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cc Initial point of elastic deformation
cd Dilatancy onset
ci Terminal point of elastic deformation
D Region between cd and failure
Es Elastic modulus
F, f1, f» Strength parameters of the exponential strength criterion
I; Point of existence of a stress drop
I Initial point of existence of a stress drop
L Length of the rock bridge
M, N Strength parameters of Mohr-Coulomb’s strength criterion
N Number of pre-existing flaws
O Initial point of pore compaction
UCS Uniaxial compressive strength
XRD X-ray diffraction
o Angle of the pre-existing flaw
B Angle of the rock bridge
€1c Axial peak strain
e3¢ Circumferential peak strain
&yc Volumetric peak strain
£1cd Axial strain of the dilatancy onset
&3¢q Circumferential strain of the dilatancy onset
&ved Volumetric strain of the dilatancy onset
o1¢ Peak strength (when o3 =0 MPa, o1 = UCS)
01cd Axial stress of the dilatancy onset
@ Internal friction angle

1. Introduction

The engineering rock mass contains some faults such as joints, initial fissures, and weak boundaries in general, and
the new cracks easily initiate under disturbance [1-7]. The existence of these defects causes the rock material to present
obvious heterogeneity and discontinuity under multiple external loads, which seriously affects the engineering behavior of
rock mass [8-10]. For example, in the slope construction of highway, railway, and dam, the weak faults in the bedrock are
ceaseless to evolve to form the fracture plane under the impact of pore water and long-term rain erosion, which results
in layered deformation and failure in slope [11-15]. In tunneling and mining engineering, the full development of fissures
causes damage on geotechnical structure to form the underground watercourse, which results in the inrush of clay and
water [16-24]. Therefore, investigating the mechanical behaviors of fissured rock is significant to ensure their geotechnical
stability [25,26].

About fissured rock, numerous geotechnical scientists and predecessors carried out lots of experiments and numerical
simulations to investigate its mechanical behavior, in which they obtained remarkable achievements and contributions. The
main concern is the effect of fissure geometrical distribution on the mechanical behaviors fissured rock, including flaw
parameters of number, angle, and length, as well as rock segment bridge parameters of angle and length [27-35]. These au-
thors not only discussed the variation of mechanical parameters, but also revealed the mechanism of crack propagation, and
the evolution characteristics of crack were described in detail [36-43]. More in-depth knowledge is needed to understand
structure evolution inside fissured rock, such as the observation of its internal structure with computed tomography (CT),
the localization of crack damage by acoustic emission (AE), and simulated reproduction using numerical software [44-51].
In addition, some scholars studied the influence of lithology, temperature, chemical corrosion, and stress conditions on its
mechanical behavior, due to differences in engineering and geological conditions [52-57].

The above researches mainly focused on the mechanical behavior of rocks under uniaxial compression. However, the rock
mass is generally in three-dimensional compression [58-61]. Thus, it is necessary to systematically study the mechanical
behavior of fissured rock, especially for its AE, deformation characteristics and crack evolution during dilatancy. And the
factors that can affect the mechanical parameters of fissured rock are multiple, in which the diverse external loads cause
difficulties in the quantification of strength parameters, thereby resulting in a failure in engineering parameters [62-68]. In
this paper, uniaxial and triaxial compression experiments with AE monitoring under different loading rates were carried out
on fissured rock specimens with the same geometrical distribution of two pre-existing flaws. The dilatancy and AE activity
of these specimens were discussed, and the effects of the confining pressure and loading rate on the mechanical parameters
and failure characteristics were analyzed.
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Table 1
Main physical properties of red sandstone.
Dry density (g/cm?) Natural density (g/cm?) Saturated density (g/cm?) Porosity Saturated water content (%)
239 242 245 0.06 245
2500 - Al Albite (NaAISi,0,)
Q An: Anorthite (CaAlSi,0,)
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Fig. 1. XRD spectrum of a rock sample.

Fig. 2. Experimental system.

2. Experimental methods
2.1. Experimental material

The rock sample was obtained from a mine in Xuzhou, Jiangsu, China. Table 1 shows its main physical properties and
Fig. 1 gives its X-ray diffraction (XRD).

