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Synopsis

Actual observations qf
rockburst damage,
together with some
theoretical consider-
ations, stronglY suggest
that conventional
approaches to the
design qf tunnel support
are inappropriate where
there is a significant
seismic risk. The present
widelY used support
systems, which are
based on stjff,ful{y
grouted re-bars, are
inadequate where rock
displacement velodties
exceed 1 m/s.

It is shown by
means qf a simple
conceptual model that
yielding qfthe support
elements is essential to
ensure their survival
when they are subject to
the high strain rates
typical qf severe
rockbursts. The model
proposes that the total
load in the element is an
impulsive tensile force
imposed and sustained
by a single 'tributary'
block ~ectedJrom the
tunnel wall. The
stability qf the system is
detenninedJrom a
comparison qf the
kinetic energy developed
by the block with the
energy qf defonnation
absorbed by agrouted
steel tendon.
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Grouted rock-studs as rockburst
I support: A simple design
approach and an effective test
procedure
By W.D. OrtIepp*

Introduction

In the early 1970s, fully grouted steel tendons,
usually with mesh and lacing, became the
established method for the support of tunnels at
depth throughout the gold-mining industry!.
Initially, strands from discarded hoist ropes were
used with doubled-over looped ends as the
tendons that formed the reinforcing and
retention elements of the system. De-stranding
plants were established on some mines for the
processing of old winding ropes.

In some cases the strands were not
completely de-greased, and the helical twist not
perfectly straightened. The result was that the
bond strength between the strand and the
cement grout was reduced, and the strand was
probably able to slide to some extent in the
grout, thus giving some compliance or yield to
the system. In some instances, the rockburst
damage resulting from very large seismic events
was contained by a support system comprising
such looped tendons with mesh and lacing
(Figure1).

Figure 1-View of a tunnel of 3,2 by 3,0 m original dimensions at the intersection with the fault on which a seismic event

of ML 4,0 occurred at a depth of 1540 m. Damage was controlled by mesh and lacing retained by de-stranded hoist-rope

tendons. Most of the long, multi-strand pre-stressed cable anchors failed
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A novel test
procedure was developed

for the validation Q/ this
approach, andfor an
examination Q/the
energy-absorbing
capadty Q/ stjff and

yielding tendons. The
results Q/ an initial
series Q/ tests showed
that the recentlY
developed cone-bolt is an
~ctive yielding device.
It absorbs twenty times
more impulsive-load
energy than is consumed
by the completefracture

Q/grouted re-bar Q/
equivalent strength, and
it remains totallY
unscathed.

ImportantlY, the
results demonstrate that
the t;/ection model is not
merelY an explanatory
concept, but can be used
as a representative and
valid design method.
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During the following two decades, rope strands

were largely replaced by deformed reinforcing bar

with one end doubled back to form a loop, known

as a shepherd's crook. This subsequently proved

to be a retrograde step for reasons that were not
immediately evident at the time and may still not
yet be generally appreciated. Where large stress

changes caused fracturing and significant dilation

in the tunnel walls, particularly where rockbursts

occurred, tensile failure of these stiff tendons

occurred frequently.
Although recognition of the need for

yieldability is not new2, and an effective end-

anchored yielding rock-stud had been
demonstrated3, the importance of yielding tended

to be masked by the overall success of the mesh-
and-lacing method compared with the old passive

systems such as timber sets or steel arches,

which the new system had largely replaced.

In most mines, the rockburst problem affects
predominantly the stoping operation. The

relatively infrequent, but often serious, instances

of rockburst damage in tunnels have conse-
quently not received the attention that is

warranted.
The recent development4 of a simple fully

grouted yielding tendon known as a cone-bolt

should have led to an urgent revision of tunnel-

design procedures based on stiff tendons. In fact,

little use has been made of this important

development. To date, it has been used only in
special tunnels on two or three mines. The

somewhat greater unit cost of the cone-bolt

compared with the stiff, fully grouted shepherd's

crook re-bar is advanced as the reason for the
reluctance to use it more widely. The cost of lost

production and the very expensive rehabilitation

work necessary to repair damage does not appear

to be taken into account in such rationalization.
Fully grouted, stiff rock-reinforcement

systems have also failed in deep mines in other

countries, constituting a problem of serious

magnitude in some cases. The benefits of yielding
support have also not been appreciated there.

Apparently, the superiority of yielding

support in containing rockburst damage in

tunnels has just not been realized. Also, on the

other hand, no acknowledgement has been made

of the serious limitations of conventional support
when wall-rock displacements are large or when

movement occurs as a result of a violent

rockburst.
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Because of the unpredictability of seismic
activity and the capricious nature of rockburst
damage, it is not possible to subject any support
system to actual performance testing
underground. For a definitive comparison of the
performance capabilities of the two support
systems, it was thus necessary to develop a test
method that would, under controlled conditions,
effectively simulate the loading conditions
associated with rockbursts. Based on actual
underground observations, an argument is made
here for the use of ejection velocity as the basis
for characterizing the damage potential of a
tunnel rockburst. This understanding is then
translated into a reproducible test procedure, the
results of a preliminary series of tests are
presented and, finally, a simple rationale is
developed for the design of economical and
effective support that will contain severe
rockburst damage.

Rockburst Damage

It is common experience that there is no simple
relationship between the extent and intensity of
rockburst damage in underground excavations,
and the magnitude of the seismic event that is
presumed to be the essential cause, or the
trigger, ofthe rockburst. Often, the scene of
damage is so chaotically disturbed that only
confused impressions are gained (Figure 2). The
intrinsic complexity of the problem has been
discussed by Stacey and Ortlepp5.

The larger seismic events are usually the
result of shear slip on existing faults or other
geological discontinuities. Source parameters
such as the dimensions of the slip surfaces, and
particularly the velocity of slip, are still largely
unknown and controversial, although proper
seismological studies are increasingly providing
valuable insights into these problems. Owing to
this uncertainty and because actual
measurements in the vicinity of damaged
openings are very rare, attempts to use peak
particlevelocity (PPY) in the rockmassas the
determinant of rockburst damage have not been
very useful. There has been some indication6,7
that a PPY of about 1 m/s is necessary to cause
significant damage in a supported opening.

