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ABSTRACT

A new instrumented cable bolt has been developed by the National Institute for Occupational Safety and Health at
the Spokane Research Laboratory in Spokane, WA. Although various instruments are available to measure load
distribution and magnitude along agrouted cable, thisinstrument isinnovativein that it uses strain gaugesinternal to the
cable as load-measuring sensors.  The instrument has been successfully tested in the field at FMC's Granger Mine,
Meikle Mine, and Getchell Mine.

A “split-pipe” laboratory pull test was performed on each of three cable boltsinstrumented with the new device. Each
test consisted of grouting a 1.83-m-long cable in two 0.91-m-long sections of schedule 80 pipe. A numerical analysis
wasthen performed inwhich laboratory boundary conditionswere simulated and model propertiesderived fromtextbook
guidelines. The loads calculated by the model were then compared to the measured |oads.

INTRODUCTION

Researchers have conducted alarge number of experiments on cable boltsto determine their load characteristicsfor
different grout types, grout ratios, and cable configurations (Garford bulb, buttons, birdcage, nut cage, etc.). However,
published data are limited on studies of instrumented cables that would provide additional information on loading
mechanics (Hyett and Bawden 1997; Choquet and Miller 1987; Goris et al. 1993; Chekired et al. 1997).

The Tensmeg and the SMART cable aretwo commercially availableinstruments used to interpret |oad along acable
bolt. The Tensmeg sensor is a 60-cm-long, externally mounted strain gauge. Multiple Tensmegs are fixed along the
cable length to obtain the cable loads at those locations. In the SMART cable, the king wire is replaced by an
extensometer with internal wires anchored al ong the cable and attached to potentiometerswithin the electrical head. The
difference in displacements between anchors is used to cal culate average strain, which is then related to load by cable
stiffness.

This study presents the results of “split-pipe” tests conducted on a new instrumented cable bolt developed at the
Spokane Research Laboratory (SRL). The sensorsfor thisinstrument are positioned along the length of aking wirethat
replaces the steel king wire inside a regular seven-strand

Ribbon cable. The replacement king wire is a strip of steel having

cable Gauge Caple strain gauges attached along its length and remolded to a
A cylindrical shape with epoxy (patent 6,311,564) (Fig. 1).

T # - \‘ ) The main advantage of the SRL instrument isthat cable

— < < X stretch is measured over a short distance and can therefore

N . provide an accurate estimate of load over a small (approx-

imately 13 mm) length of cable. Because of their low cost,
Figure 1.—Instrumented king wire with gauges and many strain gauges can be installed along the cable to get a
connecting cable. better understanding of load distribution.



EXPERIMENTAL SET-UP AND METHODOLOGY

Three split-pipe tests were conducted. The split-pipe assembly simulates the opening of acrack in asupported rock
mass. An instrumented cable with 20 equally spaced gauges was grouted within each pipe assembly (Fig. 2). During the
simulation, two 0.91-m-long pipes were pulled apart using a hydraulic load frame, and the reaction loads and pipe
displacements were monitored. As the pipes were displaced, the grout transferred axial |oad to the cable and the strain
gauges fixed inside the king wire gave amicrostrain reading to adataacquisition system. The data provided ameasured
load profile along the instrument for a given pipe displacement and resulting reaction load.
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Figure 2.—Instrumented cable grouted in steel pipe.

TEST SET-UP

Thefirst instrumented split-pipe test was conducted 28 days after pouring the sample, and the second and third tests
were conducted at 30 days. Themixing ratio of 0.35water to Type|/Il portland cement was used for the grout, achieving
an average compressive strength of 57 MPa at 28 days. The instrumented cables were constructed using 15.8-mm
diameter, seven-strand conventional cableswith breaking strengths of approximately 258 kN. Conventional cableswere
chosen due to the large database of experimental results available for this cable type. The tests were run on all three
samples until the cable slipped and the cable-grout system could no longer hold the loads.

