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Executive Summary

This report comprises a collection of testing methods for ground support. The results of
the report shall be used for further investigations and evaluation on testing methods for
support systems. Canada, Australia, South Africa, Sweden, Germany, Austria and USA
are in focus of view.

In order to obtain a uniform structure, the testing methods were separated into
specification and performance tests. According to Wagner (2010) "the objective of
specification testing is to determine whether a support meets the performance that is
pre-defined in the support specification". In contrast to that performance testing is used
to test the support performance under static or dynamic loading conditions or to test the
functionality of the support.

The specification and performance tests are divided into tests on material, components,
support unit, support system and support system including rock mass. The latter chapter
is differentiated into static and dynamic tests.

Although rock properties are very important to evaluate the rock support system, this
report does not include tests to determine these rock properties.

The listed support systems can be used either in mining or in civil engineering.

This report focuses on roadway support. Powered support as well as face support and
shaft support were left unconsidered.

The literature review resulted in a list of many different testing methods to determine
the performance of support units, systems and support systems including rock mass.
These tests have two main objectives. On the one hand there are tests and experiments
that shall help to understand the mechanism of the support system. On the other hand,
tests are run to determine the capability or effectiveness of systems. The latter ones can
be used to quantify the support systems.

Therefore the objective of the tests is from interest.

The report presents the first phase of the Mining Initiative on Ground Support Work
package 5. It comprises a literature review, collection of data and development of a
sufficient structure or data evaluation. An ongoing project will be the evaluation of the
collected data.

By means of the collected data on testing methods for ground support and after
developing a sufficient structure for data evaluation, the following conclusion can be
drawn: There are a lot of standards for testing the materials and also for testing
components for ground support systems. However, there is a lack of standards for
testing the support units and support systems.
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Glossary and definitions

Units

Some of the standards mentioned in this report do not use SI- units. To make the
contents comparable, this units have been converted with the factors shown in Table

0-1.

Table 0-1 Conversion factors

Unit | Symbol | SI-Unit Symbol
1 in 2.540 cm

1 psi 6894.757 |Pa

1 lb 453.600 |g

1 Ibf 4.448 N

1 in-Ib 0.113 Nm
Vocabulary

Wagner stated in his "Comments on Test Methods" the following definitions, which are

also used in this report.
"Support element: component of a support unit (bolt, expansion shell, face plate, etc)
Support unit: comprises of one or several support elements which together form a support
unit, i.e. rock bolt assembly.
Support system: comprises of a number of support units which, when installed, form an
integral support system. A combination of different support units into a support system is
quite common, i.e. rock bolts and wire mesh or rock bolts, wire mesh and shotcrete.
Yield load: load at which permanent deformation of support unit occurs. Note in the case of
hydraulic support the yield load is usually determined by the fluid pressure at which the
hydraulic valve opens.
Failure load: Load at which support unit looses its support capabilities. The loss in support
capability can be sudden or slow
Static conditions: Loading rate is very slow typically in the region of 1mm per minute or
less
Dynamic conditions: Relate to strain- or rock burst conditions. Loading rate is typically in
excess of 100 mm/s. Ofien ground vibrations are associated with dynamic loading
conditions.
Support tendon: General term for a support unit that is subjected to tension, i.e. rock bolts,
rock studs, reinforcement bars (re-bars), rope anchors."

(Wagner, 2010)

The flow sheet on the following page shall outline the definitions. Also a graphical

realisation is enclosed (Enclosure 1).

Although several researcher distinguish between the terms roof bolt, rock bolt, dowel,
bar, bolt, tendon, stud and anchor, these terms are used as synonyms within this report.
Shotcrete is short for sprayed concrete.

Precast concrete products are also known as tubbing, crib or curb.
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Special definitions

The DIN standards draw a distinction between five types of test. To be comparable with
the other standards, the focus in this report is on the testing methods disregarding the
various types of tests.

There are tests of construction method, principle, adequacy, acceptance and tests after a
certain time period.

Minimum ultimate load (MUL):
" The minimum load, in kilonewton at which the assembly, complete with, accessories,
shall not fail' (SABS 1408")

"The load Ievel in pounds through which bolt/plug thread failure must not occur "
(ASTM F 432-08)

Minimum non-seizure load (MNSL):
" The Ioad level in pounds through which bolt/plug thread seizure must not occur”"

(ASTM F 432-08)

Thin Spray-on Liner (TSL):
A thin (less than 10 mm thick) continuous, non-structural membrane applied to strata by
spraying as surface reinforcement. (cf. EFNARC)

Proof stress
“<non-proportional elongation> the nominal stress that produces a non-proportional
elongation equal to a specified percentage of the extensometer gauge length, as deduced
from a load-extension diagram or a stress-strain diagram” (SABS 920)

(see Figure 0-2)

Stress

Specified non-proportional
elongation, percentage

Strain ——=

Drg.10456
Figure 0-2 Determination of proof stress (SABS 920)

! The specific edition of the cited standards can be seen in the references.




1 Introduction

1.1 Task

This report comprises a collection of testing methods for ground support. It was
suggested to start a literature review for obtaining an overview of worldwide used
testing methods on ground support. The results of the report shall be used for further
investigations and evaluation on testing methods for support systems. Therefore this
report concentrates on the collection of the literature available and not on the
conclusions and evaluation of the data comprised.

1.2 Approach

Canada, Australia, South Africa, Sweden, Germany, Austria and USA are in focus of
view.

The first step was to search among the national standards, which were suspected to
deliver data about material specifications. It was not estimated to find much information
about support system or support system and rock mass performance tests in the
standards.

A second step comprised the research in literature available, mostly articles in
conference papers or similar publications.

In the end the contact to several companies and institutions was made to get additional
information about testing methods in use, either in praxis or in research.

In order to obtain a uniform structure, the testing methods were separated into
specification and performance tests. Further there is a partition in material, components,
support unit, support system and support system including rock mass. The latter chapter
is differentiated into static and dynamic tests.

There is no differentiation between the three main steps for measuring: primary support,
short-term, long-term measuring, for it is not point of view when or where the specific
support system or element is to be used, but how it can be classified.

Timber support is not part of the report, since there is no standardisation for it and the
use in today's underground mines has decreased.

Furthermore there are no tests concerning only the rock mass. The so gained rock
parameters are essential for the underground support design, but not discussed here.

In addition to all described tests there should be in-situ observations and trial and error
analyses for each specific location. These methods are not described here.

Although rock properties are very important to evaluate the rock support system, this
report does not include tests to determine these rock properties.

The listed support systems can be used either in mining or in civil engineering.

This report focuses on roadway support. Powered support as well as face support and
shaft support were left unconsidered.

Only literature in English and German could be used.




2 Specification Tests

2.1 Material

To avoid confusion this chapter is organized as follows: For each material a short
overview in general about the found standards is given. A list of names of the standards
belonging to the materials shall help to find the detailed description in Enclosure 2.

2.1.1 Steel (and iron)

All in all two types of national standards dealing with steel and underground support
were found. The first group discusses steel used for the reinforcement of concrete,
whereas the second group contains specifications for mining support units, mainly for
tendons and their accessories.

One DIN-Standard was found that comprises material specifications for arch support.
To test the steel, most standards require a tensile test, shear and bending tests as well as
measurements of the proper dimensions and the determination of the chemical
composition.

The documents belonging to this chapter are:

ONORM B 4200-7:1968 Concrete reinforcement

ONORM EN 1537:2000: Execution of special geotechnical work - Ground anchors.
DIN 21530-3:2003 Mine support - Part 3: Requirements

DIN 21531-1:1990 and -2 Arch supports

DIN 488:1996 Reinforcing steels

ASTM F 432-08 Standard Specification for Roof and Rock Bolts and Accessories
CAN/CSA-M430-90 Roof and Rock Bolts, and Accessories

BS 7861-1:2007 Strata reinforcement support system components used in coal mines
SABS 1408:2002 Mechanical components for tendon based rock support systems
SANS 920:2005 Steel bars for concrete reinforcement

2.1.2 Concrete (including Shotcrete)

The number of standards discussing the issue of concrete and sprayed-on concrete, so-
called shotcrete, is very large. The reason therefore is that concrete is not only used for
mining purposes but also for civil construction work. The material itself remains the
same, only the requirements differ slightly. Therefore the standards can be also used for
ground support material, eventually some modifications may be decided in the contract
between supplier and client.

The main principles of testing methods are similar in the different countries. Parameters
tested are the ultimate compressive strength and the ductility, to name but the most
common ones.




In contrast to steel, concrete is a mixture of different materials, namely water, cement,
aggregates and various additives. Therefore every component has its own specifications.
Tests on cement and aggregates may be very similar in each country, with varying
threshold requirements. However, they are not in view of this paper, and therefore only
referenced in the detailed description (Enclosure 2).

Concrete can be tested either wet or hardened. For testing hardened concrete a core is
drilled and then tested in the laboratory or penetration needles are used to test the
concrete in-situ.

What is of interest are the guidelines by EFNARC on shotcrete. These documents are
essential, for they are valid in all Europe and deal with shotcrete, which is widely used
underground.

The documents belonging to this chapter are:

Austrian Guidelines: Sprayed Concrete August 2006 from Austrian Society for
Concrete- and Construction Technology

ONORM B 3303:2002 Testing of Concrete

ONORM B 3313:1980 Blast furnace slags; general aspects

EN 206-1:2005 Concrete - Part 1: Specification, performance, production and

conformity

EN 12504-1:2009 Testing concrete in structures

EN 13791:2007 Assessment of in-situ compressive strength in stuctures and precast

concrete components

EFNARC European Specification for Sprayed Concrete, 1996

ASTM C39-09 Standard Test Method for Compressive Strength of Cylindrical Concrete

Specimens

ASTM C42/C42M-04 Standard Test Method for Obtaining and Testing Drilled Cores

and Sawed Beams of Concrete

ASTM C78-09 Standard Test Method for Flexural Strength of Concrete (Using Simple

Beam with Third-Point Loading)

ASTM C143-10 - Standard Test Method for Slump of Hydraulic-Cement Concrete

ASTM C192-07 Standard Practice for Making and Curing Concrete Test Specimens in

the Laboratory

ASTM C231-09 Standard Test Method for Air Content of Freshly Mixed Concrete by the

Pressure Method

ASTM C 403-08 Standard Test Method for Time of Setting of Concrete Mixtures by

Penetration Resistance

ASTM C805-08 Standard Test Method for Rebound Number of Hardened Concrete

ASTM C 1550-05 Flexural Toughness of fibre reinforced concrete (using centrally

loaded round panel)

CSA A23.1/A23.2-09 Concrete materials and methods of concrete construction/Test

methods and standard practices for concrete

BS 1881-124:1988 Testing concrete - Part 124: Methods for analysis of hardened

concrete

SANS 5861:2006 Concrete tests - Mixing fresh concrete in the laboratory

SANS 5862:2006 Concrete tests - Consistence of freshly mixed concrete

SANS 5863:2006 Concrete tests - Compressive strength of hardened concrete

SANS 5864:2006 Concrete tests - Flexural strength of hardened concrete




SANS 5865:1994 Concrete tests - The drilling, preparation, and testing for compressive
strength of cores taken from hardened concrete

SANS 6085:2006 Concrete tests - Initial drying shrinkage and wetting expansion of
concrete

SANS 6250:2006 Concrete tests - Density of compacted freshly mixed concrete and
SANS 6251:2006 Concrete tests - Density of hardened concrete

2.1.3 Resin

Only four standards were found, dealing with material specifications of resin for
grouted bolts.

What is important to test on resin is on the one hand the age and on the other hand the
setting time. Furthermore strength tests are done on resin and the South African
standard also comprises specified testing methods for the resin capsules.

The documents belonging to this chapter are:

ONORM EN 1537:2000: Execution of special geotechnical work - Ground anchors.
see US standards for grout

BS 7861-1:2007 Strata reinforcement support system components used in coal mines
SABS 1534:2004 Resin capsules for use with tendon based support systems

2.1.4 Grout

Compressive strength and setting time are the two parameters that are of main interest,
when testing grout for tendons. The German standard refers to special standards,
available for each type of grout.

Most standards also deal with dimension requirements for the cartridges.

The documents belonging to this chapter are:

DIN 21521-2:1993 Rock bolts for mining and tunnel support; general specifications for
steel-bolts; tests, testing methods

EN 445-2008 Grout for prestressing tendons - Test methods

ASTM F 432-08 Standard Specification for Roof and Rock Bolts and Accessories

BS 7861-1:2007 Strata reinforcement support system components used in coal mines
SABS 1745:2003 Cementitious grouting capsules for use with tendon-based support
systems

2.2 Components

The comparison of specifications for components was a very difficult task. It was tried
to give an general overview of the procedure, although each standard comprises very
different testing methods. A table summarising the important parameters for each group
of components, such as tested parameters, thresholds, load rate and equipment, is used
to try to give a clear view on the component tests.

-10 -



Short comments at the end of each chapter shall point out the main differences or
remarkable similarities.

Documents found deal with tendons, bearing plates, expansion shells and plugs, nuts,
tubbings, mesh, straps, lacing and Thin Spray-on Liners (short TSL). Shotcrete is not
mentioned in this chapter, for it is already discussed in the previous one.

2.2.1 Tendons

Procedure in general:

Most nations comprise standards that include a test method to determine the tensile
strength of the tendon.

With an appropriate machine a tensile force is applied on the bar until a distinct value or
failure of the bolt. In most cases the yield strength is determined. Furthermore the
elongation is measured.

Often there is no specification of the monitoring systems.

The following diagram shall give a clear definition of the tested parameters, see Figure
2-1.

A
stress

a yield stress
b ultimate stress
c failure stress

»
»

strain

Figure 2-1 Sketch of tested parameters for tendons

-11 -
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Comments:
The values for the minimum elongation cannot be compared directly, for there are
different geometric requirements and diameters of the bars tested.

The ASTM defines minimum yield point, minimum tensile strength and elongation in
200 mm for five grades (40, 55, 60, 75 and 100) for steel bars for the manufacture of
bolts. Steel bolts, threaded bars, threaded deformed bars, and threaded slotted bars shall
meet given yield and ultimate tensile loads for the required grade.

Furthermore the ASTM contains surface configurations on formable anchor bars and
dimensions of formable anchor tubes.

Special feature of the ASTM (and CSA): For plain bolts to be used with grout there shall
be a design feature to provide interlocking between the steel and the grout.

Slotted bolts produced by methods involving metal removal have to meet requirements
with lower values.

The ASTM includes a test of friction stabilizers. The friction stabilizer device is inserted
by means of a plug (to be able to grip the stabilizer) into the testing machine. This
machine has two test plates as shown in Figure 2-2. The stabilizers are loaded until their
minimum ultimate load with no failure of the head end.

Test Plate
| == |

[
Upper
Platen

e TG0
Grips Stabilizer
Lower il
Platen
-

Plug or Stud (as

needed to grip
\} product)

Figure 2-2 Friction Stabilizer Generalized Test Apparatus (ASTM F432)

In case of the bolt being too long for the testing machine ASTM and CSA suggest to
"cut the head with a portion of the body in the case of bolts, and the thread with a portion
of the body, from the bolt or threaded bar and test each separately. Test the section
containing the threads for yield point and breaking load by using the nut intended for use
on the threaded portion and by gripping the bolt body. Failure may not occur by stripping
of threads. Test the section containing the bolt head with a 10° wedge under the head and
by gripping the body." (ASTM F432)

ASTM and CSA contain figures with the required dimensions of the bolts and bars.
ASTM and CSAsuggest, that threaded slotted bars from which no material has been
removed during the slotting procedure need not be tested on the slotted end. Threaded

-15 -



slotted bars from which material has been removed shall be tested by tack welding the
two ends together at the end of the bar. Then gripping both ends and leave 2.54 cm of

slot in the tested part in between.

ASTM and CSAinclude a bend test for notched bendable bolts. After a successful bend
test, the bolts shall be tension tested. Reference: ASTM A615-09.

The CSA contains minimum yield point, minimum tensile strength and elongation in
200 mm for four different grades (30, 55, 60 and 75). Furthermore the standards differ
between steel bars and rock bolts, threaded bars and threaded slotted bars.

In addition to the testing method for the tendon the BS 7861 includes definitions for
profile, diameter, tensile properties and resistance to brittle fracture. It also defines the
manufacture of proximal and distal end as of length. For corrosion protection it refers to
BS EN ISO 1461.

For GRP (Glass fibre reinforced plastic rock bolts) the standard defines profile,
diameter, straightness, electrical resistance (BS EN 13463-1), fire resistance, torsion
strength, tensile strength (see BS EN ISO 527-1) and flexural strength.

The SABS elongation is determined for a gauge length Ly in metres. It is calculated after

the following equation.
Jy B S
0.00785- L

K stands for the mass of the bar (in kilograms) and L for the length of the bar (with at
least 0.5 m), in metres.

This standard contemplates a Charpy V-notch impact resistance test for rock bolts and
studs.

The tensile test described in DIN 21521 is used to determine maximum tensile strength,
maximum yield strength, elongation after fracture, elongation without necking,
percentage reduction of area after fracture and the variation of the free length of the bar
between the gripping devices.

The notched bar-impact test is performed according to DIN 50115 on DVM-specimens.
In case it is not possible to make a proper test specimen (i.e. cable bolts) a substitute
testing method has to be agreed on.

When yielding elements are to be used, the characteristic curve of the bolt shall be
determined for the hole yielding space.

The special topic cable bolts is handled in DIN as follows. Cables of cable bolts shall
be tested separately. If the bolt has several different diameters, the tensile tests shall be

made at least on the diameter which is the most important for the tensile strength.
The ASTM F432 refers to ASTM A416-88b and ASTM A416-90b, the CSAto CSA G279-
1975 and CSA 6279-m1985

Rod and nut for rebar bolts are special handled in the CSA M430 by referring to CSA
G30.18-M92 Carbon steel bars for concrete reinforcement.
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Content: The document covers the requirements for two different types of hot-rolled
deformed steel bars (regular and weld able, differences in the chemical composition)
and plain bars. The standard differences between two minimum yield strength levels,
namely 400 MPa und 500 MPa.

Refers to: CSA W186 for requirements for welding of reinforcing bars

2.2.2 Bearing and header plates

Procedure in general.

In general, testing the plates is done by positioning the specimen on a steel test plate
with a hole in the centre. For the procedure a testing machine with at least two support
devices is needed. This can be the same machine as used to test the bolts. Furthermore a
rock bolt and some fixture are used for the test, with only analysing the bearing plate or
washer.

The common test is to apply a tensile force on the bolt and so loading the specimen, as
shown in Figure 2-3. After the test, the plate is examined and the axial movement is
measured. Nut and spherical seat must not be pulled through the plate.

In contrast to the bolt tests the specimen is only loaded until a distinct value, not until
failure.

2 Conical seat

) 3 Testing machine platen

.2 4 Backing plate

|
)
i %’ - 5 Rockbolt
| e R— : 6 Applied load
! - b
|

J 1 Steel domed washer plate

Figure 2-3 Testing of bearing plates (BS 7861)

Plate test by van Sint Jan and Palape, 2007

The plates are either tested by pushing onto them or by applying a load due to pulling
on a bolt and nut assembly, resting on the centre of the plate, as illustrated in Figure 2-4.
The test is run until the plates fold. The deformation observed during the tests closely
resembled the deformation seen in the field.

{

y

Figure 2-4 Sketch for plate testing (van Sint Jan and Palape, 2007)
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Comments:

DIN 21522 and DIN 21521-2

The German standard requires a 15 degrees inclined testing plate and defines the
most unfavourable position of the plate to be tested. The plate is shown in Figure
2-5.

Figure 2-5 Testing plate for bearing plates (DIN 21521)

ASTM F432 refers to ASTM F436 for testing hardened flat washers.

CSA M430 s very similar to ASTM F432. It specifies, that plates, which are
strengthened by quenching and tempering shall have a maximum hardness of 45
HRC (Rockwell). Hardened washers shall have a hardness range form 35 to 45
HRC. The testing procedure of hardness tests shall be in accordance with ASTM
F606.

ASTM F432 describes two types of tests.

For the first type of test a bolt is inserted into the washer and the hole assembly is
positioned in a testing machine. Then a pulling force is applied on the bolt to test
the washer. For the other test method a testing machine with a punch is needed.
This punch shall load the washer until a certain value. (see Figure 2-4)

2.2.3 Expansion shells and plugs

Procedure in general:

For the test of the expansion shells (and threaded tapered plugs) a special test block
is needed. Then the specimen and a test bolt are installed into the artificial bore
hole. By applying a force onto the bolt, the expansion shell is loaded and examined
afterwards. A sketch of the testing process is shown in Figure 2-6.
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T 1 artificial rock mass
AR comprising a borehole
AR 2 rock bolt with applied
A force

A 3 specimen to be tested

Figure 2-6 Testing of expansion shells.

In general the expansion shells and plugs have to be of the same or a higher grade
as the bolts, with which they are intended to be used.

A table would not be the proper way to compare these tests, therefore a short
description of the procedure in each standard is given.

Procedure described in the standards:

DIN 21521-2

The test requires an artificial rock mass, realised by a cylindrical steel tube, filled
with concrete able to bear the ultimate tensile strength of the bolt. In the centre of
the concrete block there is a bore hole. The expansion shell and a test bolt shall be
positioned in the hole according to the installation instruction. During the test a
tensile force is applied on the bar, ten times until 0.9 times the yield strength of the
bolt and one time until fracture.

The standard CSA M430 suggests a test for threaded tapered plugs for expansion
shells, although this test should only be performed when the strength and
performance of the component have become important. The testing procedure
covers installation of bolt, expansion shell and threaded tapered plug in a straight
hole, tightening the assembly and then loading it to the ultimate tensile strength.
The force can be an axial load or a torque load. Neither stripping of the threads nor
rupturing of the plug may occur.

Testing tensile nuts is similar to the procedure described above.

Threaded tapered plugs must be capable of withstanding the ultimate tensile load
capacity of the bolt, even though this is no routine test.

ASTM F432 describes a non-routine test, where bolt, expansion shell and threaded
tapered plug are positioned in a test cylinder or block. The assembly is loaded
(axial or rotating) to the minimum non-seizure load (depending on the grade of the
plug) and later on to the minimum ultimate load. Afterwards the components shall
be examined. The threads must not be stripped.
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The SABS 1408 also includes a strength test for expanding shells. For the test a
testing machine, like the one necessary for the bolt tests, is needed. Also a special
steel test block including a hardened ring, shown in Figure 2-7, is required. The
testing assembly consists of the expanding shell, a rock bolt, a square flat bearing
plate and hexagon nuts. The expanding shell is tested by applying a tensile force on
the rock bolt until fracture.

Test block

Hardened ring

Figure 2-7 Steel test block and hardened ring for testing expanding shells

2.2.4 Nuts

Procedure in general:

Most standards refer to external standards for the requirements for nuts. There is
no unique standard testing method. It can be said, that the nut has to provide at
least the same material requirements as the bolt.

Procedure described in the standards:

ASTM F432 and CSA M430 refer for the nuts dimensions to ANSI B18.2.2. The
nuts shall be tested in accordance with the supplied specification and they must
withstand the required mechanical properties of the highest grade bolt with which
they are to be used. Tension nuts testing is no routine test.

BS 7861 refers to BS EN ISO 4034 for the manufacturing requirements of nuts. A
breakout type test shall be made. Therefore the nut is screwed onto a bolt and
inserted into a test machine gripping device. A torque meter is attached to the nut
and the bolt now is rotated with 75 rpm. The torque at which the nut fails is
recorded.

Nuts used with GRP shall also be tested for breakout facility. The test is similar to
the steel nut testing procedure, but the load is applied manually with a torque
wrench.

SABS 1408 refers for plain nuts to SABS 1700-5-2, SABS 1700-5-4 and SABS
1700-5-15. The nuts shall withstand the breaking load requirements of the bolt and
be treated in a way preventing seizure during installation.
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DIN 21521 requires a test of the hole rock bolt head. For the nut is part of the head
it is tested with it. See chapter Support Unit for the test method.

2.2.5 Tubbings

Procedure in general:

Only a few standards were found, concerning tubbings. They, however, do not
have much in common. Therefore it is not possible to give a general description of
a common procedure.

They all test a kind of strength parameter of the concrete products.
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Comments:

A European as well as a Japanese standard was found, dealing with testing
methods for tubbings. The Austrian standard only refers to special guidelines.
There is a main difference between the first two documents. The Japanese one
focuses on destructive testing, as bending and shear tests, whereas the European
standard also comprises tests of surface condition and dimensions.

Both, however, have in common, that they test a kind of strength parameter. The
testing methods are not very similar.

A remarkable point is that the Japanese standard discusses the testing procedure
and comprises formulas to calculate the strength parameters, but it does not contain
any threshold values.

2.2.6 Shotcrete

See chapter Material under Concrete.

2.2.7 Meshes, straps, lacing

Both, ASTM F432 and CSA M430, demand a test of truss brackets. Truss brackets
for primary support shall be tested like the bearing or header plates. Otherwise they
are tested on a steel fixture similar to the position in which they are intended to be
used. Loads are applied on the bolt, while the horizontal element is held and on the
horizontal element while the bolt is held stationary. The bracket shall be tested to
failure and withstand the lowest failure load of the tested components.

Meshes can be also tested at WASM, with a special testing rig.
Static testing of high-tensile mesh is conducted with the facility shown in Figure
2-8 (at WASM). Results are force-displacement diagrams. (Coates et al., 2009)

5 won w a e R R A

Figure 2-8 Mesh testing (Coates et al., 2009)

For dynamic testing the mesh panel is installed in a loading frame in which a
weight (bag with steel balls) can be dropped onto the mesh from different heights
(WASM momentum transfer concept).
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The rebound of the loading gram is stopped by buffers while the loading mass
impacts the mesh sample without being separated from it. (Coates et al., 2009)

S— i == '“ A

Figure 2-9 Dynamic testing of mesh (Coates et al., 2009)

2.2.8 Thin Spray-on Liners - TSL

See chapter Performance Tests under Support unit.

2.2.9 Arch support components

The testing of components for arch support are described in the chapter 'Arch
support' under performance tests on the support unit, for there is a German
standard.
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3 Performance tests

The literature review resulted in a list of many different testing methods to
determine the performance of support units, systems and support systems including
rock mass.

These tests have two main objectives. On the one hand there are tests and
experiments that shall help to understand the mechanism of the support system. On
the other hand, tests are run to determine the capability or effectiveness of systems.
The latter ones can be used to quantify the support systems.

Therefore the objective of the tests is from interest.

Each test is unique and it is impossible to find a general, common testing
procedure.

In order to try to organize the amount of tests the chapter is divided into several
main groups. In each group the corresponding testing approaches are discussed in
detail, including sketches to assist the discussion. A first general description shall
give an overview of the group.

For tests employing an artificial rock mass, the strength of the concrete blocks used
may be from interest.

In Enclosure 3 all the tests described here are summed up in a table.

In contrast to the previous chapter for the specification tests, the chapter for
performance tests is organized as follows. Rather than referring to standards and
guidelines, equipment and testing procedures of individual testing methods are
shown and described in detail.

3.1 Support unit

3.1.1 Static

3.1.1.1 Rock bolts

Shear tests

In general

In literature a variety of shear tests on rock bolts can be found. They differ by
means of their object and the testing facilities. Most use self-made shear frames.
They are therefore very difficult to compare. The next section contains a list of
experiments, covering the main objective and data on the testing facility. There are
two main types of shear tests: the ones using one joint, the others investigate the
rock bolt behaviour when sheared on two joint zones.
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The testing facilities comprise one or more artificial joints between blocks of
concrete or rock.

For small scale-tests also cylinder can be used, otherwise special apparatuses are
needed. (Li, 2008)

Some researchers developed testing facilities that can perform shear tests as well as
pull-out tests on rock bollts.

Shear tests to determine strength and deformation behaviour

BS 7861

The BS 7861 comprises several tests for support units containing steel rock bolts as
well as for GRP bolts.

To determine the ultimate shear strength of a rock bolt and resin system a special
shear test has to be carried out. The equipment needed is a single (guillotine) shear
frame (shown in Figure 3-1), a tensile test machine, and three test assemblies as
well as a displacement transducer. The rock bolt is pushed into the tube, filled with
slow-set resin, by hand in a rotating manner. After preparation and curing the
assembly is positioned in the test machine and loaded with a stress rate of 10
N/mm? maximum until maximum load. The latter and the displacement are
recorded. The shear strength can be calculated by means of the maximum load and
the cross-sectional area.

[/~ ‘4 77

3

1 internal tube diameter 5 mm grater than nominal bolt diameter
2 wall thickness at least 50 % of bolt nominal diameter

3 double embedment assembly containing steel rock bolt resin

4 bolt

5 load applied to lower section of shear frame only, upper section remains static

6 hardened steel bushes interchangeable to accommodate different tube sizes

Figure 3-1 Shear frame (BS 7861)
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Bartels and Pappas, 1985

In their report ‘Comparative Laboratory Evaluation of Resin-Grouted Roof Bolt
Elements’ they stated, that

“The testing procedure for the shear tests consisted of shimming the bolt host rock
into a loading frame incorporating a [...] 30.48 t actuating ram locate as close to the
interface of the two block halves as possible. An LVDT was placed on the side of the
top clock opposite the ram. Tensioned and point anchors bolts were torqued to
approximately[203.37 Nm]. Displacement and pressure readings were taken until
failure” (c.f. Bartels and Pappas, 1985, as cited in Whitaker, 2001)

Wittenberg, 1995

P
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o, e ﬁw
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1 cover

2 shear box

3 shear cylinder

4 hollow piston cylinder
5 lever

6 grip head

7 disengaging cylinder
8 hydraulic jack

9 test specimen

Figure 3-2 Test facility (Wittenberg, 1995)

Hexagonal concrete block simulate the rock mass, so several inclinations (33, 55,
78 and 1008) between shear zone and rock bolt axis can be chosen. The resin

grouted rock bolts used are pre-tensioned due to a hollow piston cylinder, mounted
on the extruding bolt end.
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Shear forces are created by either the right or the left hydraulic cylinder. The
concrete blocks are coated to avoid cleavage fracture due to pressure on the face of
a hole.

Shear force, displacement and tensile force are recorded.

Deangeli, Ferrero and Pelizza, 1995

— S —

Q 15 30 45¢m

LRSI

Figure 3-3 Tesfing facility (Deangeli, Ferrero and Pelizza, 1995)

Deangeli performed shear tests on specimens of different materials, reinforced by
different types of fully grouted bolts (steel bar and tubes, prestressed and non-
prestressed). The reinforcement element is installed perpendicular to the artificial
joint plane. The shear plane is smooth and flat. Test samples have dimensions of
0.3x0.3x0.8 m. The testing facility allowed a shear displacement of about 150 mm.
The grout used was fast setting mortar. The testing device is shown in Figure 3-3.
The shear box has two sides, one able to move and one fixed, and is positioned
between the plates of a conventional press. This assembly allows the application of
a transverse load. The load is applied incrementally in constant steps. The steel
sides of the box are separated by frictionless contact and lateral displacement is not
allowed.
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DIN 21521

'..E.-
2 1
i
1 P
AN
SN ANAARR
¥ VAN 1 plane of symmetry
4 N\WAUR 2 Shear block B
= SR 3 hydraulic jack
E‘7 4 lubricated plate
7
N 5 Shear block A
% ﬁg% 6 bearing
% % 7 force transducer
|I:|I = ||:11ﬂ

Figure 3-4 Test facility (DIN 21521)

DIN 21521 contemplates a shear test for rock bolts, either as single or double joint
test, to determine the yielding strength. Concrete bocks as shown in Figure 3-4 are
used to simulate the rock mass. The test procedure contains the installation of the
rock bolt, pre-tensioning it and then loading the assembly until failure. Force-
displacement diagrams and tensile force are the gained results. For a double joint
test, the single joint testing arrangement is completed symmetrically.

The following tests comprise two shear zones
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Grasselli, Kharchafi and Egger, 1999

\\ / / 2 normal force

3 load cells
e 4 vertical force

%

Figure 3-5 Testing facility (Grasselli, Kharchafi and Egger, 1999)

The testing facility comprises three blocks (0.1x0.6x0.6 m) - and therefore two
shear zones - that are jointed with one or two rock bolts.