Recently, there appears to be increasing
acceptance of the suggestion that intense
rockburst damage is a near-source phenomenon,
although there is considerable uncertainty
among seismologists about the physical
processes that occur very close to the origin of a
seismic event.
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Figure 2-Rockburst damage in a tunnel at a depth of 3200 m after a seismic event of ML1,8. The retention elements of
fully grouted re-bar shepherd's crooks and containment elements suffered widespread failure

Despite a belief prevalent at the time that
PPV could not exceed the velocity of the fault slip
or shear displacement, and that this was limited
to perhaps 1 m/s, Wagner8 suggested that
support should be designed to withstand rock-
displacement velocities of 3,0 m/so Other values
that have been proposed to characterize damage
have been reviewed by Jager4 and by Kirsten and
Stacey9.

From observations of actual damage in
stopes and tunnels, OrtlepplOinferred that much
higher displacement velocities can occur, values
of about 8 m/s perhaps being typical of severe
damage in supported tunnels. In one instance,
very similar failures of tendons, disruption of
shotcreted mesh cladding, and size distributions
of displaced rock fragments characterized the
damage observed at several different locations
along a heavily supported tunnel after a severe
rockburst episode. This characteristic damage
was indistinguishable from that produced
experimentally by a simulated rockburst induced
by the controlled use of explosives!! some weeks
earlier in a similarly supported tunnel on the
same mine. In the experiment, the ejection
velocity was measured by means of a simple
velocity transducer connected to an electronic
timer that was used for blast monitoring, and
was found to be about 7,5 m/s after about
50 mm of displacement.
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Design Rationale

Although the actual mechanism of rockburst
damage in tunnels has received relatively little
attention, Stacey and Ortlepp5 have described
several possible modes of damage. They suggest
that, provided the rock between the tendons is
suitably contained, the practical problem of
controlling the dynamic displacements, whatever
the mechanism, can be reduced to a simple
conceptual model. The model postulates that the
total load applied to each tendon results from the
ejection of a single 'tributary' block of mass, m,
at some assumed realistic initial velocity, V. The
effect on the tendon will depend on the extent to
which the kinetic energy, KE, generated by the
block, where

KE = !/2myZ,

can be absorbed by the plastic deformation of
the steel in the case of conventional support, or
dissipated by displacement against friction and
other resistance in the case of yielding tendons.
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It is possible to determine the dynamic

load-deformation response of single tendons in

the laboratory, but only at loading rates limited to

less than 3 m/s. At much higher loading rates, it

is possible that tensile failure can occur by brittle

fracture, rather than by ductile elongation and
necking, as is normally expected with steel of low

to medium carbon content. On the assumption
that ductile response still occurs at realistic
ejection velocities, the energy absorbed by a stiff

grouted re-bar will be determined by the length

of the bar along which ductile elongation occurs

before fracture takes place.

From many observations of re-bars failing in

the manner shown in Figure 3, it is evident that
very little de-bonding occurs if the grouting has

been done properly. The amount of energy

absorbed in the failure of the stiff tendon will

thus be limited to a few kilojoules, which will
impede the momentum of the ejected block to a

negligible extent, and the disruption of the tunnel

wall will continue almost as if it had not been
supported at all.

For a yielding tendon such as a cone-bolt, the

maximum resistance to displacement is limited, by
design, to perhaps 75 per cent of the tensile

strength of the bar. This means that the tendon

cannot be broken in tension, and its resistance

will be sustained over large displacements. In that

case, the ejected block will be arrested completely

after a total displacement of a fraction of a metre,

and damage to the tunnel will be contained. In
reality, it is unlikely that damage will be limited to

the ejection of a single joint-bounded block or
wedge opposed by only one bolt. However, the

simplistic model almost certainly represents the

worst case as far as the loading of a tendon is

concerned, and thus its use as the essential part

of the design process is valid and conservative.

The differing effect on potential tunnel

damage that results from the difference in
energy absorbed by a cone-bolt compared with

that lost in a fully grouted re-bar is better

illustrated by a quantitative expansion of the

above explanation.

Figure 3-Close-up view of a broken 22 mm grouted re-bar in a rockburst-damaged side wall of a tunnel. The intact
grout indicates an almost total absence of de-bonding
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Consider that the single block of mass
m = 2,0 t in Figure 4(a) is impelled outward
at an ejection velocity of 8 m/s by a seismic
wave of suitable energy content. In case (i) it
is supported by a cone-bolt of 22 mm
diameter whose load-displacement charac-
teristic is given in Figure 4 (b) (i). In case
(ii), the block is supported by means of a
fully grouted 25 mm re-bar of 290 kN
breaking strength. The kinetic energy
imparted to the block is

KE = 0,5 x m x y2

= 0,5 x 2,0 x 8 x 8

= 64kJ.
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Figure 4-(a) Conceptual model of a single block ejected against the restraint of (i)a yielding
bolt, and ~i) a fully-grouted re-bar; (b) load displacement Ideformation curves of ~) a yielding
bolt and (ii)a fully-grouted re-bar
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Assume that the grout bond fails for
50 mm on either side of the separation
surface, allowing 100 mm of steel bar to
elongate to its maximum possible extent
(normally about 14 per cent under quasi-
static loading). The energy absorbed in
plastic deformation of the steel is given by
the area under curve (ii) in Figure 4 (b),
which is approximately equal to area abed,.
that is

Energy in re-bar =270 kN x 0,014 m

=3,8 kJ,

which is about 5 per cent of the kinetic
energy imposed on the bar.

Consider the energy remaining after the
bar fails:

64 kJ- 3,8 kJ =
0,5 x m x y2

=
Le. v =

60,2 kJ
60,2 kJ,
7,8 m/so

Thus, the ejection of the block is virtually
unaffected by the presence of the grouted bar,
the velocity being reduced from 8 to 7,8 m/s.