2.2. Experimental equipment
Fig. 2 presents the experimental equipment. The MTS815 test system is applied to compress the rock specimen, and

the AE monitoring device is the AE21C system. During AE monitoring on rock specimen in triaxial test, the AE detector
was usually placed on the hydraulic cylinder. The AE signals need to pass through hydraulic oil and the hydraulic cylinder



J. Wuetal. / C. R. Mecanique 347 (2019) 62-89 65

Table 2

Main equipment parameters of MTS815.
Device Loading rates (mmy/s) Fatigue frequency (Hz) Frame stiffness (N/m)
MTS815 107°-1 0.001-0.5 10.5 x 10°

Table 3

Main equipment parameters of AE21C.
Device Detector type Gain and threshold (dB) Impact time (ps) Impact interval (ps) Acquisition rate (ms/time)
AE21C Piezoelectric ceramic 35 50 300 100

acoustic emission sensor
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Fig. 3. Flaw distribution of a fissured rock specimen.

during transmission, which inevitably deteriorates its transmission and accuracy. Therefore, the base of the MTS815 has
been reformed, the AE detector can be built in the hydraulic cylinder for direct obtaining of AE data, which not only allows
us to overcomes the above difficulty, but also greatly improves the accuracy of AE signals. The main equipment parameters
are given in Table 2 and Table 3.

2.3. Experimental specimens

The intact rock specimen is a cylinder of @ 50 x 100 mm, which is a standard recommended by the International Society
for Rock Mechanics (ISRM) [69]. It should be noted that the non-parallelism and non-perpendicularity of the specimen
must be controlled in the range of (—0.02 mm, +0.02 mm). The fissured rock specimen with two pre-existing flaws is
produced on the intact specimen using a cutting machine [70,71]. Fig. 3 presents the flaw distribution. The red segments
are the pre-existing flaws, n is their number, a is the length, and « is the angle. The connection between the tips of the two
pre-existing flaws is the rock segment bridge, [ is its length, and 8 is the angle. There have been lots of researches to discuss
the influence of flaw distribution on the mechanical parameters of fissured rock [72]. However, the mechanical behavior of
fissured rock under different external loads is not clear, especially for the characterization of the dilatancy behavior. In
addition, the multiple geometric distributions of pre-existing flaws cause huge differences in the mechanical behavior of
fissured rock. Consequently, these five parameters were fixed to investigate the influence of confining pressure and loading
rate on the mechanical behavior of fissured rock. A fissured rock specimen with two pre-existing flaws was designed and
produced according to the results of Yang et al. [73], a is 11 mm, « is 45°, | is 36 mm, and B is 16.9090° [32]. Under the
condition that the structure of the pre-existing flaws is relatively symmetrical, the crack evolution and failure characteristics
of the fissured rock under different confining pressures and loading rates can be understood. So, all the flaw parameters of
n, a, o, I, and B in the considered geometry are given in detail in Fig. 3.

2.4. Experimental process

The indenters were used to fix the rock specimen on the MTS base, which was also beneficial to seal the specimen
and the indenters using a plastic film to prevent the immersion of the hydraulic oil. Vaseline should be smeared evenly on
both ends of the specimen to ensure fine coupling between the specimen and the indenters [74]. The uniaxial and triaxial
compression experiments on rock specimens were carried out with the MTS815 system with a pre-stress of 0.5 kN [75].
The uniaxial compression on the specimen can be tested directly at a specified loading rate [76]. In triaxial compression,
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Fig. 4. Stress-strain curves of an intact rock specimen.

the confining pressure should keep a constant value before loading [69]. In this paper, the specified loading rates are 0.002,
0.02, and 0.2 mm/s, the confining pressures are 0, 1, 7, 13, and 19 MPa. The AE21C system should be worked while the
compression starts.