During the test the block in the middle is pressed downwards with up to 1000 kN.
Load cells record the loading force and the normal pressure. A linear displacement
sensor records the vertical displacement. The rock bolts are instrumented with
strain gauges.

Shear tests to determine mode of action of the support unit

Bjurstrom, 1974

7 18
il =
] ]

1 sample 7 300 t hydraulic jack

2 mortar 8 load cell

3 joint to be tested 9 LVDT (horizontal)

4 shearbox of steel 10 tefloncovered sliding plane
5 load cell 11 LVDT (vertical)

6 150 t hydraulic jack
Figure 3-6 Testing facility (Bjurstrom, 1974)
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The testing facility is shown in Figure 3-6.

The object of the test is to determine differences in the shear behaviour between
bolted and unbolted rock samples.

Therefore a rock block (0.25x0.40 m) comprising a smooth, horizontal shear zone
is displaced by a constant normal force and a velocity of 0.15 mm/min. The two
hydraulic jacks have a capacity of 150 t and 300 t, respectively.

LVDT record relative displacement and dilatation between the shear zones, load
cells measure normal force and shear resistance and strain gauges determine tensile
forces in the bolt.

Haas, 1981

-

Figure 3-7 Testing facility (Haas, 1981)

The system shown in Figure 3-7 is loaded with 172 kN/m? or 1720 kN/m?. The
tests are conducted in three different inclinations of the anchor to the horizontal
(-45°, 0° and 45°).Shear force, displacement of the blocks and of the anchor as
well as of the anchor head are recorded. Displacement of the anchor is recorded by
strain gauges in the shear zone. Deformation of the anchor head is also recorded.

Ludvig, 1983

The shear tests performed by Ludvig are suitable for Swellex and Split set bolts,
fully grouted steel bolts as well as for resin grouted fibre glass bolts. Aim of the
test is the estimation of the joint shear strength, reinforced with a bolt, by a direct
shear test, see Figure 3-8.
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Figure 3-8 Direct shear test of bolted and unbolted rock joint (Ludvig, 1983)

|

normal loadgiving cylinder

. Swellex bolt

Figure 3-9 Testing facility (Ludvig, 1983)

Therefore some equipment is needed, consisting of two steel boxes. Then a bolt is
installed in a block of jointed rock. The lower section of this block is inserted into
the lower steel box. The top box is positioned onto the upper section of the rock.
The steel boxes are connected and the lower section is sheared to the left side by a
hydraulic cylinder. Load cells, placed between the cross bar and the frame of the
shear rig, record the shear force.

For full scale rock bolt displacement, two LVDT are used to determine lateral
displacement (relative to the upper box), normal loading and normal
displacements. For determination of the displacement in the joint, an internal
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deformation gauge (containing two LVDT gages, moving along the two oppositely
inclined surfaces) is mounted vertically in a hole across the joint.

One method of sample preparation involves the casting of a reinforced concrete
block, with the maximum size for the shear rig. It is set that the blocks of rock are
too small and also have irregular shape. Therefore the have to be casted into
concrete. The blocks are inserted parallel to top and bottom of the boxes, as shown
in Figure 3-10.

Figure 3-10 Casting of irregular blocks of rock (Ludvig, 1983)

On both sides of the joint, rock is left free from concrete, in order to part the
concrete.

Another method of sample preparation is to simply cut one block with a joint out
of rock, meeting the same dimensions as the steel boxes.

After preparation a bore hole is drilled and the bolt is installed.

The block can be used several times.
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Schubert, 1984

A * 2 1 force measuring

(U aa _—O 2 displacement measuring
3F 3 hydraulic jacks

:i' f 4 tendon

£ 5 steel plate
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Figure 3-11 Test facility (Schubert, 1984)

The testing facility consists of a concrete or rock (limestone, granite) block,
surrounded by a steel frame (see Figure 3-11). This frame is supposed to adjust the
side pressures reacting on the rock bolt. The normal force is created in the bolt,
there is no external shear force reacting on the shear zone. Therefore also the shear
resistance measured is only due to the effect of the bolt.

The specimen is fixed by a steel plate to simulate an embedment length, long
enough, to avoid pull-out.

The left block is slid up with two hydraulic rams. In order to reduce friction Teflon
coated plates are located in the shear zone.

Force and displacement are measured by load cells and micrometer gauges,
respectively.
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Egger and Zabuski, 1991

1 specimen

2 shear zone

3 rock bolt

4 lower sample

5 upper sample

6 lever to apply shear force

7 hydraulic press to fix the lower sample

8 steel frame

9 upper plate with roller bearing

10 and 11 gauges for measuring horizontal
and vertical displacement

Figure 3-12 Test facility (Egger and Zabuski, 1991)

The test facility is employed with a press with 0.7 MN maximum. The lower
hydraulic ram loads a normal force on the shear zone of 2 MN.

The testing assembly is shown in Figure 3-12.

Test blocks are made due to moulding the concrete straight into the shear box. A
plastic form is used to fabricate a uniform shear zone. The ends of the installed
rock bolts are bended to avoid pull-out.

The testing procedure is to cast the concrete with the rock bolt perpendicular to the
shear zone into the lower shear box. After curing of the concrete, the upper box is
positioned and filled with concrete. As soon as the concrete has set, the boxes are
slightly slid to create a shear zone.

When the concrete has cured, the upper block is slid with 0,05 to 0,1 mm/min until
failure of the bolt

The force is measured.

Ferrero, 1994

Figure 3-13 Testing facility (Ferrero, 1994)

-38 -



Two blocks (0.3x0.4x0.8 m) are jointed by pre-tensioned, fully grouted anchors,
perpendicular to the shear zone. The blocks have very smooth surfaces, due to their
manufacturing process (sawing).

The test is performed as illustrated in Figure 3-13.

Shear force, displacement in shear direction, axial (to the rockbolt) force and
deformation of the rock bolts at several points is measured.

Steel quality, rock mass and diameter of the rock bolts have been exchanged.

Stjern, 1995

Figure 3-14 Test facility (Stjern, 1995)

The testing facility comprises concrete blocks (0.95x0.95x0.95 m) that can be
moved either in direction of the shear zone or normal to it. Therefore real-life sized
rock bolts can be tested by means of tensile or shear tests.

Hydraulic rams and hydraulic hollow jacks can create up to 500 kN for shear tests
and 300 kN for tensile tests. The 45 mm boreholes in the blocks are arranged in a
way that allows to use one block several times, by rotating it.

Load cells and displacement probes are part of the general instrumentation.
Depending on the demand of the specific tests, the facility can be rigged with
special load cells and LVDT. The load cells measure the tension in the collar, the
LVDT absolute displacements of the anchorage and washers, as well as the
movement of the blocks. In some tests also strain gauges are mounted on the rock
bolts, that have to be calibrated previously.

All parameters are transferred to a special computer program.
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The following tests comprise two shear zones

Jalalifar, Aziz and Hadi, 2004

1 | l 1 Block (150 mm)
2 ----‘\I----i-----l".-.-- ¢ olt
3 Steel plate
4 Base plate
3 5 Concrete block (300 mm)
4

Figure 3-16 Model of the testing facility

Three concrete blocks, all together 0.6x0.15x0.15 m, are used. To create this
special block, the formwork is split with plates into one middle piece of 0.30 m and
two marginal parts of 0.15 m each.

A plastic tube of 24 mm diameter creates a borehole.

A fully grouted rock bolt (22 mm diameter) is installed and pre-tensioned with 20,
50 or 80 kN.

For testing the marginal blocks are supported by steel plates, whereas the block in
the middle is jointed by means of the rock bolt and pressed downwards with up to
500 kN.

Load cells record the vertical force. Vertical displacement of the block in the
middle and force at the end of the rock bolt are determined.
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Pull tests

In general

A common test method for rock bolts is a laboratory pull test to obtain the ultimate
load. There are various slightly different ways to run these tests, which follow the
same basic principle. A rock bolt is installed in an artificial borehole and loaded
with a tensile force until a distinct value or failure. Load and deformation are
measured. The artificial borehole can be drilled in two steel cylinders or concrete
blocks, which then are pulled apart. The basic principle is illustrated in Figure

3-17.

Pull tests are easier to perform than the shear tests, since no lateral load has to be

applied.

In case of grouted bolts, the length of the steel tube has an influence on the result.
“Short steel tubes (1 -2 dm) test the pull out resistance of the grout, longer tubes

can be used to study the behaviour of the bolt”. (Marklund, 2010)

—

\

AN

Figure 3-17 Basic principle of a pull test

>

Performance of pull test is also a service of many laboratories in the world. (Li,

2008a)

Since there are not for all types of tendons chucks available, a special technique
shown in Figure 3-18 may be used. (Hassani and Khan, 1993)

1

Figure 3-18 Special anchoring device (Hassani and Khan, 1993)

Bk

Pull tests can also be carried out in-situ, as quality control of the grouting or for

determining the load capacity, see Figure 3-19.
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Figure 3-19 Pull test of bolt in-situ, (Li, 2008a)

Therefore the bolt is loaded by a pull load, commonly around 80 % of the strength
of the bolt. Due to laboratory tests it is assumed that these pull-out tests only
examine the external 0.3 to 0.5 m long part of the bolt. (Li, 2008a)

Pull tests to determine strength and deformation behaviour

BS 7861

The BS 7861 comprised for examining the bond strength and system stiffness a
laboratory short encapsulation pull test. It is performed on a resin grouted rock bolt
installed in a rock core. Therefore a lathe-based testing apparatus, autographical
recording facility and pull test equipment (Figure 3-20) are needed.

1

1 data collection

2 pressure gauge

3 hydraulic hose
4hydraulic pump

5 30 t hydraulic jack
6 bearing plate

7 100 mm thread

8 rock core

9 LVDT

10 load cell

L

| W

Figure 3-20 Hydraulic pull test apparatus (BS 7861)

The BS 7861 comprises several tests for support units containing steel rock bolts as
well as for GRP bolts.

For determining the tensile strength the tensile test of threaded end of the rock bolt
demands a tensile test machine and an assembly containing a backing plate with
clearance hole and a rock bolt. Then a tensile load of 10 N/mm? maximum until
failure is applied on the bar.
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DIN 21521

German standard DIN 21521 comprises a testing of the internal bond of grouted
anchors. Therefore the rock bolt is positioned after installation information in a
steel cylinder, filled with concrete containing an artificial bore hole. After a
defined hardening time a tensile force is applied on the bolt and increased
continuously until failure. An important issue is the length of the bond.

ONORM EN ISO 22477-5

The draft ONORM EN ISO 22477-5 discusses three different testing methods.
Cyclic tensile test with displacement measurement by maximum testing load.
equipment, shown in Figure 3-21.

1 displacement measurement
2 load measurement

3 tension machine

4 bearing

5 bolt

6 hydraulic system

Figure 3-21 Test fac111ty (ONORM EN ISO 22477-5)

An axial force is applied incrementally in 5-6 cycles on the bolt until the testing
load is reached. The force shall cause failure in the zone between the bottom and
the grout. When the maximum load of each cycle is reached, the force is held
constant for a certain time.

The displacement of the bolt head applied as well as of the heads of the bearing
elements are measured.

Cyclic tensile test with drop in force measurement by maximum testing load.

An axial force is applied on the bolt in increments in 3, 4 or 7 cycles until the
testing load is reached. The object can be to determine the capability of
ground/grout interaction or control of quality and safety of the design.

At the highest load rate the displacement of anchor head and ground is held
constant.

The decrease of stress over a certain time span is measured. This test method can
also be used for assessing the adequacy of a distinct rock bolt type for given
ground conditions.

Tensile test with gradually constant testing load.

This test is similar to the cyclic tensile test with displacement measurement by
maximum testing load.
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ASTM D 4435 - 08 Standard Test Method for Rock Bolt Anchor Pull Test.
Object of the testing method described in the document is to measure working and
ultimate capacities of rock bolt anchors. The tests shall measure the anchor
performance and not the rock bolt itself. The test site shall be representative, and a
sufficient number of tests shall be performed.

A rock bolt is installed in the same manner and in the same material as its intended
support use. The load on the bolt is monitored over a period of time, usually
several weeks.

The apparatus needed consists of the following components:

A loading system (hollow-centre hydraulic ram and mounting/reaction frame with
a capacity to fail the anchor and a force that deviates by no more than 5° from the
long axis of the bolt during the test), load transducer (electronic load cell, a
pressure gauge or an electronic transducer), displacement transducer (dial gauge,
shall be mounted in the axis of the rock bolt within 5°), displacement transducer
support (the transducer shall be supported from a point no closer than 0.9 m to the
reaction frame; the support shall be sufficiently rigid to avoid deflection or
instability during testing), anchor systems (shall be from the manufacturer’s
standard production stock; shall be inspected of correct size for the hole diameter
and the anchorage size should be known; grout or resin shall be fresh and obtained
from unopened containers; ensure resin cartridge sizes are compatible with hole
diameter, rock bolt bar diameter and length of anchorage required), rock bolt and
accessories (shall be of sufficient diameter and strength; standard bearing plates
and washers may be used as required) drilling equipment (the same that will be
used for installing rock bolts during construction, as far as possible) torque wrench
(for setting expandable shell mechanical anchors; capacity at least 20 % greater
than the manufacturer’s recommended anchor-setting torque), borehole diameter
measuring gauge and thermometer (temperature in the borehole, if resin or cement
grout anchorages are being tested).

The test setup is shown in Figure 3-22.

TO READOUT

TO REMOTE
SUPPORT

TO HANDPUMP AND
PRESSURE TRANSDUCER

DETAIL OF
ROCK BOLT HEAD

Figure 3-22 Test facility (ASTM D4435)
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The testing procedure is to drill and measure the boreholes as usual.

“If mechanical anchors are used, lightly lubricate the downhole end of the rock bolt
and screw on the anchor. When in position, torque the bolt to the manufacturer’s
recommended level to set the anchor. A pair of jam-nuts on the upper end of the rod
may be used to apply torque without producing axial load in the bolt. If the
manufacturer’s torque cannot be achieved because of anchor rotational slippage due
to shear failure in the rock, note the maximum torque reading and install subsequent
anchors to 80 % of this value. Do not test anchors where rotation occurs between the
rock surface and the anchor. [...]

Install cement grout or resin anchors according to the manufacturer’s
recommendations.

Test Method:

All tests are performed on untensioned bolts. Record the temperature in the borehole
within the anchor zone; the temperature of the resin or grout at the time of injection
and the ambient air temperature. Ideally the test anchorages should be installed
under the same temperature conditions as expected during construction. The time
required for resin or grout anchorages to reach their design strengths is temperature
dependent and may vary significantly. Consult the resin or grout manufacturer’s
literature for recommended curing times under various temperature conditions.
Curing times may be varied between 1 to 5 days under similar temperature
conditions to assess the effects of curing time on strength. To evaluate the influence
of grouted bond length on anchor strength, several anchorage lengths should be
tested, ideally under similar temperature conditions and curing times.

On at least half of the tests, perform three loading and unloading cycles to check for
pre-failure anchor movements. Apply the load with the hydraulic ram in cycles to /4,
/2, and 71 of the estimated failure load. Load the bolt in ten equal increments and
unload it in ten equal decrements.

Apply the load smoothly and rapidly.

After the third cycle, pull the bolt in the same increments as used during the last cycle
or in 2.2 kN increments, whichever is less, until the anchor system fails or the limit of
the loading system is reached.

Test non-cycled bolts to failure in 20 equal load increments or increments of 2.2 kN,
whichever is less.

Read and record displacement and load after each pressure increment or decrement.
Failure is the peak load sustained by the bolt or a total deflection of 1.25 cm.

Pull the bolt 12.5 mm beyond the failure displacement. Record the load every 1 mm.”

All relevant data shall be recorded and used in calculations.

ISRM - suggested method for determining the strength of a rock bolt anchor
(pull test) (ISRM, 2007a)

This destructive test helps determining the strength of a rock bolt anchor.

Three different types of equipment are needed, for installing the test anchors
(drilling, inspection of bore hole, rock bolt assembly), for applying the load (Figure
3-23, plus spherical seating, bevelled washers, wedges) and for measuring load and
displacement (i.e. load cell).
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é A Anchored rockbolt
B Coupling and spherical seat
C Reaction frame

A D Hydraulic jack, pump and
pressure gauge
. E Dual gauge assembly
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Figure 3-23 Rockbolt testing equipment (ISRM, 2007a)

The testing procedure covers the site preparation (choosing a representative site
with a firm surface, making holes perpendicular to face, inspect materials) and the
testing. For the latter an axial pulling force is applied on the bolt, with no
interference between components and measuring equipment. The equipment shall
be placed firmly on the rock. The initial load is 5 kN maximum, increased with 5-
10 kN/min until the displacement is greater than 40 mm respectively until fracture
or yielding of the bolt. The load-displacement shall be recorded.

Results are illustrated graphically and used for calculations.

ISRM - suggested method of determining rock bolt tension using a torque
wrench (ISRM, 2007b)

The procedure can be used to install a bolt, or to test previously installed bolts or
test the anchor strength.

Equipment used therefore is a torque wrench plus sockets for nuts or anchor heads,
a torque wrench calibration equipment (rigid bolt head, weights) as is an
equipment to determine relationship between tension and torque (rock bolt
assembly plus hydraulic ram or rock bolt load cell).

The Procedure runs as follows. By means of a calibration of the torque wrench
(every six months) a correction factor R can be calculated. The measure ratio C of
tension to torque is examined by applying a torque force incrementally on the rock
bolt and measuring torque as tension (with the hydraulic jack). Doing this with 5
pairs a graph can be plotted. To determinate the bolt tension using a torque wrench
a force is applied incrementally (if wrench applies preset torque) or steadily (if
wrench has maximum applied torque indicator). Recording this force and using the
factors C and R the tension can be calculated. (ISRM, 2007b)

Franklin and Woodfield, 1971
The scope of the pullout test is the evaluation of the strength, of the slippage of the

bolt before full-load mobilization and of the loss of resistance when overloading
the bolt.
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Details of factors, like type of anchor, method of drilling or roughness of the hole,
have to be reported, for they influence the testing results.

Equipment for drilling and measuring the bore hole as well as equipment for
installing the bolt is required.

The testing equipment (Figure 3-92) covers a centre-hole jack (with chains to
secured it), a hand pump and pressure hose. Furthermore a pressure gauge with a
maximum-pressure indicator (to measure pressure in the jack), a base-plate and
wedges (to adjust the jack and tighten it), a spherical seating (to take up bolt
misalignment to ensure that the bolt is tensioned with minimum bending) and
locating washers (to centre the jack and spherical seating on the bolt are needed. A
firmly fixed rigid steel measuring beam, micrometer dial gauges and clamps to fix
the gauges (adjustable to position the gauges parallel to the bolt and equidistant
form the axis, as shown in Figure 3-92) shall be used.
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Figure 3-24 Test facility (Frankling and Woodfield, 1971)

In the case of soft or rough rock, small, flat plates of hard material should be used
at the measuring points to prevent sideways slip of the dial gauge.

Preliminary to testing, yield strength, ultimate strength, young's modulus of the
bolt steel, rock strength and fracture spacing indices shall be gained due to
laboratory tests.

After drilling, the holes shall be flushed with air or water. At least the average
diameter, straightness and roughness of each hole shall be recorded.

Now the bolt shall be installed following the installation manual.

The equipment described above (base-plate, jack, spherical seating, locating
washers, fixing nut, measuring beam, clamps, dial gauges and small bearing plates)
is installed over the bolt. The gauges are checked and the untensioned length of the
bolt at the jack is determined.
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For testing a small load is applied to tighten the assembly. Then the jack pressure
is incrementally increased, reading the dial gauges at each stage. In case the
pressure rises then fall off after stopping to pump, both values should be recorded.
Test until failure, yielding or after the anchor has travelled 30 mm.

What the authors state is that the rock strength is also a very important factor.

Ballivy and Martin, 1983
Laboratory tests on small cylindrical and cubic samples as well as on concrete and

granite blocks were performed. The material used consisted of steel rods and seal
grout, see Figure 3-25.
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Figure 3-25 Test facility (Ballivy and Martin, 1983)

Field tests were conducted to verify the lab results. Therefore short rods were
loaded until failure to determine the rod-grout adhesion limit. A hollow ram jack
and a manual pump were used for testing. The procedure was in accordance with
ISRM rock bolt testing (loading speed approximately 45 kN/min).

Bartels and Pappas, 1985
“Four bolting types using resin grouted bolts were tested: full column, point anchor,
tensioned, debondable, and several modifications to the full column system. |[...]
The axial tension test procedure was initiated by placing a hollow 20 [...]t hydraulic
ram and donut-shaped bearing plates around the exposed portion of the installed
roof bolt. The roof bolt was attached to a Strainsert bolt to obtain exact tension
readings./...|
Tensioned and point anchor bolts were then torqued until the Strainsert bolt
indicated [...] 2.72 t of tension. Bolts are loaded with the hydraulic ram and
displacement readings taken from two LVDT's placed on either side of the bolt
bearing plate."

All readings are taken until failure.
"Failure is considered to be either when the bolt breaks or when the bolt-resin-rock
system could no longer support the applied load without appreciable displacement.”
(c.f Bartels and Pappas, 1985;as cited in Whitaker, 2001)
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Pettibone, 1988
“[For preliminary tests] resin [grouted] bolts were inserted in concrete blocks [0.61
m] by [0.6]1 m] in cross section and [1.73 m] long-block testing method. The blocks
were installed on a steel frame where they could be drilled with a mast type roof
bolter. The bolts were tested in the same frame. The bolter was mounted on a small
frame that could be moved with a hand-operated hydraulic pallet lifter. Power was
supplied to the roof bolter by a [...] hydraulic pump. The bolter was equipped with
adjustable needle valves, so that the maximum thrust, torque, and speed could be set
to the desired levels”

The maximum values measured are about 1.63 t of thrust, 101.7 Nm of torque, and

a speed of 500 rpm.

Then the real pull tests were performed.
“The hydraulic centre pull jack, pull rod, crows foot, and the A-frame were installed
on the pull collar about 5 minutes afier the bolt had been installed. [...] Movement of
the head of the bolt was measured with a linear-position transducer mounted on an
adjustable photographic monopod. The hydraulic pressure was monitored with a
pressure transducer. Signals from both transducers were fed to an X-Y plotter that
produced load deflection curves for each bolt tested. The load was applied with a
hand pump until failure occurred or until the limit of the equipment was reached.”

(c.f. Pettibone, 1988; as cited in Whitaker, 2001)

Goris, 1991
The test is a laboratory test of cable supports.

" The pull test apparatus |[...] consists of two [6.65 cm] diameter steel pipes through
which the cable runs. The portion of the cable embedded in the [30.48 cm] (bottom)
pipe is the segment actually being tested. To prevent slippage of the cable embedded in
the [50.8 cm] (upper) pipe, a [4.45 cm] dia by [3.81 cm] long barrel-and-wedge steel
anchor was attached to the end of the cable and a load of [11.34] tonnes applied to set
the anchor prior to making the pull-test sample. The purpose of using pipe apparatus
was to confine both ends of the cable to prevent rotation during testing.

Pull tests on the cable supports samples were conducted on a hydraulic test machine
with a [181.44 t capacity]. When the test was in progress, the upper head of the test
machine would move away form the lower head, causing the two pipes of the pull-test
sample to separate. Because the end for the cable in the larger pipe was secured in
place with a barrel-and wedge anchor, as a displacement of the pipes occurred, the
end of the cable in the shorter pipe deboned from the grout and shearing took place
along the cable grout interface. Loading was continued until the total displacement
was about [15.25 cm]. The important information collected was the amount of uniaxial
load applied to the sample, which forces the cable to slip, and the displacement or
degree of slippage taking place. For every sample tested, shear failure occurred
between the cable and the grout. No detectable slippage took place between the grout
and the pipe interface." (c.f. Goris, 1991; as cited in Whitaker, 2001)

Bawden, Hyett and Lausch, 1992

They stated in the article 'An Experimental procedure of the in situ testing of cable
bolts' the following.

There is no testing standard for cable bolts. Test for normal rock anchors deliver no
realistic results, therefore a proven experimental procedure is needed, comprising
no rotation during tests.

To measure short-term strength of a short section of cable bolts, the cable is
grouted in a pulling pipe with grooves. The pull-out equipment is shown in Figure
3-26. The pulling rate is 0.215-0.3 mm/s. Force and displacement are recorded.
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Figure 3-26 Testing facility (Bawden, Hyett and Lausch, 1992)

Hassani and Khan, 1993
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Figure 3-27 Test facility (Hassani and Khan, 1993)
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One problem, which is common for all non-metallic tendons, is the incompatible
holding of anchoring devices. Conventional steel devices destroy the test
specimen.

For testing ARAPREE a special anchoring device is used (Figure 3-18). The cable
is grouted in a steel pipe and placed in a R.D.P. Howden servo-controlled stiff
testing machine (for compression and tension). The tests are run in a constant
displacement control mode, with 1 mm/min maximum.

Hyett et al., 1993

Laboratory pull-out tests are performed using a modified Hoek cell, shown in
Figure 3-28. Two different failure mechanisms can be observed. On the one hand a
pullout of the nutcase structure, on the other hand slipping and twisting of the cable

through the nutcase structure (cable was pulled, nut remained) lead to failure, see
Figure 3-28.
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Figure 3-28 Testing facility and failure mechanisms(Hyett et al., 1993).

Stjern, 1995

A hollow steel cylinder with an anchor positioned in the centre is filled with
mortar, as shown in Figure 3-29. Then a load is induced with 30 kN/min until
failure. The maximal breaking force is recorded.
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Figure 3-29 Test facility Sjern, 1995.

Wittenberg, 1995

1 force transducer

2 bolt

3 mountain-pipes

4 displacement tranducer

Figure 3-30 Test facility (Wittenberg, 1995)

Two so-called "mountain-pipes", shown in Figure 3-30 simulate the artificial rock
mass. The position of the joint is variable with the length of the pipes.

These mountain-pipes comprise two pipes of steel, filled with anhydrite mortar,
and contain a drill hole.

Grouting is done either with resin cartridges or with mineral mortar.

Between the pipes there are two steel plates, with different diameter, each welded
to one of the pipes.

In order to test, the two plates are connected. The bigger one is supported by the
frame, whereas the smaller one comprises a contact point for the hydraulic-hollow-
cylinder. The pipes are moved apart and tension and displacement are measured
and plotted as a diagram.
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Rock, Schwab and Bliimel, 1995

K
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| 1 force transducer
2 displacement transducer
‘ 4 (bolt head - pipe)
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(bolt head — end)
4 bolt, grout, concrete,
steel pipe
5 lip seal

Figure 3-31 Test facility Rock, Schwab and Bliimel 1995

The testing apparatus consists of a steel pipe, filled with concrete and a hole in the
centre. A lip seal is attached at the end of the pipe. The rock bolt is installed, like
shown in Figure 3-31. Two electronic displacement transducers are installed to
measure the deformation anchor head/pipe respectively anchor head/anchor end.
The pull-out velocity is 0.012 mm/min.

Atlas Copco, 1998
Figure 3-32 shows the main components of the testing facility.

A Extractor unit

B Cylinder

C Safety chain with fastener
D Hose

E Digital Pressure gauge

F Hand pump

Figure 3-32 Test facility (Atlas Copco, 1998)
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The manual discusses three types of pull tests: destructive, non-destructive and
pull-out resistance tests. Destructive pull-tests are performed to determine the
tensile strength (breaking strain) of an installed bolt. They are carried out on the
full length of a bolt, expanded inside the borehole.

Non-destructive pull-tests to determine the anchoring effect of an installed bolt are
performed after a period of time. The bolt is not permitted to fail. These tests shall
check that the bolt is correctly anchored in the rock mass with a certain force.

The pull-out resistance test is used to determine pull-out force per unit of an
installed bolt, when only a part of the bolt has been expanded inside the hole.

Wittenberg, 1999

Wittenberg states, that there is no adequate simple underground testing method to
determine the external bond.

In the United Kingdom a testing procedure by enlarging a borehole is used,
although there is only one cartridge in the hole and therefore the method is not
really representative.

Wittenberg suggests a pull-out test with a special pipe, shown in Figure 3-33 and
manufactured by DMT, to test the external bond.

1 grout

2 rock bolt

3 profiling of tendon
4 external bond length
5 sealing

6 special pipe

Figure 3-33 Normal testing facility (upper) and modified testing facility
(lower) (Wittenberg, 1999)
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Moosavi, Bawden and Hyett, 2002

A modified Hoek cell is used for testing cable bolts, shown in Figure 3-34. This
testing device consist of a conventional Hoek cell, used for triaxial rock test, that
has been modified.

Shear tests on grout are conducted to specify the observations during pull-out test.

Filg‘ure 3-34 The new modri;'\led Hoek cell (Moosavi, Bawden and Hyett, 2002)

Kilic, Yasar and Atis, 2003

A big rock block made of basalt is used (for several anchors). The length of the
drilling hole has to be neither too short nor too long. In the first case failure would
occur by shearing of the bond mortar-rock, in the second case failure of the anchor
steel would be the breaking mechanism.

The rock bolts are cement grouted. Load is enhanced in 8-kN steps.

Measuring comprises the determination of the displacement with flow meters and
due to oil pressure to plot a diagram.

The test is run until failure of the rockbolt and the maximum failure strength as
mean of three tests is determined.

CANMET Pull Test

Artificial boreholes are simulated by steel tubes with an roughed internal surface
(approximately over the last meter) on the top of the tube. These holes are drilled
completely through the cylinder. A so-called 'split-tube’ configuration is used for
testing, where the tube holding the bolt has two sections and the impact is not on
the bolt but on the tube.

Plugs are installed in the tube to control bolt insertion and resin flow. The cylinder
is inserted into a jig aligned with the installation drill (see Figure 3-35), the
cartridges are inserted into the tube and the bolt (with nuts) is positioned into the
chuck.
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"Whereas for drop test experiments, two holes are drilled in the top half of the test
tube.

The top set of holes facilitates the support of the tube in the drop test rig, while the
lower set allows access to the end of the bolt after its installation inside the tube."

Plugs over 25.4-mm holes

ley drive system A

- 5

Figure 3-35 Test facility for puil out tests at CANMET (Doucet, 2010)
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Fiéurel 3-36 Sketch of the test 'facillity at CANMET (Dlouc;et, ZIOIO)I

"All equipment and procedures were developed to meet or exceeds the [...] ASTM D
4405 - 08 Standard Test Method for Rock Bolt Anchor Pull Test. A hollow hydraulic
ram with a minimum load capacity of 325 kN and total displacement of either 150 or
250 mm is used for this test. Operation of the ram is accomplished using either a
hand operated pump or an electric pump. A hand pump is used during the initial
loading phase, until the bolt reaches its yield point and starts sliding or stretching.
An electric pump |[...] is then used until the specimen fails, or the ram reaches its
stroke capacity (displacement of either 150 or 250 mm)."

Figure 3-36 shows a typical set-up for static pull tests.

"The pressure of the hydraulic ram is measured using an electronic pressure
transducer. Two 508-mm stroke potentiometers with a resolution of 0.6 mm are used
to measure displacements. These are measured at both ends of the test specimen, i.e.
plate and top end, during the test |[...]. All measuring instruments are connected to an
automatic data acquisition system and zeroed at the beginning of each test.”

(Doucet, 2010)
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Pull tests to determine mode of action of the support unit

Pells, 1974

Fed 0,38 m __{ LINEAR
% POTENTIOMET ER
/ —
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Figure 3-37 Test facility (Pells, 1974)

To test fully grouted anchors a special testing facility (two blocks of rock, with
rockbolt connected) is required.

A borehole is drilled into two rockblocks (sandstone and norit) and filled with
epoxy resin or left empty. The rock bolt is installed, so that it connects the two
blocks (see Figure 3-37).

Presses are used to simulate an opening joint by pulling the blocks apart. The
elongation of the bolt is measured and plotted in a displacement-force diagram.

Figure 3-38 Test facility (Sé;Bousék and Signlérjmlw 987)

- 57 -



“This study used a pull test to study the transfer of load from the bolt to the rock. The rate at
which load was transferred out of the bolt and into the rock was measured. |[...]

The bolts used in this experiment were instrumented with strain gauges [...]. The bolts were
installed in 0.61x0.61x1.37 m concrete blocks, which were used to simulate roofrock.

Bolts are installed in concrete blocks, which simulate the roofrock. [...]

