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Experimental study on I/ll/lll mixed
mode fracture characteristics

of a combined rock mass

under creep loading
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I/1I/IIl mixed mode fractures of intersecting joint fissures often occur in natural rock masses, and
jointed rock masses are prone to rockbursts in deep underground engineering when subjected to
long-term crustal stresses. However, most studies of the mechanical mechanisms of these intersected
joints have been conducted by simplifying two-dimensional joint model tests. Furthermore, the
fracture mechanisms of two-dimensional intersected joints under tension and compression are
completely different from those of three-dimensional joints. This paper presents a novel prefabricated
specimen with combinations of intersecting joints capable of detecting the failure behaviours of rock
I/1I/IIl mixed mode fractures under creep loading. Uniaxial compression and multistage creep tests
are performed on prefabricated sandstone specimens with intersecting joints of 0°/0°, 0°/30°, 0°/60°,
and 0°/90°. The experimental results show that with the increase in the number of prefabricated
intersecting joints, the uniaxial compressive strength and elastic modulus values of the sandstone
specimens gradually decrease. In addition, the sandstone specimens experience relatively few AE
events and minor axial strain variations in the first creep stage and the second creep stage of the
multistage creep test. The axial strain increases sharply due to the sharp increase in the number of AE
events in the third creep stage. The 0°/60° sandstone specimen undergoes accelerated creep failure,
resulting in mixed X-shaped tensile—shear rupture. The RA value is high based on the quantification
of the creeping cracks using the acoustic emission parameters of the rise angle (RA) and average
frequency (AF). The AF values of the 0°/0°, 0°/30°, and 0°/90° sandstone specimens are high. The
experimental results show that a larger joint intersection angle leads to greater mutual restraints

and greater effects of prefabricated crack propagation in the rock specimens, thus increasing the final
failure strength. Finally, based on the acoustic emission count, a characteristic variable D suitable

for characterizing the creep damage evolution of a joint rock mass is established. The findings of this
paper can facilitate an effective understanding of the creep effect of I/Il/Ill mixed mode fracture and
its micromechanism. The research results will have a certain reference value for the detection and risk
mitigation of instantaneous and time-delayed rockbursts.

Keywords Sandstone, Two sets of persistent joints, Creep experiment, Acoustic emission (AE), Fracture
pattern

When a tunnel engineering project is implemented under soft rock mass conditions, unexpected disasters such
as landslides, rockbursts, and large deformations may occur'~. Soft rock masses such as sandstone often con-
tain multiple groups of mutually intersecting joints, exhibiting complex structural characteristics?, as shown in
Fig. 1. Under the long-term action of high crustal stresses in deep rock masses, the existing joint surface or fault
undergoes shear slip, generating new cracks with time’. Importantly, due to the existence of open cracks and
shear—slip cracks, the strength of the original rock mass is reduced by 10-50%?°. Thus, the mechanical behaviours
of intersected joints must be further studied to effectively guide support design and stability analysis for rock
mass engineering.
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Figure 1. A two-dimensional projection of tunnel with the heavily jointed rock mass.

Types of cracks

Fracture mechanics adequately account for the mechanical behaviours of these jointed rock masses. In classic
theory, cracks are divided into three basic types according to the geometric relationship between the external
force action line and the crack surface’, as shown in Fig. 2: type I fractures (the tensile opening mode) are sub-
jected to tensile stress perpendicular to their surfaces; type II fractures (the in-plane sliding/shear mode, or the
in-plane shear type) are subjected to shear stress parallel to their surfaces and perpendicular to their leading
edges; and type III fractures (the tearing/out-of-plane mode, also known as the out-of-plane shear type) are
subjected to shear stress parallel to their surfaces and their leading edges. Ayatollahi et al.® studied the type I
fracture toughness values of white marble centre-crack disc samples with different radii. The test results show
that the apparent fracture toughness values of the samples increase with increasing size. By conducting a static
loading test on semicircular Brazilian disk (SCB) and Brazilian disk specimens with vertical prefabricated cracks,
Omidimanesh et al.’ concluded that the type I fracture toughness (K;¢) is not affected by the prefabricated verti-
cal crack length and compared the test results with the numerical model results established by PFC2D. Bahrami
etal.!” conducted a type II fracture toughness test using double-edged grooved Brazilian disk (DNBD) specimens
and compared the predicted results of the theoretical model with the experimental data based on the mathemati-
cal model established with consideration of the fracture process zone and energy release rate (ERR). Bahrami
et al.!! discussed the true type II fracture toughness values of rocks via the double-sided notched Brazilian disk
test (DNBD). Theoretical analysis revealed that large compressive stress values in DNBD samples significantly
promote the formation of true type II fractures. Simultaneously, three types of rock (limestone, marble, and
granite) were tested with the new method for two true type II fractures with different toughness and length
values. Aliha et al.!? investigated the fracture toughness values of white marble specimens with pure type I and
pure type II fractures. The average type II fracture toughness (Ky;) is significantly greater than the type I fracture
toughness (K.). The type II fracture toughness test data are estimated using generalized maximum tangential
stress theory and type I fracture toughness test data. Khan et al.'? investigated the effects of diameter, thickness,
fracture length and fracture type on the fracture toughness measurements using semicircular limestone samples
under three-point bending for the Brazilian disc test. The results show that the specimen diameter and crack
type strongly influence the fracture toughness. However, the effects of the loading rate, crack size and specimen
thickness on the fracture toughness seem to be negligible. Pietras et al.'* measured the type III fracture toughness
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Figure 2. Three basic types of crack propagation (Chang et al., 2002).
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with a three-point curved beam, and the test results showed that the type III fracture is obvious and sensitive to
notch depth. The type III fracture toughness is greater than the type I fracture toughness. Although the above
studies are focused on type I tensile failure, type II shear failure, or type I-II tensile shear mixed failure, there
are few studies on type III tear failure and type I-II-III mixed failure, mainly due to the complexity of laboratory
testing, which cannot guarantee the generation of a specific failure mode.