3. Experimental results

In order to ensure the statistical validity of the test data, it is necessary to survey the homogeneity and dispersion
among different rock specimens. Thus, a random group of specimens were selected to carry out the uniaxial compression
test, including intact rock and fissured rock. For intact rock specimens, the uniaxial compressive strengths (UCSs) are 87.02,
91.00, 90.30, and 84.93 MPa, respectively, the average UCS is 88.31 MPa, and the coefficient of variation on UCS is 2.79%.
For fissured rock specimens, the UCSs are 71.70, 76.07, and 73.56 MPa, respectively, the average UCS is 73.78 MPa, and the
coefficient of variation on UCS is 2.43%. It presents small dispersion and fine homogeneity among those rock specimens,
whether they are intact or fissured rocks.

Fig. 4 shows the stress-strain-AE curves of an intact rock specimen under uniaxial compression with a loading rate of
0.002 mmy/s. The whole stress—strain behavior of the specimen can be divided into five stages with specific characteristics
as follows.

(1) o-cc stage of pore compaction: the compactions of pores, microcracks, and weak planes in rock cause the production
of few AE signals, and the axial stress-axial strain curve presents a concave shape in this stage. The circumferential strain
is unvaried, the volumetric strain increases with compression.

(2) cc-ci stage of elastic deformation: all the axial strain, circumferential strain, and volumetric strain vary linearly in this
stage. The mutual occlusion and friction of the weak planes in rock cause a gradual increase in AE activity.

(3) ci-cd stage of Initiation and stability propagation of crack: the ci point is usually the end point of the elastic deforma-
tion of the rock material, which can be obtained from the formula Es = Epax = % Moreover, Cai et al. [77] considered
that the stress at the ci point can fracture the cohesive particles in the rock, so this point is also considered as the crack ini-
tiation threshold. The fracture and slippage of the deteriorative cohesive particles around the tips of those defects promote
the propagation of cracks, which cause fluctuations in the AE signals and non-linear variation in the stress-strain curve.

(4) cd-c stage of damage and unstable propagation of cracks: the propagation of cracks intensifies with deformation,
which greatly deteriorates the rock structure and results in a sharp increase in the AE signals. The circumferential strain
increases rapidly. The criterion &1 > |€3 + 2| always holds before the dilatancy onset of cd; however, it transforms into
&1 < |&3 + €3] after this point. Therefore, the volumetric strain starts to decrease, and the deformation is transformed from
compression to dilatancy. This turning point is the dilatancy onset, and it is usually considered that irreversible damage
occurs in the rock, which results in its rapid dilatancy and deformation.

(5) Failure stage: The cracks continuously propagate to form the macroscopic fracture planes, which results in an explo-
sive increase in AE signals; obvious strain softening characteristics are observed.
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Fig. 5. Axial stress-axial strain curve of fissured rock specimens with different values of the confining pressure under a loading rate of 0.002 mm/s.
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Fig. 6. Axial stress-axial strain curve of fissured rock specimens with different values of the confining pressure under a loading rate of 0.02 mm/s.
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Fig. 7. Axial stress—axial strain curve of fissured rock specimens with different values of the confining pressure under a loading rate of 0.2 mm/s.
3.1. Stress-strain behaviors

Figs. 5, 6, and 7 show the axial stress-axial strain curves of a fissured rock specimen under different confining pressures
and three kinds of loading rates. It is easy to see that all rock specimens are subjected to the above five stages during load-
ing. The peak strength, the peak strain, and the elastic modulus are positively related to the confining pressure. In addition,
under the lower loading rates of 0.002 and 0.02 mm/s, the fissured rock specimens present a significant phenomenon, which
shows that the axial stress usually drops abruptly after the dilatancy onset. It is caused by crack propagation around the
tips of the pre-existing flaws. Under high confining pressure, the fissured rock specimens present an obvious yield platform.
Axial strain continues to increase under constant axial stress. Then the specimens gradually yield to failure around the inner
tips of pre-existing flaws. However, under higher loading rates, such as 0.2 mm/s, similar phenomena are not evidenced.