Its trajectory would be somewhat as
indicated in Figure 4 (a) (ii), leaving it
capable of causing considerable damage.

On the other hand, the cone-bolt
consumes 190 kJ of energy per metre of
displacement. The energy is lost in friction
and in compressing the cement of the grout
annulus as the enlarged conical head is
dragged out of the hole. The movement of
the ejected block would be arrested
completely after 0,34 m of displacement.
The total capacity for dissipating energy is
limited only by the length of hole beyond the
separation surface.

Design Method

In any engineering design, the determination of
the loading conditions to which a structure or
element may be exposed involves estimates and
assumptions. Similarly, certain quantities and
limits have also to be assumed here in order to
expand the rationale into a design procedure
that determines the dimensions and spacing of
the yielding tendons.
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If the tunnel to be supported is in an existing
mine with a history of rockbursts, these
assumptions can be based on past experience. In
a new area, design values will have to be
assumed realistically from the records of similar
mines elsewhere or from the literature. Only two
parameters need to be defined: the total
thickness of the rock slabs (or the depth of
blocks or wedges that may be ejected), and the
likely velocity of ejection. It is also necessary to
set a limit to the maximum extent of inward
displacement that can be permitted before the
tunnel becomes functionally disabled. In deep-
level gold mines, for example, the ejection of
about 1,5 m of wall rock appears to be about the
most intense damage that is likely to occur even
with large rockbursts. Ejection velocities can
sometimes have values of up to several metres
per second.

Figure 5 shows the kinetic energy developed
by various thicknesses of ejected sidewall as a
function of ejection velocity. The energy
intensity, in kilonewtons per square metre of
wall-rock area, that has to be contained as a
maximum for the worst-case condition that has
been assumed or postulated is read directly from
the graph.

The number and dimensions of yielding rock
bolts that must be installed per square metre of
excavation surface to limit the displacement to
the maximum that can be tolerated in the
particular tunnel is easily calculated in terms of
unit resistance, F, from the equality

Energy = Force x Displacement.
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Figure 5-Kinetic energy as a function of ejection velocity for rock slabs of various

thicknesses. An energy-absorption capability of 25 kJ/m' has been suggested by Jager et al. 12

as the minimum requirement for tunnels subjected to 'reasonably severe rockbursts'
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The unit resistance, F, is the same as the
'sidewall resistance coefficient' used by previous'
workers, or the 'support resistance' quoted in the
1988 industry guidelines12. Compared with this
conventional strength-based approach, the only
other additional requirement of the energy
method advocated here is that the resistance
must be sustained for several hundreds of
millimetres of displacement. This is, of course,
the vitally important difference. It requires, in
effect, that the tendon must not break but must
yield.

The desired level of energy absorption can
obviously be achieved by different combinations
of bolt density and bolt diameter. In general, the
combination that minimizes the number of holes
that have to be drilled will be the best, provided
that the hole spacing is close enough to prevent
the fractured rock between the bolts from erupting
through the cladding of mesh and lacing. The
procedure is illustrated by the following
example.

Consider that a section of sidewalll ,0 m
thick will be ejected with an initial velocity of
4 m/s. From Figure 5 it is evident that 20 kJ
of energy must be dissipated per square
metre of affected sidewall. For the tunnel to
retain its function as a haulage way, for
example, the movement of the sidewall must
be arrested within 0,25 m, say. The force
required to achieve this, is given by

F = Energy+ Displacement,
Le. F = 20 + 0,25

= 80 kN.

Cone-bolts are available in two
diameters. The 16 mm cone-bolt yields at
about 80 kN, while the larger 22 mm cone-
bolt, as described later, can develop a
resistance of 190 kN. To develop the
necessary sidewall 'support resistance'
coefficient of 80 kN 1m2would thus require
one 16 mm cone-bolt for each square metre
of tunnel surface, Le. the bolts would be
spaced 1,0 m apart. The same ejected
sidewall would require only one 22 mm
cone-bolt per 2,37 m2, Le. a bolt spacing of
1,54 m, to restrict its displacement to the
same total inward movement of 0,25 m. With
only 42 per cent of the number of holes to be
drilled and support elements to be installed,
the potential for savings in the case of the
22 mm cone-bolts is considerable!
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It is interesting to consider what the same
design rationale would require if fully grouted
re-bars were considered for the same task. With
good grouting, de-bonding would occur for
possibly 50 mm on either side of the separation
surface, making 100 mm of bar free to deform
plastically before it would 'neck' and fracture
abruptly as shown in Figure 3. The relevant
specification (SABS 920-1985) gives a
minimum elongation limit of 14 per cent total for
the type C class 2 steel from which the
shepherd's crook re-bars are made.

Thus, the elongation of each grouted bar
stretching across the separation surface would
have to be restricted to about 12 mm to leave the
steel just short of the point of failure. From the
load-deformation diagram of Figure 4 (b)(ii) , it is
evident that the energy consumed in each
25 mm re-bar would be about 3,2 kJ. Thus, it
would require 6 re-bars per square metre to
contain the expected burst damage. To install
grouted tendons at a spacing of 0,40 m and clad
them with mesh and lacing would obviously be a
totally uneconomic and operationally impossible
task!

Testing

Because the idea of allowing or encouraging the
reinforcing or retaining elements to yield is
totally contrary to the essential requirement of
reinforcement design in structural engineering, it
appeared that there would be scepticism about
the validity of the concept. It was evident that a
convincing demonstration was required to prove
that this departure from conventional thinking
was correct. It was also necessary to show that
the cone-bolt would actually survive the high--
velocity displacements that they might be
subjected to during severe rockbursts. To satisfy
these requirements, a suitable and novel test
procedure was developed by Steffen, Robertson
& Kirsten (SRK). With the support of three
interested groups within the industry, a limited
programme of testing was then planned and
executed by SRK. Financial support was
provided in equal measure by The Chamber of
Mines Research Organization (COMRO), who
conceived and designed the cone-bolt; by Strata
Control Systems, who developed and
manufactured it; and Western Deep Levels South
Mine, who were one of the potential large users
of the device.

