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Abstract
Rockburst is a geological disaster in highly stressed ground. As a typical rockburst, strainburst is an ejection failure phenomenon
caused by tangential stress concentration, which is frequently encountered in hard-brittle intact rocks in deep tunnel excavation.
To explore the strainburst characteristics, a set of tests on rectangular prismatic granite specimens with different loading rates
were conducted using an improved true-triaxial testing machine. During the testing process, a special loading path, namely,
keeping one free face and loading on other faces, was adopted to simulate the stress concentration of surrounding rock masses
near the opening. High-speed cameras were used to record the failure process on the free face of tested specimens. The speed and
the kinetic energy of ejected fragments during strainburst were obtained by analyzing videos recorded using high-speed cameras.
The experimental results reveal that the loading rate (simulating the rate of tangential stress concentration) plays an important role
with respect to the strainburst characteristics. As the loading rate increases from 0.05 to 5.0 MPa/s, the failure mode of tested
specimens transfers from static failure (spalling) to dynamic failure (strainburst), and the kinetic energy of ejected fragments
during strainburst, as well as the rock strength, increases.
Keywords Rockburst . Strainburst . Loading rate . Kinetic energy

Introduction
Rockburst is a typical dynamic rock failure accompanied by
violent rock ejection, which often occurs during underground
excavation in highly stressed ground (Cai 2013; Durrheim et
al. 1998; Linkov 1996). With mining and underground construction migrating to deep ground, more and more rockburst
cases are reported. Due to its unpredictability and violent nature, rockburst may cause serious injuries and fatalities to
workers, as well as damage to mining equipment (Simser et
al. 2002; Wu and Wang 2011; Zhang et al. 2012a; Zhang et al.
2012b), as illustrated in Fig. 1. Therefore, it is important to
figure out the rockburst mechanism. In the past few decades,
considerable studies on theories (Cook 1963; Xie and Pariseau
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1993), indicators (Barton et al. 1974; Höfer and Thoma 1968;
Kidybiński 1981) and classifications (Hedley 1992; Kaiser
1996; Ortlepp 1997; Ortlepp and Stacey 1994) of rockburst
were conducted. Furthermore, the acoustic emission (AE)
(Pettitt and King 2004) and seismic monitor (Kaiser et al.
2005) have been utilized to describe the rockburst process.
However, the rockburst mechanism to date is still unclear. A
deeper insight into rockburst is necessary to ensure safe construction and operation of underground excavations.
In general, rockbursts can be classified into three basic
types: fault slip burst, pillar burst, and strainburst (Hedley
1992; Kaiser 1996; Ortlepp 1997; Ortlepp and Stacey
1994). Strainburst is the most common rockburst and is
frequently encountered in deep underground construction.
It can be self-initiated and is closely related with the stress
state of rock masses near the excavated boundary. Before
excavation, rock masses at depth are under a true-triaxial
stress equilibrium; the excavation of a free boundary will
lead to local stress concentration and energy accumulation. When the excavation-induced stress increases to the
rock strength, strainburst will occur accompanied by fragments ejection at a certain speed. Thus, a good understanding of strainburst is significant to study the rockburst
mechanism.
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Fig. 1 Rockburst hazards: (a) at
Noranda’s Brunswick Mine in
Canada (Simser et al. 2002); (b) at
the Jinping II Hydropower Station
in China (Feng et al. 2013)
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The laboratory rock mechanics test, a powerful tool for
rock mechanical behavior investigations, has already been
used to explore rockburst. Over the past few decades, significant progress has been made in the characterization of
rockburst base on uniaxial tests (Cho et al. 2005; Cook
1963; Gong et al. 2010; Jiang et al. 2015; Li et al. 2004;
Singh 1987; Singh 1989; Wang and Park 2001). Since the
rock masses near the excavated boundary are actually in a
triaxial stress condition, the conventional triaxial test was introduced (Alexeev et al. 2004; Höfer and Thoma 1968; Hua
and You 2001; Huang and Li 2014; Salamon 1970). However,
the conventional triaxial tests fail to provide an exact boundary condition and stress change for rocks near the free boundary after excavation, so optimized true-triaxial tests were
needed. In recent years, He et al. (2012a; 2007; 2012b;
2014) conducted true-triaxial fast unloading tests using a developed true-triaxial machine and successfully simulated the
strainburst process. In these experimental studies, a loading
path, i.e., unloading on one face along the direction of the
