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Abstract: The failure characteristics under coupled static and dynamic loading were investigated by the improved split Hopkinson
pressure bar (SHPB) with axial pre-pressure and confining pressure. The results show that the stress—strain curve of the rock under
static-dynamic coupled loading is a typical class I curve when the dynamic load is comparatively high; With the decrease of the
dynamic load, the stress—strain curve transforms to a typical class II curve. The dynamic failure process was recorded by high-speed
photography. Analyses of fracture surface morphology show that the failure modes of specimens are tensile failure or combined shear
failure when the impact load energy is low, but the failure modes of specimens become tensile failure when the impact load energy is
high. The results of fractal dimension show that the elastic potential energy release leads to increase in the degree of crushing of
samples when the energy of impact load is low under coupled static and dynamic loads with high stress.
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1 Introduction

For the past few years, the rock mechanics, with the
underground rock excavation increasingly deepened,
have been observed different from traditional one,
especially in high stress [1, 2]. Actually, in the
circumstances of deep rock excavation with high stress
the surrounding rock is not only under high static stress,
but also under the influence of stress unloading owing to
the formation of free surface which gives rise to stress
state change from original three-dimensional to
two-dimensional or unidimensional stress, as well as
facing the blasting or drilling during excavation and
other dynamic loads [3, 4]. The stress change process is
shown in Fig. 1. In the combined action of high stress
and dynamic loading and unloading, the rock mass in the
excavation face is prone to rockburst. Therefore, study
on the destruction mechanism of high stress rock under
unloadng and dynamic disturbance is of great
significance to practical engineering.

Currently, more attention is gradually paid to the
failure phenomena of rock under stress unloading as a

result of excavation activities and numerous
conventional triaxial tests are conducted [5—8]. However,
these studies are limited to the quasi-static situation. In
reality, underground rock also experiences dynamic
loading caused by mechanical shock or blasting
operation, which involves the study of rock dynamic
characteristics.

The study of rock dynamic characteristics and
dynamic-static properties according to static-dynamic
coupling loading was based on dynamic properties of
SHPB, light gas gun, falling hammer [9]. LI and MA [10]
conducted one-dimensionally dynamic-static combined
loading test based on the static pressure of Instron system
and micro perturbed dynamic stress; ZUO et al [11, 12]
completed the study of rock failure mechanism under
two-dimensionally dynamic-static load based on the
former equipment. The loading rates in these laboratory
tests were less than 1 s '. However, the high strain rate
caused by the blasting execution in underground
engineering cannot be simulated since it is between 10’
s ' and 10% s' or higher. LI et al [3, 4, 13] developed a
dynamic-static impact loading system on the basis of the
SHPB device and conducted related research experiments.
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Fig. 1 Stress evolutionary models of rock in projects at deep
level: (a) Initial state; (b) State after excavation (P;—static load,
Py—dynamic load)

In this work, the mechanical properties of sandstone
are studied when confining pressure is unloaded in high
stress situation under different impact energy using the
SHPB device. In addition, the effects of unloading
confining pressure on the destruction of dynamic
disturbance with high strain rate are analyzed.

2 Test system and scheme

2.1 Test system

The improved SHPB test system can provide both
axial static pressure and confining pressure, as shown in
Fig. 2 [3].

The test system can be used for impact tests under
triaxial pre-pressure, and the axial static loading and the
confining pressure are in the range of 0—200 MPa and
0—-100 MPa, respectively. The material quality of the
bullet and the maximum diameter of the projectile body
are the same as those of the input bar and output bar. A
conical bullet is used in the improved test system to
eliminate the oscillation, and obtain a stable half-sine
wave loading [13—15]. The confining pressure and static
axial pressure are manually loaded. There is a hydraulic
valve at the confining pressure and static axial stress
loading equipment to control the stress unloading
velocity by manually adjusting the valve opening level.

Conventional SHPB experiments are based on the
hypothesis that the sample is under one-dimensional
stress and is loaded evenly [10]; but for the improved test

system, the sample is under axial static stress when
installed correctly. The wave equation of the rock sample
under coupled static and dynamic loading is the same as
the classical one-dimensional wave equation [3]:
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where p is the density of the bar; x is the location of the
infinitesimal; « is the location of the infinitesimal at x
under pressure; ¢ is the loading time; E is the elastic
modulus of the bar.