The Journal of The South African Inslitute of Mining and Metallurgy

Methodology

When the first yielding rockbolt was developed,
the effectiveness was tested by the use of
explosives in a controlled way to subject the
supported sidewall of a temporary excavation to
a massive impulsive load3. These and the second
recent series of tests 11 suffer from certain
disadvantages, notably cost and difficulty of
visual monitoring.

By the application of the ejection force
vertically to concrete blocks secured to the floor
of a quarry by the bolts to be tested, these
difficulties were largely avoided. Additional
advantages were as follows.

. Easy and accurate construction was
possible.. The monitoring of displacement and

velocity was simple.. The blasting was convenient and virtually

without restrictions.. Block movement against gravity facilitated

the interpretation of the results.. Video-image recording and high-speed
filming were easy because of the good
illumination, facilitating the data capture
and visual re-play.

Test Method

The essential purpose of the test procedure was
to assess the response of a representative cluster
of five tendons or retention elements to a
uniform, sudden, and sustained impulse load.
For valid comparisons of the responses of
several different types of elements, the load had
to be applied in a reproducible manner.

The test arrangement consisted of six
identical reinforced-concrete blocks held down
against a level concrete surface by the tendons
that were to be tested. These retention elements
were grouted into holes drilled into the granite
floor in the same way that they would be
embedded in the rock walls of a tunnel during
normal operation. The layout of the test blocks
and the pattern of holes are illustrated in
Figure 6.

Construction of the Test Facility

A level section of the quarry floor was cleaned
down to bedrock, and a lightly reinforced
concrete pad some 300 mm thick was cast in six
separate sections to form a perfectly level floor.
Four formers made from carefully aligned
sections of thin-walledpolyvinylchloride (PVC)
piping of suitable diameters were embedded in
the 450 by 500 mm centre of the upper surface
of each concrete floor section to form explosion
cavities.
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Figure 6-The layout of test blocks, location of explosion cavities, and pattern of holes for
the grouted rock-studs

Vertical holes of 40 and 42 mm diameter
were percussion-drilled to a depth of 1,3 to
1,6 m through guide holes formed by short
lengths of 50 mm diameter PVCpipe, accurately
located in the concrete floor. With a proprietary
brand of grout commonly used in the installation
of rock tendons underground, the six sets of
tendons, listed in Table I, were grouted into the
granite, Samples of the grout gave 40 mm cube
strengths of 35 to 40 MPa after 14 days. The
accuracy with which the blast cavities were
formed and the bolts installed is demonstrated in
Figure 7.

Concrete blocks of 1500 x 1500 x 700 mm
dimension, and of 50 MPa specified strength,
were cast on top of each pad. A sheet of 0,2 mm
thick plastic provided a cohesionless interface
between block and pad. The mass of the block
was calculated to be 3820 kg, including the
reinforcing steel.
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Pull Tests

The bolts of blocks 3, 4, and 5 were each fully

bonded along the full length that traversed the

700 mm thick block, as well as along the fully
embedded length in the granite, No purpose would

have been served by the subjection of these

tendons to pull testing. Pull tests were carried out

on the yielding bolts, 25 days after the bolts had

been grouted and 13 days after the blocks had

been cast.
By use of a hand-pumped hydraulic hollow

ram, the static yielding resistance of each bolt
was determined over a pull-out distance of at
least 30 to 40 mm. These resistance values are
listed in Table Il.

Explosives Used

Sincethere was no way of determininga priori
what the explosive efficiency would be, the
amount of explosive used for the first test was
largely based on intuitive extrapolation of the
visible effects of the tests3,l1 in 1968 and 1991.

For the first test, one 480 mm by 18 mm
diameter cartridge containing nominally 0,125 kg
of Smoothex (rated at 2,71 MJ/kg) was
centralized in each of the 4 blast cavities. The
charging hole was sealed with about 100 mm of
clay backed-up by Conbextra grout solidly
tamped in. Zero-delay electric detonators were
used to initiate the blast. The fact that the
stemming, which had probably not acquired its
full strength, was blown out of two of the holes
on one side of the block suggested that the
remaining two holes had detonated appreciably
later. This means that the block had been lifted
some distance off the floor pad, and some of the
pressure of the exploding gases may not have
been fully utilized. To avoid this problem in other
tests, detonating cord was used to ensure that all
four charges were initiated simultaneously.

In a further attempt to ensure that the
explosive efficiency would remain constant from
test to test, care was taken to use the same
number of stemming cartridges and tamping
procedure throughout. The actual mass of
explosive was measured and recorded for each
blast (Table I). A charge mass of nominally
0,5 kg was used for tests 1,3, and 4, and 1,0 kg
for tests 2, 5, and 6.

Monitoring

Since the masses of the concrete blocks are
identical, and since gravity is constant and
accurately known. the energy state of the block
is easily determinable once it has been torn free
from its anchoring. Only its instantaneous
position and velocity at any point in the
trajectory need to be known.
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Table I

Detail of tested bolts and explosive

.Measured from the top of the floor slab
t Calculated ultimate tensile load

Table 11

Details of pull-tests on yielding bolts

Block
Static resistance of each bolt

kN

1

2

6

. This unusually Iow value is attributable to defective grouting in a hole that was known
(from difficulties encountered during drilling) to have joint or fracture voids

A 16 mm high-speed cine camera filming at
500 frames per second was used to record each
blast. A special precision projector or image
analyser with the facility to 'freeze' the moving
images at any desired interval of time (counted
in numbers of frames) was used to process the
records. Figure 8 shows typical images that were
recorded by a motor-driven 35 mm camera that
was used in parallel with the cine camera.
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The analysis of the trajectory of the block in

each test blast was carried out by projection of the

high-speed fIlm onto a sheet of A4 paper taped to

a wall. The 'frozen' outline of the edge of the

block (or target) was marked with a sharp pencil
every 20 ms, enabling the time history of the

block position to be determined with great
reliability but with limited precision. It is

estimated that the individual determinations of
velocity may be in error by as much as 35 per cent

in the lower ranges and 15 per cent at the highest

velocities. The estimate of block height made in

the same way is probably correct to an estimated
accuracy of 5 per cent for the high lift case.