minimum principal stress after the maximum principal stress
achieved a relatively high value, is usually employed to simulate the unloading strainburst. Unloading strainburst is an
instant rock failure after excavation under extremely high
ground stress conditions. However, in most cases, the in situ
initial stress is significantly less than the rock strength, so
rockburst will not immediately happen after excavation. For
example, during the tunnel construction at the Jinping II
Hydropower Station in China, most strainbursts occurred
about 2~5 h after excavation (Feng et al. 2013). This demonstrates that the stress concentration during the rockburst development is a progressive loading process. Only when tangential approaches rock strength, rockburst will occur. This
type of rockburst is named loading strainburst in this paper.
Su et al. (2017) investigated the influence of tunnel axis stress
on loading strainburst using a true-triaxial rockburst system.
However, the loading strainburst under true-triaxial condition
has not yet been systematically investigated.
As is widely recognized, the loading rate has a significant
influence on the strength of rocks in conventional compression tests (Bažant et al. 1993; Cai et al. 2007; Jackson 1991;
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Kumar 1968; Li et al. 1999; Martin 1994; Sangha and Dhir
1972). Existing experimental results indicate that as the
loading rate increases, the strength of tested specimens increases (Bažant et al. 1993; Hashiba et al. 2006). This variation is found to be closely related to the energy absorption
(or energy dissipation) of stressed rocks (Li et al. 2005;
Liang et al. 2015; Zhou et al. 2015). Moreover, many researchers have figured out that the failure characteristics of
rocks are also significantly influenced by the loading rate.
For example, Sangha and Dhir (1972) noted that with escalating loading rate, there was a gradual decrease in the area
over which sliding occurred and an obvious increase in both
size and the number of slabs formed for Lower Devonian
sandstone. Zhang et al. (2000) conducted a microexperimental examination and figured out that the higher
the loading rate is, the more serious the cracking damage
on the vertical section of a gabbro specimen. Zhou et al.
(2010) conducted a three-point bending test to measure the
fracture toughness of Huanglong limestone and found that
the fracture toughness markedly increases when the loading
rate greatly rises, up to a certain degree. However, due to
constraints of experimental facilities, the influence of the
loading rate on the strainburst under true-triaxial loading
condition has not been fully considered.
In addition, sudden ejection is a unique failure behavior of rockburst. However, the kinetic energy, as a
reasonable and direct indicator to assess the rockburst
intensity, has not been systematically studied in the preexisting true-triaxial rockburst tests. Consequently, it is
indispensable to study the influence of the loading rate
on the kinetic energy of strainburst under true-triaxial
loading condition.
To investigate the influence of loading rate on the
strainburst characteristics, a series of tests on granite were
conducted using a new true-triaxial rockburst testing system. In the following sections, the testing equipment and
rock specimens are introduced first. Subsequently, the design of loading path and kinetic energy estimation are
described. Finally, the experimental results are presented
and discussed.
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True-triaxial strainburst test
Testing equipment
As demonstrated in Fig. 2, a new true-triaxial rockburst testing
machine developed by Su et al. (2016), was used in the present study. Different from the true-triaxial rockburst testing
apparatus with a relatively low stiffness (He et al. 2007), the
machine used is highly rigid with a stiffness of 9000 kN/mm
along the vertical direction and 5000 kN/mm along horizontal
directions. Hence, the deformation of this testing machine
slightly affects rock failure during a testing process. In addition, as shown in Fig.3a, two independent loading devices are
used to apply stresses to the tested specimen along the Ydirection. The stress on one face of the tested specimen along
the Y-direction can be unloaded, while the force or displacement constraint on the opposite face is kept constant.
Therefore, a stress state of Bmaintaining one free face and
loading on the other free faces^ on rock specimen can be
fulfilled to simulate the tangential stress concentration and
radial stress distribution of rock masses near the excavated
boundary.
During the rock failure process, the linear variable differential transformer (LVDT) deformation sensors were utilized
to measure the deformation of the tested specimens (see
Fig. 3b, c), and two high-speed cameras were used to monitor
the failure process on the free face of tested specimens.