Therefore, the one-dimensional stress wave theory
is applicable when the sample is under coupled static and
dynamic loading. The impact stress o(f), impact strain &(¢)
and impact stress wave energy E; are calculated by
one-dimensional stress wave theory during the
experiment using the following formulas [9]:
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where ¢, is the wave velocity of the elastic bar; Lg is the
sample length; &) is the strain of the reflected stress
wave at t; A is the cross-sectional area of the elastic bar;
A is the cross-sectional area of the specimen; E. is the
elastic modulus of the elastic bar; &(¢) is the strain of the
transmitted stress wave at ¢; p. is the density of the elastic
bar.

2.2 Sample preparation

The samples were drilled from the same integral
and uniform block of sandstone to ensure the
homogeneity. The cylindrical specimens were made with
the dimensions of 50 mmx50 mm, and carefully polished
at both ends and lateral side. So, the no parallelism and
the no perpendicularity are both less than 0.02 mm. The
samples are gray and smooth on surface, with no distinct
interspace. The average density of specimens is 2.50 t/m”.
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Fig. 2 Configuration of improved SHPB device: 1—Gas tank; 2—Pressure vessel; 3—Striker; 4—Thin baffle; 5—Incident bar; 6—
Strain gauge; 7—Specimen; 8—Transmission bar; 9—Steel frame; 10—Confining pressure setup; 11—Pressure loading unit; 12—

Oscillograph
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The average static uniaxial compressive strength of
specimens is approximately 90 MPa.

2.3 Test process

During the test, firstly the axial pressure and
confining pressure were loaded to 40 MPa. Then the
axial static pressure was increased to 72 MPa with the
same loading rate. The confining pressure was unloaded
to zero with the unloading rate of 1 MPa/s (manual
control) while the axial static pressure maintained
unchanged. The confining pressure device was removed
after unloading the confining pressure, and then the
impact test was conducted, which helped the free
ejection of the destroyed debris, and the high-speed
photograph record of the impact failure process. During
the test the striker was rigorously the same to ensure the
dynamic load consistency. The exact whole destruction
was applied as the standard. The impact of the air
pressure and the impact energy were gradually increased.

The basic parameters and some test results are
shown in Table 1.

3 Test results analyses

3.1 Coupled static and dynamic strength

Figure 3 shows the typical stress—strain curves of
specimens with different impact energies. It can be seen
from the stress—strain curves that the dynamic stress—
strain curves are obviously different, especially in the
post-peak area. The stress—strain curve of the rock is a
typical class I curve when the dynamic load is
comparatively high; with the decrease of the dynamic
load, the stress—strain curve transforms to a typical class
I curve. Generally speaking, while sample gets into
post-peak phase of class II curve, the flexibility energy
amassed in itself can lead to breakage of the sample, and

the energy storage and release properties, which have
been revealed by the class II during rock failure process
[16], indicate that the sample after the curve peak still
has certain carrying capacity after the impact loading.
The impact loading causes damage to the specimen, but
the residual strength after impact is less than the axial
static loading, so the sample is unstable failure. The
specimen damage and the residual strength increase with
increasing the impact energy, and the elastic energy
release decreases with increasing the impact energy,
which results in the stress—strain curve transforming to
a typical class I curve.

Figure 4 shows the failure modes of the sandstone
specimens under different impact energies. When the
impact energy is comparatively low, the broken pieces of
rock are large, with ruptured conical fragments left; with
the increase of the incident energy, the conical fragments,
on the other hand, become small until no large piece can
be found. The main reason for this is that after the
loading and unloading of confining pressure, the internal

240
0.2-1
0.3-3
200F 0.4-1
<
a
= 1601
s
) 1
120
2
1 —No.1-2, no failure 3 3
80 2—No.1-3
1 1 1 L
0 0.02 0.04 0.06 0.08

Strain
Fig. 3 Stress—strain curves of sandstones under different
impact energy (energies of impact load: 1—111.61 J; 2—
114.81 J; 3—152.57 J; 4—170.94 J; 5—192.16 J)

