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A combination of two effects can explain the results: for a closer bulb spacing:
(i)
(ii)

the proportion of the cable comprised of plain cable which has a lower bond
strength (and stiffness) is reduced, and
(ii) the distance between the exit point and the first bulb is reduced, and hence that
first bulb acts sooner during a test.

However, the authors believe as shown in the figure above, that there is a limit to how
close together the bulbs should be positioned. For a 200mm bulb spacing there is very
little plain cable between bulbs. Results indicate, that this may instigate a change in the
mechanics of bond failure.
For bulb frequencies higher than 3m--1 (i.e. bulb spacings greater than approx. 12"), 6mm
of exit point displacement was required to mobilize 240kN, resulting in an average
stiffness of 40kN/mm. For bulb frequencies lower than 3m-1 (i.e. bulb spacings less than
approx. 12"), in addition to bulb spacing, the stiffness was dependent on both the
embedment length and the radial stiffness of the confining medium.
These results suggest that the Garford bulb requires a definite amount of relative slip
with the cement in order to mobilize bond strength. This implies that there is an upper
limit to the bond stiffness of a Garford bulb cable bolt. Comparable tests indicate that this
stiffness is similar to that of a cement grouted 1" rebar.
Implication for the design of point anchored bolts

The concept of transfer length (lt) is widely used in civil engineering, especially
applications in which pre-tension or post-tension is applied to the strand. Transfer length is
defined as : the length of bond required to transmit the applied tensile load from the
member to the grout. It is the distance along the bonded section at which the tensile stress
in the member is less than a specified value (usually 1% of the applied axial load).
Farmer(1975) suggests that "the transfer length is equivalent to the optimum design length
for the fixed anchorage". For the application of point anchored strand bolts we introduce
the concept of a critical transfer length defined as that length of bond which ensures that
when the ultimate capacity of the bolt is reached, no significant movement of the bolt
has occurred at the toe of the bolt. It is important to distinguish between critical transfer
length and the critical embedment length defined as the minimum length of bond
necessary to ensure that the ultimate capacity of the bolt is attained. The latter does not

specify how much bond slip is allowed.
Based on the test results in this paper, for point anchored applications, for Garford bulb
spacings greater than 300mm we recommend the relation:
Critical Transfer Length = 2 x Garford Bulb Spacing x FOS

2. Introduction
Previous research (Fuller and Cox, 1975; Stilborg, 1984; Goris, 1990; Hyett et al., 1992, Kaiser et
al., 1992) has established that for short bond lengths (typically 250mm), the pull out force for
conventional 7-wire strand varies as a function of the grout properties, the rock mass properties and
mining induced stress changes.
Hyett et al. (1995) conducted pull tests with a single 25mm Garford Bulb grouted midpoint along a
300mm embedment length. Loads close to, or in excess of, the ultimate capacity of the cable were
attained under a variety of different radial confinements and grout qualities. This established that the
effect of the bulb structure was to significantly increase resistance to pullout and the corresponding
bond strength.
During the Garford Bulb manufacturing process it is possible to vary the spacing between bulbs.
Hedrick (1995) proposed the bond stiffness during pullout will increase as the spacing between
bulbs is reduced. With the exception of a small number of twin strand pull tests conducted by Strata
Control (Garford, 1990) using embedment lengths up to 500mm (aprox 20"), no quantitative data
suitable for engineering is available on this effect. This report describes a comprehensive test
programme to investigate the effect of bulb spacing on the bond stiffness of Garford bulb cables.
The data generated will provide a rational basis for the design of cable bolt patterns with different
bulb spacings.
3. Laboratory Test Procedure.

The principal test parameters to be investigated were:
(i)
(ii)
(iii)

Garford bulb spacing (200mm, 300mm, 450mm, 900mm, plain)*;
(ii) embedment length (600mm, 900mm and 1800mm);
(iii) radial stiffness of the confining medium (Sch. 80 steel pipe, Sch. 80 Aluminum pipe);

resulting in a test matrix comprising 75 tests (Table 1). The ranges selected for each parameter were
based on the results from a preliminary test programme. Figure 1 shows the configuration of the
bulbs along the test samples for each of the test series.