Time dependency of rocks

The damage and rupture of rock are time dependent, and some scholars have used continuum materials, such
as intact rock and rock masses, for research. Paraskevopoulou et al.'* conducted relaxation tests on two types of
limestone, measuring stress—time responses at different load levels and revealing three distinct stages of stress
relaxation. The rate of stress relaxation in the first stage gradually decreases, the rate of stress relaxation in the
second stage tends to be constant, and stress relaxation in the third stage no longer occurs. Guessous et al.'®
carried out a radial prestrain axial compression creep test of rock salt, and the test results showed that the creep
response of salt is strongly affected by preloading in the short term. However, this effect decreases with increas-
ing plastic deformation, suggesting that large creep strains may eventually lead to a complete loss of preloaded
memory. Schapery'” developed constitutive equations through nonequilibrium thermodynamics, rate process
theory, and viscoelastic fracture mechanics, which represent viscoelasticity, viscoplasticity, growth damage, and
ageing, respectively. The change in damage is considered an internal state variable, and the expressions of the
scalar state variable and tensor state variable are compared. Bérest et al.'® conducted a creep test on rock salt
under a 0.1 MPa uniaxial load in an underground mine chamber and crushed the salt sample under a 0.24 MPa
uniaxial load. After 6 months, the typical steady-state strain rate reaches — 2.4 x 1072 s™!. Hamza'? conducted
multistage uniaxial and triaxial creep tests on the ageing characteristics of argillous siltstone. The results show
that the instantaneous strain and creep strain are proportional to the deviatoric stress and confining pressure.
The relationship between axial strain and time is successfully fitted to the Burgers creep model. Roberts et al.?’
applied triaxial cyclic loading creep tests on rock salt to simulate periodic compressed air energy storage in salt
caverns, and cyclic triaxial creep tests were conducted under different load paths, including compression-stretch-
ing. Sinkala et al.?! suggested that intact rock specimens are susceptible to rockbursts and that the rockbursts
are not transient rock mass failures caused by increased mining stress; the scholars proposed a creep damage
model capable of accounting for time-sensitive rockbursts. However, natural rock masses have anisotropic and
discontinuous joints, and the deformation of rock masses is greatly affected by the joints in tunnels excavated in
these rock masses. Joint opening, displacement and/or development deformation often occur over long periods.
Hence, it is difficult to evaluate the time-dependent deformation of a jointed rock mass.

This paper presents a method suitable for rockburst testing with mixed type I-II-III failure modes and
evaluates the differences in crack modes under different intersecting joint angles (¢) by conducting uniaxial
compression tests and multistep creep tests of sandstone with intersecting joints (joint angles ¢ =0°, 30°, 60°,
and 90°). Then, acoustic emission (AE) parameters are used to study the spatiotemporal deformation damage
evolution characteristics of sandstone samples with intersecting joints during multistep creep tests. Moreover,
the creep fracture types are analysed. Finally, the existing damage characterization formula is improved based
on the acoustic emission test parameters. The research findings provide a theoretical basis for the long-term
stability assessment and monitoring of fissured rock masses and crack propagation trends in underground
engineering projects.

Methodology and experimental work

Sample preparation

Based on on-site sampling and geological data, the sample material used was natural light yellow fine-grained
feldspar sandstone (Yunnan, China), with a porosity of 10+ 0.5% and a mineral composition of 40% quartz, 30%
plagioclase feldspar, 10% calcite, 17% clay, 2% potassium feldspar and 1% anhydrite. After investigation, the
stratigraphic structure in the study area is mainly composed of Upper Paleozoic and Mesozoic, and siltstone is
the main lithology. The Upper Paleozoic strata are Paleozoic strata, mainly distributed in the southern part of the
study area. Mesozoic strata are middle Paleozoic strata, mainly distributed in the northern part of the study area.
Siltstone is a kind of sedimentary rock composed of fine grained sand and stone, which has high compactability
and weathering resistance. Through laboratory analysis, the siltstone shows the following characteristics: fine
particles, mainly composed of quartz sand and mica; Large block size and compact grain structure; Low porosity
and poor water permeability; High compressive strength, suitable for building materials.

Then, the rock collected on site was processed to obtain 60 x 25 x 100 mm cubic specimens, the rock mass
joints were simulated by using a water jet system to cut 30-mm-long and 1-mm-wide slits in the specimens, 4
types of anisotropic joint samples were prepared by changing the joint inclination angle (¢ =0°, 30°, 60°, and
90°), and the P-wave velocity of the natural sandstone sample was measured to be approximately 1.97-2.12 km/s.
In the tunnel excavated in the on-site rock mass shown in Fig. 3a, the surrounding rock on the right exhibited
two typical cross joints, which were simplified to two 60 x 25x 100 mm cube specimens bonded with epoxy
resin glue for ease of indoor experimental investigation. These cross joints are shown in Fig. 3b. Red represents
a specimen with a joint inclination angle ¢ =0°, and green represents a specimen with a joint inclination angle
¢ =60°, which are bonded together to form sandstone specimens with intersecting joints.

Experimental methodology

Changes in temperature could influence the creep test results??. Thus, all the tests were performed at a constant
room temperature of 26°. A servo-controlled TAW2000 triaxial creep testing machine was used to evaluate the
joint specimens, as shown in Fig. 4. The maximum axial load of the testing machine was 2000 kN. The loading
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Figure 3. Schematic diagram of model setup: (a) tunnel with the two typical cross joints (b) simplified rock
specimen with the two sets of cross-persistent joints.
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Figure 4. Servo-controlled rock creep testing machine.
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cylinder and the pressure sensor were at the top of the testing machine. Many layers of rigid cushion blocks were
at the bottom of the testing machine. Moreover, the specimens were placed between the loading cylinder and
the rigid cushion block. The final friction effect of the specimens influenced the test results®’. Thus, the upper
and lower ends of the specimen were coated with Vaseline. In all experiments, the axial strain was continuously
measured using the LVDT displacement sensor, the pressure sensor on the top of the testing machine recorded
the load on the specimen, the loading cylinder was servo-controlled to provide a stable load for a long time
during rheological testing, and the maximum range of variation of the load was + 5 N. Some scholars have car-
ried out rock damage indoor tests by considering acoustic emission (AE) parameters®**?>. We installed acoustic
emission (AE) sensors on the front and rear surfaces of the specimen to monitor the evolution of crack damage
throughout the process. To improve the positioning accuracy of the AE and to accurately calibrate the sound
velocity, a lead break test was needed. The test showed that the threshold was required to be set below 5 mV to
control environmental noise in acoustic emission acquisition.