3.2. AE characteristics

Figs. 8, 9, and 10 show the AE distributions of fissured rock specimens under different confining pressures and three
kinds of loading rates. It is not difficult to see that the effect of the confining pressure on the AE activity in a fissured rock
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Fig. 8. AE distribution of fissured rock specimens with different values of the confining pressure under a loading rate of 0.002 mm/s.

specimen is mainly manifested after the dilatancy onset. Compared with the rock specimen under uniaxial compression, the
existence of confining pressure causes that the rock specimen can still be loaded by fissure friction, even if the cohesive
particles are fractured, which results in the full development of cracks after the dilatancy onset. So, the high AE signals in
fissured rock after the dilatancy onset under high confining pressure can be explained. From Figs. 8d, 8e, 9d and 9e, the AE
signals in rock specimens under confining pressures of 13 and 19 MPa after the dilatancy onset are obviously more active
than those of other rock specimens. It should be noted that the varying degrees of stress drop are exhibited in the fissured
rock specimens after the dilatancy onset under low loading rates. In this process, the AE signals increase sharply while the
stress drops instantaneously; this indicates a large propagation or coalescence of cracks engendered in the rock. This point
with stress drop is defined as I; in the figures: the first point is I1, and the second one is I,. After the dilatancy onset,
the yield platform is even emerged in the fissured rock specimen under high confining pressure, as shown in Figs. 8d and
8e. At this moment, the AE signals are extremely active, which indicates that crack evolution and propagation is extremely
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Fig. 8. (continued)

frequent. But the macroscopic failure will not occur in the specimen, which can still be loaded by friction among the
fissures and the grains. In this process, more frictions and slippages among grains cause further propagation and even
coalescence of cracks in the rock. With the increase of the loading rate, the I; points are more difficult to characterize, but
can still be identified by a sharp increase of AE signals, as shown in Fig. 9. Under a high loading rate of 0.2 mm/s, these
specific phenomena, including stress drop and yield platform, do not occur. The AE signals are so little because of the too
fast loading rate. However, the violent AE activities of the rock before the peak are mainly distributed in the cd-c stage,
especially for the specimen under high confining pressure. Although the increase in confining pressure can strengthen the
friction among grains to magnify the peak strength of geo-materials, the defects fully develop to cause potential hazards in
deep rock engineering.

3.3. Strength characteristics

The Mohr-Coulomb strength criterion is usually applied to describe the strength characteristics of rock materials in rock
engineering [78-82].

01c=M+ Nos (1)
M=2c—2F 2)
1—sing
145
y o Lrsing ®
1—sing

where M and N are the strength parameters of Mohr-Coulomb’s strength criterion, c¢ is the cohesive force, and ¢ is the
internal friction angle.

The cohesive force of the rock material usually decreases with the yield of that material, which causes the fracture of
cohesive particles. But it can still be loaded under the effect of fissure friction, the maximum friction force can exceed its
cohesive force, and the friction force is correlated with the relative slippage of fissure friction (internal friction property) and
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Fig. 9. AE distribution of fissured rock specimens with different values of the confining pressure under a loading rate of 0.02 mm/s.

external load [83]. Obviously, there is an upper limit of the friction force associated with the external load [84]. Under a high
confining pressure, the shear force exceeds the cohesive force among the grains, causing the cohesive particles to fracture,
and then the rock materials can still load through fissure friction. The increase of deformation can only yield more materials,
but will not cause macroscopic slippage increasing the friction force. Consequently, there is an upper limit in the maximum
shear stress (i.e. the principal stress difference) of rock materials. According to this, we construct the exponential strength
criterion, which can preferably characterize the relation between the strength parameters and the confining pressures, and
it also has clear physical meaning and mechanical concept [85]:

o1c—03=F — fre” 1% (4)
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Fig. 9. (continued)

where F, f1, and f, are the strength parameters of the exponential strength criterion, F is the maximum principal stress
difference.

Therefore, the linear and exponential functions can be used to describe the relationships between the strength parame-
ters of the rock material at the specific points of dilatancy onset and peak point and the confining pressures:

0s=M+ Nos (5)
(6)
where o5 is the strength parameter of the rock material at dilatancy onset or peak point; at dilatancy onset, s = 014, at
peak point, o5 = o1c.

