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ABSTRACT

This paper presents the principles of rock support for rockburst control and three rockburst support
systems used in deep metal mines. Before the principles of rock support are presented, rock fracture
related to strain burst is first discussed with the help of photos taken on site, and the energy sources and
transformations during bursting are illustrated through conceptual models. Surface parallel extension
fracture usually occurs in the ejected and surrounding rocks in a strain burst event, while the ejected
rock in a fault-slip rockburst is often already pre-fractured before the event. There must be excessive
release energy available for rock ejection. The excessive release energy comes from both the ejected rock
itself and the surrounding rock. To prevent rock ejection in a rockburst, the support system must be able
to dissipate the excessive release energy. All support devices in a support system for rockburst control
must be able to dissipate energy, be firmly linked, and be compatible in deformability. A support system
for rockburst control comprises surface-retaining devices and yield rockbolts as well as yield cablebolts
when needed. Laying mesh on the top of shotcrete liner is a good practice to enhance the surface-
retaining capacity of the support system. Energy-absorbing yield rockbolts dissipate energy either by
stretching of the bolt shank or by sliding of the inner anchor in the borehole. Mesh, mesh strap and
shotcrete are the surface-retaining devices widely used in the current rock support systems. The three
types of rock support used for rockburst control at present are soft support system using Split Set bolts,
hybrid support system using rebar and two-point anchored yield bolts, and entirely yieldable support
system using strong yield bolts.
© 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

capacity. People also attempted to use stiff support devices, such as
fully encapsulated rebar bolts and concrete pillars, to deal with

Rockburst is a major instability issue in underground excavation.
Tremendous efforts have been made to understand the mecha-
nisms of rockburst in order to control it by appropriate rock support
systems in the past decades (e.g. Morrison, 1942; Duvall and
Stephenson, 1965; Salamon, 1983; Morrison et al., 1996; Ortlepp,
1997; He et al., 2010; Shan and Yan, 2010; Feng et al., 2012, 2018;
Lietal, 2017; Suetal., 2017; Tarasov and Stacey, 2017; Kaiser, 2018).
In a rockburst, rock is ejected or remarkably displaced. It is logical
to think to use ductile support devices to control the rock
displacement. Therefore, Split Set friction bolts were first used to
combat rockburst threats in South African mines in the 1950s and
1960s. A Split Set bolt is held in the borehole by the friction be-
tween the bolt tube and the borehole wall. It cannot efficiently
restrain the rock displacement because of its low load-bearing
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dynamic loads. The results, however, were not convincing. It was
observed in mines that some fully grouted rebar bolts brittlely
ruptured after the rockburst events, such as those snapped rebar
bolts shown in Fig. 1a. The concrete pillars set up in the mine drifts
were seriously damaged or blown up after a large blast in a mine
stope nearby in a Canadian deep mine (Fig. 1b). Having recognized
the limitations of both ductile and stiff support devices in rockburst
control, Cook and Ortlepp (1968) proposed the concept of yield
support. They demonstrated the power of yield rockbolts in
reducing the rock damage in a mine drift through a blast trial in a
mine drift (Ortlepp, 1969; Stacey 2012).

In the 1990s, the first yield rockbolt for rockburst control, that is,
the cone bolt, was developed in South Africa (Jager, 1992; Ortlepp,
1992). The original version of the cone bolt was fully encapsulated
in the borehole with cementitious grout. It was modified later for
use with resin grout in Canada (e.g. Simser, 2001; Simser et al.,
2006). After that, several other types of energy-absorbing yield
rockbolts were invented (e.g. Varden et al., 2008; Li, 2010; Wu and
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Fig. 1. Consequences of stiff support devices under strong dynamics loading: (a)
Ruptured fully encapsulated rebar bolts in a rockburst (Li, 2019), and (b) the blow-up
failure of a stiff concrete pillar after an operation blast in a mine (photo by B. Simser).

Oldsen, 2010; He et al., 2014; Darlington et al., 2018; Knox and
Berghorst, 2019). Along with yield rockbolts, surface-retaining de-
vices are also obligatory for satisfactory rockburst control. It is
required that both the internal and external support devices in a
support system must be firmly linked and be compatible in
deformability in order that all the devices are properly interacted
and together provide resistance to the rock ejection in a rockburst.

The purpose of this paper is not to provide a review over all
support methods that have been tried or used in the rock support
practice. Instead, it aims to present new thoughts on the principles
of rock support for rockburst control, based on the author’s own
rock support practice, field observations and academic studies but
also with references to work by others. In the paper, field obser-
vations of rock fracture patterns related to rockburst are first pre-
sented. The energy sources and energy transformations in a
rockburst event are explained with the help of two conceptual
models. The principles of rock support for rockburst control are
then derived from the point of view of energy release and dissi-
pation. Finally, a support methodology is proposed. The re-
quirements for support devices and the factor of safety are
discussed. Full-scale impact tests of two support arrangements are
briefly presented to demonstrate the proportions of energy dissi-
pated in the reinforcing rockbolts and the surface-retaining mesh.
Finally, three support systems for rockburst control used in three
countries are introduced. The three support systems are developed
based on different philosophies.

2. Rock failure in burst-prone rock mass
2.1. Rock failure in hard rock

2.1.1. Fracture patterns

It is often observed in the field that fractures are tightly spaced
both in the ejected rock and in the surrounding rock after the
occurrence of a strain burst in massive hard rock. The fractures are
parallel with the excavation surfaces, and the spacing between the
fractures varies from millimeters to decimeters. The fracture zone
could extend for several meters in the surrounding rock.