It is evident that the peak velocity must be

attained within a short distance of lift-off,
perhaps within 100 to 200 mm. Over the range

0 to 700 mm, more precise measurements of
velocity were made with a simple velocity

transducer that uses a Vodex (velocity of

detonation) electronic timer to measure the

intervals between the breaking of electrical

contacts in an arrangement of two telescoping

aluminum tubes.

The correspondence between the two sets of

velocity measurements was generally very good
(Figures Al to A8 in the Addendum). Further

confirmation of the reliability of the data was

obtained from the calibration blasts 7 and 8, in

which the theoretical initial velocities calculated

from the Newtonian equations of motion were 5,9

and 10,0 m/s. The best estimate by back-extrapo-

lation of the projected-image velocity gives
starting values of 6,5 and 9,8 m/s respectively.

Results

With only a few minor reservations, it can be
said that the planned test programme was
completed successfully, with entirely satisfactory
results. The only serious disappointment came
with the realization that the efficiency of the
explosive was not constant from one test to
another. The reasons for this and some of the
resulting implications are discussed in the
Addendum. Apart from a minor loss of visual
velocity estimates owing to the explosion-
generated dust cloud (Figure 8) and complete
failure of the Vodex measurements in the first
blast, the monitoring systems worked very well.
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Figure 7-View of the concrete pads with the explosion-cavity formers set in the upper surface and the test studs
grouted in position

Table 11/

Summary of the test results

Amount
of

explosives

kg

Max.
velocity

m/s
(at distance

Smm)
Block

no.

6,5 (180)

8,6 (80)

2 0,5

1,0

4 0,38 7,3 (20)0,5

3

10,2 (500)

8,0 (50)

12,8 (55)

0,5

6 1,0

5 1,0

4 6,5 (20)

10,2 (100)

0,5

2 1,0
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t = -120 ms S = 0 mm

'.

t = 0 ms S = 0 mm

"""'"

t = 80 ms S = 500 mm

t = 280 ms S = 450 mm
(a)

t = 200 ms S = 1650 mm

t = 400 ms S = 3050 mm
(b)

Figure 8-Blast-sequence photographs showing the elevation (5) after time interval (t) of concrete blocks retained by
(a) 22 mm cone bolts; (b) 25 mm re-bars

The Journal of The South African Institute of Mining and Metallurgy FEBRUARY 1994

,

57 ....



Grouted rock-studs as rockburst support

References

1. ORTLEPP, W.D., MORE-

O'FERRALL, R.C., and
Wn.50N, J.W. Support

methods in tunnels.
Symposium on Strata

Control and Rockburst

Problems of the South

African Goldfields.
Johannesburg,

Association of Mine
Managers of South

Africa, 1975.

2. CooK, N.G.W., and
ORTLEPP, W.D. A yielding

rockbolt Chamber qf

Mines qf South A.frica.

Research Organization

Bulletin, no. 14, Aug.

1968.
3. ORTLEPP,W.D. An

empirical determination
ofthe effectiveness of
rockbolt support under
impulse loading.
Proceedings International
Symposium on Large
Permanent Underground
Openings. Oslo, 1970.

4. JAGER,A.J. Two new
support units for the
control of rockburst
damage. Proceedings
International Symposium
on Rock Support.
Sudbury (Canada),
Laurentian University,
1992.

5. STACEY,T.R., and
ORTLEPP,W.D. Rockburst
mechanisms and tunnel
support in rockburst
conditions. Proceedings
International Conference
Geomechanics .Ostrava,
Czech Republic, 1993.
Z. Rakowwski (ed.).

A.A. Balkema

6. RoBERTS,M.K.c.,and
BRUMMER,R. Support

requirements in rock-
burst conditions. J S. Aft.
Inst. Min. Metall., 1988.

7. BLARE,W., and CUVELlER,

D.J.Rock support
requirements in a
rockburst prone

environment; Hecla

Mining Company's Lucky
Friday Mine. Proceedings

International Symposium

on Rock Support. Sudbury

(Canada), Laurentian

University, 1992.

8. WAGNER, H.Support
requirements for

rockburst conditions.
Proceedings 1st
International Symposium

on Rockburst and

Seismicity in Mines,

Johannesburg 1982.

S. 4fr. Min, Metall, Symp.

series no. 6. p. 209.

9. KlRsTEN,H.A.D., and

~ 58

The design of the steel reinforcement in the
concrete blocks proved to have been near-perfect

since four of the blocks cracked symmetrically
through the centre but remained impervious to

gas penetration, and blocks 2 and 4 were not

visibly affected. These two blocks were then re-

used in calibration tests 7 and S. The blocks were

re-positioned so that the explosion cavities were
properly aligned and the normal blast procedure

was repeated with 500 and 1000 g of explosive.

Since there were no bolts holding the block down,

the only resistance to movement was gravity
acting on the mass of the block.

The complete displacement and velocity

observations of the eight tests are presented as
graphical time histories in Figures A 1 to AS in

the Addendum. Table III gives a summary of the

results.

Discussion

Explosive Efficiency

A proper assessment of the superior performance
capability of yielding support would require
quantitative comparison of the energy absorbed
by the support during the process of yielding
with that lost in the breaking of conventional
bolts.

Since close uniformity in the size and
position of the explosion cavities had been
ensured, it was hoped that the efficiency of
energy transfer from the chemical energy of the
explosive to the pressure energy imparted to the
concrete blocks would remain constant from test
to test. This proved not to be the case
(Addendum) and, consequently, an absolute
quantitative analysis of the energy balance in
each test is not possible. Thus, unfortunately,
the net amount of energy absorbed by a
particular type of tendon could not be
determined. However, inferences and deductions
of sufficient value and interest were obtained
during the analysis of individual results to
warrant detailed discussion of each test. These
analyses are included in the Addendum.