The pull gear consist of a collar placed on at the bolt head. Over this collar, the crow's foot
is attached. It, in turn, is connected to a threaded rod. The force is applied to the head of the
bolt by a hydraulic ram. A hand pump supplies the hydraulic pressure. The applied force is
monitored with a pressure gauge and a pressure transducer.

Several tests were conducted to determine the amount of measured deflection due to the pull
gear. At least squares regression analysis was performed on the data, and a load deflection
relationship of the pull gear was determined.” (c.f. Serbousek and Signer, 1987; as cited in
Whitaker, 2001)

Signer, 1990
The topic was the field verification of load transfer mechanics of grouted bolts.

A pull test gear arrangement is used.
"The pull test gear consists of a pull collar placed at the bolt head. Over this collar a
crow's foot is attached, which in turn, is connected to a threaded rod. Force is
applied to the head of the bolt by a hydraulic ram that is activated by a hand pump.
The applied force is monitored with a pressure gauge and a pressure transducer. |[...]
The defections [of the bolt head] are measure at the end of the pull gear by a dial
gauge [...]. Force was applied to the bolt head in increments of [0.83 t], beginning at
[0.42 t] and ending at [5.8 t, (approximately 80 % of the yield of the bolt)]. The
applied force at the bolthead was maintained at each level for 5 min. so the system
could stabilise before readings were taken. Three loading cycles are conducted for
each test.[...]
The [strain] gauges were positioned in pairs on each side of the bolt to account for
any bending effects and to provide redundancy. [They| were calibrate in an uniaxial
tension machine to correlate voltage change directly with load. This technique
eliminated [several problems (gauge location, localised inconsistencies in the bolt)]
and produced [tests results having good repeatability]." (c.f. Signer, 1990, as cited in
Whitaker, 2001)

Fabjanczyk and Tarrant, 1992
"A length (70 mm) of rebar is encapsulated into a metal cylinder that has an internal
(threaded) surface that prevents premature failure on the cylinder/resin interface.
The rebar is pushed through the resin under stain control and the full
load/displacement history is recorded.
Further confinement measurements were taken by attaching four strain gauges to the
outside of the cylinder. The gauges were spaced evenly around the cylinder and
orientated tangentially. Two gauges were positioned opposite the deformation ribs."

(c.f. Fabjanczyk and Tarrant, 1992; as cited in Whitaker, 2001)

Hyett et al., 1993

Previous to testing a short length of the cable was grouted some distance down a
borehole. During testing a pull force was applied to the cable using a barrel-and-
wedge grip. This allows rotation at both ends of the embedded section of the cable,
enabling failure to occur by an unrealistic 'unscrewing' mechanism. The pull test
setup is shown in Figure 3-26.
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Stillborg, 1993

.
Figure 3-39 Schemata of the test facility (Stillborg, 1993)

In the report 'Rockbolt tensile loading across a joint' is discussed, that

"In order to obtain the load-deformation characteristics of rockbolts which
realistically resemble the characteristics of the installed rockbolt, and to be able to
compare, the general load-deformation characteristics of different types of rockbolts,
a laboratory test arrangement was developed.

The test arrangement is designed to, under strictly controlled conditions, simulate the
load-deformation characteristics of rockbolts subjected to tensile loading across a
_Jjoint which opens normal to the joint plane. The test arrangement is schematically
illustrated in [Figure 3-39].

High strength reinforced concrete with a compressive strength of 60 MPa was used
for the two 1,5 m concrete blocks simulating two 1.5 m blocks of rock separated by a
Joint. The boreholes for the rockbolts where all drilled using a percussive technique
in order to create borehole surfaces with a roughness comparable to those obtained
in metamorphic and igneous rock types. The length of the boreholes and the
subsequently installed rockbolts were 3 m. The borehole diameter was carefully
measured to meet the requirements set by the rockbolt manufacturer. The two blocks
were separated, simulating joint opening, at a rate of 3.6 mm/min.

Friction between the concrete blocks and the foundation on which the blocks rested
was to a large extent eliminated by placing the blocks on low friction rollers. Fiction
that could not be eliminated in the test set-up was measured and compensated for in
the final evaluation of the test results.

The joint opening was measured by two LVDT measuring gauges, one on each side of
the meated blocks. This arrangement facilitates compensation of any rotational
movement that may occur between the two blocks. At the free ends of the two blocks,
any rockbolt displacement, (sliding) was also measured by LVDT measuring gauges,
all four gauges with a measuring accuracy of +/- 0.125 mm. the servo-hydraulic load
actuator and the LVDT gauges, were connected to a host computer that provided real
time graphical output of the rockbolt load-deformation relationship as well as any
rockbolt sliding that occurred.

One advantage in using concrete blocks in a comparative test program as oppose to
blocks of rock is the consistency in the properties or the concrete blocks that can be
obtained.”
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Ohtsu, Shigeishi and Chahrour, 1995
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Figure 3-40 Test facility Ohtsu, Shigeishi and Chahrour 1995)

For studying the fracture zone, acoustic emission during a pull-out test can be used.
Figure 3-40 shows the testing facility. A Im x 1m x 0.3 m concrete block is used.
The testing assembly covers a washer fastened by a nut and a prestressed steel bar,
embedded 5 cm deep. For minimizing friction between the concrete and the steel
bar, the rod is muffled in a polyethylene sheet.

Benmokrane, Chekired and Xu, 1995

To determine the long-term performance of cement grouted anchors, surface-
mounted vibrating wire strain gauges can be micro-welded on the surface of a bar.
Due to the gauges load, head displacement and load distribution can be observed.
Laboratory pull-out tests comprises concrete cylinders cast in a steel barrel, with a
borehole to insert the bolt and injected the cement.

In field tests a hollow hydraulic jack is used to apply the load on the anchor. The
applied load is measured with a hollow load cell, mounted at the anchor head. The
test facility is shown in Figure 3-41.

Thrust bearing
Hydraulicram

7 Load cell
Le——— Bearing plate

| Concrete block

Drilled hole

|
1

| Steel barrel

Cement grout
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Anchored lengll
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Figure 3-41 Test facility (Benmokrane et al., 1995)
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VandeKraats and Watson, 1996
In their report 'Direct laboratory tensile testing of select yielding rock bolt
systems', they describe the following.

For testing a Baldwin test machine with 530 kN capacity used.
"Tests were in-line, direct tensile tests controlled by displacement. Load and
displacement data were collected each second. The data were displayed as a load
versus displacement plot in real time and also recorded by the PC based data
acquisition system for later analysis. [...]
Tests were limited by the approximate 0.2 m [...] stroke of the machine and testing
was interrupted as required to reset the test machine. In the case of some of the
Yielding Cable Bolts, three resets were necessary to pull the system through the 0.51
m [...] yield range. Rigging: The Load Indicators and Yielding Collars were tested
using threaded bars as the bolt system. The anchor ends of the cables on the Slip Nut
and Yielding Cable Bolt systems were fitted with a swaged nut. In all tests, both ends
of'the systems tested were installed next to rigid, flat bearing plates. While the anchor
end remained fixed, the platen with the yielding component was displaced which
loaded the system
Test Sequence: After rigging was completed and the bolts were installed in the test
machine, testing commenced. "

Galvin et al., 2001

The testing rig (at the University of New South Wales) is shown in Figure 3-42. It
can apply 1 to 7.5 MPa/mm.

Figure 3-42 Testing facility (Galvin, et al. 2001)

The testing rig consists of a lathe, able to drill and install the bolt. A biaxial cell
(metal cylinder with membrane) is installed on the lathe to fix the specimen during
drilling, installation of the bolt and pull-out test. A hollow core jack, mounted to an
electric pump is used for the tests.

A schema of the pull out test equipment is shown in Figure 3-43.
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Figure 3-43 Schemata of test facility (Galvin, et al., 2001)
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"Once the resin was set, a hollow ram jack was placed over the free end of the bolt. It was
held against the sample by the self centering faceplate arrangement to ensure that load was
applied axially. A dial indicator used to measure displacement [...] was placed on the lathe
and positioned so that displacement was measured from the free end of the bolt. The hollow
ram jack was then loaded in intervals of approximately 2.5 MPa. A reading was taken from
the dial indicator at each of these points." (Galvin, et al., 2001)

Hagan, 2004

The test shall simulate a non-linear loading of the embedded anchor length. This is
achieved by clamping the artificial rock mass to the frame.

The test specimen consists of concrete, set in a biaxial cell. This sample is then
drilled. An instrumented rock bolt (strain gauges) is grouted with resin. Loading of
the rock bolt is done incrementally. Load and displacement are recorded.

In a second test the bearing is uncoupled due to a stiff frame. It is a modification of
the test described above, but this time the loading is linear. To achieve that, the
rock is not collaterally clamped and able to deform with the bolt simultaneously.

Satola, 2007

WEDGE RHS -PIFE PULLING DEVICE WEDGE
i - 4

i

'l

\ |
STEEL PIPE " TEST BOLT STEEL RIFE

Figure 3-44 Double pipe test system (Satola, 2007)

The loading of an anchor over an opening joint is simulated. Two steel pipes
simulate the borehole. They comprise a small gap between, as sort of an artificial
joint. Each pipe is fixed to a flange, which are pulled apart by a hydraulic press.
This loads the bolt-grout bond. The test machine has a maximum capacity of 350
kN. Pressure as well as displacement are measured.
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Simser et al. 2007

The tests were carried out at NTC. The equipment comprised two steel tubes,
simulating the borehole and a pneumatic stoper (for mixing and installing the
conebolt).

Further tests comprised a real-time observation, which showed how the cone
ploughed through the resin under static and dynamic loading. Since the pull test
ram had less stroke than the bolt is able to displace, a cyclic loading was used. The
bolts were statically tested until failure, by inserting a steel collar between the
loading cycles.

Overcoring technique

In general

1 Grouted bolt
2 Artificial borehole
3 Overcoring

W\Wg

£

A SE————

Figure 3-45 Basic principle of the overcoring technique

To examine cable bolts, several researchers do not want to use pull-out tests, for
they think, that these do not comprise reliable results. So they use a special
overcoring technique to examine bond strength of grouted bolts.

Information gained from such cores are encapsulation of the bolt, distribution and
migration of resin and gloving.

Furthermore this technique can help to assess the in-situ corrosion (Hassell and
Villaescusa, 2005).

The overcored samples can be cut and tested in the laboratory, i.e. with push
tests.(Varden and Villaescusa, 2005).

Special
Another possibility for examination of the bond length of rock bolts is to drill the
bolt out in a lager diameter and cut the shaft up in sections. (Jirovec, 1995)

Varden and Villaescusa, 2005
In their report 'A methodology for selection of resin grouted bolts' they stated the

following.

"A 300 mm long section of rock core with 100 mm of cleaned protruding bolt were
prepared. [...] The protruding length of bolt was used for the 'seating arrangement'
required to allow push testing. Prior to testing, the resin annulus was measured to
give an indication of ‘centralisation’ within the hole. "

"An Avery 50 t test machine was used for testing of the samples [see Figure 3-46].
The sample is confined within a steel jacket during the push test. The jacket consists
of two halves that are bolted together. The bolts were tensioned with a torque wrench
to 60 kN. The jacket was lined with a piece of thin rubber and the sample placed in a
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PVC sleeve. This allowed the sample to be firmly camped. A cap was placed on top of
the protruding bolt. The inside of the cap was domed to allow the bolt to align with
the platen when the machine applied load. Data was collected electronically with a
load-displacement plot displayed on the computer screen during a test."

¥

Figure 3-46 Test facility (Varden and Villaescusa, 2005)

Villaescusa, Varden and Hassell, 2008

The document 'Quantifying the performance of resin anchored rock bolts in the
Australian underground hard rock mining industry' contains the following.
WASM researches delivered a versatile overcoring system for lengths of 3 m,
collar heights of 5-7 m and diameters of 140 mm (see Figure 3-47).

s e b

Figure 3-47 WASM bltig overcoring acﬂity (Villaescusa, Varden and
Hassell, 2008)
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The so gained cores shall give a clear view of rock bolt system/rock mass
interaction. Further information comprised is location, geological discontinuities,
rock mass condition, bolt encapsulation, load transfer along axis, corrosion effects
and borehole overdrilling. The overcored bolts are tested in the laboratory by a
testing machine, as described above.

Monitoring and non-destructive testing

In general

There are some approaches to test the support units in-situ without destroying
them.

One way is to instrument the bolts in use with for example strain gauges or similar
measuring devices. Another way is the usage of ultrasonic or flexural elastic
waves. Testing devices, basing on this principle are either not in use any more, still
in development or have never been used in praxis.

Special
ASTM D4436 Long-term load retention test
This test shall determine the time over which a rock bolt tension decreases from
the installed to a certain minimal value.
It can be used for all systems, which are not fully encapsulated. The rock bolts
shall be installed in the same manner and material as they are intended to use.
The load on the bolt is monitored over a period of time (i.e. weeks). The test holes
shall be representative.
Equipment needed are: Load cells (mechanical, photoelastic, hydraulic, rubber
compression pad, or electronic type), anchor systems, rock bolt and accessories
(plus a spherical bearing is desirable on very uneven surfaces; rock bolts used with
grout or resin anchors shall have identical ungrouted bolt lengths), drilling
equipment, torque wrench (shall also be used to load the bolts), hydraulic pulling
system, borehole diameter measuring gauge and a thermometer as described in
D4435.
The testing procedure is to drill and measure a test hole (as usual). Maybe a
preparation of the rock bolt is required. The setting and loading of the bolt is done
as follows.

"If mechanical anchors are used, lightly Iubricate the downhole end of the rock bolt

and screw on the anchor. When in position, torque the bolt to the manufacturer’s

recommendations to set the anchor. A pair of jam-nuts on the upper end of the rod

may be used to apply torque without producing axial load in the bolt. If the

manufacturer’s torque cannot be achieved because of anchor slippage due to shear

failure in the rock, note the maximum torque reading and install subsequent anchors

to 80 % of this value. Do not test anchors where rotation occurs between rock bore

hole surface and anchor. [...]

Install grout or resin anchors according to the manufacturer’s recommendations.

Record the temperature in the borehole within the anchor zone, the temperature of

the resin or grout at the time of injection and the ambient air temperature. Ideally the

test anchorages should be installed under the same temperature conditions as

expected during construction. The time required for resin or grout anchorages to

reach their design strengths is temperature dependent and may vary significantly.

Consult the resin or grout manufacturer’s literature for recommended curing times
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under various temperature conditions. Curing times may be varied between 1 to 5
days under similar temperature conditions to assess the effects of curing time on
strength. To evaluate the influence of grouted bond length on anchor strength,
several anchorage lengths should be tested, ideally under similar temperature
conditions and curing times.
Loading the Bolt:
The torque wrench is recommended for tensioning the bolt. Alternatively, the
hydraulic pulling system may be used to apply load. In this case, attach a pulling rod
to the rock bolt above the nut. Apply the load hydraulically, then tighten the nut. As
the nut is tightened, the hydraulic pressure decreases because the load is transferred
from the ram to the nut.
Tension the bolt until the load cell indicates that the installation load has been
achieved. "

Reading of the measuring devices is done as required. The document also gives

information about calculations and reporting.

A non-destructive method to control the quality of the grout is the so-called
"Boltometer". This device transmits flexural elastic waves into the rock bolt. At the
end of the bolt this waves are reflected. The Boltometer records the received
echoes by means of an echo diagram. The so gained diagram gives information
about the state of the grouted bolt (Malmgren, 2010).

The Boltometer can measure bolt length and quality of grouting under favourable
condititons. It is, however, unable to measure shepherd's crooks and has a reduced
performance in the presence of mesh, lace and washers. (Kelly and Jager, 1996)
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Figure 3-48 Boltometer and example of registrations (Thurner, 1983)

This instrument can also be used to detect invisible faults in rock bolts as
suggested by Thurner, 1983.

The Boltometer is not commercially available any more. An other, quite similar
measuring device is the GRANIT (GRound ANchor Integrity Testing) system,
shown in Figure 3-49. This instrument uses an impactor to create a signal and
determine load, length and quality of a rock bolt. (Backblom, 2009)
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Figure 3-49 GRANIT system (Backblom, 2009)

Two monitoring devices are the dilatometer, and the instrumented bolt. The latter
comprises a rod and an indicator plate. The rod is resin-embedded and the plate is
fixed to the wall by two small bolts. (Ferrier and Roux, 1980)

There is also an US patent for a “Method and apparatus for testing installation
quality in a grouted anchor system”. The testing principle is to apply acoustic

signals and detecting the response.
"In summary, there is known technology to develop that likely could provide
information whether the bolt installation is correct (length, grout quality): It is also
possible that the bolt evolution (broken bolts, corrosion) could be tracked, but no
technology is commercially available, likely to weak demands or that the instruments
were not usefil. " (Backblom, 2009)

Two further monitoring devices are slit nuts, which close under loading, or
indicators, mounted between the face plate and the nut, with a spalling rate of an
enamel covering. (Reuther and Heime, 1990)

Calibrated end-plates and the tension of wire mesh can conclude on the forces
action on a rock bolt. (Dejean and Raffoux, 1980)

Bigby, 1997

A routine monitoring system, called "Dual Height Telltale" (shown in Figure
3-50), uses two indicators (upper one for movements within rockbolted height,
lower one for movement above) and a software ("Telltale for Windows").
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Figure 3-50 Dual Height Telltale (Bigby, 1997)

Beard and Lowe, 2003

The object of the research was to develop a portable non-destructive testing

instrument for evaluating the condition of rock bolts

"The proposed inspection technique is an ultrasonic pulse echo test, carried out from
the free end of the rock bolt. An ultrasonic transducer is clamped onto the end of the
bolt and connected to a pulse-echo instrument. A short duration toneburst is used to
excite a guided wave in the rock bolt, which is then reflected from the bolt end and
from any major defects. Accurate knowledge of the wave velocity dispersion curves
allows the position of defects or the bolt length to be calculated from the reflection
arrival time. The use of a toneburst signal allows the excitation frequency bandwidth
to be tightly controlled. The maximum test range is limited by the amount of
attenuation that the wave experiences as it propagates. [...] It is envisaged that the
technique could be used to detect failure by determining the residual bolt length. In
addition, defects such as necking, severe corrosion, or loss of encapsulation could be
identified by additional reflections. The test could also be used as a form of quality
control, to determine that the correct length bolts have been installed, and that the
encapsulation is complete.”
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3 nut

.. - 4 hydraulic jack
— 5 bracket

6 force transducer
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8 washer

9 nut
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Figure 3-51 Test facility (Jasarevic et al., 1984)

13 hydraulic motor pump
14 displacement gauge holder
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Jasarevic et al., 1984

The equipment cannot only be used for pull out tests, but for long-term control of
displacements in rock bolts. Therefore the hydraulic jack has to be taken out (4)
and the lock-unit has to be fixed (9) on the bearing plate.

SMART

For direct ground support instrumentation SMART cable bolts, SMART
contractometers, micro seismic monitoring system, multiple position borehole
extensometers and stress cells can be used. (Bawden et al., 2007)

Mine Design Technologies comprises the SMART Cable bolt, shown in Figure
3-52.

Figure 3-52 SMART Cable bolt (http://www.mdt.ca/index.cfm?
page=products&s=SMART _cable_bolt; 19.05.2010)

"By combining the support capabilities of a standard 7-strand cable bolt with a

miniature 6-wire extensometer, the SMART (Stretch Measurement to Assess

Reinforcement Tension) Cable was born.

The stretch in the cable is determined via the integrated six-point extensometer,

allowing the strain between the anchor points to be calculated. Because we know the

properties of the cable-rock-grout interface, the loading profile along the cable can

be inferred."
The SMART bolts dimensions are a length up to 30 m and a diameter of the head
of 33 mm, needing a borehole diameter of 50 mm minimum.
(http://www.mdt.ca/index.cfm?page=products&s=SMART _cable_bolt;

19.05.2010)

To monitor roof bolts installed in roadways several equipment can be used, i.e.
sonic-type extensometers (side or roof extensometers) and vibrating wire strain
gauges or strain gauged roofbolts for load measurement

(Daws, 1992)

The roof-bolt bond tester is a non-destructive device, based on energy transfer
measurements. It measures the loss of intensity of ultrasonic energy, send through
a roof bolt. The instrument is small and can be manually positioned to the head of a
rock bolt, like shown in Figure 3-53. There are three different results, related to
colours. Red stands for bonds, less than one-half, yellow signals that one-half to
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three-quarter are bonded and green means that more than three quarter of the bolt
are bonded. (Bolstanlg% Hill and Karhnak, 1983)

Figure 353 RooEbolt grbut bond tester (Bolstad, Hill and Karhnak, 1983)

Wang and Wang, 2001

Their report 'Nondestructive testing of grouted bolts system' contains the
following.

The technique is based on acoustic frequency stress wave (AFSW). They wanted to
find a relationship between the reflective character phase and grouted condition
and the wave energetic attenuation and anchored length.

They mentioned a non-destructive pull-out test (NDPT).
"The propagation and attenuation of AFSW: AFSW at the bolthead excited and
propagates in bolt grouted medium and rock mass"
"Our research result have shown that the phase characteristic is closely bounded up
with the anchoring state and the distribution of side resistance. Reflects totally at
bottom end interface, multiple reflection appears clearly in the bolt of bad anchoring
state
Non-destructive measurement of anchoring fore:
Many field pullout tests have shown, that the pullout curve and the pullout factor
defined as pulloutforce to produce unit deformation displacement demonstrate some
relations with the increment of pullout force applied. Especially it obviously
fluctuates when the GBS approaches the failure. The afterbody of pullout drive
increases in a near linear relation when the anchoring force is more than the
ultimate strength of steel bolt and the pullout factor increases sharply fig.1a. whereas
when the anchoring force is less than the ultimate strength of steel bolt, the curve
afterbody rises slowly and the growth rate tend to decrease. So the variation law can
be utilized to judge whether the GBS approaches to the failure. The value of
anchoring force is determined through the interaction value of two secant lines,
plotted on both sides of inflection point of curve drawn automatically by the testing
system. Likewise, the proper value of ultimate pullout-coefficient is designed to
autotrack the curve before stopping the pullout tests and then the method is capable
of measuring accurately the anchoring force without disturbing the anchorage
capacity of bolt." (Wang and Wang, 2001)

ISRM - suggested method for monitoring rock bolt tension using load cells,
(ISRM, 2007¢)

The method deals with the measuring of tension changes in a rock bolt.
Equipment needed consist of load cells (for 1 out of ten rock bolts; can be
mechanical, photo elastic, hydraulic, electric or rubber compression pad type.)
They have to resist blasting, water and dust for a long time.
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Procedure: First the load cells have to be calibrated. After installation, the
instrumented bolts shall be recorded. Immediately after installation the tension
shall be noted, then read in intervals.

The data can be used for calculations, defined in the standard.

DIN 21521

For testing bond (between rock bolt and rock mass), anchoring force, free length
and yield strength a tensile test shall be performed. Therefore a hydraulic press is
used to apply a tensile force on the anchor head. The test is performed with
approximately 30 kN/min or 200 kN/min maximum, in case of the anchor does not
creep or set. There are two different types of testing:

(1) The press is placed on a (simulated) rock mass, surrounding the borehole
mouth. The bearing of the press shall have a distance to the borehole mouth of at
least one time the borehole diameter. Then the required pre-tension force is
applied. Several times increasing forces are applied by unloading the bolt each
time. Force and displacement are measured. This test can also be performed as
creep test, by holding the testing load constant.

(2) The press is mounted without removing the head of the bolt. The applied force
is increased, decreased and increased again. Then the load is held constant for five
minutes. The bolt has to withstand this load. There is no displacement measuring.

3.1.1.2 Testing of Thin-Spray on liners (TSL)

In general

Since TSL are a new' support unit, various tests are performed to understand their
mechanism and to compare different types of TSL. Until now there are no specific
standards available. However, researchers have collected several existing standards
on polymers that can be adopted for testing TSL.

EFNARC Specification and Guidelines on Thin Spray-on Liners for Mining and
Tunnelling

The guideline defines performance requirements and refers for testing methods to
European standards. Parameters to be testes and corresponding standards are listed
in Table 3-1.

Table 3-1 Tested Parameters and corresponding standards for TSL
(EFNARC, 2008).

Tested Parameter Standard(s)
Tensile strength DIN 53504 Type S2 or ASTM D638
Rate of strength development: DIN 53504 Type S2 or ASTM D638

(Time to reach a Tensile Strength of 2 MPa
at 504+5% rh and 80+5% rh at 23T)

Linear load resistance TSL Linear Block Support Test

Tensile E-modulus Stress/strain on DIN 53504 Type S2 or
ASTM D638 specimens

Elongation at break DIN 53504 Type S2 or ASTM D638
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Shear strength EN 1373 or ASTM D732 on sawn granite.

Ultimate bond strength EN 1542 to EN 1766 (type MC 0.40)
concrete grit blasted to SA 2V,

Fire classification EN 13823 under conditions of EN 13501-
1:2002

Flammability ASTM E84 (surface spread of flame and
smoke index development)

Products of combustion NES 713

Crack bridging DIN EN 1062-7

Tear strength @ 28 days DIN ISO 34-1, DIN 53515

Water tightness EN 1928 or DIN 1048

Freeze thaw resistance e.g. SN 731326 or SS 137244

Permeability to water vapour, methane, DIN 52615, DIN 16726 or SN 021582

radon etc

Surface Electrical resistance DIN 22107 Part 6

Electrostatic charge transfer EN 13463 Part 1

These tests shall be performed by the manufacturer.

In-situ testing on TSL shall be done in an appropriate time after spraying. Tested
parameters may be applied thickness (with tyre tread gauge), adhesion to substrate
(qualitative peel test) and ultimate shore A hardness.

The document also gives details of the so-called "TSL Linear Block Support Test'.
This test shall qualify the bearing capacity of a TSL. For testing until failure a load
of 16 mm/min is applied on the assembly shown in Figure 3-54.

Figure 3-54 TSL Linear Block Support Test after EFNARC

Furthermore a gap shear load test is required, in case of the TSL partially de-
bonding (see Figure 3-55).

Figure 3-55 Gap shear load test of TSL

The guideline describes precisely the equipment needed for the tests.
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The document 'Proposed procedures of the testing of TSL properties' (Toper et al.
2003) referred to Potvin (2002), who categorised TSL tests, as shown in Figure

3-56.
Flammability
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Figure 3-56 TSL tests (Toper et al., 2003)

They also state, that only two tests are generally accepted by researchers. These
tests are highlighted in figure.

Large-scale tests were found to provide interesting results but were also found to

be difficult to interpret in term of TSL properties and behaviour. (Toper et al.,
2003)

The following chapter contains test performed on TSL, no matter which loading
mechanism is used (shear, tensile, compression, etc.)

Special

Yilmaz, Saydam and Toper, 2003

They state in their report 'Emerging Support Concept: Thin Spray-on Liners' that
currently it is not possible to evaluate the quality and performance capabilities of
TSL products. There is no reliable correlation between laboratory results and field
results whether on surface nor underground.

Testing could be performed to address TSL material itself or both the TSL material
and the substrate.

The two most important factors influencing the testing results are temperature and
humidity.

They state that only two tests have met the acceptance of the researchers. This are
the tensile and the direct adhesion tests. Large-scale tests provide interesting
results but are also difficult to interpret.

Adhesion tests
"The adhesion test measures the adhesion or bonding strength of a TSL attached to a
rock substrate. Two types of bond strength needs to be considered. tensile and shear.
Failure may occur due to the low tensile adhesion strength between TSL and rock
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surface. Adhesion strength on different rock types and the factors influencing the
adhesion are important test considerations. "

Core adhesion test
"The direct adhesion test consists of two pieces of core bonded together by TSL as
shown in [see Figure 3-57]. The top and bottom halves are subjected to a uniaxial
pull until failure takes place at the TSL rock interface. The core adhesion test has the
potential to become the main testing method in determining the bonding strength of
TSL due to its simplicity. Sample preparation is an important issue in that both halves
should lie along the same axis and in the direction of pull to prevent eccentric
loading and premature failure."

F
Figure 3-57 Core adhesion test (Yilmaz, Saydam and Toper, 2003)

Plate-pull testing
"This test consists of pulling on a test dolly embedded within TSL. A test dolly can be
made from varying diameters and thicknesses of perforated steel discs that are
applied to thin rock slabs [see Figure 3-58 . Tannant et al. (1999) showed that
high humidity or wet rock surfaces may significantly degrade the adhesive bond
between the TSL and the rock. The TSLs bond to the rock normally increases with
time, provided that the rock is firm, clean and dry. Adhesion to smooth, wet and soft
rock is generally poor. Difficulty persists in being able to produce consistently
repeatable results between tests using rock slab bonding surfaces. Archibald (1992)
showed that bond adhesion varies on irregular rock surfaces due to differences in
substrate strength, surface roughness, porosity and degree of alteration
characteristics. Therefore, he used a paving stone product that exhibits uniform
strength and surface properties.

Figure 3-58 Generic view of a test dolly and typical test setup in the
laboratory (Yilmaz, Saydam and Toper, 2003).
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Specimen preparation and testing procedures can be summarised as following.
e A test product is sprayed onto a flat surface of a cut concrete or rock surface.
* A test dolly is immediately placed on the fresh, uncured coating. TSL is still in its
initial liquid state and permitted to seep through the numerous perforation holes of
the test dolly.
 Immediately following the initial curing, TSL forms an adhesion bond with the test
surface and produces an embedment bond about the pull plate.
* A second coating is sprayed over the test dolly to fully embed it within the TSL.
e After the test product has cured the embedded test dolly and coating are overcored
to isolate the test area from the rest of the TSL. (Overcoring of the pull plate is
conducted to insure that only the bond adhesion associated with the area immediately
beneath the pull plate is actually measured during pull testing.)
e After 2 days of curing for the last layer of TSL, the test dolly is pulled normal to the
substrate surface
e Test is continued until full release or loss of adhesion contact between the pull plate
assembly and the substrate.
e The adhesive strength is determined from the peak stress.
The test process is designed to be carried to ultimate bond failure; therefore, no
residual adhesion bond strength is quantifiable. The location of the failure should be
determined and, if it is in the bond plane, the amount of the applied material
remaining should be assessed. Underground adhesion testing of TSLs, similar to
laboratory plate-pull testing, on rock and shotcrete was also performed with a range
of cure times and for various moisture levels (Espley et al. 2001). The surface
substrates were cleaned prior to liner application and pull plates were embedded in
the liner for the testing. After the liner had cured, each test dolly was overcored and
pulled as the loads were measured. The results indicate a correlation between
surface moisture and adhesive strength — that is, the adhesion strength is decreased
as the surface moisture increases. "

Baggage capacity test
"The baggage capacity test measures loose rock supporting capacity of a deformable
TSL (Swan & Henderson, 1999). An open-ended steel frame, of dimension 1.1m x 1.1
mx 0.3 m, is used and loaded with actual slabs of unwashed —100mm rock debris. A
Iiner is sprayed on the “loose” rock debris surface [see Figure 3-597. Since the
surface is discontinuous some penetration occurs between the rock fragments. After
curing for the required time the frame is inverted and placed in a loading machine. A
distributed compressive load is applied to the “loose” rock, thereby deforming the
liner, which eventually ruptures. Repeatability of this test is questionable since the
distribution of rock debris varies for each test. Preparation for a test appears to be
difficult and time consuming due to the size involved. "

Figure 3-59 Baggage load test frame an:i set-up (Yilmaz, Saydam and Toper,
2003)

Tensile strength and elongation tests
"Standard testing method on "dog-bone" shaped pieces of plastics (ASTM D638,
1998) has been selected by most of the researchers [see Figure 3-60/ (Tannant et
al., 1999; Archibald, 2001; Spearing & Gelson, 2002) to assess tensile properties,

-75 -



initial stiffness (modulus) and elongation capacity of TSL material at failure. TSLs
have different rigidity properties and therefore their dimensions should have the
ability to deal with rigid, semi rigid and non-rigid products. Thicknesses between 3
mm to 14 mm can be accommodated with dog-bone testing. Multiple tests need to be
performed in order to obtain reliable measurements of the tensile strength. The test
specimen is clamped at each end in a tensile testing machine and then pulled. The
specimen should break into two pieces on the narrow section for a valid test. The
clamping can be achieved in a number of ways; gluing, screw clamping and fixed

gripping platens are some of the methods.
distance between pgrips
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Figure 3-60 Test specimen after ASTM D638 (Yilmaz, Saydam and Toper,
2003)

Material tensile strengths were determined either at break or yield positions along
the measured load deformation curves. The load is divided by original minimum
specimen cross-sectional area at the specimen centre span to obtain the nominal
tensile strength. "
Pull strength determination

"The plate pull test simulates the loads generated in a supporting liner when a loose
block of rock moves relative to the surrounding rock [see Figure 3-61 /. The test
consists of placing a solid circular plate of steel on either a concrete block or rock
surface and then spraying the test material over the plate and the substrate
surrounding the plate with a uniformly thick and continuous TSL. No TSL is
permitted to be placed between the substrate and plate as it is not the aim of this test
to measure the direct bonding strength of TSL [see Figure 3-62]

Loose
Rock

Tensi % 3
ension TSL Adhesion

Figure 3-61 TSL supporting a loose rock (Yilmaz, Saydam and Toper, 2003)

loading frame pulling force

Lk L
collar adapter .

downward
clamping downward
force polymer clamping force

layer

Figure 3-62 Pull test assembly sketch and photo (Yilmaz, Saydam and Toper,
2003)
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The plate pull test procedure can be summarised as follow (Tannant et al. 1999):

e Place the pull plate on a concrete or rock surface which has a diameter greater

than the pull plate.

e Coat the pull plate and the area surrounding the plate with TSL.

e Slowly pull the plate perpendicular and away from the substrate afier the required

curing time.

