction stage are 13.79% and 8.81%, re-
spectively, and the maximum elastic strain energy propor-
tions at peak strength are 96.97% and 83.21%, respectively
(Fig. 10(a)). The minimum elastic strain energy proportions
of UCJ with inclination angles of 0°-90° in the initial com-
paction stage are between 10.03% and 18.43%, and the max-
imum elastic strain energy proportions at peak strength are in
the range of 80.42% and 96.05% (Fig. 10(b)). It can be seen
that the opening and joints and the change of inclination
angle have great influences on the proportion of the elastic
strain energy prior to the peak point. Moreover, some differ-
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ences are observed in the distribution law of the input energy.
Before reaching the peak, the curve of the elastic strain en-
ergy proportion versus strain of Ul grows smoothly, and
there is almost no sudden change in the dissipated energy.
However, the curves of the elastic strain energy proportion
versus strain of UCJ fluctuate in different degrees, which cor-
responds to the stress characteristics of the samples, reflect-
ing the influence of the opening and joints on the energy stor-
age of the samples in the process of deformation and failure.
The energy accumulation efficiency of UC and UCIJ is not as
good as that of UL. When UC and UCJ approach failure, the
main cracks will propagate along with the joint tips and
around the opening, and the elastic strain energy will be re-
leased in quantity. The fractured rock blocks will slip and rub
along the main cracks, the dissipated energy will increase,
and the axial strain and lateral strain will increase signific-
antly [19]. After the fractured structure of the sample is re-
constructed and stabilized, the sample reaches the residual
strength and still has a certain energy accumulation ability.
However, the energy accumulation efficiency is remarkably
lower than that before the peak point.

4.3. Energy mechanism of the sample failure

The energy dissipation of specimens caused damage to the
internal structure of the samples, leading to a gradual decline
of the bearing capacity of the sample to ultimate instability
and failure. It can be seen that the specimen instability and
failure are closely related to its internal energy dissipation,
and thus, can represent the damage degree of the samples.
Taking the sample UCJ-30-1 for example, on the basis of the
evolution law of the dissipated energy of UCJ, the sample
damage and failure process roughly consists of four stages,
namely, initial damage stage, stable damage stage, unstable
damage stage, and unstable failure stage (Fig. 11).

(1) Initial damage stage (I). A small amount of energy dis-
sipation occurs during the compaction process of the original
microcracks, and the dissipated energy has a slight increase
as load increases. However, the overall damage degree of the
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Fig. 11. Segmentation of energy evolution of the parallel join-
ted samples containing an opening.
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specimen is low. Moreover, one part of the energy input from
external force gets lost as dissipated energy, while the re-
maining energy is preserved in the specimen as elastic strain
energy. In general, the dissipated energy at this stage sur-
mounts the accumulated elastic strain energy.

(2) Stable damage stage (II). After the original micro-
cracks are almost compressed, the specimen enters the stable
damage stage. The dissipated energy evolves approximately
horizontally with increasing load and the dissipated energy is
small, indicating that the damage degree in the specimen is
still relatively low. However, the elastic strain energy in-
creases linearly as the load increases and the total input en-
ergy from the external force is mostly transformed to elastic
strain energy and preserved in the specimen. This stage is the
main energy storage stage of the sample.

(3) Unstable damage stage (IIT). When the load increases
to a certain extent, the stress concentration formed around the
opening and joint tips becomes prominent, which will result
in the initiation and propagation of cracks. The damage of the
sample begins to develop rapidly in this stage. Furthermore,
the curve of the elastic strain energy accumulated in the spe-
cimen deviates from the total energy curve and drops steeply.
Accordingly, the dissipated energy curve changes abruptly
from the approximate horizontal evolution to a sudden in-
crease in the “step” shape. The damage inside the specimen
develops unsteadily, and cracks may appear intensively.

(4) Instability and failure stage (IV). As the bearing capa-
city of the sample reaches its peak strength, the sample be-
gins to enter the instability and failure stage. The elastic strain
energy stored in the specimen will be released quickly, the
cracks further expand and penetrate to form macroscopic
fracture surfaces, and the strength failure occurs, showing ob-
vious brittleness characteristics. The dissipated energy in-
creases suddenly and sharply, the elastic strain energy drops
rapidly to nearly zero, and the elastic strain energy curve and
the dissipated energy curve basically coincide.