Test Results

The generally very good agreement between the
Vodex velocity determinations and the less
precise but robust values determined from the
high-speed photographic record solidly
confirmed the reliability of the test procedure.

The measured peak velocities varied between
6,5 and 12,S m/s, which is in the same range of
ejection velocities as is believed to be associated
with severe rockburst damage.

The question of whether the test procedure is
an acceptably valid 'simulation' of a rockburst
warrants some discussion at this stage.
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The underlying premise is that the dynamic
effects imposed on the support tendons by
blasting will be realistic if the damage effects on
rock and support that result from a rockburst are
realistically reproduced by the blast 11. One
particularly convincing demonstration of the

similarity that can be found to exist between

blast damage and rockburst damage was
described earlier under Rockburst Damage.

The effect of expanding gases on jointed or

fractured sidewalls would probably intensify the
damage to the 'cladding' oflacing and/or mesh

covering the rock between the tendons. If the

cladding failed, the fragmented rock would break

away from the tendons, and they would be

shielded from the full tensile thrust of the

rockmass. It is frequently observed in scenes of

tunnel damage that bare steel tendons protrude

one or two metres from the remaining rock
walls, with nuts, bearing plates, and the

fractured rock surround all stripped away.

In the quarry tests, the concrete blocks were

reinforced specifically so that there would be no

chance of breaking up, and so that the blast

would unavoidably impose the full violent load on

the cluster of bolts. In fact, the bolts were
effectively debonded for a short distance across

the interface between block and floor pad because

the plastic drilling guides had not been removed

before the blocks were cast. This softened the
impulse in that a length of some 300 mm of

tendon was able to stretch (instead of the much

shorter length that normally debonds on either

side of the separation surface-Figure 3) and
thereby lengthen the 'rise time' of the transient

load increase. Often the damage to rockburst-

affected tunnels was clearly bounded by a more-

or-less plane fracture or joint surface. If the
quality of the grouting of the tendons across this

surface was good, then the fracture of the tendons

is abrupt and closely confined to the surface. This

effect would have been closely simulated by the

interface between the concrete block and the floor

if the limited debonding described above had been

anticipated and avoided. The effect would have

been a more abrupt fracture and even less energy

absorbed in the failure of the steel.

Although this series of tests consequently

did not quite represent the worst-case loading of
the re-bar, the method would, in principle,

impose the most stringent conditions that are

likely to occur in practice. Tendons that survived

the test would therefore certainly survive the

tensile impulses of a real rockburst.
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It is consequently felt that the test method

produces valid and representative results. These

enable direct comparisons of actual performance

potential to be made and important conclusions

to be drawn. The results also then provide

valuable performance data for a closely specified

design of tendons as the basis of definitive

support systems.

Conclusions

Despite the minor variability possible in
explosives and the somewhat greater uncertain-
ties in the energy-transfer process, a certain depth
of analysis of the energy changes was possible,
and many important findings were clearly
established, the main results being as follows.

(1) Cone-bolts of both 16 and 22 mm diameter
possess completely satisfactory energy-
absorbing capabilities and are
unbreakable under tensile loading.

(2) Cone-bolts can survive displacement rates
of over 12 m/s, and probably considerably
more.

(3) Both 16 and 25 mm re-bars failed to resist
the displacement or survive the impulse
loading.

(4) In the process of yielding 0,5 m, the larger
cone-bolts absorbed more than twenty
times as much energy as would cause
complete failure of stiff 25 mm re-bars. In
practice, such failure would probably occur
after about 20 mm of displacement of the
wall rock, and some 95 per cent of the
available energy would remain to cause
damage to the excavation.

The test methodology that was specially
developed to demonstrate the validity of the
energy approach is believed to represent a
unique solution to the problem of large tensile
forces at high displacement rates-which cannot
be reproduced in the existing laboratory facilities
anywhere.

With the mass selected for the concrete
blocks, relatively small amounts of explosive
produced 'lift-off velocities that span the range
of ejection velocities believed to characterize
severe tunnel rockbursts. The tests are relatively
inexpensive and easy to perform, and the results
are captured in a dramatic and convincing
manner.

Importantly, the performance data so
obtained can be used directly in a rational design
procedure based on a simple single-block
ejection model for dynamic stability in
rockburst-prone tunnels.

The Journal of The South African Institute of Mining and Metallurgy

The use of this design procedure shows that
yielding tendons such as the cone-bolt would

produce support systems adequate to contain

even severe rockbursts. There would also be

considerable savings in cost compared with the

use of supplemented conventional stiff grouted
systems, which, in any event, could never be as

effective or as safe.

Addendum: Detailed Discussion of
IndividualTests

Explosive Efficiency

The first indication that the explosive efficiency
might not be constant came from tests 7 and 8.
Because blocks 2 and 4 were undamaged in the
initial tests, they were re-positioned, and the
tests were repeated without the anchoring
restraint of bolts, Le. with no resistance apart
from gravity. One single quantity, the maximum
height reached by the block, made it possible to
determine the amount of energy imparted by 0,5
and 1,0 kg of explosive. The results are shown
in Figures A1 and A2.

The potential energy, PE, is given by

PE = Mgs,

where M is 3820 kg,g is 9,81 m/s2, and S is
1,8 and 5,2 m respectively for the two blocks.
From this equation, the energy imparted to
blocks 4 and 2 by 0,5 and 1,0 kg of Smooth ex
was calculated to be 67 and 195 kJ respectively.
The amount of energy yielded by 0,5 kg of
explosive should have been one-half of that
yielded by 1,0 kg of explosive, viz 97,5 kJ, and
not 67 kJ as calculated above; 97,5 kJ would
have elevated the block to a height of 2,6 m,
instead of the 1,8 m that was observed.

A possible explanation for the lesser energy
imparted to the block is that one of the four
cartridges of explosive failed to detonate. If this
had happened, the energy available would have
been

1~5 x ~ = 73 kJ.