Considering that the nonuniformity and anisotropy of the natural rock mass structure could produce different
mechanical behaviours and affect the test results, to reduce the discreteness of test results under the same loading
conditions, many of the specimens from the same batch of rock masses were subjected to repeated creep load-
ing for long periods. In addition, possible midpoint obstacles, such as power failure and test equipment failure,
took considerable time input from test personnel and test specimens. Thus, to overcome the above problems,
we performed a multistep loading creep test on a specimen to obtain relatively accurate test results***”. Before
performing the creep test, a uniaxial compression test with a constant strain rate of 1.0 x 10~° s™! was carried out
on the sandstone, and the short-term deformation and failure characteristics of the sandstone were obtained.
As listed in Table 1, the uniaxial compressive strengths of the sandstone samples with intersecting joint were
0c0°/0°=33.93 MPa, 6c0°/30°=28.57 MPa, 6c0°/60° =26.88 MPa, and 0c0°/90° =22.16 MPa, respectively, and
the uniaxial strengths of these samples could provide a reference for creep stress levels in the later stages.

Brace et al.”® and Heap et al.?? suggested that there was a crack damage starting point for rock deformation.
Zhu et al.* suggested that the creep load should be set to a value higher than 60% of the uniaxial compressive
strength of the rock and that the rock below this value would not undergo creep damage. Therefore, we divided
the stress levels of the multistep loading creep test into three phases: the first stage (11.67 MPa < 60% of the UCS),
the second stage (25 MPa>60% of the UCS), and the third stage (38.34 MPa=100% of the UCS). At the begin-
ning of the period, the rock specimen was loaded to the predetermined stress level of 11.67 MPa at a constant
rate of 5 MPa/min. Then, the loading stress was held constant, and the rock specimen was allowed to deform for
18 min. After 18 min, the rock specimen was still loaded to the predetermined stress level of 25 MPa at a rate of
5 MPa/min. When the stress reached a high stress level of 25 MPa, a constant stress was maintained for 18 min,
and the rock crept at this stage. After 18 min, the rock specimen was subjected to quasistatic loading at the same
rate of 5 MPa/min, and the stress level was 38.34 MPa. The rock specimen underwent accelerated creep rupture
at this stage, and some specimens did not reach a stress of 38.34 MPa and failed during quasistatic loading. The
damage and rupture evolution of the rock could be reflected by measuring the axial strain, output AE energy,
acoustic emission ring count, duration, rise time and amplitude values that were recorded for each test.

Results

Uniaxial compression test

To determine the stress level of the multistep creep test, we first carried out a uniaxial compression test on a
sandstone sample with a single joint, as shown in Table 1. The angles of different prefabricated crack defects
were 0° 30°, 60°, and 90°. The sandstone specimen strengths of a single crack defect were o,p-=33.25 MPa,
O.300=20.15 MPa, 040-=22.01 MPa, and 04p- = 28.93 MPa, and the elastic moduli were Ey.=5.91 GPa, E;;-=2.94
GPa, E4»=4.93 GPa, and E,»-=5.01 GPa. As shown in Fig. 5, with increasing joint inclination angle, the strength
and elastic modulus values of the sandstone specimens with single joints first decreased rapidly and then
increased slowly, and the whole strength and elastic modulus curve was U-shaped. This curve arose because
when the prefabricated crack defect angle was 30°, the specimen was susceptible to shear—slip failure, the peak
strength was close to the minimum value, and the specimens at other angles still had a certain bearing capacity
after the peak. The sandstone specimens with different intersecting joint angles of 0° and 0°, 0° and 30°, 0° and
60°, and 0° and 90° had strengths of 6 e 1nq oo =33.93 MPa, O ¢° anq 30- = 28.57 MPa, Gcpe g 60> = 26.88 MPa, and
Ocpe and 900 = 22.16 MPa, respectively, and elastic moduli of Eg g oo =6.19 GPa, Eqe 14 300 =4.65 GPa, Ego g gpo=4.11
GPa, and Eg. g 90> = 3.49 GPa, respectively. According to the test results, with increasing angle of the intersecting
joints, both the strength and elastic modulus of the intersecting joint specimen decreased. The prefabricated inter-
secting joint angle was 0°, and the joint gradually closed during the loading process. At this time, the specimen
was similar to the intact rock; thus, the specimen had the highest strength. When the angle of the prefabricated
intersecting joints was 30° or 60°, it was close to the shear failure angle of the nondefective sample. Specifically,
the specimen body was susceptible to shear failure at this angle. When the angle of the prefabricated intersect-
ing joint was 90°, some of the joint angles were parallel to the loading direction, resulting in tensile failure. The
strength of shear failure was greater than that of tensile failure.