The test is completed when the load begins to drop or when the plate is pulled free of

the substrate. A combination of adhesion Ioss and tensile rupture is the expected and

desired ultimate failure mode and not that of shear rupture through the TSL."
Large scale pull test

"Espley et al. (1999) assessed the load carrying capacity of a TSL by coating an

interlocking series of 90 mm thick hexagonal concrete paving blocks. The TSL is

applied to the concrete blocks from above and left to cure. A pull-type loading is

applied by a 300 mm square steel plate located in the centre and underneath the

assembled paving blocks until the TSL has failed as illustrated in [Figure 3-63].

Espley et al. (1999) observed that the TSL is able to enhance the interaction between

the loose blocks and thus a significant portion of the supporting function arises from

block-to-block interaction."

square steel plate

reaction legs

Figure_ 3-63 Test setup from la-rge—sca-le i)ull test (Yiimaz, Saydam and Toper,
2003)

Punch test
"Spearing et al. (2001) performed the so called MBT Method (Membrane
Displacement Test) where the TSL is punched by a plunger at the end of a hole in a
concrete slab as illustrated in [Figure 3-64]. This test is very similar to the plate pull
test in terms of the movement of the TSL i.e. punching or pulling affectively results in
the same TSL behaviour. "

concrete slab

—

Figure 3-64 Punch testing setup (Yilmaz, Saydam and Toper, 2003)
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Compression Failure Tests on Coated Samples
"TSL coated cylinders of concrete and rock were tested by various researchers
(Espley et al. 1999; Archibald & DeGagne, 2000) to demonstrate TSL's ability to
contain and reduce the damage resulting from potential pillar-bursts. Tests were
done under uniaxial loading conditions and the results demonstrated significant
positive benefits at the laboratory scale in terms of non-violent post-peak failure
response, and the liner’s ability to absorb some of the stored strain energy. A
compression failure test may not be relevant in deriving physical properties of TSLs;
however it is useful to demonstrate the liner’s ability to accommodate large strain
ranges.

Toper et al., 2003

The document 'Proposed procedures for the testing of TSL properties' contains a
list of testing standards that could be adapted to TSLs either directly or by
appropriate modifications (marked with * in Table 3-2). However, changes may
affect the test results.

No matter which testing method is adopted, the two most important factors,
temperature and moisture, need to be recorded.

Table 3-2 Relevant standards for testing of TSL (Toper et al., 2003)

Test type Standard
Tensile Strength and ASTM D638
Elongation ASTM D1708-84
ASTM D1004-90 *
ASTM D1922-89 *
ASTM D5884-99 *
Tear Strength BS 903-A3-3.2: 1997,
ISO 34-2: 1996
BS 903-A3:1995,
ISO 34-1: 1994
Shear Strength ASTM D732-90
Adhesion Strength ASTM D4541
Toxicity ASTM E1619-95
ASTM E162
ASTM D568-74
Flammability ASTM E84
IEC 707
CAN/UCL S102-M88
. ASTM C827
Water Absorption ASTM D570
Abrasion ASTM D4060
ASTM D1242

Yilmaz, Saydam and Henderson, 2003

The paper "Torque Testing of Thin Spray-on Liner Coated Cores' contains the
following.

The author states that this test, satisfying most of the requirements mentioned
earlier, has a great potential to be accepted as a standard testing method.
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Figure 3-65 Test principle (Yilmaz, Saydam and Henderson, 2003)

End effects should be avoided. Therefore, the proposed test method takes into
account the continuous nature of TSL on the applied rock surface.

Continuity is introduced by applying a jacket of TSL around cylindrical cores.
Opening of discontinuities during any type of movements and filling of open
cracks by TSL are also not represented by the torque testing method.

The load cell shall be capable of measuring in Newtons.

Two pieces of 53 mm diameter and 130 mm length diamond cored samples of
granite were used as substrate for TSL application.

TSL components are taken according to manufacturer’s mixing ratios and then
hand drill-mixer was used.

The cores are pressed together along the same axis by a custom made clamp during
TSL coating in order to prevent any shifting of the core axis. TSL mixture is
placed inside the moulds and manually applied by compressing the moulds against
the core surface.

No TSL is allowed to penetrate into this area, see Figure 3-66.

Mixer
adapter

Figure 3-66 Testing arrangement (Yilmaz, Saydam and Henderson, 2003)
The clamp, roller bearing and specimen centres of axis should all coincide to
prevent eccentricity and premature failure due to bending action against which the
TSL material is weaker. The test set-up does not contain any thrust load along the
axis of rotation but only tangential load due to the weight applied on the loading
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wheel. Therefore the only resistance existing and measured would be the one
offered by the TSL in the system.
Post failure behaviour could not be measured. Figure 3-67 shows the testing setup.

Figure 3-67 Testing facility (Yilmaz, Saydam and Henderson, 2003)

Saydam, Yilmaz and Stacey, 2003

In their report 'A New Testing Approach for Thin Spray-on Liners: Double-Sided
Shear Strength (DSS) Test' is described the following.

The proposed Double-Sided Shear Strength (DSS) test determines shear bond,
tensile bond and tensile adhesion characteristics within fractured zones of the TSL.
It has been developed in the School of Mining Engineering Rock Mechanics
Laboratory at the University of the Witswatersrand.

The MTS Model 815 Rock and Concrete Mechanics Testing System was used as a
loading system and data acquisition system.

The test requires the use of three granite blocks where the adjoining surfaces are
glued together by TSL as seen in [Figure 3-68].

Load clamp

Central
Block

TSL
A |

=

Figure 3-68 DSS test (Saydam, Yilmaz and Stacey, 2003)

The mixing of TSL is done by a hand held drill with a specially designed mixer
attachment for small scale laboratory tests. TSL components are taken according to
manufacturer’s mixing ratio and then mixed until a uniform, well mixed paste of
TSL was obtained.

TSL mixing should be immediately followed by pouring of TSL between the block
contacts due to hardening and bonding difficulties with the passage of time.
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Pouring of TSL ensures that the three granite blocks, which have got same surface
area, were glued to each other.

All prepared samples should be kept in an environment where the variations in
temperature and moisture are minimal. The samples should be placed on a plastic
sheet to prevent TSL from sticking to the floor surface.

The contact area between the TSL and rock block provides an input value for the
strength calculations. At the beginning of the test, the test specimen was placed
onto the MTS machine’s loading piston where they are clamped rigidly. And then
the load was applied onto the middle block.

As results peak strength-deformation curves are plotted. The energy absorption
could be calculated.

Archibald, 2001

In his report 'Advances in the Use of Thin, Spray-on Liner Systems' two further
tests are described.

The object is the

"side-by-side evaluation of various physical characteristics of the range of proposed
lining agents using standardized testing procedures. Material tests have and will
concentrate on determination of physical characteristics of lining materials which
are thought to best quantify a material's expected support performance behaviour
and capabilities to mitigate potential health and safety hazards associated with flame
exposure, gas inflow, water inflow, loose retention and dynamic rock movement."
Support and operational performance
"Typical views of tested samples, both pre- and post-failure, are shown to illustrate
the positive structural reinforcement effects that can be achieved by applying polymer
Iiner coatings onto specimens prior to failure testing [Figure 3-69]."

— . 3
Figure 3-69 Concrete and rock samples before and after compression failure

(Archibald, 2001)

"Though the physical characteristics and support capacities of a wide variety of TSL
materials have been studied by manufacturers and researchers, the validity of these
assessment procedures and results is often questioned. Laboratory testing procedures
do not accurately reflect conditions of use to which lining materials may be set in the
field. Alternately, mine operators who may contemplate use of spray-on polymer
materials often utilize assessment procedures which are not in accordance with those
of other potential users. Current industry efforts for material testing are unlikely to
yield comprehensive, quantifiable and comparable evaluations for all candidate
materials available. Certain tests can only be performed within specialized
laboratory sites, due to the complex nature of the testing process, machinery and
costs involved. Because no consistent testing procedures have been established,
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confusion often develops when representing and comparing the physical properties of
different candidate TSL materials which may be adopted for mine support use. [...]
Neither quantitative measurements of the relative support performance of the variety
of available TSL materials nor standardized testing procedures for these materials
currently exist. [...] "

Material Flammability Assessment
"Acceptable and safe application of any technology in underground workplaces must
also include assessment of the flammability characteristics of this technology. The
assessment of the surface burning characteristics of construction materials has been
established as a National Standard of Canada. The method of test for building
materials (designated the “tunnel test”) is designed to determine the comparative
burning characteristics of any material or test assembly by evaluating flame spread
over its surface when exposed to a standardized flame source (CAN/ULCS102- M8S8,
1988)."

Spearing and Champa, 2000

They did some research on ground support membranes for use in underground
mines. They found that no compressive strength can be readily tested on thin
membranes.

For testing, they referred to various standards for small-scale laboratory testing,
namely ASTM D624-98 for tear strength, ASTM D412 for tensile strength and
elongation, ASTM D4541 can be used for adhesion, ASTM E1619-95 for toxicity,
ASTM E84-99 and IEC 707 for flammability, ASTM 162 for flame spread, NES
713 for smoke toxicity, ASTM C 827 for water absorption and ASTM D3045 for
accelerated ageing.

The MBT Membrane Displacement Test

The test facility is shown in Figure 3-70. The test shall measure load and
displacement of the performance of a support membrane. Before measuring the
thickness and testing, the membrane is applied to the surface of the concrete patio
slab, except for the corner where the support cylinders are placed. The result is a
load-deflection graph.

76mm

|, — Plunger

Cast mortar/
concrete layer

Set screw

Concrete -1 o
patio slab

‘ l

102mm

/

Membrane
Support —
| |
l 610mm

Figure 3-70 MBT Membrane Displacement Test facility (Spearing and
Champa, 2000)
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Figure 3-71 MBT pull test frame (Spearing and Champa, 2000)

The INCO/GRC Membrane Test Method

The test facility is shown in Figure 3-72. Aim of this test procedure is it to gain the
load - deformation behaviour of the support device. There is also a dynamic test
arrangement, as can be seen in the chapter '‘Dynamic - Drop facilities'.

Figure 3-72 Quasi-static test arrangement of INCO (Spearing and Champa,
2000)

The CANMET Membrane Test
During this test a box is filled in three layers with specific aggregates, made of
stone or paving blocks. Over the compacted aggregate the membrane is positioned.
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Then the box is inverted, inserted into a compression machine and loaded until
failure. A load-displacement graph is the result.

3.1.1.3 Arch support

In general
Only a German standard could be found, dealing with arch support for mining
purposes.

Specific

DIN 21530-4 Arch support - sliding roadway arch (open or closed)

DIN 21530-4 gives specific instructions where the samples are to take from. The
standard also demands mechanical analyses for the arch support. Several tests shall
be performed. These tests are, however, not described in this standard, but in
referred ones. A tensile test (according to DIN EN 10002-1), beam impact test
(DIN 50115, hardness test (DIN EN ISO 6506-1) and a surface hardness test (DIN
EN ISO 6507-1) are suggested in the standard.

To determine the bending strength a bending test is described. The basic principle
is shown in Figure 3-73.

1 test sample
2 testing die
3 bearing

Figure 3-73 Sketch of profile testing (DIN 21530-4)

The standard differs between various types of profiles and positions of testing.

The connecting elements shall be tested by a bending test (Figure 3-74) and of
insertion resistance (Figure 3-74).
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Figure 3-74 Testing of connecting elements (DIN 21530-4)

The bolting has to succeed a tensile test (Figure 3-75) and a compression test
(Figure 3-75).

Bearing o
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Figure 3-75 Tests of bolting (DIN 21530-4)

The test is performed to determine mechanical specific values of open or closed

sliding roadway arches under external loading.

The arch is installed according to the manufacturer's recommendations. A
displacement, as it is supposed to occur during usage of the support, is impressed
onto the arch. Boundary conditions shall ensure a realistic simulation of the in-situ

loading situation.
The testing facility comprises an uniform deformation of the support, parallel and

normal to the stratification.
The forces are applied via load application elements of 200 mm width, mounted

radial respectively vertical to the tangent of the support.
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Number and position of these elements are depending on the circumference and
weight of the arch as well as of the in-situ way of packed bed.

Load application elements are divided into active and passive ones. Active
elements simulate movements of the roof and the side wall as well as the floor
(when testing closed arches.)

Passive elements simulate the touch of the arch on rock mass or back-filling. They
adjust reaction forces, acting on the surrounding rock.

Figure 3-76 Testing arrangement for open (left) and closed (right) arch (DIN
21530-4)

When testing opened arches, rolls on the ends of the support are used as bearings.
The testing procedure runs as follows. The arch is installed including the necessary
measuring devices. Before the test starts, the arch is measured (form, position of
the load application elements and overlapping). Pre-tension forces in the
connecting screws are also measured.

For testing active load application elements are loaded controlled by displacement.
The test is run until failure of the arch (incorrect plastic deformation or breaking)
or until end of the insertion.

Forces at load application elements, bearing forces, screw forces, roof height, floor
width, floor lift as well as length of overlapping and its change are recorded.

3.1.1.4 Other

In general
Some tests are so specific and unique, that they could not be summed up into one
of the previous groups. This group now contains all these tests.

Specific

Corrosion

There are several standards that deal with corrosion protection, i.e. ONORM EN
1537, DIN 4125, BS 8081, SIA 191, PTI Recommendations for Prestressed Rock
and Soil Anchors, FIP: Recommendations for the Design and Construction of
Prestressed Ground Anchorages (Institution of Structural Engineers).

The test conducted by Grimm is based on Electrical-Resistance-Measurement

(ERM). (Grimm, 1995)
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To test the corrosion protection the ONORM EN 1537 suggests electrical
resistance measurements. Two types of tests are described, one to test the isolation
of the anchor from the ground, the other to measure the isolation of the anchor
head from the ground. The basic test assembly is shown in.

2

1 Ohmmeter

2 Ground 7
3 Earth

4 Duct

5 Tension member

6 Anchor fantail

7 Washer plate

8 Anchor head

9 Isolation platen

Figure 3-77 Electrical resistance measurements (ONORM EN 1537)

Grout penetration, cable bolts

Hyett et al. performed grout penetration tests to obtain the optimal water to cement
ratio for cable bolts. Low ratios mean strong grouts and higher bond capacities, but
lower flowability. (Hyett et al., 1993)

Tests on support units according to BS 7861-1

The British BS 7861-1 comprises three testing procedures concerning support
units.

During the breakout facility torque test the steel rock bolt and nut assembly is
tested by gripping the bolt, attaching a torque meter and rotating the rock bolt with
75 rpm. For GRP rock bolts a uniform load is applied until the nut breaks out in
stead of rotating the bolt.

The determination of the failure load of a GRP rock bolt assembly runs by
applying an increasing load on the components (as shown in Figure 3-78) and
recording the extension.
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Figure 3-78 Testing of failure load of GRP bolt assembly (BS 7861)

For examining the alignment of conical seat and domed washer plate the maximum
misalignment tolerance of the assembly (Figure 3-79) is measured with an
inclinometer.

1 support plate

7

Figure 3-79 Alignment test (BS 7861)

3.1.1.5 Shotcrete

In his doctoral thesis, Lars Malmgren sums up several documents, dealing with
shotcrete. Objective of the thesis was to study the interaction between shotcrete
and rock. Therefore a number of laboratory and field tests were performed. These
comprised tests on strength, toughness and stiffness of fibre reinforced shotcrete,
laboratory tests on shotcrete-Rock Joints in Direct Shear, Tension and
Compression, tests of Adhesion strength and shrinkage of shotcrete and a study of
the Behaviour of shotcrete supported rock wedges subjected to blast-induced
vibrations. (Malmgren, 2005)
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3.1.2 Dynamic

3.1.2.1 Drop facilities

In general

Support units can be tested as well as support systems under dynamic loading. This
tests are performed in laboratories, needing special design drop facilities. Some of
this facilities may be used for different support types. They are very unique. A
drop facility consists of some kind of steel frame, comprising a drop weight, that
causes an impact on the installed support. Another possibility to load the specimen
is to install it in a mass and drop the hole unit down.

The different facilities are described in the following section including sketches or
photos.

Specific

ASTM D7401

This standard suggests a drop and a pull test.
"A rock anchor is installed in a steel pipe instead of a borehole the same manner and
in the same material as its intended use. In the Pull test, the rock anchor is
hydraulically pulled horizontally and the displacement of the bolt head is measured
concurrently. The bolt is pulled until the anchor
system fails (or to the ultimate stroke of the ram). The ultimate and working capacity
of'the rock anchor is calculated from the plot of load versus displacement. In the
Drop test, a known mass is released vertically impacting on a plate at a preset
distance that is in turn affixed to the end of a rock anchor. The maximum energy is
expressed in kJ."

Momentum transfer concept

Player, Villaescusa and Thompson (2004) presented in their report 'Dynamic
testing of rock reinforcement using the momentum transfer concept' a dynamic
testing facility for reinforcement systems. The schematic test arrangement is shown
in Figure 3-80.

-89 -



s . Z ]g ¢

.‘Flgure 3-80 Test facility (Player, Villaescusa and Thpson, 2004)

To achieve an equal velocity of all components they are dropped as one unit.
"Tests have a high level of instrumentation to measure forces and displacements
combined with digital video recording. Analysis of these data allow the calculation of
energy absorbed form the force displacement curves of the tested system and the
impact point in the facility.”

Thompson, Player and Villaescusa (2004) stated in a further document 'Simulation
and analysis of dynamically loaded reinforcement systems'. The test facility for
support systems is shown in Figure 3-80.

The three major components are reinforcement system, collar zone and anchor
Zone.

In the field, the latter two components correspond to a detached block of rock and
stable rock, respectively. The test facility attempts to simulate the loading on the

reinforcement within and between these two zones.
"All reinforcement systems are contained within two abutting steel pipes. The lower,
collar pipe simulates the collar zone of the reinforcement system and the upper,
anchor pipe simulates the anchor zone."
"The collar zone consists of the collar pipe and a welded steel flange to which the
loading mass (comprising a number of separate steel plates) is clamped. The
reinforcement system plate is clamped between the loading mass and the external
fixture. "
"The anchor zone comprises a deep, stiffened steel beam to which the anchor pipe is
connected. The reinforcement system transfers load from the collar pipe to the
anchor pipe. The anchor zone behaviour is directly affected by the beam impact
surface. Initially, commercially available hydraulic buffers were selected to protect
the concrete foundations during commissioning of the test facility. [...] It is also
possible to replace the buffers with other devices that have different responses to
impact.”
"A test involves dropping the beam, reinforcement system and loading mass from a
known height to impact on the buffers. After the initial impact, the combined beam
and buffers comprise the anchor zone."
"In order to quantify the behaviour of the complete testing facility, and in particular
the reinforcement response, measurements are made at various locations on the
components of the testing facility. "
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Forces are recorded by electronic load cells, displacements by motion sensor and
post processing of a high speed digital video camera, accelerations by
accelerometers and strains by strain gauges.

Ortlepp and Stacy, 1998

Ortlepp developed this testing facility on basis, that rock bolts due to a rockburst
were loaded on a distinct length with high kinetic energy. To gain a higher velocity
than other dynamic testing rigs, this facility has a drop mass and a swivel bracket.
For full grouted bolts the borehole is simulated by two steel cylinders, for friction
bolts two half-pipes, that are clamped together, are used. For friction purposes a
fine and hard cement is put into the pipes.

The fall mass (1048 or 2706 kg) is dropped on a beam, to load a distinct value of
energy on the lower borehole.

To measure the velocity, a special 'gravity-driven cylindrical chart recorder' and a
speed probe are used.

Gaudreau, Aubertin and Simon, 2004

Scope of the research was to evaluate tendon support performance in impact
loading for the modified cone bolt (MCB).

Preliminary to the drop tests, pull-out tests were conducted.

The testing rig comprises a cyclic drop mass of 1 ton, falling from 2 m. When
released, the mass hits a absorption plate, connected to the installed bolt.

Two load cells, one on top of the bolt and the other under the absorption plate, as
well as a deformation sensor constitute the measuring instruments.
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Figure 3-81 NTC Impact Testing rig schemata (Gaudreau, Aubertin and
Simon, 2004)
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Ansell, 2005

Ansell created dynamic loading by dropping the hole specimen of a distinct high.
The specimen consists of a steel rock bolt, inserted into a cardboard pipe. This pipe
is filled with concrete, simulating grouting.

The rock bolt is pulled up and by releasing a pneumatic hook, the hole system falls
free. Two steel beams catch the specimen and so load the energy through the head
of the rock bolt into the rock bolt-cement bond.

Before the testing, the bolt is marked in distinct spacing, to evaluate the
deformation afterwards.

SRK

The testing facility from SRK uses a drop-weight to simulate a rockburst. The test
section is life-sized and loaded by dropping the weight onto a load distribution
pyramid, that also simulates the surrounding rock mass.

This imparts a damping effect, due to the surrounding fractured rock

" between the exposed surface of the tunnel walls and an interface or inter-zone of stable
rock mass beyond the fractured rock, which would not become part of the intensely damaged
region.

It attempts to provide 'boundary conditions’ (edge restraints) to the cladding or containment
that recognises that the test portion is part of a surface that extends for some distance
beyond in all directions in the plane of the containment support. In other words, it is a
surface that possesses in-plane continuity parallel to, and transverse to, the axis of the
tunnel.

It allows variability in spacing, lengths, stiffnesses and mobility of the tendons supporting
the mesh, and close simulation of the connection arrangements (e.g. washer plates,
strapping) between retention elements and containing elements.

[-]

[The facility comprises] load cells an accelerometers and [a] test panel, [...] supported by
four or six yielding bolts depending on the configuration of lacing of strapping elements that
is to be used. [...] The edges of the test panel were constrained to move only vertically. the
boundary condition that is represented was thus one where in-plane tensile forces generated
by the stay ropes represented the in-plane strength continuity of the stronger elements of the
containment support such as the lacing or straps, if such were used, plus the relatively low
strength of the mesh itself. it can thus be reasonably argued that the tested panel was
representative of any portion of the system supporting any section of the tunnel roof (or
sidewall).

However, there is no way that a similar claim may be made that the impulsive loading
imposed on the test section represented a damage mechanism that was uniformly active over
a relatively large area. Even though considerable thought was given to the construction of
the load-distribution pyramid, it was soon apparent that is was quite impracticable to obtain
a uniformly distributed impulsive load using a single drip-weight.”

(Ortlepp and Swart, 2007)

Terratek

The facility comprises a hydraulic system to pull the collar of a shortened bolt or
push the top end of a prop.

Rockbolts are loaded through tension or shear, to assess the performance of the
reinforcing unit or the anchor mechanism of the system. The facility is able to
apply loads with 30 mm/min.

Displacement, piston velocity and force are measured.

-92 -



This facility, however, cannot test reinforcement systems. (Hadjigeorgiou and
Potvin, 2007)

The Dynamic Membrane Test (SRK)

The test facility is shown in Figure 3-71. This testing facility covers a dynamic and
a quasi-static arrangement. The testing procedure is similar to the INCO/GRC
Membrane Test Method (described above).

(c.f. Spearing and Champa, 2000)
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Figure 3-82 Dynamic test arrangement of INCO (Spearing and Champa,
2000)

The WASM dynamic testing rig

The maximum energy and testing velocity is 36 k] or 6 m/s, respectively. The
facility comprises two steel cylinders in which the rock bolt to be tested is
installed. In contrast to the CANMET testing rig, the fall mass target is the lower

cylinder. This procedure is more similar to the loading of a in-situ rock bolt. (The
rig is shown in Figure 3-80) (Li, 2008)

Dynamic Impact Drop Test Procedure at CANMET
"Each test consists of dropping a known mass from a known height onto a plate
connected to a bolt specimen grouted inside an installation steel tube. The energy
input in the system is controlled by the drop mass and height used during the test. The
drop height can vary from 0.0 to 2.1 m (2.4 m if removing the bottom load cell from
the testing set-up). The testing rig in its actual configuration has a rated capacity of 3
tons from a height of 2 meters, for a maximum energy of 58.8 kJ. [Figure 3-83]"
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Figure 3-83 Details of the dynamic testing rig including instrumentation:
General view (A), Top view (B), and Bottom view (C)

"For this test program, a minimum weight and height of 2452 kg and 1.3 m,
respectively, will be used to generate an impact of 30 kJ with a velocity of 5 m/s. It
may be needed to increase these parameters in order to determine the ultimate
capacity of the bolt, if required by the client. The weight is lifted with an
electromagnet, which in turn is lifted by two cranes mounted in parallel on the top of
the testing rig [...]. By turning off the power of the magnet, the weight falls freely
onto the test specimen. The selected weight is composed of a series of individual steel
plates bolted together to reach the predetermined weight specified for the test. The
installation tube bearing the test specimen is inserted through the center of the
magnet and steel plates [...]. The top end of the installation tube is inserted into a
larger tube fixed to the top of the testing rig (transverse-beam). A 25.4 mm pin locks
the installation tube into the bigger (holding) tube, through holes drilled in both
tubes to allow the connection. The magnet is then lowered down on top of the weight.
The weight is attached directly to the cranes to allow its handling and lifting. Once
the weight is in holding position, a load cell with a 12 mm-thick impact plate, a rock
bolt steel plate, a dome washer and a thread nut are installed on the lower end of the
bolt (threaded end) [...]. A target for measuring the displacement of the lower plate
assembly is installed at the end of the bolt, on the remaining threaded section.
Displacements are measured using linescan cameras. Displacements are also
measured at the upper end of the bolt, or test specimen. A rod (thin-wall tube) is
passed through the holding tube and the connecting pin (through a small hole drilled
in the pin), across the top of the testing rig. The rod is connected to the upper end of
the bolt test specimen. A second target is fixed at the top of the rod, between the
cranes, to measure the displacement of the upper end of the bolt [...]. System lights
are turned on to provide sufficient lighting for linescan cameras (for lower and upper
targets). Cameras are calibrated against known targets (black and white layered
plates with a fixed distance between layers). Following the calibration, the weight
and resting magnet are lowered down onto the impact plate. Crane chains are moved
from the weight to the magnet. The data acquisition system is started. The weight is
Iifted to the predetermined test height (measured with a potentiometer similar to
those used for static tests, but with a longer stroke). Once all instrumentation is set in
place, and both weight and data acquisition system have stabilized, the operator
turns off the magnet switch to release (drop) the weight. Instrumentation Overall
instrumentation consists of lower plate and upper end targets installed on the bolt
test specimen, and linescan cameras to measure displacements, and load cells
inserted within the test system to measure loads at both ends of the bolt specimen,
and/or at an intermediate distance along the specimen if needed. A linear
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potentiometer is attached to the weight, to adjust the drop height. All instruments are
verified at the beginning of each test, and re-calibrated ifrequired."

(Doucet, 2010)

MIRARCO impact test
The object is to conduct impact tests on full size screens.

"A large circular mass (up to 565 kg) with a diameter of 600 mm is dropped, using an
electro-magnetic release mechanism, from heights of 0.25 to 3 metres onto full-size
mesh panels. Load distribution is through the use of hexagonal concrete blocks onto
the mesh in the impact area. Load cells at each of the four interior columns record
the resulting impact and the downward deflection of the mesh at its centre is
monitored using a displacement measuring rotary potentiometer (in retraction

mode). The movement of the drop weight is measured using a velocity transducer."

(Hadjigeorgiou and Potvin, 2007)

Rock bolts testing under dynamic conditions at CANMET-MMSL
Plouffe, Anderson and Judge (2008) state in their report the following.

"A high-strength concrete holding tube was developed to simulate the rock mass
while testing friction bolts, where steel tubes were clearly not appropriate.|...]

Since its move to CANMET-MMSL, the dynamic testing rig was greatly modified. The
height of drop of the mass can reach up to 2.1 m. The drop test rig has a present
capacity of 3 Tons from a height of 2 m. Thus, the maximum energy available and the
maximum impact velocity that each drop can reach are 62 kJ and 6.5 m/s,
respectively. Thus, with these latest modifications, CANMET-MMSL possess a world-
class dynamic testing facility [Figure 3-84] and are continually investing in,
developing and expanding the capabilities of the facility."

Figure 3-84 CANMET-MMSL testing rig (Plouffe, Anderson and Judge,
2008)

"The latest changes were related to the instrumentation used to measure the loads
and the displacements. These parameters are usually measured at the plate and at the
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end of the simulated borehole. The displacements are measured using Dalsa SP-14-
02K40 linescan cameras. The cameras are sampled at 10,000 lines per second to
match the sampling of the analog signals. The lines are amalgamated to form an
image of distance vs. time. The location of black and white targets, attached to the
plate nut or to the bolt end, is detected within the image. The loads are measured
using arrays of four PCB 205C/FCS-5 ICP piezoelectric force sensors, sandwiched
between two platen rings [Figure 3-85].

Manual measurements of the displacements are recorded before and after the test to
verify the electronic data."

m i i
Fgure 3-85 Displacement target and load cells at the plate (Plouffe, Anderson
and Judge, 2008)

Dynamic testing at DMT
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Figure 3-86 Schematic test arrangement of DMT

The testing rig, shown in Figure 3-86, shall test real-size, fully grouted bolt under
rockbursts. The upper half of the concrete block simulates a stable rock mass. The
lower half is loaded with extra masses, but blocked in the beginning. Starting the
test means to loosen the clogging of the lower concrete half. Due to that a sudden
additional loading bears the bolt.
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Monitoring equipment comprises four load cells and a special designed strain
gauge. (Witthaus and Miiller, 1995)

Charette, 2007

2 1 Frame of the testing machine

2 Steel cable sling and hook to move

3 weight to desired height

| T4 3 Electro-magnet for holding and releasing

1 ] the weight

4 Moving weight for impact

5 5 Top pipe anchored on frame at top

6 Separation plane

7 Bottom pipe on which impacting plate
is welded

l 3 8 Impacting plate

Figure 3-87 Testing arrangement for impact loading of Swellex rockbolts (cf.
Charette, 2007)

The testing rig, shown in Figure 3-87 is used to simulate the action of seismic
events.

The test used two steel pipes, one holding the bolt, the other generating friction
above the plate assembly to damp the impact.

This configuration was decided due to field observations and should create a load
caused by friction additional to the bushing capacity. However, the friction
obtained could not create failure to the bolt.

The basic principle of the testing procedure is to lift and drop the falling mass over
the bolt by turning on and off a electromagnet. This activity is repeated until failure
or sliding of the bolt inside the tube.

(Charette, 2007)

GRC weight drop test

The apparatus was build to test small steel rods with cushions, using scaled down
bolts.

The object was to demonstrate the influence of multiple impact loading.
(Hadjigeorgiou and Potvin, 2007)
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3.1.2.2 Laboratory tests on core

In general

Hadjgeorgiou and Potvin (2007) stated that there are three types of dynamic tests
for support systems. Drop facilities have been discussed in the previous chapter
and simulated rockbursts will be described in the last chapter.