Fig. 2 shows the fractures exposed on the excavation face of a
mine stope in a deep gold mine in South Africa. The ore rock was
extremely hard and brittle quartzite with the uniaxial compressive
strength (UCS) up to 300—400 MPa. The mine stope was at a depth
of approximately 3000 m. The vertical in situ stress was approxi-
mately 80 MPa. The stope was 1-1.5 m high, and the excavation

Overburden > 3000 m

(b) (©)

Fig. 2. Surface-parallel fractures created by high vertical stress in the hard rock ahead
of the advance face of a mine stope in a deep gold mine in South Africa. (a) A
perspective view of the mine stope, (b) the fractures exposed on a vertical cut
perpendicular to the advance face, and (c) the fractures exposed on a horizontal bench
(Li, 2017a).

face was advanced by 1—-1.5 m after every blast round. The surface-
parallel fractures extended for meters in the rock ahead of the face.
Strain burst frequently occurred on the face and the rock slabs were
ejected into the stope void.

Fig. 3 shows another example of stress-induced fractures
exposed on the excavation face of a crosscut toward the second
slice (Cut 2) of a cut-and-fill mine stope at a depth of 1000 m in a
massive hard quartzite rock mass. Only a few pre-existing geolog-
ical discontinuities had been exposed on the excavation face but
intensive strain burst occurred on the roof in the bottom slice (Cut
1) of the stope. The surface burst was accompanied by frequent
brittle snapping noises. The surface burst disappeared after a few
hours, but powerful bursting sounds intermittently emitted from
the depths of the surrounding rock. The powerful sounds were
associated with rock fracturing inside the surrounding rock,
including the rock in the roof. The sub-horizontal fractures shown
in the figure were created during the excavation of Cut 1. The
thickness of the rock slabs between the fractures varied from 3 cm
to 10 cm.

Surface-parallel fractures are created in overstressed areas
where the tangential stress is relatively uniformly distributed, as
shown in Figs. 2 and 3. In areas where the stress gradient is large,
such as in the bottom of a strain burst pit, the fractures are spaced
tightly in the center of the stress concentration and radiate out-
ward, as shown in Fig. 4.

Surface-parallel fracture in the rock is formed under the
compressive tangential stress, but its nature is of extension. The
term of extension fracture is used in this paper to distinguish
tensile fracture under tensile stress. Martin and Chandler (1994)
defined crack initiation stress o and crack damage stress g4 on
the uniaxial compressive stress—strain curve of rock. It is said that
the crack initiation stress is 40%—60% of the peak strength o, which
is the UCS of the rock in the laboratory, and the crack damage stress
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Fig. 3. Stress-induced horizontal rock slabs in the roof of a cut-and-fill mine stope at a
depth of 1000 m (Li, 2019).

Fig. 4. The stress concentration center in the bottom of the strain burst pit in a cut-
and-fill mine stope and the radially oriented extension fractures exposed on the
excavation face of a subsequent slice cut in the stope (Li, 2017a).

is 70%—90% of op. It is claimed that cracks grow stably in the range
from o to a.q while the crack propagation becomes unstable when
the stress is above gcq. Li and Nordlund (1993) carried out uniaxial
compression tests on Kuru granite samples. The samples were
loaded under different loading conditions: monotonic loading, cy-
clic loading with a delay time between loading cycles, and cyclic
loading with a holding time at the ultimate load of every cycle. The
UCS, or the short-term peak strength, of the granite sample under
the monotonic loading was 260 MPa. The UCS of all other samples
tested under cyclic loading was lower, ranging from 215 MPa to
251 MPa. Obviously, the cyclic loading caused damages to the
samples so that the UCS became reduced. That is in agreement with
the statement by Martin and Chandler (1994) that accumulated
damages in the rock could result in reduction in the strength. A
Kuru granite sample was tested by holding the load at 64 MPa,
114 MPa, 167 MPa and 215 MPa, which correspond to 25%, 44%, 64%
and 82% of the peak strength (260 MPa) of the rock, respectively.
Fig. 5 shows the acoustic emissions (AEs) registered during the
holding time (1 h) under the four load levels. AEs above the
threshold (48 dB) disappeared immediately when the loading
stopped and the load was held at 25% of ¢, (Fig. 5a). Holding at the
level of 44% of op, the AE continued but became attenuated to a
remarkably low level after approximately 2000 s (Fig. 5b). Holding
at the level of 64% of g, the AE continued and remained active
during the holding time (Fig. 5¢). Holding at the level of 82% of oy,
the AE accelerated with time and finally failed after approximately

300 s since holding started (Fig. 5d). The AE monitoring results in
Fig. 5 indicate that:

(1) Extension crack growth indeed occurs in load levels between
0ci and ocg;

(2) Macroscopic extension fracture could occur when the load is
40%—50% of o, under long-term loading so that the postulate
that the long-term strength of rock is approximately 50% of
op is reasonable;

(3) Fracturing accelerates when the load is at a level higher than
80% of o, which supported the statement by Martin and
Chandler (1994). The field tests carried out by Andersson
et al. (2009) also supported that the extension strength of
rock is approximately 50% of oy,.