Testing material
In general, in situ rockbursts usually occur in intact hardbrittle rocks. Granite, as a typical hard-brittle rock, has been
used in the true-triaxial strainburst tests (He et al. 2015; He et

al. 2014; Zhao et al. 2014). In our study, the tested specimens
were cut from a massive coarse-grain granite block mined
from Guangxi province, southern China. To consider the influence of gradient variation of the radial stress on the mechanical behavior of the surrounding rock masses near the
excavated boundary, rectangular prismatic granite specimens
with dimensions of 200 mm (height along z axis) × 100 mm
(width along x axis) × 100 mm (thickness along y axis) were
adopted in our test. They were larger than the specimens
(150 mm × 60 mm × 30 mm) used in previous true-triaxial
strainburst tests (Gong et al. 2015; He et al. 2012a; He et al.
2007; He et al. 2012b; He et al. 2014; Zhao and Cai 2014).
The uniaxial compression strength of these specimens was
approximately 120 MPa, and their density was 2607 kg/m3.
Furthermore, the P-wave velocity of these specimens was approximately 5.2 km/s under general temperature, indicating
that these specimens have similar initial damage. Moreover,
to better record the fragments ejection, the free face of the
specimens was divided into sub-regions marked with different
English letters. In our test, at least three specimens were prepared for each test with a given loading rate to guarantee the
repeatability of the experimental results. The typical failure
process of each tested specimen was chosen to investigate
the rockburst.

Design of loading path
Strainburst is closely related with the stress state of rock
masses near the excavated boundary. Before excavation, the
rock masses at depth are in a true-triaxial equilibrium state
(σ1 > σ2 > σ3). During excavation, opening of a free boundary
will change the stress state of the rock masses, the radial stress
σr rapidly decreases. Whereas after excavation, the tangential

Fig. 2 True-triaxial rockburst
testing system
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Fig. 3 Illustration of the truetriaxial rockburst machine: (a)
sketch map of single-face rapid
unloading device; (b) front view
of rock sample under loading
state; (c) back view of rock sample under loading state
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stress σθ gradually increases, and the radial stress σr will increase due to the Poisson effect caused by increasing tangential stress σθ. Moreover, the radial stress σr shows a gradient
variation, i.e., the radial stress σr increases with increasing of
the distance away from the free boundary. For the representative rock element near the boundary of an unsupported excavation, as manifested in Fig. 4, the stress on the free face
vanishes, while stress on the opposite of the free boundary is
greater than 0 MPa. This situation can be simulated by applying stress larger than 0 MPa on the face opposite the free face
of a rock specimen using the independent Y-direction loading
devices.
As shown in Fig. 5a, in our early tests, an original loading
path is usually adopted to simulate the stress change of rock
masses during excavation, which is described in detail as follows. First, increase the stresses along three directions to prescribed values to simulate the initial ground stresses. Second,
suddenly unload σy1 along the Y-direction using a single-face
rapid unloading equipment, i.e., swing links, to simulate the
excavation process. Meanwhile, swiftly decrease σy2 to zero
using the hydraulic control system and then immediately increase it to a given value to simulate the transformation process of the radial stress of rock masses after excavation.
Finally, gradually increase the vertical stress (σz) until the rock
specimen fails.
However, after several tests using the above loading path,
we find that the process of Bsuddenly unloading σy1 and
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rapidly decreasing σy2 to zero using the hydraulic control
system^ can be neglected. This is because no obvious damage
to the tested specimen can be observed during the unloading
process, when the maximum stress is significantly less than
the strength of the rock specimen. To verify this, a repeated
loading/unloading test was conducted. The AE system was
used to monitor the damage development of the tested specimen. The testing process was divided into three steps.
Step 1: Apply σz = 80 MPa, σx = 30 MPa, and σy1 = σy2 =
15 MPa to the tested specimen along three directions
with a loading rate of 0.5 MPa/s, respectively.
Step 2: Unload σy1 on one face of the tested specimen along
the horizontal direction with an unloading rate of
20 MPa/s and keep the stress on the other five faces
constant for ten minutes; if the monitored accumulative absolute energy of the AE signal obviously
changes, stop testing; otherwise, recover σy1 on the
free face and increase σz to another prescribed value
and then unload σy1 again.
Step 3: Repeat step 2 until the monitored accumulative absolute energy of the AE signal obviously varies.
The AE accumulative absolute energy during the repeated
loading-unloading process is presented in Fig. 6. It can be seen
that the accumulative absolute energy of the AE signal shows
no obvious variation when σz is less than 180 MPa, which
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Fig. 4 Schematic illustration of stress state of the rock specimen before and after excavation

indicates that sudden unloading induces little damage to the
rock specimen. After the trial, we find that variation of the
accumulative absolute energy of the AE signal is not obvious
when the vertical stress σz is less than 70% of the strength of
the rock specimen under the one free face true-triaxial condition. Hence, it is not essential to unload σy1 during the
rockburst testing process when σz is much less than the
strength of the rock specimen.
An improved loading path, shown in Fig. 5b, is introduced as follows: keep one free face and simultaneously
increase the stress on the other five faces to prescribed
values; hold σx, as well as σy on the opposite side of the free
face, constant; keep increasing σz until the rock specimen
(a)

