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ABSTRACT

Hecla Mining Company and NIOSH cooperated in a study to document the safety of rock support supplied by
reinforced cemented paste backfiil at the Lucky Friday Mine. Data are presented on backfill modulus values from
laboratory tests and compared with modulus values from in-mine wall closure on the backfill. It is theorized that
acompressive zone is crealed in the backfill between the upper and Jower bearing plates on the reinforcing boits,
and that the backfill remains stable as long as the compressive zones from adjacent bolts overlap.

Canada
1 1 N
WA |, ID ! MT
1

Kellogg

Coeur d’ Alene
Mining District

Figure 1.—Location of Lucky Friday Mine, Mullan, ID

INTRODUCTION

Hecla Mining Company and the
Spokane Research Laboratory (SRL)
of the National Institute for Occupa-
tional Safety and Health (NIOSH)
cooperated in a study to monitor
reinforced cemented backfill at the
Lucky Friday Mine, Mullan, ID. The
objective was to determine loads on
the reinforcing bolts induced by wall
closure and loading of the backfill.
The combination of these three ele-
ments—backfill response, rate of
wall closure, and bolt loading—
determines the stability of the rein-
forced backfill system used at the
mine. Laboratory tests of backfill
samples were conducted to compare
with field results.

The Lucky Friday Mine (figure
1) uses a mechanized underhand cut-
and-fill method to mine lead-silver
ore from a sleeply dipping, 2.4-m-
wide vein at a depth exceeding 1.6

lSpokane Research Laboratory, National Institute for Occupational Safety and Health, Spokane, WA,

2Hecla Mining Company, Lucky Friday Mine, Muilan, ID.
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km (Scott 1990). Each mining cut is 3.3 m high and extends approximately 75 m along the vein to each side of
an access ramp (slot). The broken ore is stored in a muck bay on the opposite side of the vein from the access
slot. This creates a four-way intersection where the backfill may span a distance of up to 9 m on the diagonal.
In the underhand mining method, the mined-out stope is backfilled with reinforced cemented mill tailings
following each cut, which provides a safe stope back or roof for the following cut. Approximately 70% of the
stope height is backfilled, leaving a 1-m gap between fills.

Approximately 10% cement by weight of solids is added to the mill tailings. Enough cement must be added
to strengthen the backfill rapidly so that mining the following cut can be resumed under the backfill without a
long wait. This amount of cement has been selected after years of experience in balancing the cost of the cement
and the need to start mining the following cut soon after backfill placement. The backfill is delivered from the
surface with a pastelike consistency, which lowers water content and increases the final strength of the backfill
{Brackebusch 1994).

The high horizontal in situ stresses at the mine (Whyatt et al. 1995; Whyatt and Beus 1995) result in rapid
closure of the wall rock in the mined-out portion of the vein, and this wall closure is the main factor affecting
the stability of the backfill. Mining-induced stope closure induces loads in backfill beyond its ultimate strength,
causing it to fracture. These fractures generally do not pose a hazard to miners working in the stopes beneath the
backfill because any broken material is contained by wire mesh connected 1o rock bolts used to reinforce the
cemented backfill placed in the previous cul.

Backfill reinforcement consists of 1.8- or 2.4-m-long, No. 7 bolts supplied by Dywidag Systems
Intemnational, Inc.,? of Grand Junction, CO. These bolts have a minimum yield strength of 181 kN and are driven
vertically on 1.2-m centers into loose muck on the floor. Prior to placing the fill, a 15- by 15-cm bearing plate
and nut are placed at the top of the bolt. When the end of the bolt driven into the loose muck is exposed during
mining of the following cut, chain link fencing, a bearing plate, and a nut are installed for ground support. When
the bottom nut is tightened, it creates a tension load in the bolt and a compressional load in the back{ill between
the two bearing plates.

INSTRUMENTATION PLAN

The instrumentation plan was designed to determine closure of the mine openings. pressure in the backfill,
strength of the fill, and induced loads on the vertical Dywidag bolts. Because support is provided by the
mechanical interaction among these elements, a complete understanding of the engineering parameters of each
element was needed to understand how the whole system functions.

Failure of the instruments from deformation and breakup of the backfill was anticipated, so redundant
systems were used to measure reinforcement bolt loads and wall closure rates. Stope wall closure and fill pressure
had been monitored previously at the mine (Williams et al. 1992; Hedley [993). Loads on the backfill
reinforcement boits had never been monitored before, however, so instrumented No. 7 Dywidag rock bolts were
obtained from Roctest, Plattsburgh, NY, to measure induced load on the rock bolts. Roctest installed a vibrating-
wire strain gauge and thermister in one end of the bolt. The instrumented bolts were used to replace some of the
vertical bolts placed on 1.2-m centers throughout the stope. The bolts were installed so that the instrumented end
was in the fiil to protect it from blasting as the next cut was mined.

Anclo 10 load cells were also obtained from Roctest to provide redundant readings on the ventical bolts.
They were installed on the lower end of the instrumented bolts (figure 2) after mining had passed. The load cells
survived better than the instrumented bolts because the wires were not subjected to fill deformation.