Based on limited field observations and philosophical thinking,
Diederichs (2003) proposed a conceptual criterion for extension
fracture. He distinguished the strengths of brittle and hard rocks
under short- and long-term loading conditions and presented the
short- and long-term strengths in a diagram, as shown in Fig. 6. The
upper thicker curve represents the short-term strength of rock
samples in the laboratory. The failure mode of the rock is mixed
with extension and shear fractures under low confining stress and
is pure shear failure under high confining stress. The lower thinner
curve in the diagram represents the long-term strength of rock in
situ, the failure mode of which is of extension. The surrounding
rock is under long-term loading conditions in an excavation-
completed tunnel or in the region more than 2 times the tunnel
diameter behind the excavation face in a tunnel under excavation
(Fig. 7a). The spalling strength of the rock in that region is described
by the thinner curve in the diagram. In the region immediately
behind the excavation face, from the face to a distance of approx-
imately 2 times the tunnel diameter, the load-rising time in the
surrounding rock is several hours or days depending on the exca-
vation speed. The loading condition in that region belongs neither
to short term as in laboratory tests nor to long term as in the region
far behind the face. It is essentially under a medium-term loading
condition. The rock in the region immediately behind the face could
be subjected to extension fracture (spalling) and even strain burst
when the load levels are higher than the long-term strength
(Fig. 7b). The hatched area between the long- and short-term
strength curves in Fig. 6 possibly describes the medium-term
strength of the rock.

2.1.2. Strain burst

When overstressed hard rock fails, the strain energy stored in
the rock is released abruptly to eject rock. This is called strain burst.
Strain burst is often self-initiated when the tangential stress in the
surrounding rock is great enough after excavation, but it could be
also triggered by a seismic disturbance when the tangential stress is
slightly smaller than the failure limit. In these cases, the intensity of
a strain burst is mainly associated with the strain energy released
from the rock. Fig. 8a shows a self-initiated strain burst that
occurred at a depth of approximately 1000 m in a massive quartzite
rock mass. The rock debris in the burst pile is typically thin plates
with knife-sharp edges. In other cases, seismic waves could both
trigger a strain burst and contribute energy for rock fragmentation.
Fig. 8b shows a strain burst that might be triggered by a strong
fault-slip seismicity event. The rock was heavily fragmented to
small cubic pieces during the burst. It was believed that the rock
was intact before the event and the fine fragmentation might be
due to a significant amount of energy input from the fault-slip
seismicity in addition to the strain energy released from the rock
mass.
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Fig. 5. Acoustic emissions registered on a Kuru granite sample (FIN14) versus time at four holding load levels: (a) 25%, (b) 44%, (c) 64% and (d) 82% of op. The dots represent the
magnitudes of the acoustic emission events and the red lines are the loading paths. The holding time was 1 h at the first three load levels. The percentage of the holding load levels
is with respect to the short-term UCS (260 MPa) of the rock that was measured on another rock sample. Modified from Li and Nordlund (1993).

ci/c. A

| Short-term strength in lab
‘W | Extension fracture
& shear failure
Shear
failure

Tensile
fracture

Long-term strength in situ
Extension fracture

G3/ce
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Fig. 7. Sketches illustrating the rock fracture patterns in regions under long- and
medium-term loading conditions in hard rock masses of (a) moderate in situ stresses
and (b) high in situ stresses.

2.2. Rock failure in moderately hard rock

Underground excavation changes the stress state in the sur-
rounding rock. Pre-existing faults nearby may be mobilized so that
slippage occurs along the faults. A mine seismicity event is thus
generated. In an overstressed moderately strong rock mass, the
surrounding rock could be already failed under the concentration of
static stresses. When the seismic waves reach the underground
opening, the pre-failed wall rock may be ejected, thus triggering a
fault-slip rockburst (Fig. 9). Fault slippage usually releases a sig-
nificant amount of energy. Therefore, a fault-slip rockburst may
cause more serious damages to underground infrastructures than a
strain burst does. Rock debris from a fault-slip rockburst comprises
rock pieces of various sizes, ranging from finely fragmented debris
to large blocks. Fig. 10 shows the rock pile after a fault-slip rock-
burst in a deep metal mine. That burst was triggered by a fault-slip
in the rock mass about 100 m far from the burst place. A rockburst
triggered by a fault-slip may be more powerful than a strain burst
because of the considerable amount of energy input from the
seismic waves.

3. Energy transformations in a rockburst event
3.1. Energy sources and dissipations

A self-initiated strain burst in hard rock is directly caused by the
elevated tangential stress in the surrounding rock after excavation.
The stress state in the rock is typically elastic prior to rock ejection.
The sources of the released energy and the targets for dissipation of
the energy can be illustrated with the help of the ball-cliff con-
ceptual model presented in Fig. 11. That model was further
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Fig. 8. (a) A self-initiated strain burst at a depth of 1000 m in a hard quartzite orebody, and (b) a strain burst triggered by a fault-slip seismicity event at a depth of 1100 m in a deep

metal mine.

developed based on a model proposed by Li (2019). In the con-
ceptual model, the ball stands for the ejected rock and the cliff edge
for the rock strength. The ball is on the left side to the cliff if the
tangential stress is less than the rock strength. The ball is on the
right side if the rock fails and bursts. The distance from the ball to
the cliff edge on the left stands for how far the tangential stress is to
the level of the rock strength. The released strain energy increases
with both the stress state and the volume of the ejected rock, which
is represented by the cliff height, W, in Fig. 11. In addition, a certain
amount of seismic wave energy is transferred to the ejected rock
when the burst is triggered by a seismic event. The seismic energy
is represented by W; in the model. The closer the ball on the left
side is to the cliff, the more likely the burst will occur. The total
released energy, that is, the sum of the strain energy W, and the
seismic energy W, is dissipated for rock fracture (W), vibration and
heat (W,), and rock ejection (Wy). Whether a burst occurs and how
powerful it is dependent on how much the kinetic energy Wy is.

The model is valid for both strainburst and fault-slip rockburst.
Fig. 12a shows the conceptual model for self-initiated strain burst.
In a self-initiated strain burst, the released strain energy W, is the
sole energy source. The prerequisites for strain burst are that the
tangential stress in the rock must reach the level of the rock
strength, and there must be excessive energy for rock ejection, i.e.
Wy > 0. Fig. 12b presents the model for fault-slip rockburst. The
rock subjected to fault-slip rockburst is often pre-fractured prior to
the burst event so that the kinetic energy for rockburst may be
primarily provided by seismic waves in a fault-slip rockburst. In
other words, the seismic energy input Ws is usually much larger
than the strain energy We.

