THE EFFECT OF BULB FREQUENCY ON THE
BEHAVIOUR OF FULLY GROUTED GARFORD BULB
CABLE BOLTS.

By:

AJ HYETT

W.F. BAWDEN

Department of Mining Engineering,
Queen's University,
Kingston,

Ontario.

K7L 3N6

MARCH 1996



EXECUTIE SUMMARY

The results for 75 pull tests demonstrate the increased bond strength and bond stiffness of
fully grouted Garford bulb cable compared to plain strand (see over). Furthermore, the
stiffness of fully grouted Garford bulb cable can be contralled by varying the bulb
frequency as shown below,
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Mean bond stiffness (kN ) versus bulb spacing.

The test results indicate that for loads less than 604N, the bond stiffness was relatively
independent of test parameters. Flowever, at higher loads, the rate of load increase during
a cable pull test (¢.2. the stiffness of the grouted cable balt) was higher for:

(f1 closer bulb spacings,
(i) longer embedment lengihs, and,
{344} higher radial stiffness of the confining medium.
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A combination of two effects can explain the results: for a closer bulb spacing:

) the proportion of the cable comprised of plain cable which has alower bond
strength (and stiffness) is reduced, and

(i) (i1) the distance between the exit point and the first bulb is reduced, and hence that
first bulb acts sooner during atest.

However, the authors believe as shown in the figure above, that thereisalimit to how
close together the bulbs should be positioned. For a 200mm bulb spacing thereis 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-" (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™ (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 dlip
with the cement in order to mobilize bond strength. Thisimplies that there is an upper
limit to the bond stiffness of a Garford bulb cable bolt. Comparable tests indicate that this
stiffnessis similar to that of a cement grouted 1" rebar.

Implication for the design Of point anchored bolts

The concept of transfer length (I;) iswidely 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 isless 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 acritical 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 dlip is alowed.

Based on the test resultsin 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



l. Glossary of Terms,

Embedment Length (10
The length of cable that is fully grouted.

Eniry Potni:
That end of the specimen at which the cable enters the grout column durng a pull test. ie the frec

end.

Fxgt Paint:
That end of the cable for which the cable exits the grout column during a pull test. fe the ced at

which load is applied.

Cahle Capacioe Fo )
The axial force required to ruptuee the cabls {aprooe. 2608 for 067 strand).

Cable Yield
Capaciny af which the load-deformation behayviour indicates a departure from linear elasticily.
(aprox 220-2404N)

Paulfonwt Force i (N
The foree applied al the exit pownt duning pullout

Cable Stiffness Ko (N mey
The relation betwern force and displacement as the cable sicetches, given by

bl
K=£’

o

wheze £, is the axial modulus of the cable and A is the nonunal cross-sectienal arca. Often quased
perfunit length m which case the unils become: LR mm

Hond 5ip wg fmm):
The relative displazement between the cable and the grout eccuring af the cable-grout interface.

Bowd Siress ¢ (AdFa):
The correponding shear siress maobilized at e cable-grout interface during pullout. For a specified
eimbedment length (L), knewing the force required for poll out (Fg), the bood strength can be

calculated as:

where £ 15 the rading of the bolt.



Cahle-Cirour Bord Stiffness or just Bord St ffress Ky (homm):
The slope of the relation between pull out force and slip at the exit point.

e B
uI:I

Crtical Embedment Length [, (m)!
The minimum embedment bength for which the cable capacaty can be mobilized durimg a pull est

Crtical Transier Lengih o fm).
The minimum embedment leagth for which, when the cable capacity can be mobilueed during a pull

test, there 15 na sipnificant movement at the entry poinl.

Radial Siiffress K, (MFPamm).
The slope of the relation bdween rmadial pressure and radial deformation for the confining medivn

Vransier Length T fm). The lenpth of fully grouted cable required to transmit the applied Toree o
the grout.

Muds Spacing ly (ml
The distance from one Crarford bulb Lo the mexl.

Baelb Frequercy fim'}

=1



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 avariety 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 arational basis for the design of cable bolt patterns with different

bulb spacings.

3. Laboratory Test Procedure.
The principal test parameters to be investigated were:

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

resulting in atest 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 |engths 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
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Figure 1. The bulh comfiguration for the diflirent test series.
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Table 1. The pull Lest programene malrix.
It sherald he pointed out that two prdentially important paramcicrs have besn sgnorcd:

{73 the prout w.e ratio (04w ¢ for all 1e51s),

mining cpertions familiac wil; cahle balling sheuld be able to routinely pump a 04 we
patio groul wiich is eegarded as providing an aptimal trade-off betwesn
pum[_ju'l_ul|T'_l,.'."ﬂ|;:|-.l.';|_'|_|i||1‘.‘-_u" and strergth

{1} the distance betwoen the exat posat and the Grst bulh;