Uniaxial multistep loading creep test with different joint angles

Due to the heterogeneity of natural rock, the indoor test results of rock specimens were highly discrete. Thus, in
the uniaxial creep test performed on specimens with different joint angles, we used a multistep loading method,
where different stresses were loaded on each specimen. Table 2 shows the results of the creep tests on the sand-
stone samples with intersecting joint angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90° in three loading stages of stress,
namely, 11.67 MPa (30% of the UCS), 25 MPa (65% of the UCS) and 38.34 MPa (100% of the UCS). By taking
the 0°/30° specimen as an example, we determined that the strain increased by 0.435 x 10~ in 18 min in the first
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1 — 0 24.72 60.15 119.82 33.25 591
2 . 30 2491 60.25 119.95 20.15 2.94
3 \ 60 24.86 60.45 119.86 22.01 4.93
4 90 25 59.6 120.05 28.93 5.01
1-1 . 0/0 49.18 59.61 119.11 33.93 6.19
1-2 ’ 0/30 50.11 60.70 120.07 28.57 4.65
1-3 . 0/60 49.37 60.21 120.00 26.88 4.11
1-4 . 0/90 50.05 59.8 119.4 22.16 3.49

Table 1. Physical and mechanical parameters of the different joint combination sandstone samples. 1-1 Joint
inclination 0°/0° in red color, 1-2 Joint inclination 0°/30° in red and white color, 1-3 Joint inclination 0°/60° in
red and green color, 1-4 Joint inclination 0°/90° in red and brown color.
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Figure 5. Quasi-static uniaxial compressive strength and elastic modulus of sandstone specimens under
different joint inclinations.
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The first creep The second creep The third creep
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(MPa) (107%) (minute) (MPa) (1073) (minute) (MPa) (1073) (minute) type

0&0

4.85
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Three-stage

Failure
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4.48

creep

Three-stage

Failure
8 25 0.73 18 34.27 10.895 1.25 during load
process

11.67 0.435

—

0 & 60

3.79

creep

Three-stage

Accelerat-

11.67 0.77 18 25 0.54 18 38.34 10.645 14 .
ing creep

0& 90

5.54

creep

Three-stage

Failure
11.67 0.25 18 25 0.729 18 33.98 11.25 1.97 during load
process

Table 2. Results of creep tests for sandstone specimens with different joint inclinations.

creep stage and by 0.73 x 10~ in 18 min in the second creep stage. Furthermore, the predetermined stress level
was not reached in the third creep stage, and instantaneous failure occurred. The 0°/60° specimens had different
results; the strain increased by 0.77 x 107® in 18 min in the first creep stage and by 0.54x 10~ in 18 min in the
second creep stage. In addition, accelerated creep failure occurred after 14 min of the third creep stage. Appar-
ently, the strain change of the 0°/30° specimen increased in the first two creep stages, while the strain change
of the 0°/60° specimen decreased in the first two creep stages, indicating that the final failure mode could have
occurred from the trend of the creep strain change.

The axial stress, axial strain and AE energy curves of the sandstone specimens with intersecting joint angles
of 0°/30° in the uniaxial creep test are shown in Fig. 6; the red bar graph corresponding to the left axis shows
the degree of damage of the sandstone specimen under creep expressed by the AE energy. As shown in Fig. 6a,
in the first step, the specimen was loaded to 11.67 MPa (40% of the UCS) and underwent creep for 18 min. As
shown in Fig. 6b, during this period, the specimen strain increased from 10.145x 10~ to 10.58 x 10~ (increased
by 4.28%), and no obvious acoustic emission signal appeared, indicating that the rock did not undergo creep
damage under the condition of 11.67 Mpa (< 60% of the UCS) in the first step. As shown in Fig. 6a, during the
second step, the specimen was loaded to 25 MPa (65% of the UCS) and underwent creep for 18 min. As shown
in Fig. 6b, during this period, the specimen strain increased from 11.77 x 10~ to 12.5x 10~ (increased by 6.2%),
followed by a third loading. Significant acoustic emission occurred during loading, and the specimen underwent
instantaneous failure at 42 min. At this time, the strain peaked at 23.395x 103, and the acoustic emission energy
peaked at 3.95x 107 a].

Figure 7 shows the axial stress, axial strain and acoustic emission (AE) energy curves of a 0°/60° combined
sandstone specimen under uniaxial creep. As shown in Fig. 7a, in the first step, the specimen was loaded to
11.67 MPa (43.9% of the UCS) and underwent creep for 18 min. The corresponding strain increased from
9.31x 107 to 10.08 x 10~ (increased by 8.27%), as shown in Fig. 7b. At this stage, no significant acoustic emission
signal appeared. In the second step, as shown in Fig. 7a, the specimen was loaded to 25 MPa (93% of the UCS) and
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Figure 6. The curves for the AE released energy of the rock sample with the two sets of cross-persistent joints
(0°/30°): (a) AE released energy vs. stress-time curve; (b) AE released energy vs. strain-time curve.

underwent creep for 18 min under a constant stress, and the corresponding strain increased from 11.25x 10~ to
11.79x 107 (increased by 4.8%), as shown in Fig. 7b. The third loading process started at t=40.75 min, as shown
in Fig. 7a. When the loading stress reached 38.34 MPa, the stress at this time was already greater than 100%
of the UCS of 26.88 MPa, followed by creep. When ¢=>56.25 min, Fig. 7a and b show that the stress decreased
sharply from 38.34 MPa, and the strain increase changed from the original slow increase to a rapid increase. At
this time, the specimen lost its continued bearing capacity, the strain reached a maximum value of 23.52x 1073,
and the specimen underwent accelerated creep failure. According to the above experimental results, when the
specimen was loaded to a stress level greater than the uniaxial strength UCS, the specimen could still bear the
load, indicating that the current rock engineering design was conservative for the uniaxial strength UCS. Fur-
thermore, the engineering bearing capacity could be determined according to the long-term strength of rock.
Figure 7b shows that the acoustic emission energy was continuously output in the third creep stage, and the
acoustic emission energy reached a maximum value of 130 x 1076 aJ, indicating that creep damage continued to
occur in the specimen.