(b)

σz

σ

σ

Fig. 5 Designed loading path in
the strainburst test: (a) initial
loading path; (b) improved loading path

fails. After conducting considerable tests, it is found that the
experimental results obtained in the tests with these two
loading paths are consistent when the initial ground stresses
involved are far less than rock strength. Since the unloading
process is neglected, the test using the improved loading
path is highly efficient.
To investigate the influence of the loading rate on
strainburst characteristics, six loading rates of 0.05, 0.5, 1.5,
2.0, 3.0, and 5.0 MPa/s, corresponding to strain rates of 1.7 ×
10−6, 1.7 × 10−5, 5.0 × 10−5, 6.7 × 10−5, 1.0 × 10−4, and 1.7 ×
10−4 /s, respectively, were set. As a rule of thumb, σx and σy,
corresponding to the in situ tunnel axial stress and radial
stress, are set to 30 and 5 MPa, respectively.
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Fig. 6 The AE accumulative
absolute energy during repeated
loading-unloading test
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Kinetic energy estimation
The kinetic energy of ejected fragments during strainburst can
serve as a significant indicator to assess rockburst intensity
quantitatively. The kinetic energy of strainburst is generally
described by the following:
Ek ¼

1 2
mv
2

ð1Þ

where m is the mass of ejected fragments and v is the speed of
ejected fragments. The mass m of the ejected fragments can be
directly weighed. For measuring the speed v, several methods
can be found in laboratory investigations (Cho et al. 2005; He
et al. 2010; Li et al. 2004; Mcgarr 1997). In the present study,
the ejection speed of the fragments was obtained via analyzing
a rock fragments ejection video using Image ProPlus 7.0
(Fig. 7). The method of estimating the speed of ejected fragments is described in detail as follows.
First, to facilitate analysis, the rock fragments were
divided into several groups per different diameters, including coarse fragments with diameters beyond
9.50 mm, medium-sized fragments with diameters between 4.75 and 9.50 mm, and fine fragments with diameters less than 4.75 mm as shown in Fig. 8 (taking the
fragments of tested specimen under loading rate of
0.5 MPa condition as an example). The size of coarse
fragments is large and can be directly measured. The
medium-sized fragments were still countable, while size
was hard to measure. For the fine-sized fragments, the
number and size of these fragments cannot be obtained.
Then, identification of the fragments in the video was conducted, i.e., let the ejected fragments in the video correspond
to the actual fragments per characteristics of the fragments,
including mark, shape, and dimension. The mark and shape
of the fragments can be observed directly. The dimension of

the fragments was measured via the following method: 1) the
actual dimension and video-measured dimension of the length
of rock specimens are measured using a measuring tool and
analysis software, respectively; 2) an actual dimension to
video-measured dimension ratio is calculated; 3) the actual
particle size of a specific fragment in the video is determined
using the video-measured particle size and the actual dimension to video-measured dimension ratio.
Subsequently, the speed of ejected fragment is calculated by dividing the distance along the trajectory of ejected
fragments by the corresponding time interval. For fragments with diameters beyond 9.50 mm, the ejection speed
of each fragment is measured, which is the average of
speeds of four points on a fragment. For fragments with
diameters between 4.75 and 9.50 mm, the ejection speeds
of several fragments are measured and the average speed
is taken as the ejection speed. For fragments with diameters less than 4.75 mm, the speeds of the fragments in
different locations are measured and the average speed is
viewed as the ejection speed.
Note that there is an angle between the ejection direction
of fragments and recording direction of the high-speed camera as shown in Fig. 8. This causes the measured speed to
vary with respect to the actual speed. Apparently, the direction of the ejected fragments was approximately perpendicular to the free face of tested specimen during the rock failure process in one free face true-triaxial test. Thus, according to the layout of the high-speed cameras, the relationship
between the measured speed v’ and actual speed v can be
described as v = v’ /cosα, where α is the angle between the
measured speed and the actual speed. The α of high-speed
camera #1 and high-speed camera #2 are 30° and 15°,
respectively.
Finally, as the speed and mass of the ejected fragments are
measured, the kinetic energy of the ejected fragments with
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where n is the number of coarse fragments, m1i is the mass of
the ith coarse fragment, M2 is the total mass of medium fragments, M3 is the total mass of fine fragments, v1i is the speed
of the ith coarse fragment, v2 is the average speed of the
medium fragments and v3 is the average speed of fine
fragments.
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Fig. 8 Layout of the high-speed video camera system

