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Abstract

Rockburst is a sudden violent ejection of rock fragments from the free surface created during excavation of a
tunnel, drifts or any underground openings. Due to deep mining and/or tunnelling activities under high
pressure and temperature conditions, the occurrence of rockburst is getting more frequent and prevalent,
which may result in catastrophic failures and fatalities. Therefore, understanding the mechanism of rockburst
phenomenon has a paramount importance for safe underground construction. In the last decade, true triaxial
testing system has been widely used to understand rockburst by replicating in situ stress states before and
after the excavation in the laboratory. In these tests, rectangular prism or cubic specimens are commonly
used. However, no specifications for specimen dimensions and aspect ratios are recommended by the
International Society for Rock Mechanics (ISRM) or the American Society for Testing and Materials (ASTM) for
a standard rockburst test. In this study, we have collected a comprehensive database from the literature to
evaluate influence of specimen dimensions on results of rockburst test for a potential development of
standard samples dimensions. The effects of dimensions of rectangular rock prisms with different
height-to-width (H/W), height-to-thickness (H/T) and width-to-thickness (W/T) ratios on the rockburst failure
were investigated and the failure modes with respect to various aspect ratios were evaluated in terms of
stored strain energy in p-q space. It was found that, H/W ratio has the most significance influence on the
failure mode regardless of the stress states. Dynamic failure of the specimens was transformed from spalling
and splitting (local rock ejection) to slabbing and bursting (full-face bursting) when the H/W ratio increases
and bursting behaviour becomes more violent.
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1 Introduction

Due to the depletion of ore deposits closer to the surface, deep mining operations are becoming more
common in the mining industry. Increase in mining depth results in increased in situ stresses. As a rule of
thumb, in any underground operations over 1,000 m depth, rockburst incidents are expected. When the
induced principal stress o; due to creation of underground openings reaches to rock mass strength o.m, rock
mass will fail in a way that rock fragments from the construction face are ejected violently because of the
release of a large amount of stored strain energy. Rockburst can kill people and cause injuries, as well as it
can cause a temporary or permanent cease of mining or tunnelling operations. Therefore, it is significant to
understand the mechanisms behind rockburst, which is considered as the biggest unresolved problem in
deep underground excavations (He et al. 2016) for safer underground construction designs in greater depths.

In the last few decades, many studies based on experimental, theoretical and numerical approaches have
been carried out to resolve the rockburst phenomena (Cook 1966; Curtis 1981; Blake & Hedley 1992; Ortlepp
& Stacey 1994; Linkov 1996; Wang & Park 2001). It is mostly suggested that rockburst is a function of both
the stored strain energy in the rock mass and rate of energy release at failure. Due to the complexity in energy
concept in rockburst occurrence, several approaches have been proposed to control and forecast rockbursts
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(Barton et al. 1974; Heunis 1980; Kidybinski 1981; Kaiser et al. 1996; Cai & Champaigne 2009; Li 2010; Kaiser
& Cai 2012; Cai 2013). He et al. (2012a) developed a constant-resistance and large-deformation bolt (CRLDB)
to control and prevent rockburst occurrence. CRLDBs absorb the deformation energy of host rocks with large
deformation by elongating constantly to adapt itself against the external loading. Xu et al. (2016) installed a
microseismic monitoring system to forecast the occurrence and location of rockburst during the tunnel
boring machine (TBM) and drilling and blasting (D&B) tunnelling advancement. They assessed the
microseismic data to be used as a precursor prior to the occurrence of rockbursts in the deep tunnels at the
Jinping Il hydropower station and concluded that it is necessary to identify and forecast possible rockburst
regions via microseismic monitoring technique during deep engineering constructions under high geo-stress
conditions in which equipment damage and injury of personnel could be minimised.