Spatiotemporal evolution of typical AE acoustic emissions

To a certain extent, the spatiotemporal distribution of AE acoustic emission could reflect the damage evolution
of the rock creep process, and Fig. 8 shows the three-dimensional spatial positioning results of the AE events
of sandstone samples with intersecting joint angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90° under the same three-stage
load. A small number of AE events were sparsely distributed in the sandstone samples after the initial loading
time of =3 min, indicating that the 0°/0° ~ 90° combined intersecting joint initially had little effect on the
unstable growth of cracks under low stresses. However, there were significant differences in the distributions of
AE events at the end of the first creep stage at =15 min for specimens with different intersecting joint angles,
and there were few AE events for the 0°/0° specimens. The AE events of the positioned 0°/60° specimens were
clustered in the lower left corner, and the AE events of the positioned 0°/90° specimens were clustered in the
upper right corner, indicating that stress concentration occurred in these regions. At the end of the second creep
stage, t=30 min, as the creep loading level increased, the AE events of the 0°/60° specimens were highly clustered,
forming an X-shaped region. The AE events of the 0°/90° specimens were approximately clustered in the upper
right corner, forming a distinct shear plane. Compared with the axial stress, axial strain and acoustic emission
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Figure 7. The curves for the AE released energy of the rock sample with the two sets of cross-persistent joints
(0°/60°): (a) AE released energy vs. stress-time curve; (b) AE released energy vs. strain-time curve.

(AE) energy curves in Fig. 7, the spatiotemporal evolution of AE acoustic emission in Fig. 8 could reflect the
internal damage characteristics of the first and second stages of creep, although the AE energy and axial strain
values reflected in the first and second stages of creep in Fig. 7 were poor. The AE events of the 0°/0° and 0°/30°
specimens were relatively uniform and sparse, indicating that the internal damage was uniformly distributed
during this period. In the third creep stage, the 0°/0°, 0°/30°, and 0°/90° sandstone specimens were not loaded to
the predetermined value of 38.34 MPa and failed; in particular, the 0°/90° sandstone specimens had shear surfaces
obviously composed of AE events, indicating that the shear stress was clustered in this direction. Nevertheless,
the 0°/0° and 0°/30° AE events were relatively uniformly and sparsely distributed, indicating that there was no
stress concentration. The 0°/60° specimen underwent accelerated creep at t=>56.25 min. Finally, an X-shaped
tensile—shear mixed fracture zone consisting of AE events was formed. Based on the above results, when the
intersection angles of the prefabricated joints of the specimen were small or parallel, the two prefabricated joints
had little influence on each other during the creep process, and the final rupture process was very mild. However,
when the intersection angle of the prefabricated joints of the specimen was large, unpredictable accelerated creep
failure was very likely to occur, and the resulting rupture process was violent.

Rupture mode

The crack propagation modes of the rock samples could be divided into 3 categories: tensile cracks (type I), shear
cracks (type II) and mixed tear cracks (type III). Figure 9 shows the macroscopic failure modes of sandstone
samples with different intersecting joint angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90°, where T and S represent tensile
cracks and shear cracks, respectively. According to Fig. 9a, the failure cracks of the two specimens of the 0° and
0° sandstone specimens were similar, the specimen was compressed at the beginning, a stress concentration was
generated along both ends of the 0° prefabricated crack, and a typical upwards type I tension crack T gradually
appeared along the loading direction. In the subsequent third loading stage, due to the lateral expansion of the
specimen, type II shear crack S further expanded and developed into a U-shaped crack. In addition, the acoustic
emission positions at 0°/0° in Fig. 8 also indicate that crack propagation mainly occurred in the upper part of the
specimen. The specimens observed from the side (Y-axis direction) did not separate, indicating that two identi-
cal prefabricated joints of 0°/0° had little effect on each other during loading. Figure 9b shows two specimens
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Figure 8. The time histories of AE localization of the creep rock sample with the two sets of cross-persistent
joints.

of the 0°/30° sandstone specimen after creep loading and failure. The ¢, =30° specimen first underwent a type
I tension crack T near the prefabricated crack because the tensile strength of the rock was much lower than the
compressive strength, and the stress concentration around the prefabricated cracks created a tensile region®.
Under the loading action, the stress concentration of the original crack tip gradually shifted toward the upper
and lower ends of the specimen with the propagation of the tension crack T. In contrast, the ¢ =0° specimen
deformed and expanded in the X-axis direction under the action of loading in the third stage so that the stress
acting on the parallel loading direction at both ends of the 0° prefabricated crack was gradually deflected, and
the type I tension crack T gradually transformed to the type II shear crack S. Notably, area A of the specimen
was partially peeled off due to the vertical tension crack T in the side view (Y-axis direction), which indirectly
caused the type Il mixed tear crack to generate a shear stress crack (the green arrow in Fig. 9b).

Figure 9c shows the morphologies of two specimens of the 0°/60° sandstone specimen after creep load-
ing and failure. The figure shows that type I tension crack T appeared near the prefabricated crack of the two
specimens ¢, =60° and ¢, =0° because as the load increased, the tensile stress near the prefabricated crack
increased®. When the tensile strength was exceeded, cracking parallel to the loading direction occurred at the
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(b) failure mode

(a) failure mode

(c) failure mode (d) failure mode

Figure 9. Rupture modes of sandstone specimens with the two sets of cross-persistent joints for different
angles: (a) ¢, =0°, @3=0° (b) @, =30° ¢=0% (c) ¢, =60° @=0% (d) ¢, =90° @=0°.

stress concentration point near the prefabricated crack. When the type I tension crack T expanded to a certain
length, the stress concentration point shifted away from the tip point of the prefabricated crack, and the creep
deformation and expansion of the specimen caused the crack to further propagate. However, at this time, the
stress direction was deflected due to the expansion deformation of the specimen, the prefabricated crack direc-
tion of the specimen ¢, =60° was close to the shear failure angle of the nondefective specimen, and the specimen
crack further expanded at this angle, eventually accelerating creep failure to form X shear cracks. The ¢z =0°
prefabricated crack specimens were influenced by the failure of the ¢, = 60° specimens, and eventually, X-shear
cracks also formed, indicating that the shear stress generated by the ¢, =60° specimens acted on the ¢z =0°
specimens. As shown in Fig. 9c, the type III mixed tear crack B area appeared on the sides of the ¢, =60° and
@p=0° specimens, which could be attributed to the resultant force of the shear stress that produced X-shear
cracks on the ¢, = 60° specimen; the reaction stress on the ¢, =60° specimen was generated by the compressive
expansion of the specimen ¢z=0° (indicated by the green arrow in area B).