Table 1 Physic-mechanical parameters in coupled static and dynamic loads impact tests

No. L/mm D/mm ml/g p/(kg-m%) cs/(m-sfl) Impact energy/J  Strain rate/s " Coupled strength/MPa
1-1 50.20 48.88 236.14 2 508 3486 113.09 38.17 211.50
111.61 38.93 208.27
1-2 50.00 48.94 235.14 2501 3676 118.48 44.63 187 87
1-3 50.12 49.40 23941 2 494 3854 114.81 37.95 209.43
2-1 50.40 49.42 240.48 2 489 3818 152.57 39.87 213.83
2-2 50.40 49.38 241.56 2504 3761 150.64 41.56 218.25
2-3 50.10 49.42 239.14 2 490 3854 155.19 42.03 214.70
3-1 50.06 49.34 239.61 2 505 3973 172.55 45.48 223.82
3-2 49.82 48.90 234.32 2 506 3559 176.72 45.23 220.24
3-3 49.82 49.22 237.59 2 508 3610 170.94 47.92 222.71
4-1 50.10 48.92 235.26 2 500 3528 192.16 55.68 233.93
4-2 49.98 49.34 240.27 2516 3570 191.58 57.13 23091
4-3 50.20 48.92 236.37 2 506 3486 185.76 52.76 229.17

The sample 1-2 has no failure during the fist impact; the coupled strength is the sum of axial static stress and dynamic strength; ¢, is the wave velocity.
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tiny cracks of the specimens have developed. The
distribution of these cracks are similar to the
conventional triaxial test, spreading on a certain cone
surface and thus forming a tensile damage surface [17].
Under the impact loading, only little impact energy
absorption can lead to the rapid development of surface
damage and the formation of macro-cracks; when the
macro-fracture surface develops to a certain extent, the
sample will be damaged as stripping ejection on the basis
of the surface under the combined action of the impact
load stress wave and the elastic energy stored under the
high axial stress. So, there are many strip flaking debris
and relatively complete conical fragments. When the
incident energy increases, the impact load not only
causes the development of the damage face, but also
leads to the damage of the sample, making the
destruction of impact load increasingly obvious. So, the
amount of stripping fragments reduces markedly and the
sample tends to be more broken.

Figure 3 and 4 show that with the increase of the
impact energy and the decrease of the rebound of the

A
Fig. 4 Failure forms of sandstone under different impact loads (Ey): (a) No.1-2, E=111.61 J; (b), (c) No.1-3, E=114.81 J; (d) No.2-1,
E=152.577J; (¢) No.3-3, E=170.94 J; (f) No.4-1, E=192.16 ]

stress—strain curve after peak, the big block of the
destroyed fragments gradually disappear and crush
evenly.

3.2 Strain rate and coupled strength

Figure 5 shows the wvariation tendency of the
coupled static and dynamic strength ¢ and the strain rate
e. The specimen 1-2 is damaged after two impact
loadings, so, it is not reflected in Fig. 5. From Fig. 5, it is
evident that the coupled static and dynamic strength
increases with increasing the strain rate, through which
strain-rate effect is embodied. Using the power function
can obtain good fitting results.

3.3 Impact energy and energy density

Figure 6 shows the variation tendency of the energy
density e with the incident energy ;. The specimen 1-2
is also not reflected in Fig. 6 because of twice impact
before damage. From Fig. 6, it is evident that the energy
density of the sample gradually increases with increasing
the impact energy. When the impact energy is less than
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Fig. 6 Relationship between impact energy and density of
energy

155 J, the energy density of the sample is negative,
indicating that the internal fracture expands rapidly by
the dynamic disturbance under relative small impact
incident energy, to release the elastic energy restored
under the high stress. The released energy exceeds the
consumed impact disturbance energy. This is why the
energy density appears negative.

The rock sample is comparatively seriously
damaged and the unstable failure is easy to occur after
absorbing very little energy under unloading confining
pressure at high axial static stress, so the high-stress
rocks under unloading confining pressure are more likely
to experience unstable failure in the exposure to the
dynamic disturbance. This can well explain the
phenomenon that rock excavation face experiences the
sudden unstable failure disturbed by the blasting after the
excavation of the deep rock.