Numerous experimental studies were performed by researchers to understand the rockburst mechanism.
True triaxial loading system was developed to investigate rock behaviour under three independently applied
principal stresses, 01> 0, > 03 (Mogi 1971; Michelis 1985; Takahaski & Koide 1989; Wawersik et al. 1997;
Haimson & Chang 2000; Cheon et al. 2006). In order to better understand the rockburst characteristics, a
novel true triaxial testing machine was developed by He et al. (2010) at the State Key Laboratory for
Geomechanics and Deep Underground Engineering in Beijing, China. In this system, rockburst test is
conducted by abruptly dropping the loading plate from one of the rectangular prism’s face which is usually
in the direction of minor principal stress and thus the specimen surface is free of any loading condition that
is equivalent to creation of excavation in underground. Consequently, it is possible to replicate the stress
redistribution around an underground opening via this test system. A series of experiments on different types
of rock specimens have been conducted in terms of various stress paths to clarify the rockburst mechanism
under true triaxial loading/unloading conditions (He et al. 2010, 2012a, 2012b; Zhao et al. 2014; Gong et al.
2015; Li et al. 2015). Rectangular or cubical rock specimens have been used for true triaxial testing. However,
studies regarding the influence of rock sample dimensions on rockburst characteristics are very limited.

It has been well understood that size or scale effect poses a significant role on the mechanical behaviours of
rocks. Influence of specimen dimensions and slenderness ratio (i.e. height-to-width (H/W) on strength and
failure modes has been studied by many researchers via conventional uniaxial or triaxial compression tests
(Mogi 1962; Bieniawski 1968; Hudson et al. 1972; Bazant & Xiang 1997; Li et al. 2011). Hudson et al. (1972)
reported that decreasing the H/W ratio results in increased failure strength under uniaxial compression,
while on the contrary, the post peak stress—strain curves showed less steep trend. Martin and Maybee (2000)
discussed the failure modes in pillars of some Canadian hard rock mines. They found that slabbing and
spalling are the most dominant failure types when the ratio of pillar width to pillar height (W,/Wh) is less
than 2.5. Size effect on rectangular prismatic specimens was investigated by Li et al. (2011). In their research,
Iddefjord granite samples from Norway were loaded under uniaxial compression and it was observed that
failure mode was transformed from shear to slabbing in case of reducing the H/W ratio to 0.5. They also
indicated that slabbing occurs parallel to the loading direction with a strength of 60% of uniaxial compressive
strength. Recently, Manouchehrian and Cai (2016) investigated the unstable rock failure under uniaxial and
polyaxial loading—unloading conditions by using finite element method (FEM). They proposed two
parameters; loading system reaction intensity (LSRI) and transferred energy ratio (TER) to be used as an
indicator of unstable failure. According to the numerical analyses results, it was indicated that the higher the
H/W ratio, the more violent the failure is. It was also found that increasing the intermediate principal stress
results in less violent failure based on the release of excessive energy. However, the effect of specimen
dimension ratio on burst behaviour under true triaxial loading still remains unclear. Therefore, this research
aims at evaluating the influence of rectangular rock prisms with different height-to-width (H/W),
height-to-thickness (H/T) and width-to-thickness (W/T) on the failure mode using strain energy concept to
identify critical dimensions of rock specimens to be used in true triaxial rockburst tests (Figure 1).
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Figure 1 Illustration of stress state change for rock on the underground opening wall before and after
excavation

2 Rockburst tests database

In this section, the true triaxial rockburst testing process and the rockburst tests results available in the
literature are collected and discussed briefly. Firstly, the true triaxial loading system is introduced.
Subsequently, the rockburst test results with geometrical properties of the rock specimens are presented.

21 True triaxial testing system

In situ stresses are governed by the polyaxial stress condition in underground prior to excavation. The original
stresses in rock mass are disturbed by the man-made excavations. The radial/minimum principal stress (o3)
abruptly reduces to zero, while intermediate principal stress (o2) remains unchanged and the
tangential/maximum principal stress (o1) increases after creation of an excavation. When the induced
stresses reach the rock mass strength, failure takes place under biaxial loading condition on the walls, as
shown in Figure 1.