- If acabic bolt with Garford bulbs spaced f apart was randomly Jocsied in a borehols; e
lacation of the first bulh might lic anywhere between the end of the hole and a distance {
away: the mean of this distance beng £, /2. Theretore, in this test programme bulbs were
symmetrically located along the embedment length, with the extreme bulbs located at fy /2
from the exit point and the entry point,

Fr thase test series with 600mer and 900mm embedment length, (he sctup shown in Figere *owas
wsexd. For the |500mm tests the sample was too long for the MTS machine, and the setup shown
Figure 3 had w be used. Since the objective of the experiments was 1o determine the stifThess of the
grouted cable bolt, the displacement {f.e slip) of the cable at both the exit point and the cotry praninid

were aceyuratcly measared

In case the cable should break premamrely, e LY at he entry point wag renved from the
sample when the pullout load exceeded 2004N

The samples were grouted using & 0.4 w0o mta grout (specific gravity =1.95), and pull testing
comunenced 26 days later.

e e




Figure 2. The poll test procedure in the MTS machme.
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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 a ong 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. | Bond Stiffness

Figure 4 indicates that the cable bolt stiffhess 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:

Q) closer bulb spacings* ,

(i) 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 (f,=1/1,). The mean bond stiffness is the slope of aline 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™ (i.e. bulb spacings greater than 300mm), the mean bond stiffnessis
amost 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 3mi* (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 stiffhess.

*The only exception to thisrule 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 al mlength, atensile load of 25kN of load will produce 1 mm of stretch.



Tl — —

; .o By
g— i D{PHEIE:I_
E = &
(= W
A
L4) 5 11l 15 ]
Dhsplaceie nt (mml
JHD ¢ - —— ]
|
| B3] iy
=0 I..'rf /'ftf. |~” :
1)
| |
AHL = Il.|," R e
E . IIIJ"II J______-—:— : ;
= | v IN(Plain)
L5 _|. N .__,.-"' i I:P. . l
L=}
[=] |
= ! :
_i_ L] . ¥ i
p.+ 30 40 A0

ThHisplacemen §orm)
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Fegure 5 also wwdicates that the bomd stiffness was markediy higher for the test sencs with a steel
pipe. The explanation has to do with the relative proportions of bulb and plain cable along the
sample bength. Previous research has established that standard cable 1s more sensitive to
confnerment than the CGarford bulb, For a 300ma hulb spacing plain cahle comprises around A%
of the total length: this drops tw 33% for the 450mm spacing, and to | 7% for 300mm. I other
wards, for higher bulb spacings the proportion of the cable which i susceptible to the stiffiess of
the confinement (i.¢. the plain cablc) increases, and so the eable bolt bond stiffness becomes
increasingly sensitive. Although no tasts were condoeted at differenl woe ratio grouts, the same
arpument will probably apply



4.2 Transfer length

The concept of transfer length (I;) iswidely used in civil engineering, especially applicationsin
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 isthe
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”. Aslong 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 islikely 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 I;, must be less than the embedment Iength
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 avery genera rule of thumb,

[, (Rl
or conservatively

let, < 3lp
where |, is the bulb spacing.

This guideline may be used to dimension bond lengths for point anchor bolts.
Note:

It isimportant to distinguish between critical embedment length (I)and critical transfer length(l,). 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
aways 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.



4.3 Comparizon with a cement grouted rebar,

Four tests were conducted using 25 4mm rebar grouted into a Sch. 30 Aluminum pipe. The cement
wis identical 1o that used for the cable pull tests (0.4 wec ratio, 26-28 day cure) . One end of the
rehar was threaded and a nut was used to boad the bar. Comparing the results shown in Figure 6
with Figure 4b indicates that the load-displacement response of the rebar was not significanil
different from that of the Garford bulb with a 300mm bulb spacing. The lower plot shows that for
two of the rebar tests some entry point displacement was detected. In other words the transfer
length, £, for the rebar is probably slightly longer than for the Ieen spacing Garford bulb cahle,
Thus, comparcd to a rebar, the Garford buslh exhibits a similar bond stiffness, and it appears (o
provdde 2 superior anclar,

Loud (kM)

Fauy Soplecemenl ime)
o
|

,
=1

D splacerie {mm}

Figure 6. Load vernu exit point displaccment fior a cement grouted 17 rebar.
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5 Simulation of the pull test resuffs,
5§ Bonad Srrengith and Constinehive model