The last type of dynamic tests are laboratory tests on cores. They rely on acoustic
emission record during failure and can be used to study liners. The advantages of
these tests are that the environment is controlled and the set-up is rather
inexpensive. The disadvantages are, however, that the loading mechanism is
questionable, the scale is not representative and only one unit component can be
tested.

3.2 Support system
3.2.1 Static

Modelling and field verification of roof-bolt systems

The load frame shown in Figure 3-88 is used for laboratory tests to verify FEM
analysis. Roof plates or pillars and polyethylene layers in between (for a
determined coefficient of friction), cement grout to simulate shale. A structural
steel reaction frame surrounds the concrete and supports a servo controlled
hydraulic loading system. The hydraulic cylinders apply a load, that is spread over
the surface by means of rubber-faced steel loading pads.

Several parameters are measured, namely strain (in bolts), total load on plates and
pillars, slip between the plates, temperature, moment of the model and entry
closure. (Bolstad, Hill and Karhnak, 1983)

g |

Figué 3-88 Full—scallo frame surrounding model (Bolstad, Hill and
Karhnak, 1983)
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Despite tensile and shear test, also compressive test can give valuable information
about the performance of the support unit. They, however, seem to be not used
very often. The following two test descriptions deal with those compressive tests.

Tinceling and Sinou, 1980

Specimens are loaded with a compressive force, without binding stress. Samples,
that fractured, but remained in their state, are assembled with bolts. Figure 3-89
shows an example. Thereafter the specimen are conducted a further compression
test.

There is a relation between the elongation of the steel and the elongation of the
bolt.

'

Figure 3-89 Compressed and bolted rock sample (Tinceling and Sinou, 1980)

Waullschlager and Natau, 1983

Figure 3-90 Test facility (Wullschliger and Natau, 1983)
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They did some studies concerning the support system of rock mass and non-pre-
stressed rock bolts. For their experiments they used a special test frame for uniaxial
compression tests shown in Figure 3-90. Due to this testing rig the influence of bolt
density can be approved.

ISRM - Suggested Methods for Rock Anchorage testing (ISRM; 2007d)

Two methods described are the co-axial loading, when surrounded rock mass is not
allowed to fail, and the remote loading to evaluate strength of anchorage plus
surrounding rock.

For the co-axial loading method the surrounding rock is used as bearing surface,
therefore rock movement or failure cannot be tested.

For the remote loading method rock mass failure is possible. The reaction loads are
applied via beam or grillage to the ground surface; the distance between the
reaction points allow rock mass failure, if the rock is weaker than the tendon or the
bond. Surcharge by overburden - if necessary - should not be ignored.

Equipment: tools and material for surface preparation, loading and load measuring
equipment (hydraulic jack, bearing plates, wedges, shims, spherical seating),
hydraulic pumps, hydraulic gauges (or load cells), measuring anchorage movement
(equipment that will permit measurement of movement of the anchor head in a
direction co-axial with the tendon with reference to a stable datum, such as rock
remote from the anchor head, load cells, steel rule for jack ram extension
measurement)

Procedure: calibration, test surface preparation, setting up the extension measuring
system, testing, graph plotting, calculations

A general test procedure is suggested, modification may be made if required for a
particular site.

The document gives advices how to apply, hold and record load. It differs between
design test (are undertaken before the installation of working anchorages; provide
criteria to substantiate the design parameters used and to define acceptable
performance of service anchorages during proof testing) and proof test (carried out
on all working anchorages, can employ procedure similar to design tests, but are

generally abbreviated and much simpler).
"Check-lifting. Check-lifting is the technique of using the stressing jack straddling
over the stressing head to lift it clear of its distribution plate to record the tendon
load with the jack pressure gauge or load cell. The distance the anchor head is
raised, normally 1mm, although this may be as low as 0.1 mm, should be fixed and
the method of measurement should ensure that all sides of the stressing head are
clear of the distribution plate.
When a stressing operation is the start point for future time-related measurements,
the stressing operation should be conclude with a check-1ift load measurement,
following the exact procedure to be used for subsequent check-lifis in order to
minimize operational error.
Unit stressing. The procedure for stressing multiunit tendons using a number of
hydraulically synchronized monojacks or individual monojacks, should allow for the
fact that, when stressing is carried out using an individual monojack ,the possible
change in load in adjacent tendon units should be appreciated. Such load changes
generally result form frictional forced between adjacent units in the free length and
from the permanent displacement of the fixed anchor grout during loading. These
effects can be reduce by application of small load increments and can generally be
eliminated by repeat application of lead, unless permanent displacement is
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continuous. At any time, the load in each individual tendon unit can be measured by a
lift-off check.

For anchorages that have failed a proofload criterion, some additional tendon unit
stressing may help to ascertain location of failure, e.g. for a temporary anchorage,
pull-out of individual rents on units may indicate deboning at the grout/tendon
interface; whereas, if all tension units hold their individual proof loads, attention is
directed towards failure of the fixed anchor at the ground/grout interface. "

Khair, 1983
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Figure 3-92 Photo of the model (Khair, 1983)

A discrete model of ten blocks shall simulate fractured roof. It is loaded in a
loading frame, shown in Figure 3-91 and Figure 3-92. Some of the installed bolts
are instrumented with resistance type strain gages at the corner of the blocks. The
end of the block was instrumented with a strain gage rosette at centre. The truss
bolt is instrumented with the same gauges at three locations on each end to
measure strains and tension in the bolt. The pressure on the truss bolt support plate
is recorded by a pressure cell, inserted between the support plate and rock block.
Two different types of tests were conducted. After lowering of the blocks and
balancing of the gauges, the load was applied incrementally. At each loading stage
the output of the strain gages and the divergence of the centre of the beam are
recorded
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Witthaus, 1995
Through the convergence of the rock mass an interference to the deformation of
the rock bolts can be made.

Wittenberg, 1998

To monitor the underground rock bolt support, convergence measurements, by
means of extensometers (tell-tales) and borehole endoscopes were used, during
design tests.

Grasselli, 2005

1 rock bolt
2 normal force
3 load cells
4 vertical force

Figure 3-93 Test facility (Grasselli, 2005)

A test to determine the shear behaviour of differently inclined, bolted joints is
performed. Two rock bolts are installed symmetrically into the test block
(1x0.6x0.6 m), that consists of three concrete blocks with smooth shear zones, to
reduce friction and dilatation.

Rock bolts can be installed with 0, 15, 30 or 45° inclination to the horizontal.
Normal stress on the testing system by means of a pre-tensioned steel frame shall
comprise constant normal stiffness of the system.

The block in the middle is loaded with a vertical load to create a shear force. Shear
force, normal force, vertical displacement and deformation of the rock bolt is
recorded. All rock bolt types, but Swellex, are instrumented with five strain
gauges.

Béckblom, 2009

Field observations suggest, that a bolt plate can "indicate load on the bolt as load
is transferred to the plate when the opening deforms." This can be achieved by
using load cells. There have been discussions [...] to develop an integrated bolt
plate sensor for testing semi-static and dynamic load measurements.
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3.2.2 Dynamic

In general

There are several dynamic testing facilities with the same basic principle for bolt
testing, located in Canada, Australia and South Africa.

The dynamic loading is simulated by dropping a weight onto a support tendon
installed in an artificial borehole, usually drilled in thick wall steel cylinders. The
weight either hits on the lower cylinder or in the washer of the bolt.

Special

Buckling Plate tests

This test aims to evaluate large deformations, particular for TSL and shotcrete, in
form of blast simulations.

The test suggested, that it is not possible to achieve rock displacement, only caused
by shock energy, not by the gas development from the blast. Due to this a
laboratory-scale failure test was developed. The testing arrangement consists of
thin plates of rock, predestined to buckling failure, shown in Figure 3-94. Load and
deformation are recorded.

@ |
Figure 3-94 Buckling Plate tests
(Swan et al., 2007)
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The SIMRAC dynamic testing rig

A Collapsible roof

B Corner column

C Deck

D Slide beam

E Load distribution pyramid
F Portal crane

G Main support column

H Floor

I Drop weight

J Quick release shackle

K 10 t hoist

L Berthing platform for drop weight

R W e e N RO e

Figure 3-95 The SIMRAC dynamic testing rig (Li, 2008)

The testing rig is able to perform tests on bolts and on surface support systems, like
shotcrete panels or props.

The testing rig comprises a simulated fractured hanging wall and a fall mass to
cause a dynamic impact. The load is distributed by a load distribution pyramid
onto the simulated underground area.

The facility is able to create a kinetic energy impulse of 294 kJ with an impact
velocity of 7.67 m/s. The measuring devices cover a dumpy level survey
instrumented reference target, for observing the vertical displacement by means of
tapes.

(Human and Ortlepp, 2007)
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Ortlepp and Stacy, 1998

They stated in their document 'Dynamic testing of tunnel support' the following.
"A combination of rockbolts, wire mesh and shotcrete is commonly used for the
support of underground excavations. The capacity of these elements to contain the
rock, particularly under dynamic loading, is not well known. A research program
shall test the capacity of various types of containment support under simulated
rockbursts loading. The following types of support will be tested: welded wire mesh,
chain link wire mesh, Various types of wire mesh with wire rope lacing, and Wire
mesh reinforced shotcrete and fibre reinforced shotcrete.
The dynamic loading is imposed by means of a free fall drop weight. Impact
velocities of up to 8 m/s and input energies of up to 80 kJ are used in the testing.
Test facility
A 2x2 m? area of wire mesh was used, supported by four rockbolts spaced 1m apart.
The central 1 m? area would effectively be subjected to the dynamic loading
The mesh was attached to a flexible steel frame, and the effective area of the mesh
was extended by holding the frame back to remote points using appropriately
tensioned wire ropes.
The rock mass was simulated with three layers of packed concrete blocks in direct
contact with the mesh
The load distribution system consisted of a thick steel impact plate and a three layer
pyramid of steel-encased concrete blocks, and
The rockbolt support system allowed for yield"

The constructed test facility is shown in Figure 3-97.

OROP
WEIGHT

GANTRY

LoAD
DISTRIBUTION
PLATE

SHI:ITCF'FI'E/ !
OR MESH

T T T L L L ey g e itte — ]

Figure 3-97 the test facility (Ortlepp and Stacey, 1998)

"The facility has the following features:

The "sample" is hung from support beams by four rockbolts.

Anchors grouted into the ground surface provide points of attachment for wire ropes
which provide effective extension of the boundary conditions of the test.

Dynamic loading is provided by a drop weight. Three drop weights, with masses of
650kg 1050 kg and 2700 kg respectively were available.

The maximum impact velocity of 8.10 m/s is possible, corresponding with a drop
height of 3.3 m and a maximum energy input of 21.5 kJ/m? is possible with the drop
weight used in the tests."
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SRK drop weight test facility

The object is to determine the performance characteristics of surface support
systems (like wire mesh, lacing, shotcrete) under dynamic loading.

The loading energy is 70 k], with 8 m/s impact velocity. That is supposed to be
representative for severe rockbursts.

Two configurations can be used. The facility is shown in Figure 3-97.

The drop weight, comprising 1048 or 2706 kg, is dropped onto the load-

distribution system-which then loads the surface support systems.
"In practice, a load distribution pyramid of steel-enclosed concrete blocks was
applied on a "simulated rockmass". The upper layers and lowest layer of blocks are
restrained to preventing spreading. This is to maintain load transfer to the lower
block and support element. This rock mass consists of concrete blocks that are in
contact with the support. The support sample is hung form support beams using 22
mm diameter cone bolts. The choice of cone bolts was made in order to ensure that
failure of bolts did not occur during tests. This was necessary given the objective to
determine the performance of containment support systems. The drop weight test
facility could test "panels” of 1.6 x 1.6 m. The test facility was designed to be capable
of input energies up to 70kJ and with impact loading velocities up to 8 m/s.
Instrumentation was Ilimited to direct tape measurements in elevation, still
photographs (before/after) and video recordings" (Hadjigeorgiou and Potvin, 2007)

Ortlepp and Stacy made several modifications of the facility.

SRK/Duraset wedge-block loading device

The facility employs a 30 k]J drop weight in the SIMRAC stope support test

facility.

The test is performed for testing long cables.
"The wedge-block loading device consists of two guided thrust blocks with inclined
faces, with a wedge driving them apart. The wedge converts vertical displacement
into horizontal displacement. As the test-piece is supported in the horizontal position
it is possible to test bolts longer than 5 m. The hollow bar from which the specimen
holder is made has an outside diameter of 80 mm and an inside diameter of 50 mm.
This is considered to adequately represent the compressibility of the partly-relaxed
rock surrounding a hard rock excavation. The mass of the drop weight is 10000 kg.
The height of the drop can be varied between 0.4 to 4 m. maximum energy available
is about 390 kJ when the weight falls from a height of 4 m to generate an impact
velocity of 8.9 m/s. Electronic monitoring devices record the very rapid loads and
displacements on the bolts providing for measure of the energy consumed during the
test or at breakpoint" (Hadjigeorgiou and Potvin, 2007)

GRC Support element test facility
The facility comprises a drop test to test shotcrete (bolt/mesh reinforced) under

impact loads performed as direct impact onto the support element.
"A series of concrete columns was set up to support mesh and shotcrete panels to be
tested, using a drop weight operated by a hoist and release mechanism. The panels
rested on support plates anchored to the columns and these could be tensioned from
above. Load cells were installed between the columns and the lower support plates.
The impact of the load was monitored with accelerometers, the load cells, and
displacement measuring instruments. The rig had a maximum drop height of 4 m that
would imply a potential velocity of 8.8 m/s, with a kinetic energy of 21.9 kJ."
(Hadjigeorgiou and Potvin, 2007)
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Ortlepp, 2000

"The development project GAP 611 comprised essentially four phases: design,
construction, prooftesting and a brief programme of testing of actual supports.

The project was driven by the perception that existing support testing equipment
could provide only a quality control function. To stimulate development of innovative
types of support and support accessories that would overcome some of the limitations
of existing systems, required the development and construction of a completely
different type of facility. The two most important differences compared with
conventional testing procedures would be the provision of a discontinuous roof
surface which would be subjected to dynamic loading. |[...]

The performance parameters were set at providing an energy impulse of 300k] with
displacement rates of several metres per second.

The impulsive energy would be generated by dropping a mass of 10 000kg from a
height of 3 metres to impact at a velocity of 7.7 m/s upon the target rock mass’.

The target mass was represented by a discontinuous but compact arrangement of
steel-clad concrete blocks which would transmit and disperse the concentrated
impact load downward on to a collapsible roof. Carefully designed, shaped concrete
blocks would represent the fractured hangingwall layer of the stope, the stability of
which would be determined largely by the support system under test. The other
determinants of stability would be the energy of the impulse and the initial boundary
conditions. The boundary conditions could be varied to some degree. Depending on
these conditions and on the areal effectiveness of the support system, the hangingwall
layer would have the potential to collapse between support units. |[...]

The three full tests on hydraulic props, timber elongates and linked timber elongate
systems demonstrated that such testing can provide vital understanding of the
behaviour of the support units under dynamic loading. The video-cam monitoring
gives unique visual insight into the detailed response of support units to the dynamic
forces that operate for a very brief period of time. This is obviously something that
would be quite impossible to do in a real underground situation.

The linking of the elongates in the final test gave a most encouraging indication of
how the facility can be used as a * testing ground’ for innovative developments. In
particular, techniques for preventing collapses between support units and over the
work area between the front line of support and the stope face can be explored. [...]"

Figure 3-98 Testing rig, showing the stope with the drop weight temporarily
berthed at the centre of the stope floor (Ortlepp, 2000)

- 107 -



Ortlepp and Swart, 2002
In the GAP 818, the testing facility from the GAP 611 project was upgraded, as

can be seen in Figure 3-99.
In order to achieve a more-efficient distribution of the load impulse the load

distribution pyramid was made two-dimensional (Figure 3-100).
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Figure 3-100 Two dimensional pyramid (Ortlepp and Swart, 2002)
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3.3 Support system and rock mass

3.3.1 Static

In general

This chapter briefly sums up some in-situ testing methods for support systems and
rock masses that are not done by simulated rockbursts.

In-situ pull-out tests investigate the support unit including the rock mass.

Pull-out tests on rock bolts can also be carried out in-situ. These tests than can be
used to evaluate rock bolts and rock bolt systems including the rock mass.
However, they will not be repeated here, for most of them have been discussed in
the chapter 3.1.1.1 Rock bolts.

Special

Instrumented bolts

Another approach to measure and observe a rock bolt is to fix several strain
gauges, fibre-optical sensors or vibrating wires on it. Although shear strains can
merely be measured with this method. (Backblom, 2009)

Singh and Buddery, 1983

1 Rockbolt

2 25 mm dia footbolts

3 25 mm steel plate

w 4 hose connection to hydraulic
pump

C J 5 dial gauge mounting

4 6 extension rod
8—- 7 dial gauge
| 8 16 t hydraulic jack

9 circular jack seating
—D 10 adoption collar

it U

(o]
|

~—6

Figure 3-101 Test facility (Singh and Buddery, 1983)
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To test the rock bolts in a relatively controlled environment, a special test drive is
developed. The tests are performed in order to investigate two different parameters.
The one is to measure the mechanical performance of individual anchorages, the
other to determine the efficiency of several bolt-anchorage combinations.

The first series of tests were performed like pull-out tests. The testing apparatus
contains special foot screws to enable an axial loading on bolts, not exactly
perpendicular to the wall, and applying the load outside the borehole collar. For
testing the friction rock stabilizers, special collars are needed. The load-
displacement tests consisted of loading and unloading the bolts step by step, in
three cycles. Dial gauges were used in order to measure the movement.

Breaking of the grout or rock collar, can be partially prevented by preloading the
system. For future research, however, a collar of cement of suitable strength might
be considered.

Tannant, 1995
Tannant describes pull-out tests at INCO Ltd's Creighton mine over several years.

hollow cylinder
displacement  hydraulic ram threaded |, -

transducer (16 ¢cm stroke) rods |-

Himm :

threaded rod ~

attached to :.

rockbolt Iggﬁi reaction ::
base

Figure 3-102 Test facility Tannant, 1995

The tests are conducted with a hydraulic hand pump assembled to a hollow
cylinder hydraulic ram (300 kN capacity). The measuring devices cover a hollow
cylinder, load cells and a rotary potentiometer (to measure the displacements).

It is possible to conclude on the effect of bolting by measuring the -to-floor
convergence. (Myrvang and Hanssen, 1983)
3.3.2 Dynamic

3.3.2.1 Simulated rockbursts

In general
There is only one proven way to test support systems and the rock mass under
dynamic loadings.

- 110 -



To test the in-situ performance of ground support under dynamic conditions in
field, a seismic event is needed. Since rockbursts are unpredictable, they are
simulated by controlled blasting. One or several carefully designed blasts cause a
strong ground motion. The test sites are instrumented, to gain the desired data. The
object of this tests are mainly to assess the in-situ performance of ground support.
There are some differences between real rockbursts and blasts, concerning gases
and seismic waves. The alternative is passive monitoring while real rockbursts.
The alternative to blasting is, however, passive monitoring of real rockbursts, and
this is rather time consuming and uncontrolled. (Hadjgeorgiou and Potvin, 2007)
However, some research has been focused on the attempt to forecast seismic
events. (deBeer, 2000)

Specific

Bajzeli, Likar and Zigman, 1995

A measuring anchor (long cable bolt with strain gauges and deformation sensors)
Blasts are used to test the dynamic behaviour of the bolts.

Hagan et al. 2001

"A simulated rockburst experiment was conducted underground at a deep level gold
mine. This was done by means of a large explosion detonated in solid rock close to a
tunnel sidewall. The resultant shake-out damage is typical of that associated with a
small seismic event in close proximity to a tunnel that is subjected to the estimated
field stress, as in this case, of 50 MPa.

The experiment involved:

e the design of a blast to mimic a seismic source

e seismic monitoring using a dense seismic array

* high speed video filming

¢ a study of rock mass conditions (fractures, joints, rock strength etc.) before and
after the simulation using mapping and ground penetrating radar

e special investigations to evaluate the mechanism and the magnitude of the damage
* a study of support behaviour under excessive dynamic loading."

"The existing support system of the tunnel consisted of rock bolt reinforcement units
and mesh and lacing fabric support. The fabric support system used to contain the
rock was not active at the site. Therefore, without significantly disturbing the
integrity of the support system, the mesh and lace was removed from the sidewall,
before the simulated rockburst experiment, to allow ejection of the rock blocks. The
behaviour of the rock bolts during the simulated rockburst experiment indicated a
limited interaction between the rock bolt and the rock mass at the boundary of the
excavation."

Haile and LeBron, 2001

"Detailed monitoring of the response of the rock mass between rock bolt
reinforcement units subjected to a simulated seismic source has been successfilly
conducted. This work has shown the increase in amplification of the Peak Particle
Velocity (PPV) with distance from a rock bolt unit, and, a minimum PPV for
rockburst damage for the given site characteristics. This understanding, at this site,
will allow the design of a suitable rock bolt spacing to prevent unravelling of the rock
mass between the rock bolt units for a given level of seismicity. Or, alternatively, an
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estimation of the requirement for a suitable fabric support system, for the anticipated
level of seismicity, can be made."

Player, Morton, Thompson and Villaescusa, 2008
They stated in their report 'Static and dynamic testing of steel wire mesh for

mining applications of rock surface support' the following.
"The dynamic test facility has been described in detail by Player et al. (2004) [...]. A
frame, to support the mesh, is bolted to the drop beam. The mesh is held in place
using threaded bar, shackles and eye bolts in the same configuration as the standard
static test arrangement. A loading mass is placed into the centre of the restrained
mesh. The loading mass consists of a pyramid shaped bag filled with a known mass of
steel balls (0.5 or 1 tonne). The loading area of the bag is 650 mm x 650 mm. A
wooden prop is placed between the loading mass and the drop beam to prevent the
mass “floating” during the initial fiee fall period. The drop beam and attached mesh
frame assembly are dropped from a specific height to generate dynamic loading on
the mesh sample. Computer sofiware, advanced instrumentation and a high speed
video camera are used to record the test data. [...] Data processing is undertaken
after the test to determine the dynamic performance of the test sample. "

The WASM static test facility has been described already in the previous chapters.

Heal and Potvin, 2007
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Figure 3-103 Plan and cross-sectional view of the test side (Heal and Potvin,
2007)

Simulated rockbursts are performed by blasts near by the walls of disused
excavations. As shown in Figure 3-103, three blast holes are drilled. Each hole is
separately charged with emulsions and detonated, to get a lager dynamic loading.
The blasts should simulate an actual seismic event as closely as possible. The
ground motion was observed with geophones (that were over damped), installed at
the test wall. The bore holes were inspected before testing with a borehole camera.

GRC CANMET Laboratory

Instruments used are: three strain gauges on shank of three mechanical rock bolts
and six geophones.

Dynamic loads are produces by mining a drift adjacent to the instrumented area.
The test objective was to measure and find a correlation between PPV and strain in
the bolt. This, however, was not really reached. (Hadjigeorgiou and Potvin, 2007)
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GRC Bousquet #2

Eight blastholes are blast one at a time, behind a with shotcrete and bolts supported
wall.

Nine geophones per test site, strain gauges, "home-made" velocity probes and a
high speed video camera are used as measuring devices.

The object is to establish a comparison of the performance of shotcrete and mesh
and fibre reinforced shotcrete.

This simulation of rockbursts is stated as a poor one, because of the gases.
(Hadjigeorgiou and Potvin, 2007)

CSIR Kopanag Test

A single blast (five blastholes) is performed 6m away from the testing area, to
reduce the effect of gas.

The testing site consisted of a 30 m well-instrumented drift. The measuring devices
are two accelerometers, a microseismic system (GMM), triaxial and uniaxial
geophones, borehole camera, extensometers and a high speed video camera.

The three objectives are to measure the influence of the reinforcement on the
reaction of the rock mass to dynamic loading, secondly to gain data to calibrate
seismic wave propagation simulation programs and at last to study the rock mass
fracturing process. (Hadjigeorgiou and Potvin, 2007)

INCO

Five cross-cuts supported by TSL and shotcrete are affected by parallel blastholes.
Parallel blasting shall reduce gases and provide high velocity and density. The test
site is instrumented with a painted grid, eight velocity sensors (also on bolts) and a
laser scanner.

The object is to assess the in-situ resistance of different surface support types.
However, these experiments are time consuming and costly. (Hadjigeorgiou and

Potvin, 2007)

Queen's University

The limestone test site is subdivided in 4x5 m? panels. In each panel a blasthole is
drilled and crater blast.

Instruments are blast monitors and a high speed video camera.

The object is to compare capabilities of different support systems (rock bolt,
shotcrete, fibrecrete, TSL). (Hadjigeorgiou and Potvin, 2007)

University of Western Australia (WASM)

The testing facility allows a direct comparison of different support systems.
Rockbursts are simulated by a parallel blast. Therefore three separate blasts are
done with 0.5 m/s, 1.5 m/s and 5 m/s. So a high impact and a low gas generation
shall be reached. The measuring devices comprise a borehole camera, geophones,
impulse microseismic monitoring, ground motion monitor (GMM) and a digital
video camera.
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The object was to gauge the performance of support systems in-situ when
subjected to strong ground motion.

Heal (2005) produced several graphs, relating the energy sustained by individual
support system and the damage scale. This may lead to reliable guidelines on
resistance of support system to dynamic loading. (Hadjigeorgiou and Potvin, 2007)

Falconbridge

The object was the comparison of existing dynamic resistance support systems and
data to calibrate a numerical model.

Three different support system types have been measured. The first consisted of a
weld-mesh screen, rebar mesh straps and conebolts, the second of fibre reinforced
shotcrete and rebars and the third of TSL and conebolts.

One blasthole, inclined 30° from the supported and instrumented face was blast.
The instruments used were a seismic system, triaxial geophone, uniaxial
accelerometer, a high speed camera and instrumented rockbolts. (Hadjigeorgiou
and Potvin, 2007)
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4 Discussion and conclusion

The task of this report is to give an overview of the testing methods. The previous
chapters contained detailed descriptions of tests available.

Testing methods for support materials are to be found in national standards. This
standards mostly are not only concerning mining applications. Therefore it can be
stated that national standards can be rather easily adopted for mining purposes,
with or without modification. That, however, needs some investigations before, to
ensure the adequacy of the specific standard for mining purposes.

Tests for support components are also included in standards. A table summarising
the important parameters for each group of components is used to try to give a
clear view on the component tests.

All performance tests are listed in a table in Enclosure 3. It sums up the most
important information and shall therefore comprise a compact overview of the tests
discussed. The two most important facts are which support unit is tested and what
object was intended.

The tests have two main objectives. On the one hand there are tests and
experiments that shall help to understand the mechanism of the support system. On
the other hand, tests are run to determine the capability or effectiveness of systems.
The latter one can be used to quantify the support systems.

By means of the collected data on testing methods for ground support and after
developing a sufficient structure for data evaluation, the following conclusion can
be drawn: There are a lot of standards for testing the materials and also for testing
components for ground support systems. However, there is a lack of standards for
testing the support units and support systems.

It is possible to modify the test methods and testing rigs. The described forces and
rates for the testing rigs may change in the future.

Also simple test configurations can be changed to evaluate the behaviour of a
specific component rather than testing the hole support unit. This means, that for
example a test method for a rock bolt and accessories assembly can be modified by
substitution of the required nut and tendon with higher grade ones in order to only
test the washer plate.

Some testing equipments used in the laboratory can also be used in-situ (i.e. pull-
out tests).

It can be seen that a large number of the performance tests concern rock bolts. This
may be so because of the importance of the rock bolts, and the long time, they have
been used until now.

Also, the age and the importance of rock bolts result in standard test methods.
Concrete tests are also a main part in national standards. This may be so because
concrete is not only used for ground support purposes.

It can be also seen, that a new' invented material or support system, i.e. TSL, is of
main interest for researchers. Tests have to be performed to understand the support
mechanism and quantify and compare the system with the 'old' ones.
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Almost every test comprises a chapter that evaluates the performed method and
points out pros and contras. Also other authors compare tests and evaluate them.
For it is not the task of this report to evaluate the tests, this comments have been
left unconsidered.

Articles with the object to give an overview of testing methods always include a
discussion and comparison of strengths and weaknesses of the different testing
methods.

Swan et al., 2007 state, that these tests are limited in attempts to simulate the

reality and
"perhaps the only realistic alternative is to find cheap and effective ways of
installing the various candidate support system components in the filed that
monitor themselves in the event of a rockburst, somewhat similar to a black box
on an aeroplane.”

One of the problems encountered is that a proper classification system had to be
found. However, there may be several other ways to classify the testing methods.
The one seeming to fit the best was selected. There are still some tests, that can not
be clearly attached to one class.

Despite the problem of comparing different tests and standards there are some
further handicaps. A difficult task was the search for standards in different
countries. Although most of them were available in English language, there are
still differences in used technical terms. So it was very hard, to find the right
standards. The next problem encountered was the availability of the standards. This
is a very time consuming and costly task.

It was very difficult to make a list of standards used for underground support
systems. By their nature the documents refer endlessly to other standards and due
to time, money and clearness a clear limit had to be drawn.

To sum up, the report contains the available standards and procedures on the static
and dynamic testing of support material, components, support units and systems.
Based on this acquired information, a detailed evaluation and comparison of the
testing methods will be conducted. This will be part of the next phase of the
MIGS-WP5 project.
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Abbreviations

AFSW
ANSI
ARAPREE

ASTM

BS

CANMET
-MMSL

CSA

CSIR

DIN

DMT
DSS
EFNARC

EN

ERM
FEM

FIP

GBS
GMM
GRANIT
GRC
GRP

IEC
INCO
ISO
ISRM
LVDT
MCB
MIRARCO

MNSL
MUL
NDPT
NTC
ONORM
PPV

PTI

rpm
SABS
SANS
SIMRAC

acoustic frequency stress wave
American National Standards Institute, standard

A cuttable cable-bolt support system, of Twaron fibres in epoxy

resin.

American Society for Testing and Materials, standard
British Standard

Canada Centre for Mineral and Energy Technology
Mining and Mineral Sciences Laboratories

Canadian Standards Association, standard

Council for Scientific and Industrial Research

Deutsches Institut fiir Normung, Norm (German Institute for

Standardization; standard)

Deutsche Montan Technologie (German montane technology)

Double-Sided Shear Strength Test

European Federation of National Associations Representing
procedures and applicators of specialist building products for

Concrete

European Standards

Electrical-Resistance-Measurement

Finite Elements Methods

Paper by the Institution of Structural Engineers

Grouted bolt system

Ground Motion Monitor

GRound ANchor Integrity Testing

Geomechanics Research Centre; Laurentian University
Glass fibre Reinforced Plastic (rockbolts or components)
International Electrotechnical commission, standard
International Nickel Company; Vale Inco

International Organization for Standardization, standard
International Society for Rock Mechanics

Linear Voltage Displacement Transducers

Modified Cone Bolt

Mining Innovation Rehabilitation and Applied Research
Corporation

Minimum non-seizure load

Minimum ultimate load

Non-Destructive Pull-out Test

Noranda Technology Centre

Osterreichische Norm (Austrian standard)

Peak Particle Velocity

Post-Tensioning Institute

rounds per minute

South African Bureau of Standards, standard

South African National Standard

Safety in Mines Research Advisory Council; South Africa
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SMART Stretch Measurement to Assess Reinforcement Tension
SRK Steffen Robertson and Kirsten consultants

TSL Thin Spray-on Liner

WASM Western Australian School of Mines

- 118 -



References

Ansell, A. (2005) Laboratory testing of a new type of energy absorbing rock bolt.
Tunnelling and Underground Space Technology, 20, pp. 291-300.

Archibald, J. F. (2001) Advances in the Use of Thin, Spray-on Liner Systems.
presented at the 104th Annual General Meeting of the Canadian Institute of
Mining, Metallurgy and Petroleum, Vancouver, B.C.
[http://mine.appsci.queensu.ca/people/archibald/publications/; 05.07.2010]

Archibald, J. F., & DeGagné, D. O. (2001). Spray-on lining support in Canadian
underground mining - A research summary. CIM Bulletin, Vol. 94, Nr. 1050,
pp- 49-56.

ASTM C 1141-06: Standard Specification for Admixtures for Shotcrete.