The above-identified stages can well reveal the damage
evolution feature of UCJ during deformation and failure. Es-
sentially, the instability and failure of rock mass in under-
ground engineering are induced by the driving action of en-
ergy. The evolution process of energy accumulation and dis-
sipation in the rock mass is closely correlated with the gesta-
tion process of engineering disasters. The relative proportion
of energy accumulation and dissipation directly determines
the intensity and level of destruction of the engineering dis-
asters. If a rock mass is prone to accumulate high elastic
strain energy and has a strong energy release capacity, the
possibility and intensity of induced engineering disasters will
be greatly increased.

The rock deformation and failure process is complicated,
from local damage to partial failure and final catastrophic in-
stability, with significant nonlinear characteristics (Fig. 12).
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In addition, for rock mass under any stress state, there is a
limit value of energy storage. Once this limit value is
reached, rock mass becomes unstable and destroyed. In other
words, the deformation and failure process of rocks proceeds
with energy input, accumulation, and dissipation. This signi-
fies that energy plays a fundamental role in this process.
Therefore, from the perspective of energy, three characterist-
ic conditions are probably required for the dynamic failure of
brittle rock mass in engineering [20]: (1) there is a good deal
of elastic strain energy preserved in rock mass; (2) the rock
mass reaches its energy storage limit; and (3) the energy re-
lease must be sharp and massive during rock mass failure.
Energy dissipation induces damages to rock mass and trig-
gers local degradation and strength loss, while the energy re-
lease can be considered as the internal cause of the sudden
destruction to the whole rock mass. Therefore, rock mass
failure is a necessary consequence of the sudden release of
energy in the rock mass, which is a sudden change of energy
dissipation under certain conditions [3,21].
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Fig. 12. Illustration of the link between rock deformation and
failure process and energy evolution.

In engineering practice, the stress path of rock mass from
one stress state to another is often very complicated. Rock
masses with different initial stress states experience different
stress paths when they reach the same energy state. When the
slope of the energy path from the initial stress state to the en-
ergy storage limit state is large, the rock mass has ap-
proached the critical level in the high energy storage condi-
tion [20]. In this case, the rock mass can easily release strong
energy under engineering disturbance or external disturb-
ance, which consequently results in dynamic disaster. There-
fore, the key to disaster prevention and control in rock engin-
eering is to avoid the formation of high stress (energy) con-
centration in the surrounding rock of key parts of the project
[22-24]. On the other hand, fracture development areas often
refer to arecas where joints are developed and the hydraulic
conductivity of rock mass is enhanced. Joints in the sur-
rounding rock have a strong induction effect on chamber in-
stability, and the opening of rock joints may increase the in-
flow of water, thus affecting the long-term and short-term
stability of caverns [19,25]. Because the energy storage limit
of jointed rock mass is far less than that of intact rock mass,
and thus, immediate supports, such as anchor cables, rock-

bolts, and shotcrete, in fracture development areas are re-
quired.

5. Conclusions

(1) The stress—strain curve of the parallel jointed samples
with an opening generally consists of five stages: (1) initial
compaction stage, (2) elastic deformation stage, (3) stable
crack propagation stage, (4) unstable crack propagation
stage, and (5) residual strength stage. The strength and de-
formation parameters of the parallel jointed samples with an
opening decrease as the inclination angle increases from 0° to
45°, and increase as the inclination angle increases from 45°
to 90°, reaching the minimum and maximum values when the
inclination angles are 45° and 90°, respectively. Significant
nonlinear characteristics are exhibited.

(2) The total energy and elastic strain energy show a non-
linear growth trend as the load increases. The elastic strain
energy grows first and then decreases. However, the dissip-
ated energy increases very slowly before the specimen fail-
ure and suddenly exceeds the elastic strain energy as the
sample approaches failure. The evolution curves of the elast-
ic strain energy and dissipated energy with strain of the intact
sample are relatively smooth, and the evolution curves of the
two types of energy with strain of the intact sample contain-
ing an opening and the parallel jointed samples containing an
opening show step-like gradual mutation characteristics.

(3) The opening and joints in the sample weaken the over-
all strength and reduce the energy consumption during the
failure of the sample. The peak total energy, peak elastic
strain energy, peak dissipated energy, and the total input en-
ergy of the parallel jointed samples containing an opening
first decreased and then increased as the inclination angle in-
creases, with the smallest values achieved at the inclination
angle of 45°.

(4) The opening and joints have a significant energy
weakening effect on the samples. Moreover, the opening and
joints with different inclination angles have great influences
on the proportion of the elastic strain energy of the samples
before the peak point, resulting in the difference in the distri-
bution law of input energy. In addition, energy dissipation
damages rock mass and triggers local degradation and
strength loss. The energy release is considered as the internal
cause of the sudden destruction of the whole rock mass.
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