This would have elevated the block to a height of
1,9 m, which is only 5 per cent more than the
observed height and therefore within the limit of
observational error.

On the basis of this possibility, and because
it is very difficult to imagine reasons for the
alternative explanation that the explosion in test
8 was super-efficient, it is believed that the more
correct measure of the explosive energy utilized
by the free block was that determined from test 8
(block 2), viz 195 kJ.
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According to the manufacturers of the
explosives, the theoretical energy available from
Smoothex is 2,71 MJ/kg. The efficiency of
utilization was therefore

195 x 100
2710 = 7,2%.

As will become evident from the later
discussion, this efficiency value is useful only in
a determination of the behaviour of un-anchored
blocks, and cannot be used in any energy
analysis of anchored blocks.

IndWidualTestResuHs

Test 1 (Block 2)-Figure A3

Zero-delay electric detonators were used to
initiate the blast in order not to disrupt the
stemming as detonating cord would tend to do.
After a rather subdued explosion of the 0,5 kg of
Smoothex, the block remained in a tilted position
supported on 'stilts' formed by the 5 partially
extracted 16 mm cone-bolts. The stemming,
consisting of rapid-setting Conbextra, which had
been liberally wetted and tamped-in less than 2
hours before the blast, had apparently not
acquired full strength because it had blown out
of two charge holes and remained intact in the
other two holes. This seemed to indicate the
probability that the explosive had not all
detonated at the same instant, and that its
energy had therefore not been utilized
effectively.

If the 290 kN total resistance of the 5 cone-
bolts (Table I in the main text) had remained
constant during the very rapid 330 mm elevation
of the block, the total energy consumed would
have been 96 kJ. This is almost exactly one-half
of the energy imparted to the same block by 1 kg
of explosive during the calibration blast of test 8.

Test 2 (Block 1)-Figure A4

On the basis of the expectation that the thrust of
expanding gases would very rapidly decrease
with increasing elevation, it was expected that
the use of twice the amount of explosive would,
at most, elevate the block to twice the height.
Compared with the subdued lift-off of block 2 in
test 1, the observed five-fold increase in
elevation to 1,8 m was very surprising. As a
result of this extra 'lift-off', ailS cone-bolts were
pulled completely free of the floor pad. When the
block fell back, it bent the bolts in such a way
that the cone-ends of 3 of them were exposed to
visual examination. This provided useful extra
information by showing that there had been no
abrasion loss of metal at all. All the energy had
therefore been consumed in crushing the grout,
and in friction and heat.
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If the 290 kN total resistance of the 5 cone-
bolts had been maintained for the full 0,9 m of
pull-out distance (Le. their average embedded
length in the grout), the energy absorbed by
them would have been 261 kJ:

E = Resistive force x Distance.
Le., 290 x 0,9 = 261 kJ.

Since the block continued to rise for a further
0,9 m, the gravitational potential energy, PE,
increased by

PE = MgS =3,82x9,81xO,9
Le. PE = 34 kJ.

Thus, the total energy acquired by the block
was 261 + 34 =295 kJ, but only 195 kJ was
available from 1 kg of explosive (as determined
in the calibration test subsequently carried out
with blast no. 8). Thus, the assumption of
constant 'explosive efficiency' is not valid.

The most likely explanation for this
inconsistency is that the restraining effect of the
yielding anchors kept the block in contact with
the higher pressure region of the expanding gas
'bubble' for a longer time interval. The transfer
of energy would then have been much more
effective than with the free-flying block,
resulting in a higher explosive efficiency and
more energy absorbed by the cone-bolts.

It is important to note that the 'conical' ends
of the cone-bolts suffered no visible abrasion or
any kind of damage during this process of rapid
withdrawal.

Test 3 (Block 4)-Figure A5

The decision to test smooth bar without any de-
bonding agent was motivated by the fact that
some mines had for several years been using
shepherd's crooks made from smooth, round
bar, instead of from deformed re-bar. This was
done deliberately in order to reduce breakage of
the tendons in the conventional re-bar
shepherd's crooks.

It was recognized that it would be necessary
to increase the length of the grout bond to more
than the critical bond length. This was known
from static pull-tests underground to be between
1,1 and 1, 2 m. At the time the holes were
drilled, the available equipment limited the depth
of hole to about 1,65 m below the top surface of
the 300 mm thick floor slab. The finished depths
of the 5 holes thus ranged from 1,54 to 1,66 m.

The Journal of The South African Institute of Mining and Metallurgy
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For reasons not understood, the 1,3 m long
average embedment length proved to be less
than critical. and the bolts did not break.
Instead, they yielded in a surprisingly smooth
manner (Figure AS). Whether this beneficial
effect would occur in practice is somewhat
doubtful. The bond strength developed by the
longer bolts (up to 2,5 m long) required in
tunnels would normally exceed the strength of
the bar, and tensile fractures of the steel should
occur in the same way as in grouted re-bar
owing to the excessive localized strain and high
dynamic strain rate. On the other hand, the
phenomenon of extended yielding, first
described by PellsAland confirmed by OrtleppA2,
might be operating to increase the effective
ductility of the bar. This ambiguous result
certainly warrants further investigation.

Test 4 (Block 3)-Figure AB

Underground pull tests normally show that the
critical bond length of fully grouted 16 mm re-
bar is between 500 and 600 mm for a grout
strength greater than 30 MPa. It was therefore
somewhat surprising that the 640 mm long bond
between the re-bar and the cast concrete broke
down in the centre bolt in block 3. This allowed
failure to take place at the base of the thread,
instead of at the interface between block and
floor. The ultimate load at failure in the threads
was about 75 kN after an elongation of perhaps
15 mm. The other four bolts failed, as expected,
at the interface between block and floor.

The velocity profile (Figure A6) produced by
the Vodex readings is particularly regular, and
its correlation with that from the high-speed cine
record is unusually close. The first 3 Vodex
values show a rapidly increasing velocity to a
peak of 8,0 m/s at a lift-off distance of 40 mm,
followed by an equally smooth and nearly-as-
rapid decrease to 6,6 mts over the next 120 mm.
It is tempting to interpret this decay as
representing the restraining effect of the ductile
region of the almost-fractured bars.