3 Rock specimen

Influence of loading rate on failure mode
Table 1 shows the testing results of the typical tested specimens.
Figure 9 demonstrates the failure process of the typical tested
specimens under different loading rates. It can be observed that
the rock failure behavior under a high loading rate condition
differs from that with a low loading rate. The failure process of
specimens Z2, Z3, Z4, Z5, and Z6, with loading rates of
0.5 MPa/s, 1.5 MPa/s, 2.0 MPa/s, 3.0 MPa/s, and 5.0 MPa/s,
respectively, presents rockburst ejection. While the failure of
specimen Z1 with a loading rate of 0.05 MPa/s was characterized
by spalling, which is a static rock failure without rock fragment
ejection. In summary, with increasing loading rate, the rock failure mode changes from static failure (spalling) to dynamic failure (strainburst). This change of rock failure mode is closely
related with rock strength and energy conversion, which will
be described in detail in the next sections.
As demonstrated in Fig. 10, all the typical tested specimens
show ternary failure form. On the free face, the failure form of
tested specimen Z1 is convex surface, the failure form of other
tested specimens is pan-shaped or stepwise-shaped rockburst
pits. Near the free face, several tension cracks with different
lengths can be observed. Away from the free face, the failure
form is typically perforative shear cracks. Moreover, white
fine powders caused by intensive shear failure at a high stress
level can be found on the surface of rockburst pits, as well as
along the perforative shear cracks. This ternary failure form is
mainly attributed to the tested specimens in the present study
having a relatively large thickness (100 mm) and encountering
a gradient varied stress along the Y-direction.
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Table 1 Typical testing results
Loading rate (MPa/s)

σx (MPa)

σy (MPa)

Rock strength (MPa)

Failure mode

Z1

0.05

30

5

164

Spalling

Z2
Z3

0.5
1.5

30
30

5
5

260
265

Strainburst
Strainburst

Z4

2.0

30

5

270

Strainburst

Z5

3.0

30

5

278

Strainburst

Z6

5.0

30

5

284

Strainburst

Specimen No.

(a)
Rock plate
bending

Falling
down

Falling
down

Falling down

12:18:47.72

12:18:49.18

12:18:50.60

12:18:53.30

(b)

Particles
ejection

21:50:51.39

Rock splitting
and bending

Rock plate
falling down

21:50:51.82

21:50:51.90

Splitting

Rock plate
bending

Fragments
ejection
21:50:52.07

(c)

Particles
ejection

16:30:32.98

16:30:33.92

16:30:33.93

Fragments
ejection

16:30:33.94

Fig. 9 The rock failure process of the typical tested specimens under different loading rates: (a) 0.05 MPa/s, (b) 0.5 MPa/s, (c) 1.5 MPa/s, (d) 2.0 MPa/s,
(e) 3.0 MPa/s, (f) 5.0 MPa/s. The numbers at the bottom-left corner of the pictures indicate the time in h: m: s
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(d)
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(f)

Particles
ejection

Particles
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Rock plate
beding

Fragments
ejeciton

18:04:04.15

18:04:04.16

18:04:04.18

18:04:04.20

Fig. 9 (continued)

As shown in Fig. 11, with the increase of loading rate from
0.5 MPa/s to 5.0 MPa/s, the volume of rockburst pits of the
typical tested specimen increases, indicating an increasing
scale of rock failure. This is consistent with the stressed
rocks presenting more serious crush as an increase in loading rate (Liang et al. 2015; Mao et al. 2015; Zhang et al.
2000). Then, it is inferred that the intensity of rockburst
increases with increasing loading rate. However, to verify
this, the quantitative investigation on kinetic energy of
ejected fragments is needed.

Influence of loading rate on rock strength
Vertical stress-strain curves of the typical tested specimens
with different loading rates are presented in Fig. 12. The
stress-strain curve of the tested specimen Z1 with a loading
rate of 0.05 MPa/s is different from those of other specimens
with higher loading rates. For the tested specimen Z1, presenting spalling failure, the vertical stress gradually decreases in
the post-peak period; the vertical strain is larger than the that in
pre-peak period, indicating that large plastic deformation
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(a)