*Since the test program was being conducted in N. America where the mining industry still uses
Imperial units the bulb spacing and embedment lengths were actually specified in inches. To round
of the corresponding metric values, and so improve readability, a conversion factor of 1"=25mm
has been used throughout this report

4. Pull test results
The detailed pull test results are shown in Appendix A. The upper plot shows axial load (kN) versus axial
displacement at the exit point (mm); the lower plot entry point displacement (LVDT 2 - mm) versus exit
point displacement (LVDT I - mm).
These results have been averaged in Figure 4 . The test series and the number of bulbs along the embedment
length (in parenthesis) are indicated. Rupture of the cable always occurred at the barrel and wedge grip. It was
observed that the bolt was likely to rupture at any time after the onset of cable yielding, which corresponds to
a definite reduction in stiffness above 240-250kN. As expected, for all of the Garford bulb samples, axial
loads exceeding the cable capacity were attained.
4. I Bond Stiffness
Figure 4 indicates that the cable bolt stiffness was almost independent of test parameters for loads less than
70kN. Above this , the rate of load increase, which progressively decreases during a test, was higher for:
(i)
closer bulb spacings* ,
(ii)
longer embedment lengths, and,
(iii)
higher radial stiffness of the confining medium.
These results are summarized in Figure 5, in which the mean (i. e. secant) bond stiffness has been plotted
against bulb frequency (fb=1/lb). The mean bond stiffness is the slope of a line joining the origin to that
point on the pull curve at which the axial load equals 240kN. i.e it is the secant stiffness over the range
0-240kN.
For bulb frequencies greater than 3m-1 (i.e. bulb spacings greater than 300mm), the mean bond stiffness is
almost independent of the test parameters. This corresponds to tests with two or more bulbs along the
embedment length. Approximately 6mm of exit point slip was required to mobilize 240kN; resulting in an
average stiffness of 40 kN/mm. This value may represent an upper limit to the attainable mean bond stiffness
using Garford bulb cable.
For bulb frequencies less than 3m-1 (i.e. bulb spacings less than 300mm), the mean stiffness depends on
both the embedment length and the radial stiffness of the confining medium. In addition, another factor
comes into play, the distance of the first bulb from the exit point. For 900mm bulb spacings the first bulb
was located 450mm from the exit point. Based on the axial stiffness of plain strand (approx.
25kN/mm/m)** , up to 4.5mm of stretch may occur along that length of plain strand, adding to the
displacement needed to mobilize 240kN, hence decreasing the stiffness.

*The only exception to this rule was Test series 1. It is proposed that the explanation for this has to do do
with the very cloase bulb spacing (200mm) for which there is almost no standard cable between the bulbs.
**For a 1 m length, a tensile load of 25kN of load will produce 1 mm of stretch.

4.2 Transfer length
The concept of transfer length (lt) is widely used in civil engineering, especially applications in
which pre-tension or post-tension is applied to the strand. Transfer length is defined as : the length
of bond required to transmit the applied tensile load from the member to the grout. It is the
distance along the bonded section at which the tensile stress in the member is less than a specified
value (usually 1% of the applied axial load). Farmer(1975) suggests that "the transfer length is
equivalent to the optimum design length for the fixed anchorage". As long as the behaviour of both
the bolt and the bolt-grout-interface remains elastic the transfer length, as defined above, does not
change with the applied axial load. However, for a strand anchorage or bolt, because of the
relatively low bond strength, a section of the bond length is likely to debond during stressing and
therefore the transfer length will depend on the design load (usually 50-75 % of the ultimate
capacity of the member). The results presented above suggest that a higher bulb frequency will
decrease the required transfer length. This can potentially reduce the required bond length for end
anchored cable bolts which are to be pre-tensioned.
Since, no entry point displacement was detected for samples with two or more bulbs along the
embedment length, by definition, for these tests lt, must be less than the embedment length
Consequently, any further increase in embedment length should not affect the pull test result,
because the additional length must not be loaded. Thus, for a 300mm bulb spacing, the response
was identical for both a 600mm embedment length and a 900mm embedment length. Although
insufficient data exists to accurately determine the critical transfer length for different bulb
spacings, as a very general rule of thumb,
lct,≅2Ib
or conservatively
lct, < 3lb
where lb is the bulb spacing.
This guideline may be used to dimension bond lengths for point anchor bolts.
Note:
It is important to distinguish between critical embedment length (lce)and critical transfer length(lct). Critical
embedment length is the minimum length of bond necessary to ensure that the utlimate capacity of the bolt is
attained. Critical transfer length is that length of bond which ensures that when the ultimate capacity of the
bolt is reached, no movement of the bolt has occured at the toe of the bolt. Critical embedment length is
always less than critical transfer length. The authors believe that (except for applications involving yielding
support) critical transfer length provides a more relavent design parameter for a point anchored bolt, since it
ensures that a proportion of the bond length is still still relatively intact, and that therefore significant slip at
the bolt-grout interface will not occur prior to the ultimate capacity being attained.