3.2. Energy transformations during bursting

There are two types of post-peak behavior in rock (Wawersik
and Fairhurst, 1970). Class I rock needs external energy input for
further deformation in the post-peak stage, but Class II rock re-
leases a portion of its excessive energy after failure. Fig. 13 shows
the stress—strain curves of two rock samples of the two classes.
Strain burst often occurs in Class II rock, but fault-slip rockburst
occurs in both Class I and Class II rocks.

The energy transformations during a rockburst are illustrated in
Fig. 14. The thinner solid curve to the left describes the load—
displacement behavior of the rock. The peak load at A represents
the rock strength. The strain energy stored in the rock prior to
failure is represented by the area bounded by OABO. Some of the
energy, Why, is dissipated by rock fracture in the post-peak stage,

and the remaining portion, Wyy, is transformed into kinetic energy
to eject rock neglecting the part for vibration and heat. The thicker
solid line to the right (AC) is the response line of the surrounding
rock during rock failure. The slope of the line represents the overall
stiffness of the surrounding rock in the position of the rock failure
on site. The elastic strain energy released from the surrounding
rock is represented by the triangle bounded by ACBA. A portion of
this energy, Wpy, is dissipated by rock fracture, and the other
portion, Wy, is transformed into kinetic energy. The total released
strain energy W, is the total areas bounded by OACBO, i.e. W, =
(Wht + Whi) + (W + Wnk). In addition to the released strain
energy, there is an extra energy input W from the seismic waves in
fault-slip rockburst. The total released energy W is the sum of the
released strain energy and the seismic energy input, ie. W =
We + Ws. The energy dissipated for rock fracture, Wy, is the sum of
Wht, Wt and Wy, i.e. Wy = Wis + Winr + Wy, where We is the rock
fracture energy contributed by the seismicity. The kinetic energy
for rock ejection, Wy, is the sum of Wy, Wrr and W, i.e.
Wik = Wk + Wik + Wek, where Wy is the kinetic energy contrib-
uted by the seismicity. In other words, the kinetic energy of the
ejected rock comes from the rock itself, the surrounding rock mass,
and the seismic waves. The kinetic energy contributed by the
ejected rock itself, Wy, depends on the rock type, and it is a con-
stant per unit volume for a given rock type. However, the kinetic
energy coming from the surrounding rock, Wi, is associated with
the displacement, therefore the stiffness, of the rock mass.

4. Principles and requirements of rockburst support
4.1. Principles

In a rock mass with rock reinforcement, the total amount of
released energy of the rock mass is dissipated by rock fracture and
the rock support system as well by rock ejection in the case that the
rock support system fails. To eliminate rock ejection, it is required
that the energy absorption of the support system, W5, must be
larger than the remaining released energy after rock fracture, i.e.

Wis > W — Wg (1)

For a given amount of released energy, W, the more the energy
dissipated by rock fracture is, the less energy the support system
needs to dissipate. It has been found that support systems with
strong surface-retaining devices are favorable in enhancing the
energy dissipation by rock fracture. Fig. 15 shows such a support
system comprising chain link meshes, mesh straps, and energy-
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Fig. 9. Schematic for fault-slip rockburst caused by fault slippage (Li, 2017a).
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Fig. 11. Conceptual model for rockburst without rock support. W, is the total released
elastic strain energy, W; is the seismic energy transferred to the ejected rock, We is the
energy dissipated by rock fracture, Wy is the kinetic energy for rock ejection, and W, is
the energy for vibration and heat. W, + Wy = W + Wy + W,. Note that the energy
columns are not to scale.

absorbing yield rockbolts. That support system sustained several
small-scale fault-slip rockbursts, even though the rock behind the
mesh was finely fragmented. The fine fragmentation of the rock
might be due to the satisfactory containment of the support system.
The strong surface containment and the reliable link with the
rockbolts forced the rock to fragment to dissipate the seismic
energy.

In rockburst control, it is required that the support system must
be able to provide high resistance in order to restrain rock
displacement on the one hand, and it must be deformable on the
other hand to dissipate a certain amount of deformation energy.
Therefore, all support devices in a support system must be

deformable and the reinforcement tendons like rockbolts in the
system must be strong. Fig. 16 illustrates a solution for the rock
support for rockburst control. The support system comprises
obligatory surface-retaining devices (e.g. meshes, straps, shotcrete,
and even steel sets), energy-absorbing yield rockbolts, and optional
deformable cablebolts. Cablebolts are adopted in extreme cases.
The rockbolts must be systematically installed and reliably linked
with the surface-retaining devices in the burst-prone areas. With
such an integrated support system, the excessive burst energy
could be dissipated by the internal reinforcement tendons and the
external surface-retaining devices. The portions of the dissipated
energy in the reinforcement tendons and the surface-retaining
devices are illustrated through the full-scale impact tests intro-
duced below.