In order to simulate the stress path of rocks under a true triaxial loading condition, a testing machine was
developed by He et al. (2010). This hydraulic test apparatus is composed of main loading part, hydraulic
controlling unit including data acquisition system, acoustic emission (AE) monitoring system, high speed
digital camera, and thermal monitoring system (Figure 2).
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Figure 2 A true triaxial testing apparatus for rockburst (He et al. 2015)
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The testing procedure can be summarised as follows:

Rectangular or cubical rock specimens are loaded independently in three principal stress directions
progressively to the desired in situ stress level.

The stress state is retained for a while to provide in situ stress state condition on the rock specimen.

A sudden drop on one of the loading face where minimum principal stress (o3) is acting, while
intermediate principal stress (0,) is kept constant and maximum principal stress (o1) is increased until
rockburst occurrence.

Therefore, tangential and radial stresses change due to an excavation can be simulated via true triaxial testing
procedure in laboratory scale. A designed stress path, schematic illustration of testing procedure and side
view of unloading process are shown in Figure 3.
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Illustration of (a) designed stress path; (b) schematic view of testing process; (c) side view of
unloading system (after He et al. 2010)

Database with test results

An extensive literature review was conducted through various studies related to true triaxial rockburst tests
and a comprehensive database was constructed with 67 rockburst tests. Rock types being used for the tests
were granite (33), sandstone (14), marble (7), and a few others. Distribution of the tests with respect to rock
types can be seen in Figure 4.
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Figure 4 Distribution of rock types in true triaxial test database

Table 1 shows the dimensions and stress state at failure for the true triaxial tests. Due to the large amount
of data, all tests in the database are not included in this paper. The average specimen height is 117.5 mm
with a minimum of 60.7 mm and a maximum of 151.8 mm; the width one face of which is unloaded abruptly
is 73.31 mm in average with a minimum of 38.85 mm and a maximum of 100 mm. Specimen thickness has
an average of 54.3 mm with a minimum of 19.2 mm and a maximum of 100 mm. Average specimen volume
is495.9 cm?3, 80.4 cm?® in minimum and 1,000 cm? in maximum. The corresponding face in which o3 is removed
to simulate excavation has an average surface area of 83.8 cm? with a minimum of 36.8 cm? and a maximum
of 100 cm?.

3 Results and discussion

In geomechanics, failure type poses a critical role for underground constructions. In deep mining and/or
tunnelling, it is more frequent to encounter failures in slabbing or rockbursting rather than in shearing,
splitting or local spalling of rock fragments (Fairhurst & Cook 1966). According to Palmstrom and Stille (2007),
shear failure generally occurs along a conjugate fracture plane whereas slabbing and rockburst, in which
crack growth states are similar, take place as more violent ejection of large rock fragments. These main rock
failure modes for underground openings are summarised by Hoek et al. (1995) included in Figure 5.
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Figure 5 Rock failure types for underground excavations (Palmstrom and Stille 2007)
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Table 1