ASTM C 1116/C 1116M-09: Standard Specification for Fiber-Reinforced
Concrete.

ASTM C 1436-08: Standard Specification for Materials for Shotcretel.
ASTM F 432-08: Standard Specification for Roof and Rock bolts and Accessories.
ASTM D 4435-08: Standard Test Method for Rock Bolt Anchor Pull Test.

ASTM D 4436-08: Standard Test Method for Rock Bolt Long-Term Load
Retention Test.

ASTM D 7401-08: Standard Test Methods for Laboratory Determination of Rock
Anchor Capacities by Pull and Drop Tests.

ASTM C 1550-05: Standard Test Method for Flexural Toughness of Fiber
Reinforced concrete (Using Centrally Loaded Round Panel).

Atlas Copco (1998). Operator's instructions for Swellex pull-test equipment.

Béckblom, G. (2009) Monitoring of Ground Support Response: Progress Report
for MIGS WP3. Rock Tech Centre. Not Published.

Bajzeli, U., Likar, J., & Zigman, F. (1995). Some procedures for installation of
anchoring systems and the evaluation of capacity. In R. Widmann (Ed.),
Proceedings of the International Symposium on Anchors in Theory and
Practice, pp. 189-196. Rotterdam: Balkema.

Ballivy, G., & Martin A. (1983). The dimensioning of grouted anchors. In O.
Stephansson (Ed.), Proceedings of the International Symposium on Rock
Bolting, pp. 353-365. Rotterdam: Balkema.

Bartels, J. R., & Pappas, D. M. (1985). Comparative Laboratory Evaluation of
Resin-Grouted Roof bolt Elements. BuMines Report No. 8924.

Bawden, W. F. (Ed.) (1993). Innovative mine design for the 21st century:

Proceedings of the International Congress on Mine Design, Kingston, Ontario,
Canada, 23 - 26 August 1993. Rotterdam: Balkema.

- 119 -



Bawden, W. F., Hyett, A. J., & Lausch, P. (1992). An Experimental Procedure for
the In Situ Testing of Cable Bolts. International Journal of Rock Mechanics and
Mining Sciences, 29(5), pp. 525-533.

Bawden, W. F., Tod, J., Lausch, P., & Davison, G. (2007). The Use of
Geomechanical Instrumentation in Cost Control in Underground Mining. In Y.
Potvin, J. Hadjigeorgiou, & D. Stacey (Eds.), Challenges in Deep and High
Stress Mining, pp. 317-325. Nedlands W.A.: Australian Centre for
Geomechanics.

Beard, M. D., & Lowe, M. J. S. (2003). Non-destructive testing of rock bolts using
guided ultrasonic waves. In International Journal of Rock Mechanics and
Mining Sciences, pp. 527-536. Science Direct.

Benmokrane, B., Chekired, M., & Xu, H. (1995). Long-term service behaviour of
cement grouted anchors in the laboratory and field. In R. Widmann (Ed.),
Proceedings of the International Symposium on Anchors in Theory and
Practice, pp. 395-403. Rotterdam: Balkema.

Benmokrane, B., Chennouf, A., & Ballivy, G. (1992). Study of bond strength
behaviour of steel cables and bars anchored with different cement grouts. Rock
Support in Mining and Underground Construction, pp. 293-301.

Bigby, D. N. (1997). Developments in British Rockbolting Technology. Coal
International, pp. 111-116.

Bjurstréom, S. (1974). Shear strength of hard rock joints reinforced by grouted
untensioned bolts. In Advances in rock mechanics: reports of current research;
proceedings of the Third Congress of the International Society for Rock
Mechanics; Denver, Colo., Sept. 1 - 7, 1974 Washington, DC: National Acad.
of Sciences.

Bolstad, D. D., Hill, J. R. M., & Karhnak, J. M. (1983). US Bureau of Mines rock
bolting research. In O. Stephansson (Ed.), Proceedings of the International
Symposium on Rock Bolting, pp. 313-320. Rotterdam: Balkema.

BS 1881-124:1988: Testing concrete - Part 124: Methods for analysis of hardened
concrete.

BS 7861-1:2007: Strata reinforcement support system components used in coal
mines - Part 1: Specification for rockbolting.

CAN/CSA-M430-90 (Reaffirmed 2007): Roof and Rock Bolts, and Accessories

Charette, F. (2005). Performance of Swellex Rockbolts in Dynamic Loading
Conditions. Rock and Soil Reinforcement. Atlas Copco.

Charette, F. (2007). Performance of Swellex Rockbolts Under Dynamic Loading
Conditions. In Y. Potvin, J. Hadjigeorgiou, & D. Stacey (Eds.), Challenges in
Deep and High Stress Mining, pp. 387-392. Nedlands W.A.: Australian Centre
for Geomechanics.

Charette, F., & Plouffe, M. (2007). Roofex - Results of Laboratory Testing of a
New Concept of Yieldable Tendon. In Y. Potvin (Ed.), Proceedings of the
fourth International Seminar on Deep and High Stress Mining 7 - 9 November

-120 -



2007, Perth, Australia, pp. 395-404. Nedlands W.A.: Australian Centre for
Geomechanics.

Coates, R., Brown, S., Bucher, R., & Roth A. (2009). Advanced Ground Support in
Underground Mining. PowerPoint Presentation.

Cornley, W., & Fischer, M. (1995). Resin grouts for bolting and anchoring:
Application, mechanical performance and corrosion protection. In R. Widmann
(Ed.), Proceedings of the International Symposium on Anchors in Theory and
Practice, pp. 303-314. Rotterdam: Balkema.

Daws, G. (1992). Coal Mine Roofbolting in the United Kingdom. Gliickauf-
Forschungshefte, 53(2), pp. 68-70.

Deangeli, C., Ferrero, A. M., & Pelizza, S. (1995). Shear strength evaluation of
reinforced rock discontinuities. In R. Widmann (Ed.), Proceedings of the
International Symposium on Anchors in Theory and Practice, pp. 101-108.
Rotterdam: Balkema.

De Beer, W. (2000). Seismology for rockburst prediction. SIMRAC GAP Project
423.

Dejean, M., & Raffoux, J. F. (1980). Monitoring of rock bolting and of its
effectiveness. In rock bolting, pp. 153-164.

DIN 4125:1990: Ground anchorages; temporary and permanent anchorages;
design, construction and testing (VerpreBanker - Kurzzeitanker und Daueranker
- Bemessung, Ausfithrung und Priifung).

DIN 21521-1:1990: Rock bolts for mining and tunnelling; Terms (Gebirgsanker
fiir den Bergbau und den Tunnelbau).

DIN 21521-2:1993: Part 2 - Rock bolts for mining and tunnel support; general
specifications for steel-bolts; tests, testing methods (Gebirgsanker fiir den
Bergbau und den Tunnelbau; Allgemeine Anforderungen fiir Gebirgsanker aus
Stahl; Priifungen, Priifverfahren).

DIN 21522:1972: Roof bolt plates for mining and tunnel support (Ankerplatten fiir
den Gruben- und Tunnelausbau).

DIN 21530-1:2003: Mine support - Part 1: General (Ausbau fiir den Bergbau - Teil
1: Allgemeines).

DIN 21530-2:2003: Mine support - Part 2: Dimensions, designation and statical

values (Ausbau fiir den Bergbau - Teil 2: MaBe, Bezeichnung und statische
Werte).

DIN 21530-3:2003: Mine support - Part 3: Requirements (Ausbau fiir den Bergbau
- Teil 3: Anforderungen).

DIN 21530-4:2003: Mine support - Part 4: Testing (Ausbau fiir den Bergbau - Teil
4: Priifungen).

DIN 21530-5:2003: Mine support - Part 5: Marking of parts of mine support
(Ausbau fiir den Bergbau - Teil 5: Kennzeichnung der Ausbauteile).

121 -



DIN 21531-1:1990: Arch supports; Arches B 5,4 to B 20,2 (Starrer Bogenausbau,
Bogen B 5,4 bis B 20,2).

DIN 21531-2:1990: Arch supports; Arches B 21,7 to B 63 (Starrer Bogenausbau,
Bogen B 21,7 bis B 63).

DIN 50049:1972: Certificates on material tests (Bescheinigungen iiber
Werkstoffpriifungen).

DIN 50115:1975: Testing of metallic materials; nochted bar impact test (Priifung
metallischer Werkstoffe; Kerbschlagbiegeversuch).

DIN 50145:1975: Testing of metallic materials; tensile test (Priifung metallischer
Werkstoffe; Zugversuch).

Doucet, C. (Ed.). Appendix 2 - Laboratory Testing at CANMET-MMSL. [E-Mail
an Angelika Haindl, 14.04.2010]

EFNARC (1996). European Specification for Sprayed Concrete.

EFNARC (1999). Execution of Spraying (revision of Section 8 of the European
Specification for Sprayed Concrete).

EFNARC (1999). Guidelines to the Sprayed Concrete Specification.

EFNARC (2002). European Specification for Sprayed Concrete: Checklist for
Specifiers and Conctractors.

EFNARC (2008). Specification and Guidelines on Thin Spray-on Liners for
Mining and Tunnelling.

Egger, P., & Zabuski, L. (1991). Behavior of rough bolted joints in direct shear
test. In W. Wittke (Ed.), Proceedings of the 7. International Congress on Rock
Mechanics. Rotterdam: Balkema.

prEN ISO 22477-5:2010: Geotechnical investigation and testing - Testing of
geotechnical sturcutres - Part 5: Testing of anchorages.

Fabjanczyk, M. W., & Tarrant, G. C. (1992). Load Transfer Mechanisms in
Reinforcing Tendons. 11" International Conference on Ground Control in
Mining, The University of Wollongong, NSW.

Farmer, I. W. (1975) Stress distribution along a resin grouted anchor. International

Journal of Rock Mechanics and Mining Sciences and Geomechanics, 12, pp.
347-352.

Ferrero, A. M. (1995). The Shear Strength of Reinforced Rock Joints.
International Journal of Rock Mechanics and Mining Sciences and
Geomechanics Abstracts, 32(6), pp. 595-605.

Ferrier, E., & Roux, J. (1980). Bolting of roadway walls in faulted strata. In rock
bolting, pp. 43-46.

Franklin, J. A., & Woodfield, P. F. (1971). Comparison of a polyester resin and a
mechanical rockbolt anchor. Trans. Instn Min. Metall., pp. A91-A100.

-122 -



Galvin, J. M., Offner, ]J. C., Whitaker A., Fabjanczyk M., & J. O. Watson.
Establishing Anchorage and Failure Mechanisms of Fully Encapsulated Roof
Support Systems: End of Grant Summary Report. ACARP Project No: C7018.

Gaudreau, D., Aubertin, M., & Simon, R. (2004). Performance assessment of
tendon support systems submitted to dynamic loading. In E. Villaescusa & Y.
Potvin (Eds.), Ground support in mining and underground construction.
Proceedings of the Fifth International Symposium on Ground Support, 28 - 30
September 2004, Perth, Western Australia, pp. 299-312. Leiden: Balkema.

Goris, J. M. (1991). Laboratory Evaluation of Cables Supports. CIM Bulletin,
84(948), pp. 44-50.

Grasselli, G. (2005). 3D Behaviour of bolted rock joints. Experimental and
numerical study. International Journal of Rock Mechanics and Mining Sciences
and Geomechanics, 42, pp. 13-24.

Grasselli, G., Kharchafi, M., & Egger, P. (1999). Experimental and numerical
comparison between fully grouted and frictional bolts. In: International Society
for Rock Mechanics Conference, Paris.

Grimm, M. (1995). Electrical testing of ground anchors. In R. Widmann (Ed.),
Proceedings of the International Symposium on Anchors in Theory and
Practice, pp. 421-428. Rotterdam: Balkema.

Gurgenci, H., et. al. (Eds.) (2005). The Australian Mining Technology Conference.

Haas, C. J. (1981). Analysis of Rock Bolting to Prevent Shear Movement in
Fractured Ground. Mining Engineering, Vol. 33, Nr. 6, pp. 698-704.

Hadjigeorgiou, J., & Potvin, Y. (2007). Overview of Dynamic Testing of Ground
Support. In Y. Potvin (Ed.), In Y. Potvin (Ed.), Proceedings of the fourth
International Seminar on Deep and High Stress Mining 7 - 9 November 2007,

Perth, Australia, pp. 349-371. Nedlands W.A.: Australian Centre for
Geomechanics.

Hagan, P. C. (2003). Variation in load transfer of a fully encapsulated rockbolt. In
M. Handley (Ed.), SAIMM symposium series: Vol. 33. Technology roadmap for
rock mechanics. 10th congress of the ISRM, 8 - 12 September 2003, Sandton
Convention Centre, South Africa. Johannesburg: South African Institute of
Mining and Metallurgy. pp. 447-450.

Hagan, T. O., Milev, A. M., Spottiswoode, S. M., Hildyard, M. W., Grodner, M.,
Rorke, A. J., Finnie, g. J., Reddy, N., Haile, A. T., LeBron, K. B. and Grave, D.
M. (2001) Simulated rockburst experiment - an overview. The Journal of The
South African Institute or Mining and Metallurgy, August 2001, pp. 217-222.

Haile, A. T., LeBron, K. (2001). Simulated rockburst experiment - evaluation of
rock bolt reinforcement performance. The Journal of The South African Institute
or Mining and Metallurgy, August 2001, pp. 247-251.

Handley, M. (Ed.) (2003). SAIMM symposium series. Vol. 33. Technology
roadmap for rock mechanics: 10th congress of the ISRM, 8 - 12 September
2003, Sandton Convention Centre, South Africa. Johannesburg: South African
Institute of Mining and Metallurgy.

-123 -



Hassani, F. P., & Khan, U. H. (1993). ARAPREE: A cuttable cable-bolt support
system. In W. F. Bawden (Ed.), Innovative mine design for the 21st century.

Proceedings of the International Congress on Mine Design, Kingston, Ontario,
Canada, 23 - 26 August 1993, pp. 119-130. Rotterdam: Balkema.

Hassell, R., & Villaescusa, E. (2005) In-situ corrosion assessment of galvanised
friction bolts using overcoring techniques. 24th International Conference on
Ground Control in Mining.

Hawkes, J. M., & Evans, R. H. (1951). Bond stress in reinforced concrete columns
and beams. Structural Engineering, 29, pp. 323-328.

Heal, D., & Potvin, Y. (2007). In-situ Dynamic Testing of Ground Support Using
Simulated Rockbursts. In Y. Potvin (Ed.), Proceedings of the fourth
International Seminar on Deep and High Stress Mining 7 - 9 November 2007,
Perth, Australia, pp. 373-394. Nedlands W.A.: Australian Centre for
Geomechanics.

Heuze, F. E., Swift, R. P., Hill, L. R., & Barrett, W. H. (1993). Behavior of a steel-
liner-and-bolts system under very high thermal and mechanical loading. In W.
F. Bawden (Ed.), Innovative mine design for the 21st century. Proceedings of

the International Congress on Mine Design, Kingston, Ontario, Canada, 23 - 26
August 1993 (pp. 139-150). Rotterdam: Balkema.

Hoek, E., Kaiser, P. K., & Bawden, W. F. (1995). Support of underground
excavations in hard rock (3. pr.). Rotterdam: Balkema.

Human, J. L., & Ortlepp, W. D. (2007). Large-Scale Testing of Stope Support
Systems Under 'Realistic Rockburst Conditions. In Y. Potvin, J. Hadjigeorgiou,
& D. Stacey (Eds.), Challenges in Deep and High Stress Mining, pp. 393-397.
Nedlands W.A.: Australian Centre for Geomechanics.

Hyett, A. J., Bawden, W. F., Powers, R., & Rocque, P. (1993). The nutcase cable
bolt. In W. F. Bawden (Ed.), Innovative mine design for the 21st century.
Proceedings of the International Congress on Mine Design, Kingston, Ontario,
Canada, 23 - 26 August 1993, pp. 409-419. Rotterdam: Balkema.

ISRM (2007a) Suggested method for determining the strength of a rock bolt
anchor (pull test). In: International Society for Rock Mechanics (Hg.) 2007 -
The complete ISRM suggested methods, Ulusay, pp. 531-538

ISRM (2007b) Suggested method for determining rock bolt tension using a torque
wrench. In: International Society for Rock Mechanics (Hg.) 2007 - The
complete ISRM suggested methods, Ulusay, pp. 531-538

ISRM (2007c) Suggested method for determining the strength of a rock bolt
anchor (pull test). In: International Society for Rock Mechanics (Hg.) 2007 -
The complete ISRM suggested methods, Ulusay, pp. 531-538

ISRM (2007d) Suggested method for Rock Anchorage testing. In: International
Society for Rock Mechanics (Hg.) 2007 — The complete ISRM suggested
methods, Ulusay, pp. 539-553

- 124 -



Jalalifar, H., Aziz, N., & Hadi, M. (2004). Shear Behavior of Bolts in Joints with
Increased Confining Pressure Conditions. In P. N. Martens (Ed.), Proceedings
of the fifth international Colloquium on Roofbolting in Mining, RWTH Aachen,
June 2004, pp. 211-226. Essen: VGE Verl. Gliickauf.

JIS A 5363:2004 Precast concrete products - General rules for methods of
performance test

Jasarevic, ., Tavas, Z., & Muhovec 1., N. B. (1984). Instrumentation of rock bolts
and cable anchors. In O. Stephansson (Ed.), Proceedings of the International
Symposium on Rock Bolting, pp. 481-497. Rotterdam: Balkema.

Jeremic, M. L., & Delaire, G. ]J. P. (1983). Failure Mechanics of Cable Bolt
Systems. CIM Bulletin, 76(856), pp. 66-71.

Jirovec, P. (1995). Interaction between load capacity and fractures in the bonded
length of the rock anchor. In R. Widmann (Ed.), Proceedings of the
International Symposium on Anchors in Theory and Practice, pp. 41-47.
Rotterdam: Balkema.

Karanam, U. M. R., & Dasyapu, S. K. (2005). Experimental and numerical
investigations of stresses in fully grouted rock bolts. In Geotechnical and
Geological Engineering, pp. 297-308.

Kelly, A. M., & Jager, A. J. (1996). Critically evaluate techniques for the in situ
testing of steel tendon grouting effectiveness as a basis for reducing fall of
ground injuries and fatalities. SIMRAC GAP Project 205.

Khair, A. W. (1984). Physical and analytical modelling of the behaviour of truss
bolted mine roofs. In O. Stephansson (Ed.), Proceedings of the International
Symposium on Rock Bolting, pp. 125-142. Rotterdam: Balkema.

Khan, U. H., & Hassani, F. P. (1993). Analysis of new flexible and rigid composite
tensonds for mining. In W. F. Bawden (Ed.), Innovative mine design for the 21st
century. Proceedings of the International Congress on Mine Design, Kingston,

Ontario, Canada, 23 - 26 August 1993, pp. 1033-1043. Rotterdam: Balkema.

Kilic, A., Yasar, E., & Atis, C. D. (2003). Effect of bar shape on the pull-out
capacity of fully-grouted rockbolts. Tunnelling and Underground Space
Technology, 18, pp. 1-6.

Kwitowski, J., & Lewis, L. V. (1980). Reinforcement Mechanisms of Untensioned
Full-Column Resin Bolts, BuMines Report No. 8439.

Li, C. (2008a). Laboratory testing and performance of rock bolts. In 37.
Geomechanik-Kolloquium, pp. 47-58. Freiberg.

Li, C. (2008b). State of the art on ductile ground support systems and elements:
MIGS WPZ2. Rock Tech Centre. Not Published.

Ludvig, B. (1984). Shear tests on rock bolts. In O. Stephansson (Ed.), Proceedings
of the International Symposium on Rock Bolting, pp. 113-123. Rotterdam:
Balkema.

Malmgren, L. (2005). Interaction between shotcrete and rock - experimental and
numerical study. Habilitation, Lulea University of Technology, Sweden.

-125 -



Malmgren, Lars (14.04.2010): Testing Methods for Ground Support. LKAB. E-
Mail to Angelika Haindl.

Marklund, Per-Ivar (09.04.2010): Testing Methods for Ground Support. Boliden
Mineral AB. E-Mail to Angelika Haindl.

Martens, P. N. (Ed.) (2004). Proceedings of the fifth international Colloquium on
Roofbolting in Mining, RWTH Aachen, June 2004, (1. Edition). Essen: VGE
Verl. Glickauf.

Moosavi, M., & Bawden W. F., H. A. J. (2002). Mechanism of bond failure and
load distribution along fully grouted cable-bolts. Trans. Instn Min. Metall., 111,
pp- A1-A8.

Morton, E. C., Thompson, A. G., Villaescusa, E., & Roth, A. (2007). Testing and
analysis of steel wire mesh for mining applications of rock surface support.
Lisbon: ISRM Concress.

Myrvang, A., & Hanssen, T. H. (1984). Experiences with friction rock bolts in
Norway. In O. Stephansson (Ed.), Proceedings of the International Symposium
on Rock Bolting, pp. 419-423. Rotterdam: Balkema.

Ohtsu, M., Shigeishi, M., & Chahrour, A. H. (1995). AE identification and BEM
prediction in pull-out process of anchor bolt. In R. Widmann (Ed.), Proceedings
of the International Symposium on Anchors in Theory and Practice, pp. 87-92.
Rotterdam: Balkema.

Ortlepp, W. D. (2000). Realistic Dynamic Stope Support Testing. SIMRAC GAP
Project 818.

Ortlepp, W. D., & Stacey, T. R. (1998). Testing of Tunnel Support: Dynamic Load
Testing of Rockbolt Elements to Provide Data for Safer Support Design.
SIMRAC GAP Project 423.

Ortlepp, W. D. & Swart, A. H. (2002). Extended use of the Savuka dynamic test
facility to improve material and analytical technology in deep-level stope
support. SIMRAC GAP Project 818.

Ortlepp, W. D., & Swart, A. H. (2007). Dynamic Testing of Rockburst Support for
Tunnels. In Y. Potvin, J. Hadjigeorgiou, & D. Stacey (Eds.), Challenges in
Deep and High Stress Mining, pp. 399-405. Nedlands W.A.: Australian Centre
for Geomechanics.

ONORM EN 1537:2000: Execution of special geotechnical work - Ground
anchors.

ONORM B 3303: 2002: Testing of concrete.

ONORM B 4710-1:2002: Concrete - Part 1: Specification, production, use and
verification of conformity.

ONORM EN 13369:2008: Common rules for precast concrete products
(consolidated version).

- 126 -



ONORM EN 14488-1:2005: Testing sprayed concrete - Part 1: Sampling fresh and
hardened concrete.

ONORM EN 14488-2:2006: Testing sprayed concrete - Part 2: Compressive
strength of young sprayed concrete.

ONORM EN 14488-3:2006: Testing sprayed concrete - Part 3: Flexural strengths
(first peak, ultimate and residual) of fibre reinforced beam specimens.

ONORM EN 14488-4:2008: Testing sprayed concrete - Part 4: Bond strength of
cores by direct tension.

ONORM EN 14488-5:2006: Testing sprayed concrete - Part 5: Determination of
energy absorption capacity of fibre reinforced slab specimens.

ONORM EN 14488-6:2006: Testing sprayed concrete - Part 6: Thicknes of
concrete on a substrate.

ONORM EN 14488-7:2006: Testing sprayed concrete - Part 7: Fibre content of
fibre reinforced concrete.

Pells, P. J. N. (1974). The behavior of fully bonded rockbolts. In 3rd International
Society for Rock Mechanics Conference, pp. 1212-1217.

Pettibone, H. C. (1988). Avoiding Anchorage Problems with Resin-Grouted Roof
Bolts BuMines Report No. 9129.

Player, J., Morton, E. C., Thompson, A. G., & Villaescusa, E. (2008) Static and
dynamic testing of steel wire mesh for mining applictions of rock surface
support. In: The 6th International Symposium on Ground Support in Mining and
Civil Engineering Construction, pp. 693-706.

Player, J., Thompson, A., & Villaescusa, E. (2008). Dynamic testing of
reinforcement systems. In The 6th International Symposium on Ground Support
in Mining and Civil Engineering Construction, pp. 597-622.

Player, J. R., Villaescusa, E., & Thompson, A. G. (2004) Dynamic testing of rock
reinforcement using the momentum transfer concept. In Y. Potvin & E.
Villaescusa (Eds.), Proceedings of the 5th International Symposium of Rock
Support and Reinforcement, pp. 327-339. Perth: Balkema.

Plouffe, M., Anderson, T., & Judge K. (2008) Rock bolts testing under dynamic
conditions at CANMET-MMSL. In The 6th International Symposium on
Ground Support in Mining and Civil Engineering Construction, pp. 581-596.

Poitsalo, S. (1984). The strengthening efficiency of different rock bolts. In O.
Stephansson (Ed.), Proceedings of the International Symposium on Rock
Bolting, pp. 459-464. Rotterdam: Balkema.

Potvin, Y. (Ed.) (2007). Proceedings of the fourth International Seminar on Deep
and High Stress Mining 7 - 9 November 2007, Perth, Australia, Nedlands W.A.:
Australian Centre for Geomechanics.

Potvin, Y., Hadjigeorgiou, J., & Stacey, D. (Eds.) (2007). Challenges in Deep and
High Stress Mining. Nedlands W.A.: Australian Centre for Geomechanics.

-127 -



Potvin, Y., & Villaescusa, E. (Eds.). Ground support in mining and underground
construction. Proceedings of the Fifth International Symposium on Ground
Support, 28 - 30 September 2004, Perth, Western Australia.

Radcliffe, D. E., & Stateham, R. M. (1978). Effects of Time between Exposure and
Support of Mine Roof Stability, BuMines No. 8298.

Reuther, E. U., & Heime A. (1990). Verbesserte Bemessung von Ankerausbau in
Abbau- und Basisstrecken: KEG-Forschungsvorhaben. Aachen.

Rock bolting. (1980). Special issue of Industrie Minérale.

Rock, R., Schwab, P., & Bliimel, M. (1995). Application of new types of high
early-strength bolt-grout in the Galgenberg tunnel project. In R. Widmann (Ed.),
Proceedings of the International Symposium on Anchors in Theory and
Practice, pp. 359-365. Rotterdam: Balkema.

SABS 1408:2002: Mechanical components for tendon based rock support systems.
SANS 920:2005 Steel bars for concrete reinforcement.

SANS 148-1:2007: Metallic materials - Charpy pendulum impact test Part 1: Test
method.

SANS 1534:2004: Resin capsules for use with tendon based support systems.

SANS 1745:2003: Cementitious grouting capsules for use with tendon-based
support systems.

Satola, 1. (2007). The Axial Load-Displacement Behavior of Steel Strands used in
Rock Reinforcement. Doctoral dissertation, University of Technology, Helsinki.

Saydam, S., Yilmaz, H. & Stacey, TR. (2003). A new testing approach for thin
spray-on liners: double-sided shear strength (DSS) test, In: International
Workshop and Seminar Surface Support Liners: Thin Spray-On Liners,
Shotcrete and Mesh, Quebec City.

Schubert, P. (1984). Das Tragvermogen des mortelversetzten Ankers unter
aufgezwungener Kluftverschiebung. Dissertation, Montanuniversitét Leoben.

Serbousek, M.O., & Signer, S.P: (1987). Linear Load-Transfer Mechanics of Fully
Grouted Bolts, BuMines Report No. 9135.

Signer, S. P. (1990). Field Verification of Load Transfer Mechanics of Fully
Grouted Roof Bolts, BuMines Report No. 9301.

Simpson, R. E., Fraley, J. E., & Cox, D. J. (1981). Inorganic Cement for Mine
Roof-Bolts Grouting, BuMines Report No. 8494.

Simser, B. P. (2007). The Weakest Link - Ground Support Observations at Some
Canadain Shield Hard Rock Mines. In Y. Potvin (Ed.), Proceedings of the
fourth International Seminar on Deep and High Stress Mining 7 - 9 November
2007, Perth, Australia, pp. 335-348. Nedlands W.A.: Australian Centre for
Geomechanics.

Simser, B. P., Andrieux, P., Mercier-Langevin, F., Parrott, T., & Turcotte, P.
(2007). Field Behaviour and Failure Modes of Modified Conebolts at the Craig,
LaRonde and Brunswick Mines in Canada. In Y. Potvin, J. Hadjigeorgiou, & D.

-128 -



Stacey (Eds.), Challenges in Deep and High Stress Mining, pp. 347-354.
Nedlands W.A.: Australian Centre for Geomechanics.

Singh, R. N., & Buddery, P. S. (1984). An assessment of the efficiency of roofbolt
anchorage based on laboratory and field experimentation. In O. Stephansson

(Ed.), Proceedings of the International Symposium on Rock Bolting, pp. 445-
457. Rotterdam: Balkema.

Snyder, V. W., Gerdeen, ]J. C., & Viegelahn, G. L. (1979). Factors Governing the
Effectiveness of Roof bolting Systems using Fully Resin-Grouted Nontensioned

Bolts. In: 20th Symposium on Rock Mechanics, pp. 607-613.

Spearing, A. J. S., & Champa J. (2000). The Design, Testing and Application of
Ground Support Membranes for Use in Underground Mines. In: MassMin 2000,
pp- 199-208.

Stacey, T. R., & Ortlepp, W. D. (2007). Yielding Rock Support - The Capacities of
Different Types of Support, and Matching of Support Type to Seismic Demand.
In Y. Potvin, J. Hadjigeorgiou, & D. Stacey (Eds.), Challenges in Deep and
High Stress Mining, pp. 407-411. Nedlands W.A.: Australian Centre for
Geomechanics.

Stephansson, O. (Ed.) (1984). Proceedings of the International Symposium on
Rock Bolting: Theory and application in mining and underground construction,
Abisko, 28. August - 2. September 1983. Rotterdam: Balkema.

Stillborg, B. (1993). Rockbolt tensile loading across a joint. In: International Mine
Water Association & Zambia Consolidated Copper Mines Limited: Proceedings
of the First African Symposium on Mine Drainage and Environment Protection
from Mine Waste Water Disposal. pp. 387-604. Chililabombwe.

Stjern, G. (1995). Practical Performance of Rock Bolts. Doctoral thesis, University
I Trondheim, Norway.

Swan, G., Carlisle, S., Maybee, G., Pritchard, C., Sampson-Forsythe, A., Simser,
B. P., et al. (2007). Ground Support Systems for High Stress Conditions -
Theory versus Experience. In Y. Potvin, J. Hadjigeorgiou, & D. Stacey (Eds.),
Challenges in Deep and High Stress Mining, pp. 337-345. Nedlands W.A..:
Australian Centre for Geomechanics.

Tannant, D. D. (1995). Rockbolt anchors for high convergence or rockburst
conditions. In R. Widmann (Ed.), Proceedings of the International Symposium
on Anchors in Theory and Practice, pp. 377-385. Rotterdam: Balkema.

Thompson, A. G., Player, J. R., & Villaescusa, E. (2004). Simulation and analysis
of dynamically loaded reinforcement systems. In E. Villaescusa & Y. Potvin
(Eds.), Ground support in mining and underground construction. Proceedings
of the Fifth International Symposium on Ground Support, 28 - 30 September
2004, Perth, Western Australia, pp. 341-355.

Thurner, H. F. (1984). Detection of invisible faults on rockbolts in-situ. In O.
Stephansson (Ed.), Proceedings of the International Symposium on Rock
Bolting, pp. 477-480. Rotterdam: Balkema.

-129 -



Tinceling, E., & Sinou, P. (1980). The functioning and practical rules of strata
bolting. In rock bolting, pp. 96-140.

Toper, A. Z., Kuijpers, J. S., Stacey, T. R., Yilmaz, H., & Saydam, S. (2003)
Proposed procedures of the testing of TSL properties, In: 3rd International
Seminar on Surface Support Liners, Section X. pp. 1-19.

Turner, M. H., & Green, T. (2007). Inflatable Rockbolts at Otter-Juan Mine,
Kambalda. In Y. Potvin (Ed.), Proceedings of the fourth International Seminar
on Deep and High Stress Mining 7 - 9 November 2007, Perth, Australia, pp.
313-323. Nedlands W.A.: Australian Centre for Geomechanics.