Fig. 10 Failure forms of the
typical tested specimens under
different loading rates: (a)
0.05 MPa/s, (b) 0.5 MPa/s, (c)
1.5 MPa/s, (d) 2.0 MPa/s, (e)
3.0 MPa/s, (f) 5.0 MPa/s
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different loading rates
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occurred in the post-peak period. For other specimens showing rockburst behavior, the stresses rapidly drop in the postpeak period.
The post-peak stress-strain relationship is significantly influenced by loading rate. For the tested specimens with loading rate of 0.5 MPa/s, 1.5 MPa/s, 2.0 MPa/s, 3.0 MPa/s, and
5.0 MPa/s, the post-peak stress-strain curve with low loading
rate is steeper than that with high loading rate. This indicates
that the brittleness of the stressed rock decreases with the
increase of loading rate, which has already been verified by
many previous research works (Liang et al. 2015; Zhang and
Wong 2013). For the tested specimen with loading rate of
0.05 MPa/s, the post-peak strain is relatively large. This is
because the extremely low loading rate provides sufficient
time for fractured rocks attaining new equilibriums. When
the stress decreases to a certain magnitude, the fractured rocks
can resist external load again and continuously crack, leading
to the increase of strain. This post-peak stress-strain response
is significantly different from that under high loading rate
conditions (0.5 MPa/s, 1.5 MPa/s, 2.0 MPa/s, 3.0 MPa/s,
and 5.0 MPa/s).
The strength of all specimens under different loading rate
conditions is plotted in Fig. 13a. The rock strength under one
free face true-triaxial loading condition increases with increasing loading rate, which is consistent with the obtained results
in previous studies (Bažant et al. 1993; Cai et al. 2007;
Jackson 1991; Kumar 1968; Martin 1994; Sangha and Dhir
1972) (e.g., as demonstrated in Fig. 13b). This variation can
be explained as follows. On the one hand, a load with high
strain rate causes the decrease or delay of crack before overall
rock failure. With the increase of the loading rate, the weakest
flaws or damages in the rock may not necessarily have an
opportunity to contribute in the fracturing process (Cai et al.
2007). Thus, the pre-peak dissipated energy declines, which
corresponds to less loss of rock strength (Huang et al. 2012).
Then the rock strength increases. On the other hand, with
increasing loading rate, during overall rock failure, more
cracks, crack bifurcation and branching occur (Zhang et al.
1999), trans-granular cracks become dominant instead of
inter-granular cracks (Liang et al. 2015; Zhou et al. 2015),

Influence of loading rate on kinetic energy
As manifested in Fig. 14, with the increase in loading
rate, the kinetic energy increases, and the failure mode
of tested specimen changes from static failure (spalling)
to dynamic failure (strainburst) (Fig. 9). The kinetic energy of ejected fragments can be used to assess the intensity
of strainburst quantitatively. Therefore, it is inferred that
the intensity of strainburst also rises with the increasing
loading rate.
A high peak strength will result in high strain energy being
accumulated in rock masses, which will further lead to violent
rock ejection (He et al. 2015). This indicates that the increasing rule of the kinetic energy should be consistent with that of
rock strength with increasing loading rate. However, the experimental results, as presents in Fig. 13a and Fig. 14, demonstrate that with loading rate increasing from 3.0 MPa/s to
5.0 MPa/s, the kinetic energy shows an approximately exponential increase, i.e., its increasing rate (the slope of the curve
in Fig. 14) increases, whereas the rock strength exhibits a
linear escalation. In other words, the increasing rate of kinetic
energy is larger than that of the rock strength. For example, the
rock strength (284 MPa) of the typical tested specimen with
loading rate of 5.0 MPa/s is 2.1% higher than that (278 MPa)
of the tested specimen with loading rate of 3.0 MPa/s. The
kinetic energy of ejected fragments (11 J) of the typical tested
specimen under loading rate of 5.0 MPa is 111.5% higher than

a

b 220
300

y = 22.213ln(x) + 252.29
R² = 0.9169

250

200

Rock strength (MPa)

200
Rock strength (MPa)

Fig. 13 Rock strength under
different loading rates: (a) granite
under one free face true-triaxial
loading condition in the present
study, (b) marble under uniaxial
compression condition (Zhou et
al. 2015)

and the mode of coalescence cracks changes from tensile
segments-dominant to shear-band-dominant (Zhang and
Wong 2013), that is, the stressed rock shows a much more
serious crush. This indicates that under high loading rate conditions, more energy is dissipated to form these shear cracks or
trans-granular cracks (more serious crush) during overall rock
failure, which results in a high fracture toughness. In other
words, rock materials under high loading rate have a greater
power of resistance to fracture than that under low loading rate
(Zhang et al. 1999). Thus, with the increase of loading rate, the
rock strength increases. A similar observation was obtained by
Grady and Kipp (1979; 1980).
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As exhibited in Fig. 15, the pre-peak accumulated energy
density ue is represented by the area of the triangle ABC.
Then, Ue can be obtained by the following formula

Kinetic energy (J)

y = 2.1645e0.351x
R² = 0.9273
12

U e≈

8

4

Experimental data
Fitting curve

0

0

1

2

3

4

5

Loading rate (MPa/s)