4 Analysis of failure modes
4.1 High-speed photography of failure process

In the present experiments, photographs of the
specimen were taken using a FASTCAM SAl.l

high-speed camera. The frame rate used here was 10 ps,
and the exposure time was 1 s, covering about 192x192
pixels.

The dynamic photographs of crack propagation and
debris ejection of the samples, which were obtained by
recording the test process of low incident energy
(specimen 1-1) and high incident energy (specimen 4-1)
using the high-speed camera, are shown in Fig. 7 and Fig.
8. Figure 9 shows the stress—time history with high-
speed camera images of the failure process (Fig. 9(a))
and the stress—strain curve (Fig. 9(b)). Figures 7(k)—(o)
show the high-speed camera images of the specimen
failure process, following the pictures in Figs. 7(f)—(j),
with 200 ps interval for each photograph. The
photographs of the failure process and stress—time
history with high speed camera images of the failure
process of the specimen 4-1 under higher incident energy
are shown in Fig. 8and Fig. 10.

Under the impact of lower incident energy, the
specimen generates a small crack at 45 ps as shown in
Fig. 7(a), and it develops to be an obvious horizontal
crack parallel to the wave propagation direction at 65 ps.
The crack expands further and the secondary crack
emerges at 85 ps.

Under the impact of the higher incident energy, the
high-speed images of the specimen failure process are
shown in Figs. 8(f)—(j). According to comparison of the
pictures at 25, 45, 65 and —5 ps in Figs. 8(c), (d), (e), (a),
the surface spots change obviously, reflecting the impact
stress of the specimen and the gradual surface
deformation. The failure photographs of the sample
under the lower and higher incident energy are different
during the drastic falling of true loading stress.

Under the impact of the lower incident energy,
during the drastic falling of true loading stress phase,
namely the loading time of 105—165 pus, the strain
reduces, but the sample still shows a certain degree
expansion, which is more obvious at the sample part
close to the output bar; and the sample appears sliding
failure directing to the output bar. Figures 7(k)—(o0)
reflect the destruction of the samples after the impact
loading. The part close to the transmission bar end is
seriously damaged, with a large number of small flying
debris, in a trend to spread to the output bar; but the part
at input bar end is tidy, with no flying debris, and the
fragments only diffuse vertically to the loading direction.
This reflects that the destruction of the incident side is
mainly the tensile damage caused by the expansion,
while the destruction of the transmission side is under the
combined action of slip shear rifting and expansion. So,
there are obvious conical fragments left at the
transmission side after impact load.

Under the impact of the higher incident energy,
during the same phase (or the loading time of 105—165
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Fig. 7 Failure patterns under low impact energy dynamic loading for specimen 1-1: (a) =5 ps; (b) 5 ps; (c) 25 ps; (d) 45 ps; (e) 65 ps;
(f) 85 ps; (g) 105 ps; (h) 125 ps; (1) 145 ps; (§) 165 ps; (k) 375 ps; (1) 575 ps; (m) 775 ps; (n) 975 ps; (0) 1175 ps

Specimen

Fig. 8 Failure patterns under high impact energy dynamic loading for specimen 4-1: (a) =5 ps; (b) 5 ps; (c) 25 ps; (d) 45 ps; (e) 65 ps;
(f) 85 ps; (g) 105 ps; (h) 125 ps; (1) 145 ps; (§) 165 ps; (k) 375 ps; (1) 575 ps; (m) 775 ps; (n) 975 ps; (0) 1175 ps
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Fig. 9 Stress—time history with high-speed camera photographs of failure process (a) and stress—strain curves for specimen 1-1 (b)
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ps) the specimen strain continues to increase and the
damage is more serious. The difference with the low
impact energy impact is that there is no sliding failure
phenomenon at the output bar. This is more obvious in
the pictures of the sample damage after the impact, as
shown in Figs. 8(k)—(0). This reflects that the destruction
of the samples is mainly tensile damage generated by the
compression and expansion under the impact of the
higher impact energy. Therefore, the fragments are
uniform, with no conical fragments.