At four locations, wall-to-wall closure was measured in the 1-m-high gap above the backfill with string
potentiometers, within the backfill with string potentiometers inside collapsible steel casings, and in the new
stope cut with a tape extensometer. All closure readings were taken between 15- by 15-cm bearing plates on 1.2-
m-long rock bolts to achieve as much accuracy as possible.

Loads in the fill were measured with 690-kPa, 23-cm-diam Model 3500 earth pressure cells manufactured
by Geokon, Inc., Lebanon, NH. A wall closure instrument and an instrumented vertical bolt were installed at the
same [ocation as the earth pressure cell. Figure 3 shows the location and types of instruments installed in the
stope.

A CR10datalogger manufactured by Campbell Scientific, Inc., Logan, UT, was chosen because of its ability
to record information from a number of instrument types (Seymour et al. 1998; Larson et al. 1993; Larson and
Maleki 1996), including vibrating-wire strain ganges and thermistors, load cells, pressure transducers, and

3Men(ja:m of specific products and manufacturers does notimply endorsement by the National Institute for Occupational Safety
and Health.
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voltage potentiometers. The instru-
ments were Initially monitored
hourly, then every 2 hr, and, by the
end of the project, every 12 hr. The
monitoring rate was changed to
lengthen the time the system would
operate without having to rerrieve the
data storage canister. An Excel

spreadsheet was used for data
analysis.
After the instruments were

calibrated at SRL, they were installed
in the mined-out cut 8 of the 5660-05
stope prior to placement of the back-
fill. Monitoring began at 7:00 p.m. on
October 15, 1997. The stope was
filled for 2.3 m of its 3.3-m height.
Additional string potentimeters were
installed wall-to-wall in the gap
above the fill on October 16. The
datalogger was then moved to a posi-
tion in the gap so it would not be
damaged by blasting during mining
of cut 9.

Mining the next cut (5660-05
stope, cut 9) began by taking up the
bottom of the ramp on October 20.
The load cells were installed on the
exposed ends of the bolts on October
29 after mining had proceeded far
enough so that the instrument wires
would not be damaged by blasting.
Monitoring of the instruments contin-
ued to April 2, 1998, as three succes-
sive cuts were mined below the
instrumented backfill location.

DATA ANALYSIS

Closure Readings

Stope wall closure readings were
taken in the mining cut, across the
backfill, and in the gap above the
backfill to determine horizontal con-
vergence of the stope walls as mining
progressed. String potentiometers
placed in the backfill showed the vein
walls had converged an average of
7.90 cm during mining of cut 9 on the
5660 level, 8.94 cm during mining of
cut 1 on the 5750 level, and 8.00 cm
during mining of cut 2 on the 5750
level. At the same time, closure
measured in the gap area averaged
14.00 cm for cut 9 on the 5660 level,
11.50 ¢m for cut 1 on the 5750 level,
and 9.68 cm for cut 2 on the 5750
level. Increased amounts of closure
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Figure 3.—Instrument types and locations

Table 1.—Closure readings, cm

across the gap were caused by a lack
of backfill support for the walls in
this area. In the active mining area of
cut 9, a tape extensometer recorded
an average of 9.42 cm of closure.
The measurements in the active
mining area do not represent total
closure related to mining because
measurements began after mining
was at least 9 m past the instrument
locations.

Visual observations of the top
of the fill indicated that the fill
buckled rapidly as the walls closed.
Buckling continued until the initial
1-m gap was reduced to less than 0.3
m before the fill from above
collapsed. Table 1 is a summary of
closure readings for the three mining
cuts. Figure 4 shows backfill closure
as a function of time. Total closure
includes some rapid closure as the
cut was mined past the instruments
and more gradual time-dependent
closure resulting from all previous
mining in the area.

Instrument and 5660 level, cut3 5750 level,cut1 Cuts9+1 5750level, cut2  Cuts 9+1+2
location
Backfill string pots:
Wesft ........ 7.77 11.28 19.05 12.19 31.24
West2 ........ "4.865
East1......... 12.14
Bast2......... 3.78 6.63 3.81 14.22
Gap string pots:
West1 ........ 12.40 11.05 23.44
West2 ........ 11.33
Eastt......... 16.36 11.86 28.22 9.68 37.90
East2......... 15.80
Slot1 ......... 8.71
Tape extensometer:
Westt ........ 9.12
West2 ........ 12.42
East1......... *6.76

= Instrument quit working.
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Cemented Backfill Specimen Lab
Tests

At the time the stope was backfilled, KEY
samples of the fill were collected for
compressive strengthtests. The 7-day | | E1 N
unconfined compressive strengths - E2 , —
ranged from 1,703 to 2,744 kPa, with
an average of 2,082 kPa, while 28-
day unconfined compressive
strengths ranged from 2,654 to 3,902
kPa and averaged 3,254 kPa. The
laboratory tests agreed with the
2,757-kPaultimate strength recorded e P
in the stope at approximately 15 PR !
days. 5 . s =