Fig. 11 shows the relations between the strength parameters (stress of dilatancy onset and peak strength) and the
confining pressures under three kinds of loading rates, and the corresponding relationships are given in Table 4. Obviously,
the strength parameters of fissured rock are positively related to the confining pressure. Table 5 presents the strength
parameters of fissured rock under the two strength criteria of the Mohr-Coulomb strength criterion and the exponential
strength criterion. It can be seen that the cohesive force ¢ and the maximum principal stress difference F obtained from
the peak points are all larger than those obtained from the dilatancy onsets. However, the internal friction angle ¢ obtained
from the dilatancy onsets is larger than that obtained from the peak points. The cohesive force ¢ and the maximum principal
stress difference F of the fissured rock are positively correlated with the loading rate, but the internal friction angle ¢ is
negatively correlated with the loading rate, whether at the peak points or the dilatancy onsets. Thus, the cohesion and
internal friction properties of fissured rock are significantly related to the loading rate.

Under loading rates of 0.002 and 0.02 mm/s, the Mohr-Coulomb strength criterion and the exponential strength criterion
can characterize the relations between the strength parameters and the confining pressures, but the correlation of the
exponential strength criterion is higher than that of the Mohr-Coulomb strength criterion. Under a loading rate of 0.2 mm/s,
the correlation between the exponential strength criterion and the strength parameters is significantly higher than that of
Mohr-Coulomb’s strength criterion. Moreover, when the confining pressure is 0 MPa, the formulas (5) and (6) have a clear

os—o3=F — fre” "
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Fig. 10. AE distribution of fissured rock specimens with different values of the confining pressure under a loading rate of 0.2 mm/s.

physical meaning, which characterizes the strength at a specific point. Moreover, the strength parameters obtained from the
exponential strength criterion are significantly closer to the experimental values than those got from the Mohr-Coulomb
strength criterion, both at the peak points and the dilatancy onsets. In fact, the increase in the rate of maximum shear
stress gradually decreases with increasing the confining pressure, and the relation between the maximum shear stress and
the confining pressure is not linear, which can be characterized by a more suitable exponential function. Therefore, it is
shown that the exponential strength criterion is more suitable for characterizing the strength parameters of fissured rock.
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Fig. 10. (continued)
3.4. Failure characteristics

In order to distinguish the failure characteristics of fissured rock specimens under different confining pressures and
loading rates, it is necessary first to discuss the failure characteristics of intact rock specimens under the same conditions.
According to the results of Wong and Einstein [43], Huang et al. [86], Yang et al. [71,73], and Zhang and Wong [49], the
type of the initiated crack can be easily judged. Therefore, Fig. 12 gives the failure characteristics of intact rock specimens.
It is easy to see that the failure mode of an intact rock specimen under uniaxial compression with a loading rate of
0.002 mmy/s shows a typical axial splitting. There is an obvious tensile coalescence with some small secondary tensile
cracks in this specimen. Under a confining pressure of 1 MPa, due to the small confining pressure, the rock specimen
still shows an obvious tensile failure mode, but some lateral tensile cracks have begun to initiate locally. Under confining
pressures of 7 and 13 MPa, the rock specimens present an obvious tensile shear coalescence mode, and the tensile cracks
occur near the main shear crack and the ends of the specimens. Under a confining pressure of 19 MPa, the lateral tensile
cracks are initiated around the main tensile and main shear cracks of the rock specimen. It is not difficult to see that
the crack coalescence mode of an intact rock specimen tends to be complicated with increasing the confining pressure:
tensile coalescence gradually transforms into tensile shear coalescence. Under uniaxial compression, more secondary tensile
cracks and lateral tensile cracks are generated with increasing the loading rate, and crack branching is even present in that
specimen under a loading rate of 0.2 mmy/s. Under a confining pressure of 19 MPa with loading rates of 0.02 and 0.2 mm/s,
there is a significant main shear crack, parts with lateral tensile cracks, secondary tensile cracks, and secondary shear cracks.
Thus, the effect of increasing the loading rate on the crack evolution of an intact rock specimen under uniaxial compression
seems to be greater than that with triaxial compression.