4.2 Morphology of stripping debris

Figure 11 shows the surface morphology of the
typical strip flake fragments in the test. The failure shape
shows spindle shape. The slope surfaces of the two sides
of the fragments are obviously different (Figs. 11(a) and
(b)).

The fracture morphological characteristic of the
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fragment surface is closely related to the mechanical
properties of the
morphological characteristics are given in different
fracture modes combined with Ref. [18], where the
two sides of the strip flake fragments show different
fracture modes. One side surface is smooth with local
scratches and inconspicuous lamellar fracture (Fig.
11(c)), showing mainly shear failure; the other is obvious
lamellar fracture damage (Fig. 11(d)), showing tensional

specimen. The typical fracture

fracture.

The strip flake fragments are mainly generated at
low energy impact test. It can be seen from the
high-speed camera photographs of the failure process (Fig.
7) in such tests that the smooth surface side is close to the
output bar, while other side is close to the input bar.

Therefore, the strip flake fragments failure is mainly
by the combined action of the tensile failure and the
tensile shear failure is under low energy impact loads.
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Fig. 10 Stress—time history with high-speed camera photographs of failure process (a) and stress—strain curves for specimen 4-1 (b)
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Fig. 11 Surface morphology of failure shape: (a) Top view; (b) Side view; (c) Surface morphology I; (d) Surface morphology II
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4.3 Fragmentation distribution

Distribution of the rock fragmentation directly
reflects the situation of broken rock, and indirectly
reflects the crushing effect under different impact
loading conditions. Through the screening experiment,
the fractal dimension for the oversize products of 0.5,
1.00, 5.00, 20.00, 50.00 mm was obtained.

The fractal dimension (D) of rock piece is according
to the mass equivalent dimension [19], and the equation
of fractal dimensions are written as

D=3-« (6)
_lg(mg /m)
a_—lgR 7

where a is the slope of the straight line drawn in the
double logarithmic coordinates; R is the diameter of the
sieve pore; my is the cumulative mass of the fragments
smaller than the diameter R; m is the total mass.

The results of the fractal dimension calculated by
functions (6) and (7) are shown in Table 2.

XIE et al [20] deduced the relationship between the
fractal dimension and the explosive energy. The results
showed that there was a very marked logarithmic
relationship between the fractal dimension and the
explosive energy.

D=AlgE. +B (8)

where E, is the explosive energy; A and B are constants.

The logarithm relationship between the fractal
dimension and impact energy in this paper is shown in
Fig. 12.

linearly with the increase of the logarithm of the impact
energy, which is in accordance with Eq. (8), and it
becomes apparent nonlinear when the impact energy is
low. The sample is under high axial static stress before
the impact, so the specimen itself has high potential
elastic energy. However, it is lower than the impact
energy, but decrease of the impact energy brings about
the growth of the ratio of elastic energy storage and the
impact energy. The elastic energy has a destructive
action when rock fragmentation increases gradually
with the decrease of the impact energy. As a
consequence, the relationship between the fractal
dimension and the energy logarithmic is non-linear
when the impact energy is low, implying that the
release of the elastic energy storage enhances the
damage level.

Based on the above analysis, the total energy E,
giving rise to the rock failure under the coupled static
and dynamic loading is calculated from the following
function:

E =E +E, (€))

where E. is the stored elastic energy.

Substituting Egs. (9) into Eq. (8), the relationship
between the fractal dimension D and the energy under
coupled static and dynamic loading can be rewritten as

(10)

Therefore, under coupled static and dynamic
loading, the stored elastic energy and the impact energy

D=Alg(E,+E)+B

Figure 12 shows that when the impact energy is are considered  comprehensively  during  rock

high, the fractal dimension is observed to increase fragmentation process.
Table 2 Mass accumulation of fractal and fractal dimension

No. Mass/g Fractal dimension, Corre.lation )