However, even the relatively high ductility of
Class CType 2 steel would not allow that much
plastic strain in the 300 to 400 mm of bar that
was effectively de-bonded by the presence of the
PVC-tubing drill guides. Based on the normal.
statistically determined load-elongation response
of rockbolts, a total elongation of about 35 mm
is all that can be expected before necking and
fracture.
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On the assumption of an ultimate tensile
load of 150 kN for each of the 4 bars, the energy
absorbed in the process of elongation and
fracture would be not more than 22 kJ. This is a
small fraction of the instantaneous kinetic
energy of 122 kJ contained in the block at its
peak velocity 10 ms after detonation. At that
stage, the 'lift-off' height was only 40 mm, and
there would have been at least 100 kJ of energy
still available to continue to elevate the block.
From the equation PE = MgS it is evident that
this 100 kJ would have elevated the block a
further 2,7 m if the centre bolt (which failed at
the base of the threads) had not continued to
exert its initially considerable, but linearly
decreasing, pull-out resistance. From the
difference between this potentially attainable
height and the 2,0 m actually observed, it can be
deduced that a total of about 26 kJ was
consumed in frictional losses as the block
dragged itself free from the 700 mm length of
centre bolt protruding from the floor.

In an actual rockburst underground, the excess
energy available after the stiff tendons have been
destroyed would be available to cause further
damage and disruption of the tunnel walls.

It is worth emphasizing here that one-tenth
of the energy absorbed by the cone-bolts in
test 2, without visible effect on the cones, was
more than sufficient to destroy stiff re-bar of
more than twice the static tensile 'strength'!

Test 5 (Block B)-Figure A7

The static pull tests on the 22 mm cone-bolts
showed greater uniformity in resistance than
was the case with the 16 mm cone-bolts
(Table II in the main text). The average value of
207 kN per bolt was, unexpectedly, nearly
3,5 times greater. Since only twice as much
explosive was used, it might have been expected
that block 6 would have been elevated even less
than block 2 in test 1. Somewhat surprisingly,
block 6 was lifted about 50 per cent higher than
block 2. This is seen as further confirmation that
the first blast, being non-instantaneous, was
somewhat energy-deficient. For this reason, test
5 is deemed to provide a better indication of the
capabilities of yielding support than test 1.

The Joumal of The South African Institute of Mining and Metallurgy
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If the total static resistance of 1035 kN were
sustained uniformly for the 476 mm of block
displacement, the energy consumed by the cone-
bolts would be 1035 x 0,476 =493 kN. Since
only 195 kN of explosive energy was utilized
from 1 kg of explosive by the un-anchored
block 2 in calibration blast 8, and more than
twice as much was imparted to the block in this
constrained case, it is evident that the explosive
efficiency is not constant. It is probably a
complicated function of the inter -relationship
between the pressure-volume behaviour of the
expanding gases and the complex
load-elongation response of the tendons as they
become stretched across the increasing gap
between block and floor.

Test 6 (Block 5)--Figure AB

Because 25 mm re-bar is not normally used as
fully-grouted underground support, its critical
bond length was not measured in the in situ pull
tests. Since the strength of the concrete was
specified to be 50 MPa, it was expected that the
bond strength developed along the 700 mm of
re-bar cast into the concrete would be sufficient
to force the failure of the bars to occur at the
interface between block and base.

In fact, three bolts failed in the threads at the
top of the block, which means that the 700 mm
bond had first failed. Failure of the bond also
occurred along the 1000 mm length embedded in
the granite with the other two bolts. All 5 bolts
then exerted a 'drag out' resistance on the
concrete block as it was thrust upwards by the
pressure of the expanding gases. If the bolts had
failed at the separation surface and the drag-out
resistance had not been invoked, the block
would presumably have been lifted even higher
than it was.

It is instructive to consider how much energy
was consumed by the drag-out resistance. If the
basis of the estimate of 26 kJ for the resistance
of the 640 mm length of the single 16 mm bolt
in test 4 is valid, and the total resistance of the 5
25 mm bars is increased proportionally to their
total embedded surface area, then the energy lost is

25 4300
26 x 16 x 640 = 273 kJ.

The energy consumed in ductile elongation
and fracture of the 3 broken bars was estimated,
from the elongation of the recovered fragments
and the known unconfined tensile strength of
the steel, to be about 4 kJ per bolt: a total of
12 kJ.
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After 1,0 m of lift, Le. S = 1000 mm, the two
unbroken bolts had been dragged completely
clear of the floor, and the block would have been
'flying' free subject only to the decelerating effect
of gravity and the residual thrust of the gas
'bubble'. With the 3,65 m of further lift required
to reach peak trajectory, the kinetic energy in the
block is equal to the increase in PE still to occur
before peak:

KE = PE = mg x 3,65 = 137kJ.

FromKE =
lj, my', the velocity at

S = 1000 mm would be 8,46 m/s. This agrees very
closely with the velocity recorded by the high-
speed cme record and by Vodex in Figure A8. The
total energy imparted to the block would then be

E = 273 + 12 + 137 = 422 kJ.

This estimate of total energy is reasonably
similar to the 493 kJ trapped in block 6 by the
22 mm cone-bolts. Thus, the explosive efficiency
or effectiveness of energy transfer from
explosion to block was similar in the two cases,
but the effect was vastly different. In test 5, all of
the energy was harmlessly contained in the
yielding bolts while, in test 6, about 3 per cent of
the total available energy was required to
destroy the stiff support, and the
overwhelmingly greater part remained available
to elevate the block. In the underground
situation, this remaining energy is what would
cause the devastation of the rockburst.

If all 5 re-bars had broken in the same way,
the energy lost in destroying the support would
have been 20 kJ, or less than one-twentieth of
the amount absorbed by the slightly weaker
22 mm yielding bar without suffering any
damage at all.
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