Fig. 14 Kinetic energy of the ejected fragments under different loading
rates

that (5.2 J) under loading rate of 3.0 MPa/s. Therefore, a
further discussion is needed to give the reason for the variation
of kinetic energy with increasing loading rate.
The pre-peak accumulated energy Ue is released during the
post-peak stage. If the Ue is supposed to be the sole resource of
Uk, the kinetic energy Uk can be described by:
U k ¼ U e −U d

ð3Þ

where Ud is the dissipated energy resulted from cracking, deformation, and radiant energy release during the post-peak
stage.
It is known that dissipated energy caused by cracking plays
an important role in Ud. The strainburst pits (Fig. 11) and the
rock fragments (Table 2) indicate that with increasing loading
rate, the tested specimen shows more serious crush, resulting
in increasing Ud. Moreover, the mass of fragments rapidly
increases, which implies that the Ud swiftly increases. In this
situation, the kinetic energy will decrease rather than increase
with increasing loading rate. Consequently, the source of kinetic energy should be more than Ue. It should be noticed that
the tested specimens are still subjected to the force by testing
machine during post-peak failure stage, corresponding to that
in situ stressed rock encounter squeeze of the surrounding
rocks. Therefore, the post-peak inputted energy Up should
be considered. This means that the resource of the kinetic
energy is the sum of Ue and Up. Ue and Up can be calculated
analyzing the stress-strain curves of the tested specimens
(Huang and Li 2014).
Table 2 Mass of the fragments
under different loading rates

Loading rate (MPa/s)

0.5
1.5
2.0
3.0
5.0

Vσ2s
2E

ð4Þ

where V is the volume of rock specimen, σs is the rock
strength, E is Young’s modulus of the pre-peak elastic deformation stage.
As demonstrated in Fig. 15, up is post-peak energy input
density represented by the area of the polygon BCED, which
can be calculated through area sum of tiny trapezoids. Up can
be calculated by the following formula:
n

V ∑ ðσiþ1 þ σi Þ ðεiþ1 −εi Þ
U p≈

i¼0

ð5Þ

2

where σi and εi are the specific stress and strain respectively
on the post-peak stress-strain curve, n is the total number of
trapezoids of stress-strain curve, and i is the segmentation
points. It should be pointed out that the energies along the
horizontal direction are neglected, because both the stresses
and strains along the horizontal direction are significantly
smaller than those along the vertical direction.
As manifested in Fig. 16, the sum of Ue and Up presents an
exponential increase with loading rate rising from 0.5 MPa/s
to 5.0 MPa/s, which slowly increases as loading rate increases
from 0.5 MPa/s to 3.0 MPa/s and rapidly rises as loading rate
increases from 3.0 MPa/s to 5.0 MPa/s. This is similar to the
variation of kinetic energy with increasing loading rate
(Fig. 14).
The above discussion is focused on the magnitude of the
resource of kinetic energy. Now, we try to figure out the influence of loading rate on kinetic energy from the viewpoint of
the energy dissipating rate and energy releasing rate. In addition to the Ue, the Up is also rapidly released during post-peak
failure stage. The post-peak energy releasing rate U̇ f can be
described as follows:
U˙ f ¼

Uf
Ue þ Up
¼
Δt
Δt

ð6Þ

Mass (g)
Particle diameter < 9.5 mm

Particle diameter > 9.5 mm

Total

79.51
74.49
146.6
120.65
161.44

173.50
197.95
210.43
298.67
350.81

253.01
272.44
357.03
419.32
512.25

Influence of loading rate on strainburst: an experimental study
Fig. 15 Schematic illustration of
pre-peak accumulated energy
density and post-peak inputted
energy density

C Peak strength

σ
σi
σi+1

Post-peak inputted energy density
up corresponding to the area
of polygon BCED

Residual strength
Pre-peak accumulated
energy density ue corresponding
to the area of triangle ABC