Dimensions and critical stress state at failure for true triaxial tests

i i Stress state at failure (MPa Rock
Rock material SO RO ( ) oi/oc (o1+02)/ oc (01-02)/ oc ockburst Failure mode References
[mm x mm x mm] o1 02 o3 (Y/N)
Granite 130.1 60.8 0 0.99 1.46 0.53 Y Rockburst
Sandstone 109.4 73.2 0 1.05 1.76 0.35 Y Rockburst
He et al.
Limestone 150 x 60 x 30 110.9 61.9 0 142 2.22 0.63 N Slabbing (2009)
Marble 104.1 39.4 0 130 1.79 0.81 N Slabbing
Coal 17.6 8.1 0 117 1.71 0.63 Y Rockburst
. Coli et al.
Marble 100.6 x 39.8 x 20.1 50 12 0 0.86 1.07 0.66 N Spalling (2010)
150.4 x 61.8 x 29.7 114.4 40.6 0 163 2.21 1.05 Y Rocburst He et al.
Sandstone
150.6 x 60.5 x 30.5 113.5 65.6 0 162 2.56 0.68 Y Rockburst (2012b)
99.7 x 38.9 x 20.8 76.8 33.8 0 132 1.91 0.74 Y Rockburst He et al.
Marble
101.1 x41.6 x 19.2 61 14.2 0 1.05 1.30 0.81 Y Rockburst (2010)
i 150.1 x 60.1 x 30.1 117.1 39.0 0 162 2.15 1.08 Y Rockburst Zhao et al.
150.2 x 60.1 x 30.2 130.9 38.8 0 193 2.51 1.36 Y Rockburst (2014)
150.7 x 60.9 x 30.8 159.2 13.7 0 116 1.26 1.06 Y Rockburst
. 120.5 x 60.9 x 30.8 148.2 15 0 0.98 1.08 0.88 Y Slabbing (local rock flake ejection) Zhao and
Monzogranite .
90.7 x 60.9 x 30.8 142.3 14.7 0 0.87 0.96 0.78 N Shearing Cai (2015)
60.7 x 60.7 x 30.7 186.8 13.5 0 1.00 1.08 0.93 N Shearing
S 150.5 x 59.9 x 28.8 121.5 11.9 0 203 2.22 1.83 Y Slabbing He et al.
150.4 x 60.2 x 29.5 102.5 11.5 0 171 1.90 1.52 Y Slabbing (2015)
Granite 180 10 0 129 1.37 1.22 N Splitting L etal
I et al.
Sandstone 100 x 100 x 100 81 10 0 1.40 1.57 1.23 Y Slabbing (2015)
Cement mortar 28 10 0 1.05 1.42 0.67 N Spalling
150.7 x 60.9 x 30.8 159.2 13.7 0 098 1.07 0.90 Y Rockburst
Granite 120.6 x 60.9 x 30.7 170.7 13.9 0 1.05 1.14 0.97 Y Rockburst with tensile crack Zhao and
90.6 x 60.7 x 30.8 163.9 13.8 0 101 1.10 0.93 N Shearing with tensile crack He (2016)
60.7 x 60.7 x 30.7 186.8 13.5 0 1.15 1.24 1.07 N Shearing with no tensile crack
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The relationship between elastic strain energy density and the dissipated energy density per unit volume of
rock mass under loading and unloading conditions can be seen in Figure 6. The zones under the unloading
stress—strain curve and between the loading and unloading stress—strain curve represent the elastic strain
energy density and the dissipated energy density, respectively, at a given stage of deformation. In this study,
elastic strain energy density per unit rock volume calculations were conducted on the available database with
respect to different H/W ratios.
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Figure 6 Enclosed areas for corresponding elastic energy density and dissipated energy density per unit
rock volume

3.1 Influence of specimen dimensions on rockbursting behaviour

The elastic strain energy densities per unit rock volume (shown in Figures 7-9) within the specimens at which
rockburst occurred, were calculated for various H/W, H/T and W/T ratios. Figures 7-9 comprise the test
results of granite, sandstone, monzogranite and other rock types in which rockburst occurred and these
figures show the effects of ratios of H/W, H/T, and W/T on rockburst behaviour. The stresses in Figures 7-9
are at the onset of bursting as collected from the experiments.

The energy calculations are constituted by using the unified co-ordinates in p-q space that are based on stress
invariants. The co-ordinates p and g are defined in Equations (1) and (2) respectively.

a=3, = \/(01—0'2)2+(ch—20'3)2+(01—0'3)2 1)
p=g =g @
where:
g = the deviatoric stress component.
p = the hydrostatic stress component.
J2 = thesecond invariant of stress deviator tensor.
I1 = thefirstinvariant of stress tensor (Chen & Han 1988).
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Figure 8 Influence of H/T ratio of different rock samples on bursting behaviour based on elastic strain
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Figure 9 Influence of W/T ratio of different rock samples on bursting behaviour based on elastic strain
energy density