Within the crvil engincening literature tests on both strand and bar are generally conduced at
emhedment lengths no more than § times the bolt diameter. The rationale in using such a short
embedment length, is that the shesar stress due Lo bond can he azsumed to be constant along the

enlipe (est section, and egqual o

where dh is the bolt diameter. Furthermore, for short embedment lengths the bond failure process

will propagate almast nstantaneais|y,

Following the precedent of Fuller and Cox {1976) the mayonty of cable bolt tosts {Groris, 1990,
Hiyett ef al . 1992; Rajaie, 1%90) have been conducted on embedded lengths of 250-200mm, or 15
20 times the diameter. Although propagation of the bond filuse process 15 nol mstantancous for
these tests, it is reasonable 1o neglect the associated variation in hond stress along the embedment
length. Applving cquation {1} to typical pull test results, the refation betwoen bond stress and axial
displacement (or slip) can be pdoalized (Figure 7) 28 an initial sull feeor slastie responss prier W
what 15 penerally calied bond firidure. though stricily speaking 15 hond preld(n, w), followed by a
sigmifeantly softer though still work Aardening response andil 3 peak bond strength (£ 18 reached
after sipnificant slipit, 20mm). Thereafter, the residual response is perfecry plartic

33 Clovermng equations for loag embedment lerrihs

For the lang pipe tests sonductad in this report, the smbedment ll"J'ls_ﬂhS are up e W0 fimes the bolt
diamecter A comparison af the entry point displacement wath the exil pumt displacement indicaies
that different sccrions af the cable have slipped by differene amounts, 50 that the bend streagth,
which varies with slip, must vary significantly alang, the cable, Perthermoare, for such long
embedment lengths e bond failure process will gradually propagate from the ot point whiers
leadd is applied towards the entry pomt where the cable is free In order o assces the relation
hetween the mechanics of progressive bond failure and the pull test profiles preseated m Section 4
and Appendix A, an analytical model orgnally developed by Farmer {1975} and Aydan (1989),
will be incroduced.

The governing oguations for te problem descnbe the force balance along & one dimensional limesr
elastic member (e, the bolt) subjected to a combination of axial load and shear stresses that
develop due 1o bond (Figure 8). In Appendix B, the resultant lincar differential equation:

diwb 3 ﬂ'zwb .
. r— — g, = d)

& R dx’

where the notation is outlined n Appendix B, & solvod for the three stages of the constituitve
behaviour (linear elastic, hardenwng and residual). The resufting simulations predict the relation



betwesn slip, 2xdal foree amd shear stress along a cable for any specified embedment length. At the

exit point and entry point, these can be: cumpared with the experunental results
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Figure 7. Constitutive model for plain strand arud Garford bulk based on short

embedment length test: Plain strand - Hyett ef of. 19497 Garfurd bulb cable- Hyett ef al, 1495
The values of g, w, and 1, and w,, that descnbe an idealized constilutive model are indicated. [n
the following text, what is strictly bond.pield will be referred wo'by the more comman term hovut

Jailure.
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5% Simulation results ffe standerd coble

Figure 9 shows a simulated pull test for a standard cable embeded ina S00mmm la aludse
pipe. Several distinctive features of the simulated pull test profile are sealone

{#) The depamure from non lincarty at app roccimately BN {Point A) correspands o the
occurronce of bord falure at the exit point.

(it} The subscquent curvilinear profile (A o B resulrs from the propapation of bond failurs along
the cenboedment length.

(4] The distinet “elbow™ in the load displacement corve and also in the enny point displacerment
plot (paint B), cormesponds to the ocourrence of bend faileire at the entry pont 5o that the entire
emhbedment length has yiclded.

{iv} abthongh nol shown in this plot, at approximately 35sm of axal displacenent the cahle
reaiches its ullimate capacity, It should be noted that in these sinulations no aceount is taken of the
cable vielding prior to rupture. It is a rather trivial matter to implement this in a Latter model
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Figure 10 shaws the distribution of axial displaccment, shear stress due to band, ar_ud axial Fnru:.
along the ble at applied exit poind loads af S0EM(1), 1006M2) efe. The propagation of bond viehd
15 clearly displayed in (¢} which shows the distabution af shear slress 1mb.l|lmd at II?: bolt-prout
interface. The reader is urged fo take a moment and carefully consider the inter-relations helween

Fignres £l and 12,
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Figure | | shows simulations of the effect of embedment length on pull out response for standard
cahle’ For the 250mm embedment length simulation the entry point and exit point displacements
are almost the same during the test. This suggests that, as assamed above, the boad stress (which is
a function of slip) is probably quite uniform along the test section. As expected the change in slope
that occues due to bond Failure aloag the whale cable increases with embedment length because it
takes longer for the bond failure to propagate along the test section to the entry point . For the

1 &00mer embedment length the cable ruptures befare this happens.
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Appendix A: Individual pull test results.
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Appendix B: Analytical Model for the behaviour of fully grouted bolts.
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Figure B1; Stress and displacement along a grovted boll

Following Aydan (1989), consider a har subjected to an axial load and assume that the bar
iz one dimensional. The load applied to the bar is assumed to be transferred to the
surrounding grout medium as a surfacial shear stress (Figure B1). For a unit slice, the
fosrce equilibrium waillen i terms af slresses pives:

- "1

L LR (B1]
dr

where 0, is the axial stress in the bar, ris the shear stress due to hond acting on the outer
surface of the har, and #s is the radius of the bar,

BE.2 Constitutive behaviour for bond.