Full-scale impact tests of a support system comprised of energy-
absorbing yield rockbolts and chain link mesh were carried out to
investigate the proportions of energy dissipated in the rockbolts
and the mesh (Roth, 2014). The test samples comprised a square
concrete slab, rock boulders and gravel on the slab, a sheet of chain
link mesh underneath the slab, and four D-bolts, as shown in Fig. 17.
The four D-bolts were spaced in a 1.2 m x 1.2 m pattern and were
grouted in steel tubes suspended on the frame of the test setup. An
impact platform was placed on the rock blocks and gravel. The drop
mass hit the platform depending on which impact load was
transferred to the test sample. A drop mass of 6280 kg fell from a
height of 3.25 m, corresponding to a nominal impact energy of
200 kJ. Two samples were tested. The stiff sample was constructed
with a thick concrete slab and large rock blocks to simulate a
relatively competent rock mass, while the soft sample had a thin
concrete slab and rock fragments to simulate a weak and soft rock
mass. Upon impact, the concrete slabs fractured and the bolts and
mesh were displaced. The slab and the mesh of the soft sample

/ N
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K
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(b)
Fig. 12. Conceptual models for (a) self-initiated strain burst and (b) fault-slip rock-

burst. The crosses in the ball mean that the rock is pre-fractured prior to the burst
event.
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Fig. 13. Stress—strain curves of Class I and Class II rocks.

fractured more and were more deformed than those of the stiff
sample. In the stiff sample, the bolts dissipated 32 k] energy (~75%
of the total energy dissipated by the support devices), and the mesh
dissipated 8 kJ ( ~25%). In the soft sample, the bolts dissipated 10 k]
(~30%), and the mesh dissipated 26 k] (~70%). The rest of the
impact energy was dissipated by fragmenting and deforming the
rock blocks as well as the energy loss out of the testing system by
vibration, etc. The test results implied that rockbolts dissipate more
energy than meshes in competent rock mass, while meshes play a
more important role than bolts in soft rock mass.

4.2. Requirements

In the case of rockburst, there does not exist a constant load to
equilibrate since the support load and the ejection displacement
are associated with each other. The support devices in the system
must be strong on one hand in order to provide high resistance to
the deformation, and on the other hand, they must have high
enough energy absorption capacity to prevent premature failure of
the support system under the dynamic impact of rockburst. The
support devices must also be compatible in deformability.

4.2.1. Energy absorption capacity

Different types of support devices were tried on site in the
practice of rockburst control in the past decades. People finally
realized that energy-absorbing devices were the most appropriate
ones. The load—displacement behavior of three types of support
devices is illustrated in Fig. 18. Ductile devices can displace signif-
icantly, but their load-bearing capacity is low. Strong and stiff de-
vices can carry high loads but displace little prior to failure. Energy-
absorbing devices can both carry high loads and displace signifi-
cantly. In other words, they can dissipate a significant amount of
energy. An energy-absorbing support device is essentially a com-
bination of ductile and strong devices.

4.2.2. Factor of safety

Let W, represent the energy absorption capacity of the support
system for rockburst control. The factor of safety of the support
system is expressed as

Wi

FS = (2)
Wk
W — %mvz 3)

where m is the mass of the ejected rock, and v is the ejection ve-
locity. The ejection velocity can be back calculated based on the
horizontally dislodged distance of the ejected rock after a rockburst
(Kaiser et al., 1996). Let ueq represent the displacement of the rock
after ejection (Fig. 19). This displacement must be smaller than the
maximum allowable displacement, umax, Which is often decided
from the point of view of the excavation operation. On the other
hand, ueq must be smaller than the ultimate displacement of the
reinforcement tendons (i.e. rockbolts/cables), uy. The safety
criteria for the support system for rockburst control are:
FS:%>1 Ueq < Uyjp, and Ueq < U (4)
Wk s q ults eq max

As seen in the full-scale tests introduced in the previous section,
a smaller proportion of energy is dissipated by the surface-
retaining mesh than that by the bolts in competent rock mass.
Neglecting the energy absorption of the surface-retaining devices,
the spacing of the bolts in a systematic bolting support system is
calculated from Eq. (2) as

2 l ZWrS
~FS tp12?

(5)

where t is the burst depth, and p is the density of the rock mass. The
bolt length should be at least 1 m longer than the burst depth t (see
Fig. 19).

4.2.3. Compatibility between support devices

The current method to support rock in civil tunnels is to install
fully encapsulated stiff bolts in the rock mass and to apply shotcrete
or cast-in concrete lining on the rock surface. Yield support devices
are embedded in the lining in squeezing rock conditions (Schubert,
2001). Rock support systems in civil tunnels are in principle
composed of stiff internal reinforcement tendons (fully encapsu-
lated rebar bolts) and flexible external surface-retaining devices
(deformation-compensated concrete lining). In such a support
system, the stiff internal reinforcement tendons (rockbolts) may fail
after a small deformation, but the flexible external support devices
(the concrete lining) can accommodate relatively large rock defor-
mation because of the yield devices embedded in the concrete
lining. The internal and external devices in the support system are
thus not compatible in deformability. In underground mining, yield
rockbolts and meshes are often used to deal with excessive rock
deformation. The support load is mainly carried by the rockbolts,
and the mesh restrains the dilation of the rock on the surface. In
such a support system, it seems that the internal reinforcement
tendons (the rockbolts) and the external support device (the mesh)
are compatible in deformability, but the load-bearing capacity of
mesh is very low in the current mine support systems.

In a satisfactory rock support system, both internal and external
support devices should be strong and deformable (Li, 2017b).
Particularly, they should be compatible in deformability.

5. Methods of rock support
5.1. Reinforcement tendons

Reinforcement tendons refer to rockbolts and cablebolts that are
installed in the rock mass. Rockbolts are classified into three cate-
gories based on their anchoring mechanisms: discrete-point
anchored rockbolt, fully encapsulated rockbolt, and frictional
rockbolt (Li, 2017a, c). A discrete-point anchored rockbolt is
anchored at one or more positions along the length of the bolt in
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Fig. 14. Conceptual model illustrating the energy components in a rockburst. The
strain energy released from the ejected rock is Wy = Wye + Wy, the strain energy
released from the surrounding rock is Wy, = Wiys + Wik, and Wy is the seismic energy
transferred to the ejected rock.