Fig. 13 presents the failure characteristics of fissured rock specimens. It is easy to see that the failure mode of a fissured
rock specimen shows tensile shear coalescence under uniaxial compression with a loading rate of 0.002 mmy/s. The crack
firstly initiates in the tensile stress concentration zone around the tips of the pre-existing flaws, then propagates and extends
to the ends of the specimen along the axial loading direction. The specific phenomenon of stress drop occurs with a large
propagation of crack, but the rock specimen does not fail instantaneously, that is at I; point. Then the main cracks, such as
tensile cracks and shear cracks, gradually evolve to connect with the cracks initiated from the tips of the pre-existing flaws.
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Fig. 11. Relations between strength parameters and confining pressures under different loading rates.
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Relationships between strength parameters and confining pressures under different loading rates.

Loading rate (mm/s) Specific point Type Relationship Correlation coefficient
0.002 Dilatancy onset Linearity O1cd = 3.537103 + 64.6040 0.9719
Exponential O1cd — 03 = 110.1139 — 47.2380e0-118503 0.9782
Peak point Linearity o1c =3.319303 +75.9813 0.9628
Exponential 01c — 03 = 130.7968 — 55.8854¢~0-069903 0.9660
0.02 Dilatancy onset Linearity O1cd = 3.225603 + 72.5913 0.8477
Exponential O1cd — 03 = 114.5488 — 45.9811e0-120603 0.8758
Peak point Linearity o1c =3.013103 + 87.2919 0.9428
Exponential 01c — 03 = 135.8366 — 50.4909¢ —0-069703 0.9549
0.2 Dilatancy onset Linearity O1cd = 2.9808073 + 82.2435 0.8675
Exponential O1cd — 03 = 118.0820 — 39.8216¢0-135303 0.9286
Peak point Linearity o1c = 2.857603 + 97.3272 0.8634
Exponential 01c — 03 = 138.0103 — 49.8295¢~0-124803 0.9846




Table 5
Strength parameters of the fissured rock specimens.
v (mm/s) Dilatancy onset Peak point
Mohr-Coulomb Exponential strength Experimental Mohr-Coulomb strength Exponential strength Experimental
strength criterion criterion result criterion criterion result
01cd When o3 = c @ (°) 01c4 When 03 = F 01cd When o3 = 01c when 03 = c ) 01c when 03 = F 01c when 03 =
0 MPa (MPa) (MPa) 0 MPa (MPa) (MPa) 0 MPa (MPa) 0 MPa (MPa) (MPa) 0 MPa (MPa) (MPa) 0 MPa (MPa)
0.002 64.60 1718 34.00 62.88 110.11 62.69 75.98 20.85 3248 74.91 130.80 73.78
0.02 72.59 20.21 31.78 68.57 114.55 63.11 87.29 25.14 30.11 85.35 135.84 85.03
0.2 82.24 23.82 29.84 78.26 118.08 75.02 9733 28.79 28.79 88.18 138.01 88.44

68-29 (610Z) 2b€ anbiupddy -y D /12 npp

SL
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Tensile crack
—— Shear crack
Lateral tensile crack

Fig. 12. Failure characteristics of intact rock specimens.

With increasing the loading rate, the number of cracks initiated near the tips of the pre-existing flaws not only increase, but
also the obvious crack branching is observed. The lateral tensile cracks occur between the two pre-existing flaws, as shown
in Fig. 131-1, Fig. 13111, and Fig. 131II-I. Surface spalling caused by the interlaced connections of the multiform cracks is worse
with increasing the loading rate. Thus, it is easy to see that the crack evolution and failure mode of fissured rock under
uniaxial compression are more complicated than those of an intact rock. With increasing the confining pressure, the fissured
rock presents characteristics of multi-section failure, the tensile cracks are also initiated from the tips of pre-existing flaws,
and the crack branching is accompanied by the higher loading rate. The primary fissures and the new cracks are compacted
and closed, and then the rock material can be loaded by friction among the grains in the rock, where the friction force is
greater than the cohesive force among the cohesive particles of rock. At this point, the original damages to cohesive particles
in rock are prone to provoke shear fracture, which causes the formation of shear cracks between two or among more tensile
cracks. Lateral tensile cracks are also accompanied by coalescence connections of main shear cracks and main tensile cracks.
The multiple main shear cracks connect with the tensile cracks initiated from the tips of the pre-existing flaws to make the
rock fail, as in Fig. 131I-V. Consequently, the failure mode of fissured rock is characterized by multi-section coalescence, as
shown in Fig. 14. The interlaced connections of the multiform cracks cause surface spalling (Fig. 13). The obvious traces left
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Fig. 13. Failure characteristics of fissured rock specimens.
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Fig. 14. Fracture plane of fissured rock specimens.
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Fig. 15. Special failure characteristics of a fissured rock specimen.