<0.5mm  <L.00mm  <5.00mm  <20.00mm  <50.00 mm D coefficient, R

1-1 11.72 15.51 32.41 95.21 232.14 0.64 2.36 0.98

1-3 11.29 17.97 29.42 94.50 232.80 0.63 2.37 0.97

2-1 17.98 23.35 40.67 134.14 23345 0.56 2.44 0.98

2-2 18.32 20.48 50.67 129.32 230.38 0.57 243 0.97

2-3 17.62 25.42 52.20 135.56 232.40 0.56 2.44 0.96

3-1 22.56 32.08 60.92 152.10 224.08 0.50 2.50 0.99

3-2 21.69 30.26 59.55 152.21 224.73 0.52 2.48 0.99

3-3 24.94 33.44 56.34 166.41 230.69 0.50 2.50 0.98

4-1 22.98 31.29 52.01 116.36 234.83 0.49 2.51 0.98

4-2 23.12 36.29 60.01 117.41 237.28 0.47 2.53 0.99

4-3 22.01 37.19 63.37 123.92 232.64 0.48 2.52 0.98
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Fig. 12 Relationship between fractal dimension and impact
energy: 1—Fitting cure with all experimental data; 2—Fitting
cure with experimental data of high impact load energy

5 Conclusions

1) The stress—strain curves after the peak stress
under the action of high axial static stress and different
impact energies differ greatly: the curve of the rock is
typical class I when the dynamic load is comparatively
high; with the decrease of the dynamic load energy, the
stress—strain curve transforms to be typical class II
gradually.

2) The dynamic failure process of the rock samples
is record by the high-speed camera. In combination with
the morphology analysis of the fracture surface, it can be
found that the failure mode is obviously affected by the
impact incident energy. The sample is mainly destroyed
by the combined action of tensile expansion failure and
tensile shear failure under low impact energy, while
mainly destroyed by tensile expansion failure under high
impact energy.

3) According to the analysis of the relationship
between impact energy and fractal dimension and the
relationship between impact energy and density of energy,
it can be seen that the release of high stored stress energy
has an obvious effect on the rock failure process under
low energy impact loads. So, the effects of high stored
stress energy on the rock failure should be taken into
account in the process of rock excavation under high
ground stress.

References

[1]  GU De-sheng, LI Xi-bing. Modem mining science and technology
for metal mineral resources [M]. Beijing: Metallurgical Industry
Press, 2006. (in Chinese)

[21 ZHAO P J,LOK T S, YIN Zhi-qiang, ZHOU Zi-long. Simplified
design of rock cavern concrete lining to resist shock loading [J].
Journal of Central South University of Technology, 2010, 17(5):
1087-1094.

[3] LI Xi-bing, ZHOU Zi-long, LOK Tat-seng, HONG Liang, YIN

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Tu-bing. Innovative testing technique of rock subjected to coupled
static and dynamic loads [J]. International Journal of Rock
Mechanics and Mining Science, 2008, 45(5): 739-748.

LI Xi-bing, ZHOU Zi-long, YE Zhou-yuan, MA Chun-de, ZHAO
Fu-jun, ZUO Yu-jun, HONG Liang. Study of rock mechanical
characteristics under coupled static and dynamic loads [J]. Chinese
Journal of Rock Mechanics 2008, 27(7):
1387-1395. (in Chinese)

XU Lin-sheng. Research on the experimental rock mechanics of

and Engineering,

rockburst under condition [J]. Journal of Chongqing Jiaotong
University, 2003, 22(1): 1-4. (in Chinese)

ZHANG Lin-ming, WANG Zai-quan, HE Jun-zheng. Analysis of
failure characteristics of rock under unloading conditions and their
effects on rock burst [J]. Journal of Xi’an University of Architecture,
2007, 39(1): 110—114. (in Chinese)

HE Man-chao, MIAO Jin-li, LI De-jian, WANG Chun-guang.
Experimental study on rockburst processes of granite specimen at
great depth [J]. Chinese Journal of Rock Mechanics and Engineering,
2007, 26(5): 865—876. (in Chinese)

XU Ze-min, HUANG Run-qiu, LUO Xing-chun, LI Rui, SUN
Jing-yi. Limitations of static load theory in rockburst research and
preliminary analysis on dynamics mechanism of rockburst [J].
Chinese Journal of Rock Mechanics and Engineering, 2003, 22(8):
1255-1262. (in Chinese)

LI Xi-bing, GU De-sheng. Rock impact dynamics [M]. Changsha:
Central South University of Technology Press, 1994. (in Chinese)

LI X B, MA C D. Experimental study of dynamic response and
failure behavior of rock under coupled static-dynamic [C]//AOKI O.
Proceedings of the ISRM International Symposium 3rd ARMS.
Rotterdam: Mill Press, 2004: 891-895.