Fig. 15. Rockburst support system comprising strong meshes, mesh straps, and
energy-absorbing yield rockbolts in a Canadian deep mine (photo by B. Simser).

the borehole. The mechanical bolt, the cone bolt, the D-bolt, and
bulged cablebolts belong to this category. A fully encapsulated
rockbolt usually refers to a rebar or threadbar bolt that is grouted
with cementitious or resin grout in borehole. The bolt is bonded to
the rock mass through the rough surface of the bolt and the grout
bond. A frictional rockbolt is anchored in the borehole through the
friction between the bolt and the rock. Split Set and inflatable
rockbolts, such as Swellex, belong to this category. More details of
the three types of rockbolts can be found in Li (20173, c).

Among the three categories, only the discrete-point anchored
bolt has potential for rockburst control because of its relatively high
energy-absorbing capacity. The energy-absorbing yield rockbolts
currently used for rockburst control are anchored either at two
points or at multiple points in the borehole. According to the
deformation mechanisms, the discrete-point bolts are classified
into stretching and sliding bolts. Stretching bolts accommodate the
rock deformation through plastic elongation of the bolt shank.
Sliding bolts displace either by plowing of the inner anchor in the
grout or by sliding of the bolt shank through the anchor.

5.1.1. Two-point anchored stretching rockbolts

A two-point anchored rockbolt is installed in the borehole either
by an expansion shell or by resin grout in the distal end of the bolt.
The expansion shell bolt is mechanically anchored in the borehole,
and its anchoring capacity is directly proportional to the contact

stress between the shell and the rock. An end-grouted rockbolt
functions in the same way as an expansion shell bolt in restraining
rock deformation. The anchorage of an end-grouted rockbolt is
more reliable than an expansion shell bolt because of its strong
resin bond. Two-point anchored rockbolts can accommodate a
certain amount of rock dilation through the deformation of the bolt
plate and the stretch of the bolt shank. It has been used for rock-
burst control in some hard rock tunnels, such as in Norway.

The distributions of axial and shear stresses along a two-point
anchored rockbolt are illustrated in Fig. 20. The rock dilation
stretches the bolt shank identically in every cross-section of the
shank, resulting in constant axial stress along the length of the bolt.
The shear stress on the bolt is zero. The ultimate axial stress in the
bolt is associated with either the plate strength or the anchoring
capacity at the far end of the bolt.

5.1.2. Multi-point anchored stretching rockbolts

The D-bolt is an energy-absorbing yield rockbolt with several
anchors along the bolt length and smooth bar sections between the
anchors, as shown in Fig. 21a. The bolt is fully encapsulated in the
borehole, either with cementitious grout or resin. The anchors are
fixed in the grout, and the smooth bar sections elongate upon rock
dilation. The bolt dissipates a quite large amount of energy by fully
employing the strength and deformation capacity of the bolt’s steel
(Li and Doucet, 2012).

The distributions of axial and shear stresses along a D-bolt are
illustrated in Fig. 21b. The stresses in a section between two adja-
cent anchors are induced by the total dilation of the rock that the
smooth bar section traverses. The ultimate load of the D-bolt is
equal to the ultimate tensile load of the bolt shank.

5.1.3. Cablebolts

Cablebolts are made of a single strand, twin strands, or multiple
strands. They usually are encapsulated with cementitious grout in
boreholes. The cable wires are made by cold extrusion, and their
ultimate elongation is low, only 3%—5%. To enhance the deforma-
tion capacity of cablebolts, a widely used technique is to de-bond
the middle section of the cable from the cementitious grout with
a plastic sleeve. For example, the ultimate displacement of a 10-m
cable is increased by 0.2 m if the cable is de-bonded for 5 m in
the middle with an assumption that the ultimate strain of the cable
wires is 4%.

5.14. Sliding rockbolts
The cone bolt is a representative one among the several sliding
energy-absorbing yield rockbolts available at present (Fig. 22a). The
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Cablebolts
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Fig. 16. Schematic illustration of a support system for rockburst control.
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cone bolt is a smooth steel bar with conical flaring at the distal end.
The original version of the bolt is for cementitious grout and the
modified version is for resin grout. The cone bolt is fully grouted in
the borehole. Rock dilation results in a load on the bolt plate that
transfers the pull load to the cone at the distal end via the bolt
shank that is de-bonded from the grout due to the smoothness of
the cylindrical surface of the bolt. The cone plows in the grout when
the load is equal to the crushing strength of the grout. The distri-
butions of axial and shear stresses along a cone bolt, as sketched in
Fig. 22b, are similar to that of two-point anchored conventional
bolts, but the ultimate load of the cone bolt is determined by the
plowing load of the cone at the distal end.

5.2. Surface retaining devices

5.2.1. Mesh

Mesh is often used for surface containment in mines. The two
most frequently used types are welded mesh and chain-link mesh
(Fig. 23). Welded mesh is manufactured by welding at the

intersections of the grids, while chain-link mesh is made by weaved
wires. Meshes are laid on exposed rock surfaces and linked to
rockbolts by the bolt plates. The grid size of the welded mesh is
usually 75 mm or 100 mm. Welded mesh is stiffer than chain-link
mesh, and the deflection capacity of chain-link mesh is greater than
that of welded mesh.

5.2.2. Mesh strap

Mesh strap is laid over meshes or mesh-shotcrete to enhance
the surface retaining capacity of the surface-retaining liner
(Fig. 24). A mesh strap is approximately 0.3 m wide and made of 8-
mm steel bars. Strap meshes are widely used in Canadian and
Australian metal mines.