The ennstitutive behaviour for bond describes the relation between bond strength (the
axial Toad divided by the surface area of the bar or strand) and axial displacement of the
bar. We will assume that this is divisible into three stages: (1) lincar elastic (i) work
hardening and (iii) residual (Figure B1) Yield of the interface occur when:
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Figure B2: Constitutive behaviour for the bolt grout interface

Considering the general case when the load is increased at one end of the bar with the
other end free. In the intial stages the bond will be elastic along the whole length {CASE
1} of the balt. As the applicd axial force continues to increase the interface wAll yield
(L), first at z =0 where the load is applied, and therealter progressively along the balt
length Eventually as the load continues to increase peak bond strenoth will be reached at
-0 and residual behaviour will propagate along the bolt length {CASE 2). Depending on
the bolt length, the: hond will yield and even reach peak at the urloaded end 2=/

Hesidual Hardemng Elasnic
o F=0

Fugure B2: Distribution of constitutive behaviour of'a long bolt



B.3 CASFE I: Solution for Linear Elastic interface behaviour along whale bolt
length.

This solution was onginally presented by Farmer (1975) and later by Aydan (1789}

From Figure B2, the elastic relation between bond stress and axial displacement (Le. the
initial stiffness) at the bolt-grout interface is;

= W (B2
& lf.:H"r ]
Substituting into equation BL gives,
d-. -I| 1
P atw, =0 (B3)
o 4
where,
I 7] nr
a = || b Al (Bd)
‘|| o e
The solution ta equation B3 s
wy, = Ae™+ de™ {B3)

The integration constants A, and 4 can be found from the boundary conditions:
m=er, al -0 and =0 atz—L, L being the length of the bole. They are

o4 sl
(. 2 iy Fid
A= A {Bo)
e € T Mare Lo
and accordingly
ofl- afL-z}
o R Rt '
e . (BT}
Y Ea et —e™
the axial stress in the bolt is:
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and the shear stress at the balt grout interface is
&l L=a} _E-a{f.-::l

S T TR (B9
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Solution for Elastic, Hardeing and Residual Grout-Bolt Interface Behaviour.
The general case is shown in Figure B3,
Section with Residhal Behaviour of the Orost-Bolt Interface (0201 )

The shear strength due 1o hond along this section of the belt is n=x,, Thus, from
Eguation B1 ¢

g T
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ddz® E.r

which has the gencral solulion:
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Using the boundary conditions: we=wp at 2 L; and ov=; al 2-0, Bl becomes

e,

W, o= T"--f:'—LJ:I-- fz—da7) (12
R ! E,
and
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O =, <A (A12)
o

Section with work havdeing behaviour for the bolt-grout inferface (Ly<z<L;)

The shear strength due to bond along this section of the bolt 15 n=1
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Hence, from equation B1 the differential enuation to he solved is:

dw, 2 L, {-m _ 2 _n-¢
de* Egnow (1-6) ° En T1-§

-
i

(B14)

The solution for w18
n-¢ (R15)
1-7)

where:

(1G]

Introducing the boundary conditions: =1, at z—L;, and n=n at Il

2, ne a7y . 21..- mm oo o
B, = & 3 LA 1) el ElY B = T _arLi-in TR (B17)
SR e Eiro™ e +€
It foitows that
o= fRe™ R, (B18)

r, = FBe® +4Be " (B19)

Seciion with Elastic Behaviour of the Groui-fodt nterface (Lyvz70)
The solution to this problem is given by equation AS. Using the koundary comlions
The integration constants 4, and 4; can be found from the boundary conditions:

- nepat =1 and o;=0 at z-L, L being the length of the bolt. They arc:
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and accordingly

W = st e -

the axial stress in the boll is

—afl=-r af =)
-~ Ef?rP P [i=7] 2 [E=71
= -

and the shear stress at the bolt grout interface is;
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(B22)

(B23)

Llsing the relations for bolt displacement { we) and axial stress (o) and the condifaons for
cantinuity and equilibrivm berween the elastic, hardening and residual zones, £; and /., can
be found and hence the distribution of we, opand ralong the bolt. Examples are asiven in

LEe et



5.4 Smulation 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 processis particularly well shown in (c). At 50kN (lowest profile) the bond is till intact, and as the
axial load isincreased 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 aong 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 mgjority 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 cableit 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

Theresultsfor 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:

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

For bulb frequencies greater than 3m-* (i.e. bulb spacings greater than approx. 12"), the amount of dlip 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™ (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 dlip 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 Iength, 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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