by the friction slippage of grains on the shear fracture plane can be easily seen in Fig. 14. So, the load capacity of a fissured
rock specimen depends on the crack evolution around the tips of the pre-existing flaws and the friction among the grains
of the rock materials.

It is worth noting that Fig. 15 shows different failure characteristics under the same conditions than Fig. 13I-I. A large
amount of tensile, lateral tensile and shear cracks are fully developed between the two pre-existing flaws, and multiple
surface spallings are formed by these cracks. This also supports the above view. These cracks are mostly initiated after

the dilatancy onset, the I; point appearing in the figure corresponds to larger crack initiation, meanwhile the AE signals,
circumferential strain, and volumetric strain increase sharply.

4. Discussion

The evolution, propagation and even coalescence of cracks in fissured rock cause the deterioration of its strength and
deformation, which seriously affects its engineering behavior. However, the multiple factors that can affect the mechanical



J. Wuetal. / C. R. Mecanique 347 (2019) 62-89

1(s)
0 200 400 600
80 T - 8
) c
/»’/ \ cd 4
A B 1
_— o0 e 16
P i \ .
7 \ i/ =
- 5 | 3
= 40 i -4 2
- il =2
il =}
© il o
cc il 5]
20 D ‘: 42 <
L ] 1 1 0 1 1 el 0
-0.015 -0.010 -0.005 0.000 0.003 0.006 1 0.009 0.012
e, O
A 0.01 - o )
axial stress - circumferential strain ‘CompTCSSlon Dilatancy -
axial stress - axial strain o o -
volumetric strain - axial strain -
I acoustic emission counts
0.00 1 1 1 ]
v=0.002 mm/s 0.400 0.003 0.006 0.009 0.012
o ,=0MPa
. 5 > €y
Two 11 mm pre-existing flaws ©
-0.01 |-
-0.02 L
(a) 03=0 MPa
t(s)
0 200 600
90 ; 4
AN
ra \% do
e \ 43

yd o 2
i =)
) / = * c1 2
< 42 o
s | £
- | g
© 30 u:’
G cc D %_ 1 <

L 1 1 0 1 1 a JL O

-0.015 -0.010 -0.005 0.000 0.003 0.006 | 0.009 0.012

€3 €y
0.01 : .
axial stress - circumferential strain ICOmPFESSIOH Dilatancy -

4
\

axial stress - axial strain
volumetric strain - axial strain
B acoustic emission counts

0.00 - -
v=0.002 mm/s 0.900 0.003 0.012
o= 1 MPa &
Two 11 mm pre-existing flaws © I
-0.01
-0.02 L
(b) o3=1MPa
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Fig. 16. (continued)