5.2.3. Lacing

The purpose of lacing is also to enhance the surface-retaining
capacity of the meshes. Cables of 11 mm in diameter are laid over
meshes in a certain pattern and are nailed into the rock with 0.6-m
long eyebolts at the intersections of the cables (Fig. 25). The lacing-
mesh system can accommodate a large amount of surface dilation
and provide satisfactory containment to fragmented rock.

5.2.4. Shotcrete

Shotcrete has been widely used for rock support in civil and
mining engineering for a long time. Fiber-reinforced shotcrete is
more used than plain shotcrete because the former significantly
improves the toughness of the concrete. The dotted line in Fig. 26
shows the load on a steel fiber-reinforced shotcrete (SFRS) panel
versus its deflection. The slab did not lose its load-bearing capacity
immediately after the peak load. Instead, it continued to carry a
certain load in the post-peak stage.

Mesh-reinforced shotcrete is also used in rock support practices.
Mesh is either embedded in or laid over the shotcrete layer. The
load-bearing capacity of mesh-embedded shotcrete is slightly
higher than that of mesh-overlaid shotcrete, but the mesh-overlaid
shotcrete can accommodate larger displacements. The load—
displacement curves of the two types of mesh-reinforced shot-
crete panels are presented in Fig. 26. Mesh embedded in the
shotcrete could rupture after a small fracture opening in the
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Fig. 19. Displacements, eq and Umax, in a rockburst and bolting pattern (Li, 2017a).

shotcrete (Fig. 27a), while mesh laid on the top of the shotcrete can
sustain the fractured shotcrete for a large displacement before its
support function is lost (Fig. 27b).

5.3. Examples of rockburst support systems

The rockbolts in a support system reinforce the surrounding
rock, while the surface-retaining devices, such as mesh, prevent
small rock pieces from falling. The surface-retaining devices must
be linked firmly with the rockbolts to achieve an optimum rein-
forcement effect. In reality, the link between the mesh and the bolts
is often weak (Simser, 2007). With weak links, the load on the mesh
cannot be transferred to the rockbolts. Fig. 28a shows a situation in
which the mesh was cut off and lost the link with the rockbolts.
Fig. 28b shows a support system in a deep mine that had satisfac-
tory links between the rockbolts and the meshes and mesh straps.

5.3.1. Soft support system

The support systems used for rockburst control in Australian
mines, such as the one in Longshaft mine (Li, 2008), at the begin-
ning of the 21st century typically comprised two passes (Fig. 29).
Pass 1 comprised 2.4-m long Split Set bolts in a 1.2 m x 1.2 m
bolting pattern and meshes on rock surface, which aimed to static
support. In Pass 2, extra devices, such as SFRS over the mesh and 6-
m long fully grouted plain cables, were installed for rockburst
control. Some mines, such as Argot and Junction mines, used yield
cables instead of fully grouted plain cables to improve the ductility
of the support system.

Both Split Set bolts and cables in the support system are yield-
able. The Split Set bolts yield at quite low load levels. Therefore,
such a system is called a soft support system. The major advantage
of such a soft support system is its large deformation capacity, but it
cannot dissipate much energy. Soft support systems cannot satis-
factorily control strong rockburst. In recent years, some Australian
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Fig. 20. Model for the axial and shear stresses along a conventional two-point
anchored rockbolt.
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Fig. 21. (a) The D-bolt, and (b) a model for the distributions of axial and shear stresses
along the D-bolt.

mines have started to replace Split Sets with stronger energy-
absorbing yield rockbolts in their support systems for rockburst
control.

5.3.2. Stiff and yieldable hybrid support system

In Canadian metal mines, the rockbolts usually used for static
support are 2.4 m or 2.1 m long fully encapsulated rebar bolts and
Split Set bolts. Energy-absorbing yield rockbolts are added for
rockburst control. Meshes and mesh straps are widely used.
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Fig. 22. The cone bolt: (a) A sketch illustrating the work principle and (b) a model for
the distributions of axial and shear stresses along a cone bolt.
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Fig. 23. Two types of meshes: (a) Welded mesh and (b) chain-link mesh (Player et al.,
2008).

Mesh &
shotcrete
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Fig. 24. Mesh-shotcrete overlaid by mesh straps (Louchnikov et al., 2014).

Shotcrete sometimes is used. A support system for rockburst con-
trol typically is installed in two passes, and sometimes in three. Pass
1 is for static support, and Passes 2 and 3 are for rockburst control.
The support devices installed in Pass 1 are typically fully encap-
sulated rebar bolts and mesh, such as those in the Craig mine, but
Split Set bolts are used in some other mines, such as the Creighton
mine. The support devices installed in Pass 2 are mesh straps and
energy-absorbing yield bolts, and they are de-bonded cables in Pass
3.

Various support systems for rockburst control were used in the
Craig mine in the early 2000s, which are illustrated in Fig. 30 (Li,
2008). In Pass 1, fully encapsulated rebar bolts were installed in
the roof and walls, and meshes were laid over the rock surfaces. In
Pass 2, mesh straps, either in the lateral orientation or in both

©

Eyebolt

Fig. 25. Lacing on the wall of a deep mine drift in South Africa.
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Fig. 26. Deflection tests of 75-mm thick SFRS panels without and with mesh re-
inforcements. Redrawn after Swedberg et al. (2014).

lateral and longitudinal orientations, were laid over the meshes and
nailed into the ground with modified cone bolts (MCBs) (Fig. 30a
and b). When needed (Pass 3), fully grouted de-bonded cables were
installed in the roof (Fig. 30c). Sometimes two cable strands were
installed in one borehole, with one strand being fully grouted and
the other one being de-bonded.