The pull-test apparatus was built to prevent the tubes from twisting during the tests. The test apparatus was one used
by Gorisduring histesting program at the Bureau of Mines(Fig. 3). Centralizing fixtureswere wel ded to the pipe at each
end and in the middle, but were not attached to the bolt. End caps

T\ Lead wires with holeswere placed on the bottom ends of the pipeswhile grout

N Sch 80 coupling  was poured into the tubes. A vibrator was attached to the pipes,

N , and a tamping rod was used during pouring to rid the system of

N Blea”ng entrapped air. A bead welded to the inside of the pipes prevented

eseseZd P \\\Y P Eesesased plate dippage at the grout-pipe interface (Goris and Conway 1987).
\=7 eel washer
914.4 mm “ §Z| Grout CALIBRATION

- Ziﬁbge(; V‘zazher Tensiletestsare used to determineacabl €' scharacteristicload-

N4.4 mm \\ ‘ conm OB versus-strain curve. The slope of the elastic portion of the curve
- ! is referred to as “cable stiffness,” which is required to convert

% E microstrain readings from the gauges in the instrument to a load

N ﬁ§ measurement. The average cable stiffness for the six-strand SRL
§:§ N Instrumented steel Cable was calculated to be 23,370 KN/m/m. This compares to a
Lead 3 : strand stiffness of 28,000 kN/m/m for astandard seven-strand cable. The
wires reduced stiffness was due to the absence of a load-bearing steel

Figure 3.—Pull-test apparatus king wire.



SPLIT-PIPE TEST RESULTS

The strain measured by the strain gauges is related to the load in the cable bolt by the stiffness determined from the
calibration. Theresultsfromthelaboratory experiment are provided in terms of measured strainat 7.6-cminterval salong
the length of the cable versus applied load to the cable. A plot of applied |oad-versus-measured microstrain for the first
experimentisshownin Figure4. Itisconvenient to compareload measured ontheinstrumented cable andload cal culated
by FLAC for increments of applied load. For the purpose of thisanalysis, the laboratory-measured and FLAC-cal cul ated
loads are compared for applied loads at 22.2-kN increments. Because the experiment was symmetrical on both sides of
the split, we can assume that the gauges measured identical loads at identical distancesaway fromthe split. Itistherefore
valid to average the load measured on both sides for each of the three tests. In total, six data series for load-versus-
applied load were averaged to provide one “idealized” data set to compare to the FLAC results (Fig. 5).
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Figure 5.—Idealized measured load versus distance.

MODEL BOUNDARY CONDITIONS
AND MATERIAL PROPERTIES

Thegeometry and boundary conditions
for the FLAC model areillustrated in Fig-
ure6. Inthemodel, the cableisrepresent-
ed as a series of elements attached at
nodes and the split pipe is represented by
two rows of zones. The grout bonding the
cable to the pipe is implicit in the cable
boltlogic. To ssimulate the pulling apart of
the split pipe, a velocity boundary was
applied to both ends of the model. Thisis
analogous to pulling each end of the pipe
a a constant rate in the laboratory. The
two rows of zones are “split” at the
model’ scenter by detaching thegridpoints
so that both ends of the pipe are free to
separate without lateral constraint.
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The behavior of the FLAC cable element is
a function of the steel’s behavior (axia
behavior) and the behavior of the grout-steel
interface (shear behavior). Because it is den-
der, the cable element does not offer any resis-
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tance to bending. The axial behavior of the
steel is described by a simple linear relation-
ship between applied strainand resulting force.
The cable can theoretically take load in either
compression or intension, but in the following
| analysis, only the tensile behavior is relevant.
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Figure 6.—FLAC model and boundary conditions.
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Figure 7 schematically illustrates cable axia
behavior. Therequired propertiesfor the cable
are itstensile strength, Y oung’s modulus, and
cross-sectional area (labeled “yield,” “E area,”
and “ycomp” inthefigure, respectively). Theassumed dimensionsand
properties for the cable are summarized in Table 1. For the purpose of
this experiment, the yield strength is not relevant since the applied load
was kept below the yield strength of the cable.

TABLE 1.—Cable properties

Property Model input
Ar€a ..t 1.826e* m?
Young’'s modulus ............ 128 GPa
.- Yield .o 220 kN
Compression Axial strain Extension
Shear behavior plays an important role in how the cable is loaded
1 yeomp when the grid is displaced. It isthrough the grout-cable interface that

Compressive force v

Figure 7.—Axial behavior of FLAC cable
element (adapted from Itasca 2000).
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Figure 8.—Conceptual illustration of fully bonded

reinforcement (adapted from Itasca 2000).