In Figure 7, it can be clearly seen that when the H/W ratio is greater than 2, rockbursting behaviour is more
frequently encountered. When the H/W ratio is 2.5, rockbursting with violent large rock fragment ejection
occurs due to the high amount of strain energy stored within the specimens. The elastic strain energy density
per unit rock volume which is directly related to the stored strain energy within the rock specimen varies
between 20 and 600 J/mm? in the created database. The data points for various rocks centre around the H/W
ratio of 2.5 which indicates that full-face bursting behaviour is more common as a failure mode (Figure 7). As
can be seen in Table 1, with a further decrease of the H/W ratio to 1, the failure mode changes from full face
bursting to spalling or shearing. The failures of the rock specimens were recorded as spalling, splitting or
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shearing when H/W ratio decreases (Table 1). Therefore, based on the test results, the rockbursting
behaviour is highly dependent on the H/W ratio. It can be seen from Figure 8, once H/T ratio is greater than
4, bursting is more frequent under true triaxial loading conditions. The decrease of H/T ratio from 4 to 1
results in a decrease of rockbursting failure type. When the ratio between width and thickness of the
rectangular prism rock sample gets closer to 1 as shown in Figure 9, the rockbursting behaviour diminishes.
According to the results, it is clear that the ratio of height-to-width (H/W) has more significant influence on
bursting behaviour than the ratios of H/T and W/T. When the deviatoric stress level is higher than 150 MPa
and H/W ratio is around 2.5, rock samples are more susceptible to rockbursting behaviour. Thus, geometrical
properties of rock specimens for true triaxial rockburst test have a crucial role in rockburst behaviour.

In order to classify and forecast magnitude of rockburst behaviour, various rockburst criteria have been
proposed by many researchers by using strength and energy indices. In this study, criteria suggested by
Barton et al. (1974) and Tao (1987) were also used to asssess the rockburst occurrence as summarised in
Table 2. Major principal stress state at failure and critical failure strengths of the samples are used as
indicators of predicting rockburst occurrence. Although, these indices can be used as a preliminary guideline
for forecasting rockburst, the estimations for this study do not show good consistency with the true triaxial
test results. It can be indicated that since these indices were constituted based on several case studies from
different mine sites, it is not appropriate to use them for experimental approaches. The main reasons of this
discrepancy may be the influence of discontinuities and the difference between the stress concentrations of
laboratory and field conditions. Thus, in order to better forecast bursting tendency, rockburst indices should
be enhanced based on a richer experimental database, which requires extensive experimental works.

Table 2  Rockburst criteria

Rockburst criterion !3urst|ng No bursting  Weak bursting Modt?rate Stron.g
index bursting bursting
Barton (Barton et al. 1974) oi/o. <0.2 0.2-0.4 0.4-0.6 >0.6
Tao (Tao 1987) o./01 >14.5 14.5-5.5 5.5-2.5 <=25
4 Conclusion

A comprehensive database was created from the literature including various rectangular specimens used in
the true triaxial tests. The influence of H/W, H/T, and W/T ratios on the bursting failure was investigated. The
bursting behaviour tendency was discussed by considering the elastic strain energy density within the
samples at the onset of bursting.

The results indicate that specimen dimensions have a strong influence on the bursting susceptibility of rocks
under true triaxial testing and H/W ratio is the most important effect for the bursting behaviour. Bursting
mode of rock specimens changes from rockbursting or slabbing to local spalling or shearing when the H/W
ratio is reduced from 2.5 to 1. Considering the elastic strain energy density within the rock specimen, the
higher the H/W ratio is, the more frequent the bursting behaviour is. The established database with rockburst
tests depends on the testing of rectangular or cubical rock prisms in which geometrical instability is the major
issue. However, in order to provide a better understanding for the mechanism of rockbursting, it is necessary
to investigate the real site conditions as the geometrical instability effects do not exist in the field.

Although this study attempts to provide an analysis about the influence of specimen dimensions and aspect
ratios in rockburst testing, more tests with a wide range of H/W ratios should be conducted to better
understand the rockburst mechanism and characteristics.
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