Fig. 31 illustrates the support system for rockburst control quite
widely used in Canadian metal mines. In the system, two-point
anchored yield bolts, typically resin-grouted MCBs, are placed be-
tween stiff rebar bolts. The philosophy for such an arrangement is
that the stiff rebar bolts restrain the bulking of the rock under the
static loading condition, and the cone bolts undertake the dynamic
loads when rockburst occurs. Static rock support requires the bolt
quick response to rock deformation so that the bolts provide sup-
port load as long as rock deformation occurs in the rock mass. In
other words, it requires rockbolts to be of high stiffness. Use of fully

9 .Q‘ﬂl.-“ $
ARt ST

Fig. 27. (a) Broken mesh wires in embedded shotcrete in situ (photo by B. Simser) and
(b) the behavior of overlaid mesh shotcrete (Malmgren et al., 2014).
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Fig. 28. Link between rockbolts and the surface-retaining meshes and mesh straps: (a)
Weak links and (b) satisfactory links.
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Fig. 29. A soft ground support system used in Longshaft gold mine (Li, 2008).

encapsulated bolts is proper for this purpose. However, stiff rebar
bolts would easily rupture when rockburst occurs, as the case
shown in Fig. 1a. The cone bolt can accommodate significant dis-
placements so that it could be used for rockburst control. The major
drawback of the cone bolt as a static support device is that its elastic
stiffness is much lower than that of the rebar bolt. This implies that
the cone bolt is not able to provide high enough support load until a
relatively large amount of rock displacement has occurred. In
addition, the load-bearing capacity of MCBs is much dependent on
the mixing quality of the resin capsules that is always an issue on
site. Furthermore, the anchoring reliability of the cone bolt is a
concern because of its two-point anchoring mechanism. Failure of
any one of the two anchors will lead to loss of the reinforcement
function of the bolt. Because of those concerns, on-site engineers
do not dare to only use cone bolts in rock support systems for
rockburst control. In the early 2000s, the cone bolt was the sole
yield bolt that could be used for rockburst control. Ground control

Mesh + rebar

Lateral strap

1.5m  + energy bolts

Lateral strap
+ energy bolts

Longitudinal strap
+ energy bolts
(b)
6m cables

Longitudinal strap
+ energy bolts

©

Fig. 30. Support systems for rockburst control used in the Craig mine, Canada: (a) The
single-strap system, (b) the double-strap system, and (c) the strap-and-cable system
(Li, 2008).

engineers started to mix rebar bolts and cone bolts in their support
systems for rockburst control. Therefore, the hybrid support system
illustrated in Fig. 31 was a compromise solution when only rebar
and cone bolts, or other types of two-point anchored yield rock-
bolts, were available at that time even though it is still used today.
The ideal support system should comprise only one type of rockbolt
that is able to provide reinforcement functions under both static
and dynamic loading conditions. Such a type of rockbolt must be
elastically stiff but plastically deformable when the load is beyond a
certain level.

5.3.3. Entirely yieldable support system

Serious rockbursts started to appear in the Kiruna iron ore mine
in Sweden in the late 1990s. The early support system for rockburst
control in the mine was developed from the static support system
at that time. It comprised 4 passes: Pass 1 was installation of fully
cement-grouted rebar bolts and SFRS; Pass 2 was installation of
Swellex; Pass 3 was 7-m long cable; and Pass 4 was to construct
shotcrete arches (Li, 2008). The system did not perform well,
possibly due to its high stiffness. After recognizing the importance
of deformability and energy absorption capacity of support devices,
the mine developed a system consisting entirely of yield devices.
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Fig. 32. The current rockburst support system of the Kiruna iron ore mine in Sweden
(Malmgren et al., 2014).

That system comprises a 100-mm thick SFRS layer, wire mesh over
the SFRS layer, 3-m long modified and deformable rebar bolts or D-
bolts in a 1 m x 1 m bolting pattern in the walls, and 7-m long
cablebolts in the roof (Fig. 32). This support system has sustained
several large rockbursts without uncontrollable consequences in
the past several years.

6. Conclusions

In highly stressed hard and massive rock mass, surface-parallel
extension fractures often occur in the ejected and surrounding
rocks when a strain burst occurs. In highly stressed, moderately
hard rock mass, a fracture zone is created in the surrounding rock
during tunnel excavation. Fault-slip rockburst could occur in the
fracture zone.

Excessive release energy is prerequisite for the occurrence of
rockburst. The excessive energy comes from the ejected rock itself
and the surrounding rock. The energy absorption capacity (W;s) of a
support system for rockburst control must be larger than the
excessive energy.

All support devices in a support system should be able to dissi-
pate energy, be firmly linked, and be compatible in deformability. A
support system for rockburst control comprises in general three
support layers, that is, a layer of fully surface-covered retaining de-
vices (mesh, mesh strap and shotcrete), a layer of systematic yield
rockbolts and a layer of yield cablebolts (optional). Overlaying mesh
on fiber-reinforced shotcrete is a good way to enhance the surface-
retaining capacity of the support system. The internal reinforce-
ment tendons (rockbolts and cablebolts) dissipate more energy than
surface-retaining devices (mesh and shotcrete) in competent rock
mass, while more energy is dissipated in surface-retaining devices in
soft and weak rock mass.

Several types of energy-absorbing yield rockbolts are available
for rockburst control. Those bolts dissipate energy either by
stretching of the bolt shank or sliding of the inner anchor in the
borehole. Available surface-retaining devices are mesh, mesh strap,
and fiber-reinforced shotcrete.

Soft support system is not competent for rockburst control.
Hybrid stiff and yield support system is not satisfactory because of
the difference in deformability of the stiff and yield rockbolts.
Entirely yieldable support system seems to be the best option for
rockburst control.
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