A

O

Because of the force-control loading method, the time interval Δt for stress dropping from its peak to the residual is
extremely short, which is assumed to be a constant under
different loading rate conditions in the present study. Hence,
variation of U̇ f with increasing loading rate should be consistent with that of the sum of Ue and Up, which means that U˙ f
with loading rate increasing from 3.0 MPa/s to 5.0 MPa/s is
higher than that with loading rate increasing from 0.5 MPa/s to
3.0 MPa/s.
As described in publications (Kumar 1968; Thompson et
al. 2006), the cracking rate has its limitation. Since most of the
dissipated energy is caused by cracking, the post-peak energy
dissipating rate has a threshold. In pre-peak failure stage, the
rate of energy dissipating equals the rate of energy releasing.
In the post-peak failure stage, if a balance between the rate of
energy dissipating and the rate of energy releasing can still be
achieved, the tested specimen shows stable failure behavior.
Otherwise, dynamic rock failure will occur.
When the loading rate is low (0.05 MPa/s), the prepeak accumulated energy is small, and the post-peak released energy is gradually released. Although, considerable energy is also inputted during post-peak failure, the
rate of energy input is extremely low because of the low
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5
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R² = 0.9316
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Fig. 16 Resource of kinetic energy under different loading rate
conditions

E
B εi εi+1

D

ε

loading rate. The inputted energy will be swiftly dissipated completely. In this situation, there is no surplus energy
to form fragments ejection, leading to static failure
(spalling) instead of dynamic failure (strainburst).
Conversely, when the loading rate is high enough, the rate
of energy dissipating may fail to match the rate of energy
releasing, the kinetic energy contributes to increase the
rate of energy dissipation, which keeps the balance between energy dissipation and energy release. In other
words, when the loading rate is high, it does not have
enough time for rock cracking, deformation, and radiation
to dissipate the pre-peak accumulated energy and postpeak inputted energy. The surplus energy will be dissipated in the form of kinetic energy. Consequently, high loading rate can promote high kinetic energy of ejected
fragments.
As aforementioned, the occurrence of strainburst closely
correlates with U̇ f , which can be described as follows:

U k > 0 if U˙ f > U˙ d under high loading rate condition
U k ¼ 0 if U˙ f ¼ U˙ d under low loading rate condition
ð7Þ
Moreover, for the tested specimens showing strainburst
behaviors, with the increase of loading rate, U̇ f increases,
the difference between U˙ f and U˙ d also rises, the released
energy that is changed into kinetic Uk also grows. Therefore,
the kinetic energy exponentially increases with the increasing
of loading rate.
Finally, it should be noted, in the practical deep underground engineering, rockburst prevention methods, e.g., reducing the excavation speed or decreasing the excavation
footage, were often applied to reduce the risk of strainburst.
Actually, these methods favor reducing the loading rate of the
circumferential stress of a rock mass near an excavated face,
as well as reducing unloading rate. Therefore, these aforementioned results will be helpful in understanding the mechanism
of in situ strainburst under different excavation speeds.
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Conclusions
In this paper, an experimental study of strainburst was conducted using a rigid true-triaxial rockburst testing machine,
with various loading rates. A loading path, namely, keeping
one face free and loading on other faces, was used during the
testing process. High-speed cameras were used to record the
failure on the free face of the tested specimens. The kinetic
energy of ejected fragments was quantitatively estimated. The
influence of loading rate (0.05 MPa/s to 5.0 MPa/s) on failure
mode, rock strength, and kinetic energy of ejected fragments
of the strainburst were investigated. Some observations and
conclusions are drawn as follows.
1. The loading rate obviously affects the failure mode of the
tested specimens. As the loading rate increases, the failure
mode of tested specimens transmits from static failure
(spalling) to dynamic failure (strainburst), and the volume
of rockburst pit of the typical tested specimens increases.
2. The loading rate has a significant influence on the strength
of the tested specimens under one free face true-triaxial
loading condition. With loading rate increasing from
0.05 MPa/s to 5.0 MPa/s, the strength of the tested specimens continually increases. In addition, with loading rate
increasing in a low value range (0.05 MPa/s to 0.5 MPa/
s), the rock strength swiftly increases; whereas the loading
rate increases in a high value range (3.0 MPa/s~5.0 MPa/
s), and the rock strength gradually increases linearly.
3. The effect of loading rate (0.5 MPa/s to 5.0 MPa/s) on the
kinetic energy of ejected fragments during strainburst is
significant. The kinetic energy of ejected fragments has an
exponential increasing trend against the loading rate. With
increasing loading rate in a low value range (0.5 MPa/s to
3.0 MPa/s), the kinetic energy slowly increases. When the
loading rate increases in a high value range (3.0 MPa/
s~5.0 MPa/s), the kinetic energy rapidly increases. This
also indicates that the intensity of rockburst under high
loading rate conditions is greater than that under low loading rate conditions.
The test results provide insights into the influence of loading rate on the strainburst under true-triaxial loading condition. However, the strainburst study presented in this paper is a
laboratory investigation of rock specimens with small size.
The experimental results may be different from the complex
in situ strainburst. Thus, it is necessary to conduct in situ
strainburst tests in the future.
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