ZUO Yu-jun, LI Xi-bing, ZHOU Zi-long, MA Chun-de, ZHANG
Yi-ping, WANG Wei-hua.
undergoing uniaxial compressive load and dynamic load [J]. Journal
of Central South University of Technology, 2005, 12(6): 742—749.

LI Xi-bing, ZUO Yu-jun, MA Chun-de. Constitutive model of rock
under coupled static-dynamic loading with intermediate strain rate [J].
Chinese Journal of Rock Mechanics and Engineering, 2006, 25(5):
865—874. (in Chinese)

LI Xi-bing, GU De-sheng, LAI Hai-hui. On the reasonable loading
stress waveforms determined by dynamic stress—strain curves of
rock by SHPB [J]. Explosion and Shock Waves, 1993, 13(2):
125-130. (in Chinese)

LIXB,LOK TS, ZHAO J, ZHAO P J. Oscillation elimination in the

Hopkinson bar

Damage and failure rule of rock

apparatus and resultant complete dynamic
stress-strain curves for rocks [J]. International Journal of Rock
Mechanics and Mining Science, 2000, 37(7): 1055—1060.

LI Xi-bing, ZHOU Zi-long, WANG Wei-hua. Construction of ideal
striker for SHPB device based on FEM and neural network [J].
Chinese Journal of Rock Mechanics and Engineering, 2005, 24(23):
4215-4218. (in Chinese)

ZHANG Ping, HE Ruo-lan, LI Xi-bing, LI Ning. Research on
progressive damage constitutive model and its application to deep
rock [J]. Engineering Mechanics, 2007, 24(12): 146—152. (in
chinese)

TANG C A, THAM L G, LEE P K K, TSUI Y, LIU H. Numerical
studies of the influence of microstructure on rock failure in uniaxial
compression part I[: Constraint, slenderness and size effect [J].
International Journal of Rock Mechanics and Mining Sciences, 2000,
37(4): 571-583.

TAN Yi-an. Analysis of fractured face of rockburst with scanning
electron microscope and its progressive failure process [J]. Journal of
Chinese Electron Microscopy Society, 1989, 8(2): 41-48. (in

Chinese)



184
[19]

YIN Zhi-qiang, et al/Trans. Nonferrous Met. Soc. China 22(2012) 175184

HE Man-chao, YANG Guo-xing, MIAO Jun-li, JIA Xue-na, JIANG [20] XIE He-ping, GAO Feng, ZHOU Hong-wei, ZUO Jian-ping. Fractal
Ting-ting. Classification and research methods of rockburst fracture and fragmentation in rocks [J]. Journal of Disaster
experimental fragments [J]. Chinese Journal of Rock Mechanics and Prevention and Mitigation Engineering, 2003, 23(4): 1-9. (in
Engineering, 2009, 28(8): 1521-1529. (in Chinese) Chinese)

Bl EEHE T SN 5 A s AN B IAFE
AR, Y ERL2 AN, REAL, B o2

1. R kE RS 24 TREEE, Kb 410083;
2. FRIRE WEREEY T RS K EE RIS B E, K 410083

B F: FHSCERNS-EA SN SHPB 3, REWETIDA FoEee =4 N8t Fl 3 ) sl 4 S 4
WORR L. SRR RAS-ERA G INE, BB BORT, PRI RS, N — WAz 2 SR 1 R
Y B SHBEATAIIRN, N — AR I ) 1Y 2 e As, W e R ek 8, $RoR TN R Bl I ah i
R RETBRPERERERI LS . AT R R Sn BRI I RS, FOML S iR sl A5 R R SR IR 1Y
W R IR s, TBARRE R, BURESE 205K B PERA R AR PEROR R SRR A s S B e i
il DR LU AKRIEIR 320 WEBRIPIEEERERN], RN A s— i e gk, Al /Maes iy, 51AE
i BERE U REDE R A PRI RY R S o

KR N S-S INEG s his; Rk

(Edited by YANG Hua)