behavior of fissured rock cause a failure in the engineering parameter. Hence, Martin and Chandler [87] used 50% of un-
confined compressive strength as the strength parameter of rock mass in engineering to improve its stability. However, it is
just an empirical criterion, which has no clear physical meaning. Consequently, Figs. 16, 17, and 18 plot the stress-strain-AE
curves of fissured rock specimens with different confining pressures under three kinds of loading rates to characterize their
dilatancy behavior, in order to attempt to obtain reasonable strength parameters in engineering from the investigation of
the dilatancy behavior of fissured rock. Compared with the intact rock specimen of Fig. 4, in addition to the deterioration
of the mechanical parameters of fissured rock, the phenomenon of sharp increase in deformation after the dilatancy onset
should be paid attention to by geotechnical scientists. Under the low loading rates of 0.002 and 0.02 mmy/s, the obvious
stress drop points I; occurred, but the specimen did not fail instantaneously, and the AE signals, circumferential strain,
and volumetric strain increased abruptly. The D regions in Figs. 16, 17, and 18 indicate that large crack propagation and
coalescence occurred. Especially for the fissured rock specimens under the high confining pressure, the variation rates of
circumferential strain and volumetric strain increase rapidly after the dilatancy onset, as shown in Fig. 16d and Fig. 17e,
and yield platforms are even observed in Figs. 16d and 16e. Meanwhile, axial stress can keep an almost constant value with
deformation, circumferential strain and volumetric strain increase with a high variation rate, and the volume of specimen
dilates significantly. Under high loading rates, such as 0.2 mm/s, there is no stress drop or yield platform, but the defor-
mation of fissured rock after the dilatancy onset is more pronounced than that under a low loading rate. The dilatancy
behavior characterized by volumetric strain variation is positive with respect to the loading rate. In the case of fissured
rock specimens under uniaxial compression with 0.002 mm/s, the volumetric strain, i.e. &,cq = 6.09 x 1073 at dilatancy
onset, varies to &yc = 4.81 x 103 at the peak point; the relative variation is Ae = 1.28 x 1073, as shown in Fig. 16a. At
a loading rate of 0.02 mm/s, the volumetric strain &,cq = 5.30 x 10~ at dilatancy onset varies to &y = 0.47 x 10~ at the
peak point; the relative variation is Ae =4.83 x 1073, as shown in Fig. 17a. At a loading rate of 0.2 mm/s, the volumetric
strain &y.q = 5.88 x 103 at dilatancy onset varies to eyc = —0.65 x 10~ at the peak point, the relative variation being
Ag =6.53 x 1073, as shown in Fig. 18a. In fact, it is easy to see that the main crack has begun to initiate and propagate
after the dilatancy onset by the failure mode of fissured rock specimens. Especially, at high confining pressure and high
loading rate, the more serious crack branching and mixed failure mode with multi-section formed by interlaced coalescence
of multi-crack are more obvious. It is shown that the evolution of defects in rock after the dilatancy onset greatly dilates
the volume of rock, which easily fractures the rock structure, resulting in engineering disasters. Especially rock engineering
under high confining pressure and high loading rate is more prone to incur potential hazards.

It is worth noting that those large deformation phenomena in rock always occurred after the dilatancy onset, whether
under high confining pressure or high loading rate, which indicates that the stress of dilatancy onset can be seen as the
engineering parameter to consider in order to avoid large deformation and failure of rock mass.
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Fig. 17. Stress-strain-AE curves of fissured rock specimens with different confining pressures under a loading rate of 0.02 mmy/s.
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Fig. 17. (continued)

5. Conclusions

In this paper, the uniaxial and triaxial compression experiments with AE monitoring under different loading rates were
carried out on the fissured rock specimens with the same geometrical distribution of two pre-existing flaws. The dilatancy
and AE activity of those specimens were discussed, and the effects of the confining pressure and loading rate on the
mechanical parameters and failure characteristics were analyzed.

(1) The strength parameters and the deformation parameters of fissured rock specimens increase with the confining
pressure. The exponential strength criterion is more suitable than the Mohr-Coulomb strength criterion to characterize the
strength characteristics of fissured rock.

(2) The crack evolution and failure characteristics of fissured rock specimens are more complicated than those of in-
tact rock specimens. The failure characteristics of fissured rock follow the tensile shear coalescence model; the cracking
occurs with increasing the loading rate, and the multi-section coalescence model is evidenced with increasing the confining
pressure.

(3) The phenomena of stress drop and yield platform usually occurred after the dilatancy onset; the specimen does not
fail instantaneously, and the propagation and coalescence of cracks cause a sharp increase in the AE signals, circumferential
strain, and volumetric strain. This indicates that the stress of dilatancy onset can be seen as the engineering parameter to
consider in order avoid large deformation and failure of rock mass.
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Fig. 18. Stress-strain-AE curves of fissured rock specimens with different values of the confining pressure under a loading rate of 0.2 mm/s.
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