Appendix A: Individual pull test results.

Appendix B: Analytical Model for the behaviour of fully grouted bolts.

5.4 Simulation results for Garford bulb cable
To conduct similar simulations on the Garford bulb cable, the constituve parameters given in Figure 9 were
used. Since, these are based on a 300mm embedment length with a single bulb located at the midpoint, the
simulations correspond to a 300mm bulb spacing. Figure 12 is a simulation for a 900mm embedment length
pull test confined in an aluminum pipe. Figure 13 shows the distribution of axial displacement, axial force and
shear stress along the cable as axial load is progressively applied to the cable. The propagation of the bond
failure process is particularly well shown in (c). At 50kN (lowest profile) the bond is still intact, and as the
axial load is increased the point at which the bond fails migrates towards the entry point. In contrast to the
plain cable result, when the cable ruptures at 250kN the bond has still not failed along the whole embedment
length.
Figure 14 shows the results of simulated tests for different embedment lengths. Notice that:
- the effects of increasing the embedment length from 900mm to 1800mm are
negligable;
- the requirement for at least 5mm of exit point displacement to mobilise the capcity
of the cable appears to be confirmed by the simulation;
- for tests at 900mm and 1800mm the bond does not fail along the whole cable bolt length,
and for these tests very little entry point displacement is predicted.
In summary, for both the standard cable and the Garford bulb cable, the simulated load displacement response
have a strong qualitative and quantitative resemblance to the experimental pull test results. For example, in
Figure 11 the 900mm embedment length results correspond to test series H. The majority of the characteristics
including the departure from non linearity at 60kN, the curvilinear response between 1 and 5mm, the onset of
significant entry point displacement around 4-5mm all agree. Perhaps the most significant discrepancy is that
the simulation predicts some entry point displacement prior to 4mm whereas in practice none is observed.
Indeed, this discrepancy exits for all of the simulation results. At present no explanation can be offered for
this. However, by significantly dropping the modulus of the cable it is possible to obtain agreement with the
pull test results though it is difficult to justify such a change in the input parameters.
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6. Implications and Conclusions
The results for 75 pull tests demonstrate the increased bond strength and bond stiffness of fully grouted
Garford bulb cable compared to plain strand. Furthermore, the stiffness of fully grouted garford bulb cable
can be controlled by varying the bulb frequency.
The test results indicate that for loads less than 60kN, the bond stiffness was relatively independent of test
parameters. However, at higher loads, the rate of load increase during a cable pull test (i.e. the stiffness of the
grouted cable bolt) was higher for:
(i)
(ii)
(iii)

closer bulb spacings (except Test Series A)* ,
longer embedment lengths, and,
higher radial stiffness of the confining medium.

For bulb frequencies greater than 3m--1 (i.e. bulb spacings greater than approx. 12"), the amount of slip required
to mobilize 240kM was the same for all the test series. This corresponds to tests with two or more bulbs along
the embedment length. In these cases about 6mm of exit point displacement was required regardless of the test
parameters. This suggests that the bulb requires some relative slip with the cement in order to mobilize bond
strength. Furthermore, it implies there is an upper limit to the bond stiffness of a Garford bulb cable bolt.
For bulb frequencies less than 3m-1 (i.e. bulb spacings less than approx. 12"), the stiffness depends primarily
on both the embedment length and the radial stiffness of the confining medium.
No slip was detected at the entry point for samples with two or more bulbs along the embedment length. This
result corresponds to the observation that the stiffness did not increase significantly for samples with more
than two bulbs along the embedment length, since the additional bulbs must not be loaded.
These observations agree well with analytical simulations that model the propagation of bond failure along
any length of fully grouted cable. This establishes that, using input data from short embedment length tests,
it is possible to predict the behavior of long embedment lengths, such as those used in both civil
engineering and mining engineering practice.

*For Test Series A, the very close proximaty of the bulbs, resulting in almost no standard cable between
them may result in unreliable performance.
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