Ulusay, R., & International Society for Rock Mechanics (Eds.) (2007). The
complete ISRM suggested methods for rock characterization, testing and
monitoring: 1974 - 2006. Ankara: International Soc. for Rock Mechanics
Commission on Testing Methods.

van Sint Jan, M., & Palape, M. (2007). Behaviour of Steel Plates During
Rockbursts. In Y. Potvin (Ed.), Proceedings of the fourth International Seminar
on Deep and High Stress Mining 7 - 9 November 2007, Perth, Australia, pp.
405-412. Nedlands W.A.: Australian Centre for Geomechanics.

VandeKraats, J. D., & Watson, S. O. (1996). Direct laboratory tensile testing of
select yielding rock bolt systems.

Varden, R., & Villaescusa, E. (2005). A methodology for selection of resin grouted
bolts. American Rock Mechanics Association.

Villaescusa, E., Thompson, A. G., & Player, J. R. (2005). Dynamic testing of rock
reinforcement systems. In H. Gurgenci et. al. (Eds.), The Australian Mining
Technology Conference, pp. 79-95.

Villaescusa, E., Varden, R., & Hassell, R. (2007). Quantifying the performance of
resin anchored rock bolts in the Australian underground hard rock mining
industry. Technical note.

Villaescusa, E., & Potvin, Y. (Eds.) (2004). Ground support in mining and
underground construction: Proceedings of the Fifth International Symposium
on Ground Support, 28 - 30 September 2004, Perth, Western Australia. Leiden:
Balkema.

Wagner, H. (2010). Test Methods for Ground Support: Discussion document:
General comments on testing of and testing methods for ground support.
University of Leoben. Not Published.

Wang, M., & Wang H. (2001). Nondestructive testing of grouted bolts system. In
Chinese Journal of Geotechnical Engineerin, pp. 109-113.

Whitaker A. (2001). Critical Assessment of Past Research into Rock Bolt
Anchorage Mechanisms. Honour thesis.

Whittaker, B. N., & Frith, R. C. (1990). Tunnelling: Design, Stability and
Construction. London: The Institution of Mining and Metallurgy.

- 130 -



Widmann, R. (Ed.) (1995). Proceedings of the International Symposium on
Anchors in Theory and Practice, Salzburg, Austria, 9-10 October 1995.
Rotterdam: Balkema.

Wijk, G. M., & Skogberg, B. (1984). Mining improvement with Swellex. In O.
Stephansson (Ed.), Proceedings of the International Symposium on Rock
Bolting, pp. 439-443. Rotterdam: Balkema.

Wiles, T., Villaescusa, E., & Windsor, C. R. (2004). Rock reinforcement design for
overstressed rock using three dimensional numerical modelling. In E.
Villaescusa & Y. Potvin (Eds.), Ground support in mining and underground

construction. Proceedings of the Fifth International Symposium on Ground
Support, 28 - 30 September 2004, Perth, Western Australia, pp. 483-489.

Wittenberg, D. (1995). Entwicklung und Priifung von Ankersystemen fiir
Anwendungen im hochbeanspruchten Gebirge. In: Proceedings of the second
international Colloquium on Roofbolting in Mining, RWTH Aachen, March
1995, pp. 83-102. Aachen.

Wittenberg, D. (1998). Eignung von Gebirgsankern fiir den Bergbau und den
Tunnelbau. Gliickauf, 134(5), pp. 227-231.

Wittenberg, D. (1999). Ziehversuche an unter Tage eingebauten Gebirgsankern.
Gliickauf, 135(4), pp. 176-179.

Witthaus, H. (1995). Rock bolting experience in German coal mining. In R.
Widmann (Ed.), Proceedings of the International Symposium on Anchors in
Theory and Practice, pp. 269-275. Rotterdam: Balkema.

Witthaus, H., & Miiller, W. (1995). Neue Aspekte bei der Bemessung des
Ankerausbaus. In: Proceedings of the second international Colloquium on
Roofbolting in Mining, RWTH Aachen, March 1995, pp. 65-82. Aachen.

Wittke, W. (Ed.) (1991). Proceedings of the 7. International Congress on Rock
Mechanics. Rotterdam: Balkema.

Wuest, W. J., & Stateham, R. M. (1991). Time Effects on Resin-Grouted Bolt
Anchorage Characteristics, BuMines Report No. 9388.

Waullschlédger, D., & Natau, O. (1984). Studies of the composite system of rock
mass and non-prestressed grouted rock bolts. In O. Stephansson (Ed.),
Proceedings of the International Symposium on Rock Bolting, pp. 75-85.
Rotterdam: Balkema.

Xueyi, S. (1984). Grouted rock bolt used in underground engineering in soft
surrounding rock or in highly stressed regions. In O. Stephansson (Ed.),
Proceedings of the International Symposium on Rock Bolting, pp. 93-99.
Rotterdam: Balkema.

Yazici, S., & Kaiser, P. K. (1992). Bond Strength of Grouted Cable Colts.
International Journal of Rock Mechanics and Mining Sciences and
Geomechanics, 29(3), pp. 270-292.

131 -



Yilmaz, H., Saydam, S. and Henderson, D. (2003). Torque testing of thin spray-on
liner coated cores. In: International Workshop and Seminar Surface Support
Liners. Thin Spray-On Liners, Shotcrete and Mesh, Quebec City.

Yilmaz, H., Saydam, S. and Toper, A.Z. (2003). Emerging support concept: thin
spray-on liners, In: 18th International Mining Congress and Exhibition of
Turkey. Antalya, Turkey.

-132 -



Index of Tables

TABLE 0-1 CONVERSION FACTORS .....ccvtiiiutteeeieeeee e e eee et etee et eate et saee et eaee e e steesaeeeaneas 4
TABLE 2-1 OVERVIEW OF STANDARDS FOR COMPONENT TENDON' .......coiiiiiiiiiiieiieieiie e eeeeeeee e 12
TABLE 2-2 OVERVIEW OF STANDARDS FOR COMPONENT 'BEARING OR HEADER PLATE'..................... 18
TABLE 2-3 OVERVIEW OF STANDARDS FOR COMPONENT TUBBING ......ccviiiuiiieiiieie e 24
TABLE 3-1 TESTED PARAMETERS AND CORRESPONDING STANDARDS FOR TSL (EFNARC, 2008)...71
TABLE 3-2 RELEVANT STANDARDS FOR TESTING OF TSL (TOPER ET AL., 2003) .....covevvveniiieieene. 78

- 133 -



Index of Figures

FIGURE 0-2 DETERMINATION OF PROOF STRESS (SABS 920) .....coviiiiiieieiceeeeeeeeeeeeeeeeeeee e 6
FIGURE 2-1 SKETCH OF TESTED PARAMETERS FOR TENDONS .........ccooviuieuiiieeieriereneereereneeeesee e s 11
FIGURE 2-2 FRICTION STABILIZER GENERALIZED TEST APPARATUS (ASTM F432) .....cvvvevevennn. 15
FIGURE 2-3 TESTING OF BEARING PLATES (BS 7861) ....ocveiviiiiieieeeeceeeeeeeeeeeeeeeeee e 17
FIGURE 2-4 SKETCH FOR PLATE TESTING (VAN SINT JAN AND PALAPE, 2007) .....ccccovvevveireeeenne. 17
FIGURE 2-5 TESTING PLATE FOR BEARING PLATES (DIN 21521) ....coooviiiiiieeeceeeeeeeeeeeeeeeee 20
FIGURE 2-6 TESTING OF EXPANSION SHELLS. ......coouiitiieueiteieeeeteeeseeteee e ete e esee e eses e eses e eseneens 21
FIGURE 2-7 STEEL TEST BLOCK AND HARDENED RING FOR TESTING EXPANDING SHELLS................... 22
FIGURE 2-8 MESH TESTING (COATES ET AL., 2009) ......cviiviioiiieeereeeeeeeeeeeeeeeee e 26
FIGURE 2-9 DYNAMIC TESTING OF MESH (COATES ET AL., 2009) ......cooiiiiieieieeeeeeeeeeeeeeeeeen 27
FIGURE 3-1 SHEAR FRAME (BS 7861) .....oouiiuiiiiieiecee ettt 29
FIGURE 3-2 TEST FACILITY (WITTENBERG, 1995) ...c.oioiiiiiieioeieeeeeeeeeeee et 30
FIGURE 3-3 TESTING FACILITY (DEANGELI, FERRERO AND PELIZZA, 1995) .....covoiiiiiieieeee 31
FIGURE 3-4 TEST FACILITY (DIN 21521) c.oioviieoeiieeeeeeeeee oot 32
FIGURE 3-5 TESTING FACILITY (GRASSELLI, KHARCHAFI AND EGGER, 1999) .....cocovvviiiiieicreine 33
FIGURE 3-6 TESTING FACILITY (BJURSTROM, 1974).....cocviuioiiieieiieeeeeeeeeeeeeeeeeeeeee e, 33
FIGURE 3-7 TESTING FACILITY (HAAS, 1981) ...ttt 34
FIGURE 3-8 DIRECT SHEAR TEST OF BOLTED AND UNBOLTED ROCK JOINT (LUDVIG, 1983)............... 35
FIGURE 3-9 TESTING FACILITY (LUDVIG, 1983) .....oiiiiiiii oottt 35
FIGURE 3-10 CASTING OF IRREGULAR BLOCKS OF ROCK (LUDVIG, 1983) ....ccovoieieieecceieceeee, 36
FIGURE 3-11 TEST FACILITY (SCHUBERT, 1984) .....oeiiiiiieioe ettt 37
FIGURE 3-12 TEST FACILITY (EGGER AND ZABUSKI, 1991) ....cuoiviiiiiiiiiiicieeeeecceeeee e 38
FIGURE 3-13 TESTING FACILITY (FERRERO, 1994) ......oviiiiiiiiieeeeeeceeeeeeeeeeeeeeeeee e 38
FIGURE 3-14 TEST FACILITY (STJERN, 1995) .....oiiiiiieioeieee ittt 39
FIGURE 3-15 TESTING MACHINE (JALALIFAR, AZIZ AND HADI, 2004) ........ccooeiieeieeeeeeeeeeen 40
FIGURE 3-16 MODEL OF THE TESTING FACILITY ......cveviuiveteeiteteeceeeteeeeeeseeeeeesesees e es e eseneans 40
FIGURE 3-17 BASIC PRINCIPLE OF A PULL TEST .....cuvuveviviteteeieeteeeeeeteeeeeeteeeeeeseeees e es e 41
FIGURE 3-18 SPECIAL ANCHORING DEVICE (HASSANI AND KHAN, 1993) ......c.ccooiiiiiiieieeeeee 41
FIGURE 3-19 PULL TEST OF BOLT IN-SITU, (LI, 2008A) ......cotiiiiiieoieeeeeeeee et 42
FIGURE 3-20 HYDRAULIC PULL TEST APPARATUS (BS 7861) ....ocuviiiiiieeiieieeeeeeeeeeeeee e 42
FIGURE 3-21 TEST FACILITY (ONORM EN ISO 22477-5) o.voteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenans 43
FIGURE 3-22 TEST FACILITY (ASTM D4435) ...t 44
FIGURE 3-23 ROCKBOLT TESTING EQUIPMENT (ISRM, 2007A) .....ccviiviieieeeeeeeeeeceeeeeeeeee e 46
FIGURE 3-24 TEST FACILITY (FRANKLING AND WOODFIELD, 1971) ....ccocviiiiveiiieieeeeeeeeeeeee 47
FIGURE 3-25 TEST FACILITY (BALLIVY AND MARTIN, 1983) .....cooviviiiiieiiieieceeeeeeeeeee e 48
FIGURE 3-26 TESTING FACILITY (BAWDEN, HYETT AND LAUSCH, 1992) ......ccovoviiiviiecieeceen 50
FIGURE 3-27 TEST FACILITY (HASSANI AND KHAN, 1993) .....ooviiiiiiiiiiiecceceeeeeeeeeee e 50
FIGURE 3-28 TESTING FACILITY AND FAILURE MECHANISMS (HYETT ET AL., 1993). ...c.ccooviviirnnee. 51
FIGURE 3-29 TEST FACILITY SJTERN, 1995, ..ot 52
FIGURE 3-30 TEST FACILITY (WITTENBERG, 1995) ....oiviiiiiiiieeeeeeee ettt 52
FIGURE 3-31 TEST FACILITY ROCK, SCHWAB AND BLUMEL 1995 .......ccooiiiiiiiieecceeeeeeee e 53
FIGURE 3-32 TEST FACILITY (ATLAS COPCO, 1998) ......ocuiiiiiiiiieieeeeeee e 53
FIGURE 3-33 NORMAL TESTING FACILITY (UPPER) AND MODIFIED TESTING FACILITY (LOWER)
(WITTENBERG, 1999) ..ottt ettt nea 54
FIGURE 3-34 THE NEW MODIFIED HOEK CELL (MOOSAVI, BAWDEN AND HYETT, 2002)................... 55
FIGURE 3-35 TEST FACILITY FOR PULL OUT TESTS AT CANMET (DOUCET, 2010) ......c..coveveverrreee. 56
FIGURE 3-36 SKETCH OF THE TEST FACILITY AT CANMET (DOUCET, 2010).......cccooveverererereeernee. 56
FIGURE 3-37 TEST FACILITY (PELLS, 1974) ....coiiiiioiiieieeeeeeeeeeee et 57
FIGURE 3-38 TEST FACILITY (SERBOUSEK AND SIGNER, 1987) ......coiviiiiiiieeeceeeeeeeeeeeeeeeee, 57
FIGURE 3-39 SCHEMATA OF THE TEST FACILITY (STILLBORG, 1993)....c.coviiiiiiiieieeeeeeeeeeeeee e, 59
FIGURE 3-40 TEST FACILITY OHTSU, SHIGEISHI AND CHAHROUR 1995) .....covoiiiiiiieieieceeeeee 60
FIGURE 3-41 TEST FACILITY (BENMOKRANE ET AL., 1995) ....oovioiiiiiiiiiceeeeeeeeeeeeee e 60
FIGURE 3-42 TESTING FACILITY (GALVIN, ET AL. 2001) ...vioviiiiieieieceeeeeeeeeeeeeeeeeee e 61
FIGURE 3-43 SCHEMATA OF TEST FACILITY (GALVIN, ET AL., 2001) ...ccvooiiiiiiieeeeeeeeceeee e 62

- 134 -



FIGURE 3-44 DOUBLE PIPE TEST SYSTEM (SATOLA, 2007) ....vvveeeeeeeeeeeeeeeee oo 62

FIGURE 3-45 BASIC PRINCIPLE OF THE OVERCORING TECHNIQUE ........cceovieuieeienieeeeeeeee oo 63
FIGURE 3-46 TEST FACILITY (VARDEN AND VILLAESCUSA, 2005) ......ooviivioiieieieeeeieeeeeeeeeeeeen 64
FIGURE 3-47 WASM BOLTING OVERCORING FACILITY (VILLAESCUSA, VARDEN AND HASSELL, 2008)
................................................................................................................................................ 64
FIGURE 3-48 BOLTOMETER AND EXAMPLE OF REGISTRATIONS (THURNER, 1983)........cccceveiivennnen. 66
FIGURE 3-49 GRANIT SYSTEM (BACKBLOM, 2009) .......c.coiiiiieieiiieeeeeeeere ettt 67
FIGURE 3-50 DUAL HEIGHT TELLTALE (BIGBY, 1997) ....oiuiiiiieieeeeeeeee e 68
FIGURE 3-52 SMART CABLE BOLT (HTTP://WWW.MDT.CA/INDEX.CFM?
PAGE=PRODUCTS&S=SMART_CABLE_BOLT; 19.05.2010) ......c0ervirireciceeeeeeeeeeeeeeeeen, 69
FIGURE 3-53 ROOF-BOLT GROUT BOND TESTER (BOLSTAD, HILL AND KARHNAK, 1983).................. 70
FIGURE 3-54 TSL LINEAR BLOCK SUPPORT TEST AFTER EFNARC........cviviiiieieieeeeeee 72
FIGURE 3-55 GAP SHEAR LOAD TEST OF TSL .....ooiiiiiiieeee e 72
FIGURE 3-56 TSL TESTS (TOPER ET AL., 2003) ....cuviiviiiiiei ittt 73
FIGURE 3-57 CORE ADHESION TEST (YILMAZ, SAYDAM AND TOPER, 2003)......cccocvivviieiireeererennn. 74
FIGURE 3-58 GENERIC VIEW OF A TEST DOLLY AND TYPICAL TEST SETUP IN THE LABORATORY
(YILMAZ, SAYDAM AND TOPER, 2003). .....ccviiriireieieeieeeeeceeeeeeee et eaenas 74
FIGURE 3-59 BAGGAGE LOAD TEST FRAME AND SET-UP (YILMAZ, SAYDAM AND TOPER, 2003)....... 75
FIGURE 3-60 TEST SPECIMEN AFTER ASTM D638 (YILMAZ, SAYDAM AND TOPER, 2003) ............... 76
FIGURE 3-61 TSL SUPPORTING A LOOSE ROCK (YILMAZ, SAYDAM AND TOPER, 2003)........c.c.c........ 76

FIGURE 3-62 PULL TEST ASSEMBLY SKETCH AND PHOTO (YILMAZ, SAYDAM AND TOPER, 2003) ..... 76
FIGURE 3-63 TEST SETUP FROM LARGE-SCALE PULL TEST (YILMAZ, SAYDAM AND TOPER, 2003).... 77

FIGURE 3-64 PUNCH TESTING SETUP (YILMAZ, SAYDAM AND TOPER, 2003) .......c.ccoevevveierirerenne. 77
FIGURE 3-65 TEST PRINCIPLE (YILMAZ, SAYDAM AND HENDERSON, 2003) ......c.ccocovvviieirenrerene. 79
FIGURE 3-66 TESTING ARRANGEMENT (YILMAZ, SAYDAM AND HENDERSON, 2003) ........c.ccoevenee.. 79
FIGURE 3-67 TESTING FACILITY (YILMAZ, SAYDAM AND HENDERSON, 2003).......ccccevveirrerierirnnan. 80
FIGURE 3-68 DSS TEST (SAYDAM, YILMAZ AND STACEY, 2003) .....ccveoieiviiieriireeieeeeeeeeee e 80
FIGURE 3-69 CONCRETE AND ROCK SAMPLES BEFORE AND AFTER COMPRESSION FAILURE
(ARCHIBALD, 2001) ...ecuieieteeeeeee ettt ettt ettt ettt ere e eneeneeneeseneas 81
FIGURE 3-70 MBT MEMBRANE DISPLACEMENT TEST FACILITY (SPEARING AND CHAMPA, 2000) ... 82
FIGURE 3-71 MBT PULL TEST FRAME (SPEARING AND CHAMPA, 2000) ........c.ccecveiereieiereieiereeennan 83
FIGURE 3-72 QUASI-STATIC TEST ARRANGEMENT OF INCO (SPEARING AND CHAMPA, 2000).......... 83
FIGURE 3-73 SKETCH OF PROFILE TESTING (DIN 21530-4) .....cvioviiiieieieeieeeeeceeeeeeee e 84
FIGURE 3-74 TESTING OF CONNECTING ELEMENTS (DIN 21530-4) ....oooviiiiiiieieeeeceeeeeeeeeeen 85
FIGURE 3-75 TESTS OF BOLTING (DIN 21530-4) ....ooviieieeiceeeeeeeeeeeeeee et 85
FIGURE 3-76 TESTING ARRANGEMENT FOR OPEN (LEFT) AND CLOSED (RIGHT) ARCH (DIN 21530-4) 86
FIGURE 3-77 ELECTRICAL RESISTANCE MEASUREMENTS (ONORM EN 1537) «..vooveveeieeeeee. 87
FIGURE 3-78 TESTING OF FAILURE LOAD OF GRP BOLT ASSEMBLY (BS 7861) .....c..coovevveieveiennn. 88
FIGURE 3-79 ALIGNMENT TEST (BS 7861) ...eeeueiviieceeeeeceeeeeeeeeeee e 88
FIGURE 3-80 TEST FACILITY (PLAYER, VILLAESCUSA AND THOMPSON, 2004) .......ccvevevevireirennne. 90
FIGURE 3-81 NTC IMPACT TESTING RIG SCHEMATA (GAUDREAU, AUBERTIN AND SIMON, 2004) .... 91
FIGURE 3-82 DYNAMIC TEST ARRANGEMENT OF INCO (SPEARING AND CHAMPA, 2000)................. 93
FIGURE 3-83 DETAILS OF THE DYNAMIC TESTING RIG INCLUDING INSTRUMENTATION: GENERAL VIEW
(A), Tor VIEW (B), AND BOTTOM VIEW (C) ....voviivieeiieieeeeeeeee et 94
FIGURE 3-84 CANMET-MMSL TESTING RIG (PLOUFFE, ANDERSON AND JUDGE, 2008) ................. 95
FIGURE 3-85 DISPLACEMENT TARGET AND LOAD CELLS AT THE PLATE (PLOUFFE, ANDERSON AND
JUDGE, 2008) ...ttt ettt ettt 96
FIGURE 3-86 SCHEMATIC TEST ARRANGEMENT OF DMT .......ccooiiiiiiiiiiiiiceeeeeeeeeeee e, 96
FIGURE 3-87 TESTING ARRANGEMENT FOR IMPACT LOADING OF SWELLEX ROCKBOLTS (CF.
CHARETTE, 2007) «.cuveveeee oottt ettt ettt et e e eae e eneens 97
FIGURE 3-88 FULL-SCALE LOAD FRAME SURROUNDING MODEL (BOLSTAD, HILL AND KARHNAK,
T983) ittt ettt ettt ettt et ettt ettt e bttt te et et ete et et re et 98
FIGURE 3-89 COMPRESSED AND BOLTED ROCK SAMPLE (TINCELING AND SINOU, 1980)................... 99
FIGURE 3-90 TEST FACILITY (WULLSCHLAGER AND NATAU, 1983).....c.ccciiiiiiiiieeececeeeeeeeeen 99
FIGURE 3-91 SCHEMATA OF THE PHYSICAL MODEL (KHAIR, 1983) ......cceooiiiiieiiceieeeeeeeeeeee 101
FIGURE 3-92 PHOTO OF THE MODEL (KHAIR, 1983) ......oiiiiiieieiecee ettt 101
FIGURE 3-93 TEST FACILITY (GRASSELLL 2005) .....cviiiiitiieieeeieeeeeeeeeee ettt 102
FIGURE 3-94 BUCKLING PLATE TESTS .....cuectiitiutettetieieteeteeese et eeteseaeeteseseetesenseaeesese s esensereeseneens 103

- 135 -



FIGURE 3-95 THE SIMRAC DYNAMIC TESTING RIG (LI, 2008) .....v.ovevoveeeeeeeeeeeeeeeeeeeeeeee e 104

FIGURE 3-96 SIMRAC DYNAMIC TESTING RIG (LI, 2008) ......cooviivireereeieeeeeeeeeeeeeeeeeeeeeee e 104
FIGURE 3-97 THE TEST FACILITY (ORTLEPP AND STACEY, 1998) .......cooviiiiieiieeceeeeeeeeeeeeeen 105
FIGURE 3-98 TESTING RIG, SHOWING THE STOPE WITH THE DROP WEIGHT TEMPORARILY BERTHED AT
THE CENTRE OF THE STOPE FLOOR (ORTLEPP, 2000) ........ccveovieviieiereeeeeeeeeeeeeeee e 107
FIGURE 3-99 TESTING RIG (CF. ORTLEPP AND SWART, 2002) .....ceeoviiiereieeeeeeeeeeeeeeeee oo 108
FIGURE 3-100 TWO DIMENSIONAL PYRAMID (ORTLEPP AND SWART, 2002).......c.ccocveveerererieennee. 108
FIGURE 3-101 TEST FACILITY (SINGH AND BUDDERY, 1983) .....cviiiiiiiiiiieieeeeceeeeeeeeeeeee 109
FIGURE 3-102 TEST FACILITY TANNANT, 1995 ....oiiiiiiiieeeeeeeeeeeeee e 110

FIGURE 3-103 PLAN AND CROSS-SECTIONAL VIEW OF THE TEST SIDE (HEAL AND POTVIN, 2007) ... 112

- 136 -



A 3 cwcomioou
yrd

?Bmﬁmd

*eDI0US

*2019 4 ypa pay
71044109 spas g0

(30vm)
ynu » 2407d + 3709 W

SSOW QY + Eﬁwyw
suoniuyag pmoddng puno.c) 10} Y23}9)S - | 9i1nso|ou]



Enclosure 2 - Standards for Support Material

Steel

Austrian standards
ONORM B 4200-7:1968 Concrete reinforcement
Content: This standard comprises the field of application, types and designations of
reinforcement, form of delivery, requirements, tests and control, procedure of tests and shape
of specimen and defects and claim. The testing methods include tests of diameter or cross-
section, gauging of elements of bond, tensile test, rebending test, bending test on welded
joints, shear test and bending test on welded knots, dynamic fatigue test and bond test.
Refers to:  ONORM B 3304:1981

ONORM B 3310:1995

ONORM B 4200-10:1996

ONORM EN 1537:2000: Execution of special geotechnical work - Ground anchors.
Content: The document refers to several European standards for steel used for the tension
member, the anchor head and the coupling element.
Refers to: EN 1993-1-1:2006

EN 1992-1-1:2009

EN 10138:2000

German standards

DIN 21530-3:2003 Mine support - Part 3: Requirements

Content: Material specifications for steel used for arch support. Chemical composition,
mechanical properties and delivery condition have to meet the values given in tables.
Refers to: DIN EN 10025:1993 Hot rolled products of structural steels

DIN 21531-1:1990 and -2 Arch supports

Content: Dimensions and material of structural steel.

Refers to: DIN 21544 Steel for underground support (remark: has been substituted by DIN
21530:2003).

DIN 488:1996,; Reinforcing steels (Part 1: Grades, properties, marking; 2: Reinforcing steel
bars; 3: Reinforcing steel in coils, steel wire; 4: Welded fabric; 5: Lattice girders; 7:
verification of weldability of reinforcing steel bars, test procedure and evaluation)

Content: The first part classifies the steel grades, deals with the requirements, manufacturing,
dimensions and properties. The second and third part discuss the determination of the
properties by means of tensile test, dynamic fatigue test, flexibility, surface property,
deviation form the nominal cross-section surface and the weldability. In the fourth part
requirements, manufacturing, manufacturing of welded reinforcing steel fabrics, properties
(and their determination by means of tensile test, shear strength of welded connections,
dynamic fatigue test, flexibility and bending test at welding point) and geometric properties
are defined. The following part contains details about requirements, manufacturing, material,
manufacturing for lattice girders, design, properties (and their determination by means of
tensile test and shear strength of welded connections), form and dimensions for lattice girders.
The seventh part is about the weldability.

US standards
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ASTM F 432-08 Standard Specification for Roof and Rock Bolts and Accessories
Content: Specifications for material for bolts, extensions, and threaded or threaded slotted
bars including a table with chemical requirements and a lot of references for the various
components. There are also two tables containing specific mechanical properties for various
size friction stabilizers.
Refers to: for plain bars: ASTM A29/A29M-05

for plain or deformed bars: ASTM A615/A615M-09

for tapered wedges: ASTM A47/A47M-99(2009), ASTM A220/A220M-99(2009)

for expansion shells: ASTM A47/A47TM

for spherical or bevelled washers: ASTM A47/A47M, ASTM A220/A220M

for nuts: ASTM A194/A194M-10 or A563-07.

for bolts and threaded bars for use in grouted systems: ASTM A615/A615M

for friction stabilizers: ASTM A1011/A1011M-10

for formable anchors: ASTM D 1248-05

for chemical analyses of steel: ASTM A751-08

Canadian standards
CAN/CSA-M430-90 Roof and Rock Bolts, and Accessories
Content: Requirements for the manufacturing process, the chemical composition, the
mechanical properties, dimensions, mass and permissible variations.
Chemical requirements for steel are part of the restrictions for the manufacturing process.
Refers to: ASTM A29 for plain bars

ASTM A615 for plain or deformed bars

ASTM A47 for malleable iron castings

ASTM A220

ASTM A536

ASTM A194 or A563 for nuts (for manufacturing process)

ASTM A751 for chemical analysis

British standards
BS 7861-1:2007 Strata reinforcement support system components used in coal mines
Content: The standard specifies the composition of steel used for rock bolt bars. For nut,
conical seat and domed washer plate material properties are contemplated (electrical
resistance, fire resistance for domed washer plate, form, breakout facility for nut).
Refers to: BS EN ISO 4034

BS EN 13463-1

South African standards
SABS 1408:2002 Mechanical components for tendon based rock support systems
Content: There are no specific compositions or properties which the steel of rock bolts, rock
studs, nuts, bearing plates or washers must meet listed in the standard. The only requirements
are a homogenous microstructure and a uniform hardness.
Spherical seats, plugs and leaves (for expanding shells) can be made of steel or malleable or
spheroid graphite iron. They shall withstand 200 Nm (respectively the minimum ultimate load
of expansion shells for leaves) when the bolt or expansion shell is tensioned.
Refers to: SABS 920:2005 Steel bars for concrete reinforcement
SABS 1700-5-2:1996 Fasteners — Part 5: General requirements and mechanical
properties — Section 2: Nuts with specified proof load values — Coarse thread
SABS 1700-5-4:1996 Fasteners — Part 5: General requirements and mechanical
properties — Section 4: Nuts with specified proof load values — Fine pitch thread
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SABS 1700-5-15:2008 Fasteners — Part 5: General requirements and mechanical
properties — Section 15: Bolts, screws, studs and nuts

SANS 920:2005 Steel bars for concrete reinforcement

Content: This standard gives mechanical and physical requirements for carbon steel bars
which are to be used as reinforcement of concrete. It specifies testing methods for dimensions
and mass, tensile test, bending test, rebending test, test for deformed bars and pull-out test by
describing apparatus, test specimens and procedure of the method.

Refers to: SANS 282:2004, Bending dimensions and scheduling of steel reinforcement for

concrete.

SANS 540-1:2009 (SABS 540-1), Fibreboard products — Part 1: Uncoated
fibreboard.

SANS 540-2:2009 (SABS 540-2), Fibreboard products — Part 2: Coated
fibreboard.

SANS 1200 G:1982 (SABS 1200 G), Standardized specification for civil
engineering construction — Section G: Concrete (structural).

SANS 5863:2006 (SABS SM 863), Concrete tests — Compressive strength of
hardened concrete.

SANS ISO 6892:1998, Metallic materials — Tensile testing at ambient
temperature.

SANS ISO 9001:2008, Quality management systems — Requirements.

SANS 10100-1:2000 (SABS 0100-1), The structural use of concrete — Part 1:
Design.

SANS 10100-2:1992 (SABS 0100-2), The structural use of concrete — Part 2:
Materials and execution of work.

SANS 10144:1995 (SABS 0144), Detailing of steel reinforcement for concrete.

Concrete and Shotcrete

Austrian standards
Austrian Guidelines: Sprayed Concrete August 2006 from Austrian Society for Concrete- and
Construction Technology
Content: The standard specifies materials, requirements and procedures for mixing and
applying sprayed concrete. At the rear of the document testing and testing procedures for
constituent materials, mix and sprayed concrete are described. Parameters tested are
temperature, early strength class, compressive strength (7 and 28 days), sprayed concrete
thickness, modulus of elasticity and tensile adhesive strength to name but the most
important.
The described testing procedures cover a variety of tests for the constituent materials (i.e.
bleeding of cement, setting, strength development and loss of strength or volume
stability), the mix and base concrete without accelerator (i.e. assessment of workability
time of moist mix, testing of extended workability time of wet mix or early shrinkage
cracking), the young sprayed concrete (penetration needle method and bolt-driving
method) and the sprayed concrete (i.e. testing of compressive strength, tensile splitting
strength, for water impermeability, determination of equivalent flexural strength and
toughness, panel test or leaching of sprayed concrete).
Refers to:  ONORM B 2203-1:2001
ONORM B 2203-2:2005
ONORM B 3131:2010
ONORM B 3303:2002
ONORM B 3309: 2010
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ONORM B 3327:2001
ONORM B 4710-1:2007
EN 149:2009

EN 196 (Part 1, 2, 3, 7 and 27)
EN 197-1: 2008

EN 450: 2005 and 2009

EN 459-2:2002

EN 480 (Part 1, 2, 6, 8, 10 and 12)
EN 932-1:1997

EN 933-1:2006

EN 934-2:2009 and -5:2008
EN 1008:2002

EN 1097-3:1998

EN 1542:1999

EN 12350-5:2009

EN 12390-3:2009

EN 12504-1: 2009

EN 12620:2008

EN 13263:2009

EN 14488-1:2005

ASTM C 227-81

ASTM C 289-97

ASTM C 403-95

DIN 51302-1:2000

ISO 758:1976

ISO 1158:1998

ISO 4316:1977

ONORM B 3303:2002 Testing of Concrete

Content: The standard discusses the different types of tests, geometry and manufacturing of
the specimen, testing of fresh and hardened concrete and a test report. There are five types of
specimen: cubes, cylinder, beams, plates and prisms. The following tests determined on fresh
concrete: consistency; flow diameter; compaction; weight; contents of water; aggregates and
cement and air content. Weight, compressive strength, bending tensile strength, splitting
tensile strength, wear, elasticity modulus, frost resistance and water permeability are tested on
hardened concrete.