As shown in Fig. 9d, the two 0°/90° sandstone specimens had similar failure modes after creep loading and
failure. The failure modes were apparent along the shear failure in the oblique direction (approximately 45°)
from the upper left to the lower right, which was similar to the changes in the AE events of the 0°/90° sandstone
specimens shown in Fig. 8. A vertical type I tension crack T appeared near prefabricated cracks with ¢, =90°
and @, =0° because tensile stress occurred in these sites at the beginning of loading. When the loading stress
increased, the type I tensile cracks and T cracks gradually grew under the action of long-term tensile stress at
these sites. Notably, ¢, =90° did not eventually undergo vertical cracking in the parallel loading direction, indi-
cating that the tensile stress of ¢, =90° was influenced by ¢, =0° deformation. Specifically, the resultant force
direction of ¢, =90° horizontal tensile stress and ¢=0° vertical compressive stress was 45°, where the shear
cracks were very likely to grow. The sides of the two specimens, ¢, =90° and ¢ =0°, were also type III. The mixed
tear crack C area bonded together before loading and separated after the two specimens failed.

Discussion

Quantification of creep cracks according to the rise angle (RA) and average frequency (AF)
methods

According to the results of the creep loading test, crack growth occurred in jointed rocks, and in Reference®,
image technology was employed to identify the degree of rupture under creep loading in single-jointed sand-
stone. In Reference®, loading and unloading cycle creep tests were performed on sandstone, and the axial strain
rate and lateral strain rate were used to represent the degree of rock crack evolution. The above results only
qualitatively accounted for the tensile cracks and shear cracks in rock failure during the creep process and did
not quantitatively explain the effects of tensile cracks and shear cracks on rock creep failure. Studies showed
that the RA-AF value in acoustic emission could be used to quantitatively characterize crack types in material
structures®. When the jointed rock underwent deformation under the pressure load, tensile cracks formed at
the site where the joint stress was concentrated. Strain energy was released in the form of a stress wave®®, which
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was received by AE sensors. As shown in Fig. 10a, typical rock fracture resulted in a stress waveform, with blue
curves representing the P and S stress waves and red representing the threshold value set for AE noise filtering to
receive a valid signal. An acoustic emission stress wave had multiple wave peaks. When multiple peaks exceeded
the set threshold, these peaks were counted as ringing AE counts (C), and the time interval elapsed between the
first peak crossing the threshold and the last peak decreasing to the threshold was called the duration time (DT)
(in ps), where the average frequency AF in acoustic emission was as follows:

AF = Counts/Duration, kHz (1)

As shown in Fig. 10a, the stress waveform occurred under typical rock fracture. There were also two impor-
tant parameters. One important parameter was the rise time (RT) in ps, which represents the time elapsed from
the waveform initially crossing the threshold to the maximum amplitude. The other important parameter was
the maximum amplitude (A) in mv of the waveform, where the rising angle RA in the acoustic emission was as
follows:

RA = Rise Time/Amplitude, ms/V (2)

As shown in Fig. 10b, rock specimens primarily underwent two modes: tensile failure and shear failure under
the action of load. The X-axis represents the RA value, the Y-axis represents the AF value, and the green line in
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Figure 10. AE parameters characterization and tensile-shear crack classification method: (a) AE waveform
associated with rock fracture; (b) typical fracture modes based on RA and AE
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the middle represents the classification boundary of tensile failure and shear failure. If the values of the points
(RA, AF) fell within the upper part of the dividing line, the rock had a tensile crack, and if the values of the
points (RA, AF) fell within the lower part of the dividing line, the rock had a shear crack. Specifically, the tensile
mode corresponded to a high amplitude and had a short rise time and duration time, resulting in a low RA and
high AF In contrast, the shear mode showed a relatively low amplitude, with a long rise time and duration time,
resulting in relatively high RA values and low AF values®”*.

To analyse and study the influences and mechanisms of sandstone samples with different intersecting joint
angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90° on the propagation of cracks, we analysed the fracture modes of differ-
ent intersecting joint specimens in the uniaxial compression test and uniaxial creep test from two perspectives:
rising angle (RA) and average frequency (AF). As shown in Fig. 11a, different intersecting joints of the 0°/0°,
0°/30°, 0°/60°, and 0°/90° specimens had uniform distribution ranges of AF values and RA values under the same
uniaxial loading conditions. The maximum AF value was 1500 kHz, and the maximum RA value was 4.5 ms/V.
This finding indicated that even if different intersecting joints were combined, little differences arose among the
final damage degrees of the specimens. The specimens were arranged in ascending order of intersecting joint
size after complete damage. The tensile events accounted for 42%, 44%, 47% and 49% of the total events, and the
shear events accounted for 58%, 56%, 53% and 51% of the total events for the 0°/0°, 0°/30°, 0°/60°, and 0°/90°
specimens, respectively. There was little difference between the numbers of shear events and tensile events. As a
result, many specimens underwent macroscopic tensile shear failure after uniaxial loading®. After the creep test,
as shown in Fig. 11b, the 0°/0°, 0°/30°, and 0°/90° intersecting joint specimens (RA, AF) had additional tensile
crack zones; the range of RA was 0~ 5 ms/V, and the range of AF was 0 ~ 1500 kHz. With increasing intersect-
ing joint angle, the acoustic emission signal points occupied 55.9%, 62.3% and 70.5% of the tensile crack zones
for the 0°/0°, 0°/30°, and 0°/90° specimens, respectively. Thus, the final failure modes of the 0°/0°, 0°/30°, and
0°/90° intersecting joint specimens were dominated by tensile failure after the multistep creep stage. Accord-
ing to Fig. 9a, many tensile cracks formed near the horizontally prefabricated joints. As shown in Fig. 9b, the
@4 =30° specimen had tensile cracks near the prefabricated joint that eventually propagated to the top under the
action of long-term prolonged loading. The ¢, =30° specimen underwent apparent tensile cracking from top to
bottom on its sides. According to Fig. 9d, the 0° and 90° intersecting joint specimen had many tensile cracks on
the surface, and the middle crack gaps of the side specimen were large. The RA and AF distributions in Fig. 11b
also show that the RA value distribution of the 0°/60° intersecting joint specimen was wide. Moreover, the RA
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Figure 11. Variation in AF vs RA values with the two sets of cross-persistent joints for different angles: (a)
uniaxial compressive tests; (b) uniaxial creep tests.
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range was 0 ~ 10 ms/V, which was approximately two times greater than the RA value distribution ranges of the
other specimens. This finding indicated that the 60-degree specimen had additional shear cracks and that the
specimens at other bedding angles had additional tensile cracks.