Slider
(cohesive strength
of grout = sbond)

Shear stiffness
of grout = kbond

grid displacement induces load in the cable via shear stresses. The
shear behavior of the grout is represented as a spring-slider system at
the cable nodes (Fig. 8). The properties that describe the grout with
reference to Figure 9 are its bond stiffness (kbond) and its shear
strength (sbond). Bond stiffness determinestheload applied tothecable
through the grout as a result of shear displacement between the grout
and the cable. Itisusually calculated fromfield pull-out tests, but such
data are not available for the current laboratory setup. The
FLAC manual provides the following guideline for choosing
kbond (Itasca 2000).

21G

kbond = ———————
10In(1+ 2t/ D)

Eq. 1

In this equation, G is the shear modulus of the grout, tis
the radial distance between the cable and the pipe wall, and
D isthe inside pipe diameter. Therefore, for this split-pipe
model and the shear modulus of 0.35 w:c grout (calculated
from upper and lower bounds of Y oung’s modulus obtained
from Hutchinson and Diederichs[1996] and a Poisson’ sratio
of 0.20), the starting value for kbond isbounded by 6e9 and
8e9 N/m/m. In previous humerical analyses by the senior
author, kbond was determined from the results of pull tests
performed at Complexe Bousguet in Quebec (Ruest 1998).
kbond was found there to be closer to 3.5e8 N/m/m, one
order of magnitude lower than cal culated using the equation
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Figure 9.—Grout material behavior for cable elements (adapted from Itasca 2000). A, Grout
shear strength criterion; B, grout shear force versus displacement.

above. Inthisanalysis, the importance of kbond was assessed by eval uating the cable’ sresponse in the range of 1e8 to
1e10 N/m/m.

Shear strength determines the maximum shear stressin the grout beforeit beginsto slip. Hutchinson and Diederichs
have published values for maximum shear stress (referred to as bond strength) as a function of the Y oung’' s modulus of
the host rock. An equivalent rock modulus for the experimental pipe assembly is found using the following equation
(Hutchinson and Diederichs 1996).

E, ~ 2E,(d,"-d”)
Lrve)ds,  d@+v,){a-2v,)d” +d,7 Eq 2
where  E, = rock modulus, 500
Vr = rock Poisson’sratio,
dgy = borehole diameter, Rock modulus

E. pipe modulus, 400 Predicted performance

ranges

V» = pipe Poisson’'sratio,
d. = pipeinside diameter,
and d, = pipeoutside diameter. 300

With the equivalent rock modulus, the
value for sbond is determined from the plot of
rock modulus versus ultimate bond strength in
Figure 10 (taken as shond), also provided by
Hutchinson and Diederichs (1996).
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It is well known that increases and GROUT WATER:CEMENT RATIO, W:C

decreases in confinement will influence cable

bolt behavior. FLAC attempts to account for Figure 10.—Ultimate bond strength (in kN/m) as a function of grout quality

. : - and rock modulus at 40 mm of slip (Hutchinson and Diederichs 1996). The
this effe_Ct by relating confinement on the bqlt value of kbond is 1e8 to 1e10 N/m/m, and the value of sbond is 180 to 210
to maximum shear strength. Increases in kn/m/m.

confinement are followed by increasesin shear

strength of the grout, according to the strength criterion defined by the parameter sfriction and the grouted perimeter
(perimeter). Inthe calibration presented below, no confinement on the cable was modeled (since no confinement was
applied to the pipeinthelaboratory experiment), and therefore these parametersareirrel evant to thefinal solution. Thus,

ULTIMATE BOND STRENGTH, kN/m



only bond stiffness and grout shear strength were varied. The value of kbond is 1e8 to 1€10 N/m /m, and the value of
shond is 180 to 210 kN/m/m.

MODEL RESULTS

Once the model was constructed and the boundary conditions applied, the reaction forces at the model ed pipe ends
were monitored asthe two sideswere pulled apart. Once the applied load reached one of the 22-kN increments, the load
onthecableat 7.6-cmintervalswasrecorded. Theplot in Figure 11shows cableload distribution ascal culated by FLAC
for an applied load of 22 kN. The plot shows how the maximum load islocated at the pipe split and that the distribution
issymmetrical about themodel center. Figure 12 isaplot of the shear force at the grout-cableinterface. Becausethe pipe
isdisplaced in both directions, shear forces are negative on the right-hand side of the split, and equal but oppositeinsign
on the left-hand side.