Refers to:  ONORM B 3220:2000

ONORM B 3313:1980 Blast furnace slags; general aspects
Content: Discussing terminology, properties (chemical and physical), production and
application, the standard also deals with testing methods. This tests are about volume stability,
frost-resistance, grain size distribution, grain shape, bulk density, moulded density and water
absorption.
Refers to:  ONORM B 3314:1980

ONORM B 3315:1980

ONORM B 3316:1955

ONORM B 3317:1980

ONORM B 3318:1980

European standards
EN 206-1:2005 Concrete - Part 1. Specification, performance, production and conformity
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Content: The standard comprises the field of application, terminology, classification, concrete
requirements and verification, transport, production and conformity control. The latter
includes controlling properties, compressive strength and splitting tensile strength. A more
detailed description of initial testing and identity verification for compressive strength can be
found in the appendix of this European standard.
Refers to: EN 1008:2002

prEN 12390-3:2009

prEN 12620:2008

EN 13055:2004

prEN 13263:2009

prEN 13577:2007

prEN 13791:2007

ISO 2859-1:1999

ISO 3951:2005

ISO 4316:1977

ISO 7150-1:1984

ISO 7980:1986

DIN 4030-2:2008

ASTM C 173-09

OIMLR 117

90/384/EWG

EN 934-2:2009 Admixtures for concrete, mortar and grout - Part 2: concrete admixtures -
Definitions, requirements, conformity, marking and labelling
Content: The standard is organized as follows: field of application, terminology,
requirements, sampling, control of conformity, evaluation of conformity and marking and
labelling. The part 'requirements' covers general and specific requirements and disposal of
hazardous substances.
Refers to: EN 934-1:2008, -3:2009, -4:2009, -5:2008, -6:2006

EN 480:2005

EN 934-5:2008 Admixtures for concrete, mortar and grout - Part 2: concrete admixtures -
Definitions, requirements, conformity, marking and labelling
Content: The documents comprises the field of application, general and specific terminology,
general and specific requirements, sampling, control and evaluation of conformity and
marking and labelling. Testing methods discussed in this standard are testing of reference
concrete (cement content, grains, consistence, compressive strength) and testing of adhesive
tensile strength).
Refers to: EN 934-1, -2, -3, -4, -6

EN 480

EN 12504-1:2009 Testing concrete in structures

Content: This standard is organized in four parts. Part 1 covers cored specimens, part 2 non-
destructive testing, part 3 determination of pull-out strength and part 4 determination of
ultrasonic velocity. The first part discusses taking and examine cored specimens and testin in
compression.

EN 13791:2007 Assessment of in-situ compressive strength in stuctures and precast concrete
components

Content: As suggested by the title, this standard deals with testing method for determining the
compressive strength of concrete in structures or precast concrete products.
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EFNARC

European Specification for Sprayed Concrete, 1996

Content: In addition to definitions, constituent materials, requirements for concrete

composition, requirements for durability, mix composition, execution of spraying,

requirement for final product, quality control and health and safety this standard deals with
test methods and test procedures. The test methods cover testing of compressive strength and
density, testing of flexural strength and residual strength (third-point loading), determination

of energy absorption class (plate test), modulus of elasticity, bond strength (by means of a

core pull and direct tension testing), permeability, frost resistance and determination of the

fibre content of sprayed concrete.

The document also includes test procedures for determination of setting time, compressive

strength and tensile bond strength between layers and at interface with substrate.

Refers to: EN 197-1:2008 Cement; Composition, specifications and conformity criteria
EN 206-1:2005 Concrete - Performance, production, placing and compliance
criteria
EN 450-1:2009 Fly ash for concrete - Definitions, requirements and quality
control
EN 934-2, -5 and -6 Admixtures for concrete, mortars and grouts (Part 2:
Concrete admixtures - definition, specification and conformity criteria; Part 5:
Sprayed concrete admixtures - definition, specification and conformity
criteria; Part 6: Sampling, quality control, evaluation of conformity and
marking and labelling)

EN 1008:2002 Mixing water for concrete

EN 1504 Products and systems for the protection and repair of concrete
structures

EN 1542:1999 Products and systems for the protection and repair of concrete
structures - Test methods - Measurement of bond strength by pull-off

EN 4012:2005 Testing concrete - Determination of compressive strength of test
specimens

EN 6275 Testing concrete - Determination of density of hardened concrete

EN 6784:1982 Testing concrete - Determination of static modulus of elasticity in
compression

EN 7031 Testing concrete - Determination of the depth of penetration of water
under pressure

EN 7034 Testing concrete - Cored specimens - Taking, examining and

testing in compression

EN 10080:2005 Steels for Reinforcement of Concrete. Weldable, ribbed
reinforcing steel B 500. Technically delivery conditions for bars, coils and welded
fabric

EN 10138:2000 Pre-Stressing steel, Part 1 - Part 5

ASTM C 666-03 Test Method for Resistance of Concrete to Rapid Freezing and
Thawing

ASTM C 672-03 Scaling Resistance of Concrete Surfaces Exposed to Deicing
Chemicals

ASTM A 820-06 Specification for Steel Fibres for Fibres-Reinforced Concrete
SS 137244 Betongprovning - Hardnad betong - Frostresistens

US standards
ASTM C39-09 Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens
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Content: The test method suggests to apply a compressive axial load to special specimen
(moulded cylinders or cores) at a distinct rate until fracture. Then the compressive strength of
the specimen can be calculated.
Refers to: ASTM C 31-09

ASTM C 42-04

ASTM C 192-07

ASTM C 617-09

ASTM C 873-04

ASTM E 4-09

ASTM E 74-06

ASTM C42/C42M-04 Standard Test Method for Obtaining and Testing Drilled Cores and
Sawed Beams of Concrete
Content: The standard states that a core drill is needed to obtain specimen for testing the
compressive strength and a saw for the preparation of beams to test the flexural strength. The
testing procedure is described elsewhere (ASTM C 39 for compressive strength and ASTM
4609 for flexural strength).
Refers to: ASTM C 39-09

ASTM C 78-09

ASTM C 116-90

ASTM C 174-06

ASTM C 192-07

ASTM C 496-04

ASTM C 617-09

ASTM C78-09 Standard Test Method for Flexural Strength of Concrete (Using Simple Beam
with Third-Point Loading)

Content: The standard describes the test apparatus (Figure 0-1), test specimen, testing
procedure and calculations.

iaad of Testing Machine
Optional Positions For One Steel Rod

Steel Ball 8 One Steel Ball
1= In. min. ~ "j t {=In. min.
| ™~ .
L ) Load-applying and support
d= 35 Specimen . blochks,
- 1 Steel Rod Steel Ball~ (_.
\W=a Rigid loading structure
i t:_ or,if it is a loading
| accessory, Steel Plate
L L i L or Channel,
Bed of 3 T 3

, . 3
Testing Machine Span Length, L

Figure 0-1 Testing the flexural strength (ASTM C78-09)

Refers to: ASTM C 31-09
ASTM C 192-07
ASTM E 4-09

ASTM C143-10 - Standard Test Method for Slump of Hydraulic-Cement Concrete
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Content: The described procedure can be used in laboratory as in-situ. For the procedure a
special mould is needed. These mould shall be placed on a flat surface and filled in layers
with the concrete to be tested. Each layer shall be rodded. After removing the mould the
vertical displacement of the centre of the top surface of the specimen shall be measured.
Refers to: ASTM C 172-08

ASTM C192-07 Standard Practice for Making and Curing Concrete Test Specimens in the
Laboratory
Content: The document comprises equipment, shapes and sizes of specimen, preparation of
materials and procedures to create and cure the specimen.
Refers to: ASTM C31-09

ASTM C33-08

ASTM C70-06

ASTM C125-09

ASTM C127-07

ASTM C128-07

ASTM C138-09

ASTM C143-10

ASTM C172-08

ASTM C173-09

ASTM C231-09

ASTM C330-09

ASTM C470-09

ASTM C511-09

ASTM C566-97

ASTM C567-05

ASTM C617-09

ASTM D448-08

ASTM C231-09 Standard Test Method for Air Content of Freshly Mixed Concrete by the
Pressure Method
Content: The standard describes the equipment needed (air meters, as shown in Figure, and
accessories), the act of calibration, determination of aggregate correction factor, preparation
of the concrete test samples and the procedure for determining the air content of the concrete.
Thereby the testing procedure consists of measuring the change in volume of the concrete
with a change in pressure.
Refersto ASTM C138-09

ASTM C143-10

ASTM C172-08

ASTM C173-09

ASTM C192-07

ASTM C 403-08 Standard Test Method for Time of Setting of Concrete Mixtures by
Penetration Resistance
Content: The method suggests to obtain a mortar sample by sieving and positioning fresh
concrete in a box. After storage the resistance of the mortar to penetration by standard needles
is observed in distinct intervals. From the resistance-time plot the initial and final setting time
can be calculated.
Refers to: ASTM C143-10

ASTM C172-08

ASTM C173-09

ASTM C231-09
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ASTM C670-03
ASTM E1-07
ASTM E11-09

ASTM C805-08 Standard Test Method for Rebound Number of Hardened Concrete

Content: The standard deals with the apparatus (rebound hammer), the test area (selection and
preparation of the test surface), the testing procedure and the calculation.

Refers to: ASTM E177-08

ASTM C 1550-05 Flexural Toughness of fibre reinforced concrete (using centrally loaded
round panel)

Content: "Molded round panels of cast fiber-reinforced concrete or fiber-reinforced shotcrete are subjected to
a central point load while supported on three symmetrically arranged pivots. The load is applied through a
hemispherical-ended steel piston advanced at a prescribed rate of displacement. Load and deflection are
recorded simultaneously up to a specified central deflection. The energy absorbed by the panel up to a specified

central deflection is representative of the flexural toughness of the fiber-reinforced concrete panel." (ASTM C

1150)

Refers to: ASTM C31/C 31M-09
ASTM C125-09
ASTM C670-03

Canadian standards
CSA A23.1/423.2-09 Concrete materials and methods of concrete construction/Test methods
and standard practices for concrete
Content: The combined standards cover on the one hand requirements for materials and
methods of construction cast-in-place, residential and precast concrete in the field, including
conventionally reinforced elements and on the other hand basic test methods for hardened,
freshly mixed concrete and concrete materials. The testing methods include testing methods
for aggregates, concrete and dimensions.
Refers to:  CAN/CSA A23.2-09
CSA A23.4-09 for prestressed, post-tensioning products and precast concrete used
in segmental construction.

British standards

BS 1881-124:1988 Testing concrete - Part 124: Methods for analysis of hardened concrete
Content: The standard describes the assembling procedures, treatment of samples, and
analytical methods to be used on a sample of concrete to determine the cement content,
aggregate content, aggregate grading, original water content, type of cement, type of
aggregate, chloride content, sulphate content, and alkali content.

The procedures apply to concretes made with Portland cements and, in favourable
circumstances, containing ground granulated blast-furnace slag.

South African standards

SANS 5861:2006 Concrete tests - Mixing fresh concrete in the laboratory

Content: The SANS 5861-series consists of three parts. Part one deals with mixing of fresh
concrete in the laboratory, part two with sampling of freshly mixed concrete and the third part
with making and curing of test specimens. The first part discusses basic methods of batching
prepared materials and mixing fresh concrete in the laboratory. The second part describes test
procedures for sampling freshly mixed concrete, delivered in measurable quantities to a site or
mixed in laboratory. The third part covers making and curing of test specimen. They can be in
shape of cubes, cylinders or prisms.
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Refers to: SANS 5862-1:2006 Concrete tests - Consistence of freshly mixed concrete -
Slump test
SANS 195:2006 Sampling of aggregates

SANS 5862:2006 Concrete tests - Consistence of freshly mixed concrete
Content: The SANS 5862-series holds four parts. Every part describes a particular test to
determine the consistence of freshly mixed concrete either in the laboratory or on site. The
first two parts deal with test methods for determining the slump (part one) or flow (part 2) of
freshly mixed concrete. The third part specifies the Vebe test. This test is meant to measure
the consistence of concrete of low workability. Thereby the settling time of concrete, shaped
like a frustum, in a container is measured, when a standard vibration is applied. The fourth
part discusses two methods to determine the degree of compactibility. Therefore the
compacting factor and the compaction index are measured.
Refers to: SANS 5861-1:2006

SANS 5861-2:2006

SANS 5863:2006 Concrete tests - Compressive strength of hardened concrete
Content: As suggested by the title, this standard comprises test methods and procedures to
determine the compressive strength of specimen of hardened concrete.
Refers to: SANS 5861-2:2006
SANS 5861-3:2006

SANS 5864:2006 Concrete tests - Flexural strength of hardened concrete
Content: For determining the flexural strength, two different procedures are described in this
standard: The two-point loading method, where a constant bending moment is applied along
the centre of the test specimen, and the centre-point loading method.
Refers to:  SANS 5861-1:2006

SANS 5861-2:2006

SANS 5861-3:2006

SANS 5863:2006

SANS 5865:1994 Concrete tests - The drilling, preparation, and testing for compressive
strength of cores taken from hardened concrete

Content: This standard adheres to a test procedure for taking cores from hardened concrete,
preparing this samples for testing and determining the compressive strength.

Refers to:  SANS 10100-2:1992 The structural use of concrete Part 2: Materials and
execution of work

SANS 6085:2006 Concrete tests - Initial drying shrinkage and wetting expansion of concrete
Content: The document covers a test to determine the initial drying shrinkage and wetting
expansion of specimens, taken from freshly cast concrete. This standard is not valid for
precast concrete products, hardened or matured concrete or for concrete with expansion-
inducing agents.
Refers to: SANS 5860:2006

SANS 5861-1:2006

SANS 5861-2:2006

SANS 6250:2006 Concrete tests - Density of compacted freshly mixed concrete and SANS
6251:2006 Concrete tests - Density of hardened concrete

Content: This standards describe a test method for determining the density of compacted
freshly mixed concrete (SANS 6250) respectively of hardened concrete (SANS 6251).
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Refers to: SANS 5861-1:2006
SANS 5861-3:2006

Resin

Austrian standards

ONORM EN 1537:2000: Execution of special geotechnical work - Ground anchors.
Content: The standard states, that resins can be used for ground anchors when there is a
proper system testing to prove their applicability. However, laboratory and in-situ tests have
to be conducted to test their mixture, setting time and behaviour.

US standards
see US standards for grout

British standards
BS 7861-1:2007 Strata reinforcement support system components used in coal mines
Content: Specifies the capsule material and size. The standards discusses the shelf live of
resins and gel and setting times of mixed resin. It includes tests for determining the
mechanical performance like uniaxial compressive strength, elastic modulus and resistance to
creep.
Refers to: BS EN ISO 7500-1:2004

BS 6319-1, 2:1983

South African standards
SABS 1534:2004 Resin capsules for use with tendon based support systems
Content: This standard specifies the capsule dimensions and types. The capsules shall be
tested in accordance to this standard. The tested parameters are rigidity, pull test, shear
strength, set time, flash point, viscosity, resin mastic content of capsules and storage stability.
Testing the length is done from clip to clip with a metal ruler, the diameter is measured with a
GO-NO-GO gauge and the freedom from leakage with a special apparatus. Latter has to have
a flat surface, where the capsules are laid on. On the capsules aluminium plates and mass
pieces are positioned. After a certain time the specimen are inspected - no leakage of resin
mastic or catalyst must occur. The rigidity test is done by inserting the capsule in a steel
tubing at 45 degrees and checking if the sheath does not kink. For the shear strength test
specimens are prepared by means of washers. A special apparatus (with a punch, a loading
device and a die) is needed. The resin is mixed, cooled and tested to fracture within 15 s to 45
s by applying a constantly increasing force on it. The maximum force of six specimen is
recorded and used to calculate the shear strength.
The set time is determined by filling a plastic cup with resin mastic and catalyst, separated by
a film, then mixing the two components and measuring the time until setting occurs. The flash
point test is based on modificated IP method 303. The pull test needs a concrete block with a
bore hole (down with rotary hammer drill) in the centre. The hole is filled with water and then
dried with compressed air. The test bar must not be pulled out more than 11 mm when a load
of 100 kN is applied for 5 minutes. Determining the viscosity is done in a plastic syringe with
a pipeline viscometer. The resin mastic content of a capsule is designated by weighting the
resin mastic, the catalyst and the remaining film of the capsule and calculating the content.
Refers to: IP method 303

BS 5080-1:1993
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Grout

German standards

DIN 21521-2:1993 Rock bolts for mining and tunnel support; general specifications for steel-
bolts, tests, testing methods

Content: The components of the grout have to be content of the installation instruction. Grout
has to meet the requirements given in the proper standard for the specific grout.

European standards
EN 445-2008 Grout for prestressing tendons - Test methods
Content: The document is organized as follows. Field of application, terminology, testing of
grout for prestressing tendons, sieving test, determination of flowability, settling test in
inclined pipe, settling test in vertical pipe, determination of compressive strength and
determination of density.
Refers to: EN 13670:2010

EN 1992:2009

EN 446:2008

EN 447:2008

US standards

ASTM F 432-08 Standard Specification for Roof and Rock Bolts and Accessories

Content: The ASTM describes laboratory tests for determining the strength index for
chemical grouting materials and for determining the speed index. Furthermore the cartridge
equivalent length requirements are discussed.

British standards
BS 7861-1:2007 Strata reinforcement support system components used in coal mines
Content: The standard specifies requirements for grout, such as shelf life, gel and setting
times, UCS, elastic modulus and resistance to creep. Tests for the last three parameters are
described very detailed in the annexes. Furthermore material, size and packaging of the
capsules are defined.
Refers to: BS 6319-1:1983

BS 6319-2:1983

BS EN ISO 7500-1:2004

South African standards

SABS 1745:2003 Cementitious grouting capsules for use with tendon-based support systems
Content: This standard contains several test methods. Furthermore it defines cement and
additives and the sheath, which shall be made of water-permeable material, using ISO 3781
for testing. The test parameters are dimensions (length and diameter), wetted volume yield,
initial setting time (pot life) and final setting time, pull-out strength, grout mix volume
expansion, compressive strength, long-term soundness, formulations and storage stability. The
dimensions are determined using a metal ruler for measuring length and circumference of an
empty sheath slice for calculating the diameter. To define the mixing of grout a measuring
cylinder, a mass meter and a Hobart-type planetary mixer are used. The wetted volume yield
is designated by determining the yield per capsule by mixing the grout, pouring it into a
measuring cylinder and measuring the volume. The grout mix volume expansion is measured
according to ASTM C 827. To determine the pull-out strength a steel tube is filled with grout
and a threaded bar is inserted centrally with the threaded end out of the grout. The assembly is
positioned in a hydraulic ram and a specific load is applied on the bar to pull at it. If so
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required by the purchaser, the test is continued until failure. The compressive strength is
determined according to SANS 5863.
Refers to:  SANS 50197-1:2000

BS 915-2:1972

SANS 1491-1:2005, -2:2005, -3:2006

SANS 5863:2006

ISO 3781:1983

SANS 4788:2009

SANS 50196-1:2006

ASTM C 827-01
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Enclosure 3 - List of Performance Tests

Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report
Rock bolts
Shear tests to determine strength and deformation behaviour
BS 7861 grouted bolt Standardisation | 10 N/mm? | 29 steel frame
Bartels and grouted bolt Evaluation of 203.37 Nm | 30 Rock block
Pappas, 1985 roof bolt
Wittenberg, grouted bolt Bolt behaviour 30 Hexagonal blocks,
1995 several inclinations
Deangeli, grouted bolt Comparison of 31 0.3*0.3*0.8 m,
Ferrero and different several materials
Pelizza, 1995 rock/bolt types
DIN 21521 mechanical Standardisation 32 Concrete blocks
anchor
Grasselli, grouted bolt Bolt behaviour | 1000 kN 33 0.1*0.6*0.6 m
Kharchafi, and friction concrete blocks
Egger, 1999 bolts
Shear tests to determine mode of action of the support unit
Bjurstrém, grouted bolt Determine 0.15 33 Block: Rock,
1974 shear mm/min. 0.25*0.4 m
behaviour of
bolted and
unbolted rock
Haas, 1981 grouted bolt evaluate 34
effectiveness of
various bolt
types in
resisting shear
under verious
conditions
Ludvig, 1983 grouted bolt Bolt's influence 34 Rock blocks
and friction on joint shear
bolts strength
Schubert, grouted bolt Bolt behaviour 37 Concrete or rock
1984 blocks
Egger and mechanical Bolt behaviour | 0.7-2 MN 38 Concrete blocks
Zabuski, 1991 | anchor
Ferrero, 1994 | grouted bolt Bolt behaviour 38 0.3*0.4*0.8 m blocks
Stjern, 1995 all types Bolt behaviour | 500 or 300 | 39 0.95*0.95*0.95 m
kN concrete blocks
Jalalifar, Aziz | grouted bolt Bolt behaviour | 500 kN 40 0.6*0.15*0.15 m
and Hadi, concrete blocks
2004
Pull tests to determine strength and deformation behaviour
BS 7861 grouted bolt Standardisation 42 specific apparatus
DIN 21521 grouted bolt Internal bond 43 steel cylinder
ONORM EN grouted bolt Standardisation 43 3 different methods
ISO 22477-5
ASTM D 4435 | all types Measure 2.2kN 44 in situ
ultimate increments
capacities
ISRM 2007a all types Determine 5-10 45 in situ
strength kN/min
ISRM 2007b all types Determine 46 non-destructive
tension
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Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report

Franklin and all types Evaluate 46 rock, in-situ
Woodfield, strength,
1971 slippage and

loss of

resistance
Ballivy and grouted bolt Bolt behaviour | 45 kKN/min | 48 Lab and field;
Martin, 1983 (in field) cylindrical and cubic

samples

Bartels and grouted bolt Evaluation of 20t 48 with bearing plates
Pappas, 1985 bolt elements
Pettibone, grouted bolt Bolt behaviour | 1.63t 49 concrete blocks and
1988 in situ
Goris, 1991 cable bolt Bolt behaviour | 181.44 t 49 Cable bolt
Bawden, Hyett | cable bolt Bolt behaviour | 0.215-0.3 | 49 For cable bolts;
and Lausch, mm/s special pulling pipe
1992
Hassani and cable bolt Bolt behaviour | 1 mm/min | 50 Cable bolt
Khan, 1993
Hyett et al., cable bolt Failure 51 Modified Hoek cell
1993 mechanisms
Stjern, 1995 grouted bolt Bolt behaviour | 30 kN/min | 51 hollow steel cylinder
Wittenberg, grouted bolt Bolt behaviour 52 Used special
1995 mountain-pipes
Réck, Schwab | grouted bolt Bolt behaviour | 0.012 53 steel pipe
and Blumel mm/min
Atlas Copco, Bolt Bolt behaviour 53 Different types of
1998 tests
Wittenberg, grouted bolt Test external 54 Uses special pipe
1999 bond
Moosavi, cable bolt Bolt behaviour 55 Modified Hoek cell
Bawden and
Hyett, 2002
Kilic, Yasar grouted bolt Bolt behaviour | 8-kN steps | 55 rock block
and Aziz,
2003
CANMET Pull | grouted bolt Bolt behaviour | 325 kN 55 steel tubes
Test
Pull tests to determine mode of action of the support unit
Pells, 1974 grouted bolt Bolt behaviour 57 rock blocks
Serbousek grouted bolt Bolt behaviour 57 concrete blocks
and Signer,
1987
Signer, 1990 grouted bolt Load transfer 581 58 in situ

mechanics
Fabjanczyk grouted bolt Bolt behaviour 58 In metal cylinder
and Tarrant,
1992
Hyett et al., Cable bolt Bolt behaviour 58 for cable bolts
1993
Stillborg, 1993 | all types Load- 3.6 59 also for several bolts

deformation mm/min

characteristics
Ohtsu, Study fracture 60 concrete blocks
Shigeishi and zone
Chahrour,
1995
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Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report
Benmokrane, grouted bolt Long-term 60 Surface mounted
Chekired and performance gauges
Xu, 1995
VandeKraats cable bolt Bolt behaviour | 530 kN 61
and Watson,
1996
Galvin et al., grouted bolt Bolt behaviour 1-7.5 61 special lathe
2001 MPa/mm
Hagan, 2004 grouted bolt Test loading of 62 concrete in biaxial
embedded cell
anchor length
Satola, 2007 grouted bolt Bolt behaviour | 350 kN 62 double pipe system
Simser et al., grouted bolt Bolt behaviour 63 Ploughing of cone
2007 observed
Overcoring technique
Jirovec, 1995 Bolt Bond 63
Varden and Bolt Bond 60 kN (lab) | 63
Villaescusa,
2005
Villaescusa, Bolt Performance of 64
Varden and grouted bolts
Hassell, 2008
Monitoring and non-destructive testing
ASTM D4436 Bolt Lon-term load 65
evaluation
Thurner, 1983 | Bolt Bond 66 Boltometer
Backblom, Bolt Bond 66 GRANIT system
2009
Reuther and Bolt Evaluate 67 Slit nuts
Heime, 1990 condition
Dejean and Bolt Evaluate 67 Calibrated end-
Raffoux, 1980 condition plates
Bigby, 1997 Bolt Evaluate 67 Dual Height Telltale
condition
Beard and Bolt Evaluate 68
Lowe, 1980 condition
Jasarevic et Bolt Long-term 69 Also as pull out test
al., 1984 control
SMART Bolt Long-term 69 Cable bolt
control
Daws, 1992 Bolt Long-term 69
control
Bolstad, Hill Bolt Bond 69 Roof bolt grout bond
and Karhnak, tester
1983
Wang and Bolt Evaluate 70
Wang, 2001 condition
ISRM Bolt Measure load 70
DIN 21521 Bolt Bond and 71 several methods
strength
TSL
EFNARC TSL Standardisation 71 Block Support Test
of properties
Yilmaz, Sydam | TSL Standardisation 73 Adhesion, pull,
and Toper, of properties baggage capacity,
2003 punsh and

compression test
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Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report

Toper et al., TSL Standardisation 78 Link to standards

2003 of properties

Yilmaz, TSL Standardisation 78 Torque test

Saydam and of properties

Henderson,

2003

Saydam, TSL Standardisation 80 Double sided shear

Yilmaz and of properties strength test

Stacey, 2003

Archibald, TSL Standardisation 81 Compression test,

2001 of properties flammability test

Spearing and TSL Standardisation 82 Referred to

Champa, 2000 of properties standards

MBT TSL TSL behaviour 82

Membrane

Displacement

Test

INCO/GRC TSL TSL behaviour 83

Membrane

Test

CANMET TSL TSL capacity 83

Membrane

Test

Arch support

DIN 21530-4 Arch Standardisation 84 Test arch and
connections
(separately)

Other

Grimm, 1995 Bolt Test corrosion 86 electric

ONORM EN Bolt Test corrosion 87 electric

1537

Hyett et al., Bolt/grout Penetration of 87 Cable bolt

1993 grout

BS 7861 Bolt and Behaviour 87

accessories

Shotcrete

Malmgren, Shotcrete Study 88

2005 interaction

shotcrete/rock

Drop facilities

ASTM D 7401 Bolt 89 auch pull test

Player, Support unit Capacity under 89 Momentum transfer

Villaescusa dynamic concept

and loading

Thomposn,

2004

Thompson, Support unit Capacity under 90

Player and dynamic

Villaescusa, loading

2004

Ortlepp and Bolt Capacity under | 1048 or 91

Stacy, 1998 dynamic 2706 kg

loading drop mass

Gaudreau, Bolt Capacity under | 1tfrom2 | 91

Aubertin and dynamic m

Simon, 2004 loading
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Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report
Ansell, 2005 Support unit Capacity under 92
dynamic
loading
SRK Support unit Capacity under 92
dynamic
loading
Terratek Bolt or prop Capacity under | 30 92
dynamic mm/min.
loading
INCO/GRC TSL TSL behaviour 93 dynamic testing
Membrane arrangement
Test
WASM Bolt Capacity under | 36 kJ 93 steel cylinders
dynamic
loading
CANMET Bolt Capacity under | 58.8 kJ 93
dynamic
loading
MIRARCO Screen Evaluate 565 kg, 3 95 for mesh
behaviour m
CANMET- Bolt Capacity under | 6.5 m/s 95
MMSL dynamic
loading
DMT Bolt Capacity under 96
dynamic
loading
Charette, 2007 | Bolt Capacity under 97
dynamic
loading
GRC Bolt Demonstrate 97
influence of
multiple impact
loading
Static support system testing
Bolstad, Hill Roof-bolt Verify FEM 98
and Karhnak, system analysis
1983
Tinceling and Bolt/Rock Effect of bolting 99 compressive test
Sinou, 1980 on specimen
Woullschlager Bolt/Rock Influence of 99 compressive test
and Natau, bolt density
1983
ISRM Rock Evaluate 100
anchorage capacity
Khair, 1983 Bolts Evaluate 101 Truss bolt
behaviour
Witthaus, 1995 | Bolt Deformation 102 in situ
rock - bolt
behaviour
Wittenberg, Bolt Deformation 102 in situ
1998 rock - bolt
behaviour
Grasselli, 2005 | all types Relation 102 1*0.6*0.6 m concrete
inclination and blocks
shear
behaviour
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Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report
Backblom, Bolt Load on bolt 102 Observe plate
2009
Dynamic support system testing
Buckling plate | TSL, Evaluate 103 surface support
test Shotcrete behaviour
SIMRAC Support Evaluate 7.67 m/s 104
system behaviour
Ortlepp and Support Capacity under | 8 m/s 105
Stacey, 1998 system dynamic
loading
SRK drop Support Determine 8 m/s 106 Can also be used
weight system performance with wedge-block
GRC Support Capacity under | 8.8 m/s 106
system dynamic
loading
Ortlepp, 2000 Support Capacity under | 7.7 m/s 107
system dynamic
loading
Ortlepp and Support Capacity under | 7.7 m/s 108 Upgraded rig from
Swart, 2002 system dynamic Ortlepp, 2000
loading 2-dim pyramid
Static testing of support system and rock mass
Instrumented Bolt Long-term 109
bolts behaviour
Singh and Bolt Mechanical 109 in special test drive
Buddery, 1983 performance pullout tests
and efficiency
of anchorage
combos
Tannant, 1995 | Bolt Bolt behaviour | 300 kN 110 Over several years
Simulated rockbursts
Bajzeli, Likar Bolts Dynamic bolt 111
and Zigman, behaviour
1995
Hagan et al., mesh and Dynamic 50 MPa 111
2001 lacing behaviour of
support
Haile and bolts relation to PPV 111
LeBron, 2001
Player, Morton, | Mesh Dynamic 0.5-1t 112
Thompson and behaviour of
Villaescusa, mesh
2008
Heal and Support Dynamic 112
Potvin, 2007 system/Rock | behaviour
mass
GRC CANMET | Support correlation 112
Lab system/Rock | between PPV
mass and strain in
bolt
GRC Bousquet | Support Compare 113
#2 system/Rock | performance of
mass different
systems

E3-VI




Name, Year Tested unit Object Capacity Page in Remark
or rate Main Report
CSIR Kopanag | Support Influence of 113
Test system/Rock | suppport on
mass rock, calibrate
programs,
study fracturing
process
INCO TSL, Compare 113
shotcrete/rock | different
mass systems
Queen's Support Compare 113
University system/Rock | capabilities of
mass different
systems
University of Support Direct 113
Western system/Rock | comparison of
Australia mass different
systems
Falconbridge Support Compare 114
system/Rock | different
mass systems and
calibrate
numerical
model
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