Improved damage law based on acoustic emission parameters

According to the AE energy-time and strain—time curves shown in Figs. 6 and 7, different intersecting joints in
the multistage creep process were found to have nonnegligible effects on the damage and deformation character-
istics of the specimen. The 0°/0°, 0°/30°, and 0°/90° intersecting joint specimens finally underwent tensile failure
under instantaneous loading, while the 0°/60° specimens finally underwent hysteresis-accelerated creep failure.
To quantify these damage trends, many scholars have made enormous efforts in recent years. Zhu et al.* believed
that the rock would develop maximum compressive principal strain once damaged. The specific expression is
provided in Eq. (3). Here, the range of D was 0 ~ 1, and the larger the value was, the more severe the damage.

2
g

&

D=1- 3)

We substituted the maximum compression principal strain data of the creep tests performed on specimens
with different intersecting joints—0°/0°, 0°/30°, 0°/60°, and 0°/90°—into Eq. (3) to obtain the damage trends.
As shown by the points marked by pink diamonds in Fig. 12, the D gradually increased from 90% to 97.9% with
increasing intersecting joint angle. It was clear that an overly high value was unreasonable. Yang et al.** defined
the damage variable by calculating the ratio of the area damaged after rock loading to the area not damaged
before loading, as shown in Eq. (4):

D= Acrack
Atotal

(4)

where A, and A, ., are the area of the microcracks and the total area of the specimens, respectively. Equation
(4)was used to calculate the rupture area after specimens with different intersecting joints underwent creep, as
shown in Fig. 9. As shown by the black square points and dashed lines in Fig. 12, the derived D value increased
from 2.11% to 3.72% with increasing intersecting joint angle, and the calculated damage D value was small. This
result arose because the secondary cracks and fine shear cracks in the image could not be identified, and this
crack damage accounted for a large proportion of the total damage, indicating that the method of identifying
damage using images should be improved.

According to the law of conservation of energy, rock loading is the process of storing energy, and rock damage
and failure are the processes of releasing energy. Some scholars believe that damage or crack propagation during
the rock loading process occurs in the form of dissipative energy*'. Wang et al.** fitted the experimental data
by establishing a relationship between the rock damage variables and the variations in the dissipative energy of
cyclic loading and unloading. Chen et al.** defined the rock damage variable D by the dissipation energy at any
time in the rock loading process and the dissipative energy corresponding to the peak intensity of the rock, as
shown in Eq. (5):
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Figure 12. Relationship between the modified damage variable D and the joint inclinations.
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The dissipative energy data derived from the creep tests of specimens with different intersecting joint angles
of 0°/0°, 0°/30°, 0°/60°, and 0°/90° were substituted into Eq. 5 to calculate the D value. As shown by the red cir-
cular points and dashed lines in Fig. 12, with increasing intersecting joint angle, D gradually increased, and the
value range was 82.2% ~ 96.5%. Compared with the rupture mode at the end of creep in different intersecting
joint specimens in Fig. 9, the D value was greater. In fact, rock damage mostly occurred internally, and acoustic
emission monitoring was an effective method for detecting the occurrence of microcracks in rock samples under
stress*. Zhao et al.* introduced the characteristic parameter of the acoustic emission-ringing cumulative count
into the expression of damage variables. Due to the creep test on different intersecting joints, the specimen
stress was constant, and the strain gradually increased over time. Thus, we improved the damage variable in

Reference®, as shown in Eq. (6):
C,
D=1—(1—ﬁ>x d 6)

Crotal

where ¢, is the residual deformation of the specimen after creep, €,,,, is the peak strain of the specimen, C, is the
cumulative count of the acoustic emission ringing at a certain moment, and C,,, is the cumulative count of the
acoustic emission ringing throughout the process of creep. Equation (6) was used to calculate the post-creep
damage D values of specimens with different intersecting joint angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90°, which
were 38%, 56%, 77% and 63%, respectively, as shown by the blue triangular mark points-dashed lines in Fig. 12.
Due to accelerated creep failure at the final stage of 0°/60° creep loading, as shown in Fig. 9¢, both ¢, =60°
and ¢p=0° developed X-type shear cracks. No oblique cracks (approximately 45°) formed in the specimen
after multistep creep*. This finding indicated that the intersection of the joints of the specimens inhibited and
influenced the crack growth of any single prefabricated joint. A larger joint intersection angle led to a stronger
impact. When ¢, =60°, the joints tended to shear at the joint angle, but when ¢;=0°, joint inhibition caused the
corresponding inhibitory stress to occur in the normal direction at a joint angle of ¢, = 60°; thus, the joint stress
concentration point propagated in one additional direction under the action of the inhibition stress. When a
type III mixed tear crack appeared on the side of the specimen under creep loading, the crack propagation stress
aggravated the crack propagation in this direction, and finally, the specimen became increasingly fragmented.
Thus, the calculated D value was the largest. The accelerated creep failure of rock in engineering was difficult
to predict, but a combination of rock joint angles could be used to predict hazardous areas prone to accelerated
creep failure in advance, which could play a role in reducing engineering risks.