LEGEND Parametric Analysis of kbond and
Step 101200 — Cable shond

— Axial force 0.25

Structure No. 1 cable
Maximum value 21.7e3

Figure 13 shows a plot of the aver-
aged laboratory results and the FLAC
calculated cable loads for 44- and 117-
kN load increments for kbond values
of 1e8, 1€9, and 110 N/m/m. Theplot
indicates that the shape of the FLAC
cablecurvesisvery similar to the shape
of the idealized laboratory curves for
each of the kbond values tested, with
the lowest stiffness apparently provid-
ing the best match for the laboratory
results. High loads were observed at
the split and decreased with distance
from the split. The magnitude of the
load at the cable split must be equal to
the applied load, but thisis not reflect-
ed in the plotted data since the load is
an average acrossthe element. In each
case, the model underpredicts the load
in the cable at 7.6 cm (near the pipe
center). Improvement diminishes with
changes in stiffness. The conclusion
from this analysis is that athough a

' | ' | | reasonabl e estimate of cableload distr-
-1.0 -0.5 0 0.5 1.0 ibution can be obtained using the pre-
DISTANCE, m viously published equation for kbond,
a better estimate is obtained using
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Figure 11.—Plot of load distribution in cable at applied load of 22 kN.
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Figure 12.—Plot of shear force at grout-cable interface.
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kbond =—————

Figure 14 shows aplot of load distributions for the model cable at applied loads of 44 and 117 kN for sbond values
of 180, 190, and 200 kN/m. These valuesare within the range estimated using Hutchinson and Diederichs ultimate bond
strength plot (Fig. 10). Thereisonly asmall amount of variability inthe model resultswithintherange. Note, however,
that the ultimate pull-out load will depend on this parameter. For the model cable to sustain aload of 178 kN asin the
laboratory, a minimum sbond of 200 kN/m is required.
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Figure 13.—Load distribution at applied loads of 44 and 117 kN for kbond values
of 1e8, 1e9, and 1e10 N/mem.
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Figure 14.—Load distribution at applied loads of 44 and 117 kN for sbond values
of 180, 190, and 200 kN/m.

Final Calibration

Figure 15 provides a plot of the FLAC-calculated cable loads compared to the laboratory-determined load distri-
butionsfor applied loads of 44, 89, 133, and 178 KN. The kbond and shond val ues used to obtain these resultswere 1e8
N/m/m and 200 kN/m, respectively, as determined from the parametric analysisabove. The plot showsthat thereisvery
good agreement between the laboratory loads and the |oads predicted by FLAC. Theload at the split is underpredicted
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Figure 15.—Plot of laboratory loads and model cable loads at 44, 89, 133, and 178 kN.

by FLAC, and the difference becomes more significant asload increases. The difference is explained by realizing that
the modeled grout remains perfectly intact for the duration of the simulation. In the laboratory, the grout deteriorates at
the split as the confinement offered by the other pipe isremoved. This can not be simulated by FLAC. Thereader is
reminded that the load at the split is necessarily egqual to the applied load and that this is not reflected in the data set
because there is not an element included in the model exactly at the split.

CONCLUSIONS

Inthisinvestigation, alaboratory split-pipetest onthe SRL instrumented cable bolt was model ed using the continuum
code FLAC. Laboratory boundary conditions were reproduced, and model cable loads were compared to laboratory-
measured cableloads for arange of model grout properties. The cable properties were kept constant for the calibration,
since these are generally well known.

The important conclusion from this analysis is that the model parameters were determined based on engineering
principles and published data, independent of the laboratory results. Although the FLAC cable element is simple, the
model results indicate very good agreement with the independently determined SRL cable loads. The most significant
discrepancy between the two tests was at the 7.6-cm sensor where model cable loads were consistently lower than the
laboratory cableloads. Thedifference between resultsiseither becausethe grout quality inthe model was not reproduced
at the split, or because the model grout did not reproduce failure and deterioration at the split due to cable pull-out. The
analysis presented above does not test how FLAC accountsfor the effect of confinement since appropriate datawere not
available.

It was found that the best agreement between the model and the |aboratory experiment was obtained with a grout
stiffness (kbond) of 1e8 N/m/m and a maximum shear strength (sbond) of 200 kN/m.
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