Based on the visualization results, when two different intersecting joints were combined (0°/30°, 0°/60°, and
0°/90°), type III mixed tear cracks occurred, and the 0°/60° specimens were susceptible to accelerated creep failure
and finally to X-type fracture. However, the other specimens were susceptible to either instantaneous splitting
failure or instantaneous shear failure. This result arose because the 60-degree specimens tended to undergo
shear, leading to additional shear cracks. It took time for the shear stress to reach a high value, but the tensile
stress quickly reached its strength. Finally, the 60-degree specimen tended to undergo hysteresis accelerated
creep failure. The analysis showed that the effect of fracture on the specimens was affected mainly by the spatial
relationship between the intersecting joints and the principal stress. The stress states parallel and perpendicular
to the joint could directly affect the shear and tensile strengths of the joint and the relative sliding of different
rocks along the joint, respectively. However, the stresses parallel and perpendicular to the joint had opposite
effects on the differential deformation and interface damage and sliding characteristics.

Under the intersecting joints (0°/30°, 0°/60°, and 0°/90°), the specimens exhibited strong instantaneous rock-
burst tendencies, and the 0°/60° specimens exhibited time-delayed rockburst tendencies. Creep accelerated as the
critical level of damage was reached, causing the 0°/60° specimen to fail. This result could explain why rock failure
instability always occurred at some time when there was no external influence that could account for changes
in the stress distribution. Thus, the two rockburst types were attributed to the accumulation of creep cracks and
damage in rock specimens under a combined contribution of the creep stress state and inclination angle.

Conclusions

In this study, uniaxial compression and multistep stress creep tests were conducted on sandstone specimens
with different intersecting joint angles ¢ (joint angles ¢ =0°, 30°, 60°, 90°). Acoustic emission (AE) parameters
were used to characterize the spatiotemporal damage evolution characteristics of the time-dependent strain and
fissure propagation of sandstone specimens. Moreover, these parameters were used to quantify the type I-II-III
mixed failure damage values of sandstone specimens with intersecting joints (joint angles ¢ = 0°, 30°, 60°, 90°).

(1)  The uniaxial compressive strength and elastic modulus values of the sandstone specimens with a single crack
defect at prefabricated crack angles of 0°, 30°, 60°, and 90° first decreased and then increased, exhibiting a
U-shape with increasing prefabricated crack angle. Different intersecting joints changed this trend, and the
uniaxial compressive strength and elastic modulus values of sandstone specimens with different intersect-
ing joint angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90° gradually decreased with increasing prefabricated crack
angle.

(2) After the multistep creep load (initial stage of 11.67 MPa (< 60% of the UCS), intermediate stage of 25 MPa
(>60% of the UCS)), the specimens with a joint angle of ¢ = 60° underwent accelerated creep failure under
a third creep load of 38.34 MPa (> 100% of the UCS) of 26.88 MPa for 14 min, and the rupture of the
@ =60° rock specimens exhibited an X-shaped shear mode. The specimens with joint angles of ¢ =0°,
30°, and 90° all underwent instantaneous failure during the third loading process, and the two specimens
with joint angles of ¢ =0° both underwent a splitting tensile failure mode. For the specimens with joint
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angles of ¢ =30°, one specimen underwent a split tension failure mode (¢, =30°), and the other specimens
underwent an oblique shear failure mode (@5 =0°). All specimens with joint angles of ¢ = 90° underwent
an oblique shear failure mode. After failure, the specimens with joint angles of ¢ =30°, 60°, and 90° had
type I tension cracks T, type II shear cracks S and type III mixed tear cracks.

(3)  Acoustic emission technology could adequately characterize the microscopic damage evolution of sandstone
during creep. The temporal evolution of the AE events coincided well with the axial creep curve, and the
specimen with a joint angle of ¢ = 60° underwent accelerated creep failure in the third creep stage. Finally,
the AE events formed an X-type tensile—shear mixed rupture zone, and the acoustic emission energy
peaked at 130 x 107° aJ. The prefabricated joints had small intersection angles or were parallel, had little
mutual influence during creep, and eventually ruptured very mildly. However, when the intersection angle
of the prefabricated joints of the specimen was large, unpredictable accelerated creep failure was very likely
to occur, and the resulting rupture was violent.

(4) The RA-AF method could effectively characterize the damage failure modes of sandstone specimens with
intersecting joint angles of 0°/0°, 0°/30°, 0°/60°, and 0°/90°, and the distributions of the AF and RA values
were basically equal under the same uniaxial loading conditions, indicating that the failure modes of the
sandstone specimens were dominated by tensile—shear failure. After the multistep creep test, with increas-
ing intersecting joint angle, the 0°/0°, 0°/30°, and 0°/90° sandstone specimens exhibited acoustic emission
signal points that occupied 55.9%, 62.3% and 70.5% of the tensile crack zone, respectively. The final failure
modes of the intersecting joint specimens were dominated by tensile failure. Since the waveform shape
parameter RA of the 0°/60° sandstone specimen remained high, the average frequency of the AF parameter
was low, and finally, X-type shear fracture occurred.

Summary

There are various joints in natural rock masses, which develop and activate during underground engineering
construction due to stress disturbance and long-term ground stress. The development of joints can lead to vari-
ous disasters, such as rockbursts. To date, however, most scholars have performed detailed research on type I-1I
cracks. The study of type III cracks is limited by experimental conditions. Herein, we determine the I-II-III
mixed failure damage evolution characteristics of the time-dependent strain and fissure propagation of sandstone
specimens with intersecting joints (joint angles ¢ =0°, 30°, 60°, 90°). Different intersection joints affect and con-
strain each other during the force process, and eventually, different macroscopic ruptures occur. The specimens
with joint angles ¢ =0°, 30°, and 90° all undergo instantaneous failure during the third loading cycle. However,
the specimen with a joint angle ¢ = 60° undergoes accelerated creep failure. The research results have a certain
reference value for the early warning and risk mitigation of instantaneous and delayed rockbursts.
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