Movement of the platten head of >

the compressive test machine was 0 /] L L | I l L |
also recorded to determine an appar- 0 20 40 60 80 100 120 140 160 180
ent modulus for the 7- and 28-day
compressive tests. Figure 5 is an DAY
example of the stress-strain curve for
the tests showing the points for 20%
and 50% of ultimate strength. The
modulus values for the samples
were calculated between the
20% and 50% strength values 3,000
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Figure 4—Backfill closure versus time

1 [ [
because this is the straight line ~
portion of the curve and is Ultimate at
most representative of the true 2,500 — 2,950 kPa —

response of the backfill. To
calculate modulus, strength at

20% is subtracted from . 2,000 ~ —
strength at 50%. The resulting : &
strength value is divided by the |} .
value achieved when strain at .0 1500 - 50% at 1,475 kPa ~
20% is subtracted from strain g
at S0%. [That is, (strength at - 1,000 |

50% - strength at 20%) +
(strain at 50% - strain at 20%)
= modulus.] The five samples 500 20% at 593 kPa
tested at 7 days had a range of
apparent modulus from 593 to
2,013 MPa with an average of 0 | | | | l

1,041 MPa The 2,013-MPa
modulus was nearly double the 0 0.002 0.004 0.006 0.008 0.010 0.012

next highest modulus of 1,048 AXIAL STRAIN
MPa. If the highest value were
dropped, average modulus
would be reduced to 800 MPa.

Apparent modulus for the four 28-day tests ranged from 1,172 to 1,641 MPa and averaged 1,370 MPa.

Figure 5.—Axial strain versus load

Backfill Pressure

Readings from the earth pressure cells peaked as soon as mining of cut 9 passed the instrument position (figure
6). Pressure drops were then recorded as each cut was completed. Peak pressures ranged from a low of 1,675 kPa
at West 1 1o 4,178 kPa at West 2 with an average pressure across the vein of 2,757 kPa at 15 days. The 20%-50%
modulus determined at locations E1, E2, W1, and W2 were 681, 1,513, 2,361, and 5,095 MPa, respectively. The
average was 2,412 MPa,
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Figure 6.—Backfill pressure versus time

Instrumented Reinforcement Bolts

Strain  was determined by
dividing measured wall-to-wall
closure by the original width of the
opening. These modulus values were
documented 8 to 12 days after the
fill had been poured and as mining
of the following cut passed the
instrument locations. These data
show that the ultimate strength of
the cemented backfill was surpassed
by loading induced by the large
amounts of wall closure experienced
in the stope. Thus, rock bolt rein-
forcement is needed to maintain the
integrity of the backfill so that it will
be safe for miners to work under.

Areas of broken fill were ob-
served in the chain link fencing
below the fill, and fill heaving was
seen at the top. The fill eventually
broke up until it could no longer
carry load and support itself, It then
collapsed onto the fill below.
Because mining was usually two or
more cuts below the collapsed
backfill, there was no danger to
miners.

The instrumented bolts and load cells were initially calibrated in a Tinius-Olsen testing machine at SRL to 53
kN; however, readings taken at the mine with bolts calibrated to this figure indicated that the yields and ultimate
strengths of the bolts had been exceeded. To determine if the initial readings were accurate, two instrumented
bolts were tested in tension to failure, and the data from these tests were used to calibrate the bolts. The
instrumented bolts yielded at 160 kN and failed at 209 and 221 kN at the gauge location. Gauge response was
linear to 124 kN, and the gauge failed at 142 kN prior to reaching the yield point of the bolts.

Six of the nine instrumented bolts
placed vertically in the fill exceeded
loads of 142 kN, which was the limit
of the vibrating-wire gauge.
Information from most of the
instrumented bolts was eventally
lost because deformation of the
backfill apparently broke many of the
signal wires. The data show that the
vertical reinforcing bolts in the
backfill did a good job of resisting fill
deformation and provided a safe back
f{or miners.

Load Cells

Data from the load cells indicated
that the bolts were under loads from
41 to 179 kN after cut 9 was mined.
Figure 7 shows the relationship of
bolt load to closure as measured by
the fill string pot. The figure indicates
that bolt load leveled off and

LOAD, kN

180

5660, cut 9

I | I [

5740, cut 1

5740, cut 2

4

CLOSURE, cm

6 8 10 12 14 16

Figure 7.—Bolt load versus closure, site E2
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decreased as closure continued following each mining cut. This behavior was caused by fill failure around the
bolt bearing plates as the walls converged. Inspection of the bottom of the fill revealed bags of broken fill in the
chain link fencing between the rock bolt plates. Visual observation of the top of the 2.4-m-long ventical bolts
confirmed that the 15- by 15-cm bearing plates resisted fill deformation and transferred load to the rock bolt.
Table 2 is a summary of the loads recorded on the instrumented bolts and load cells.

Table 2.—Loads on instrumented bolts and load cells for three cuts of mining, kN

Location 5660-05 level, cul 9 §750-05 level, cut 1 5750-05 level, cut 2

Boit Load cell Bol Load cell Boft Load cell

Westt ... 63.1 415 50.3 34.1 NA 253

West2 ...l "142 116 NA 19.4 NA 9.9
Easty ................. “142 179 NA 157 NA 133
East2 ............ e "142 157 *142 122 NA 104
Intersection A . .......... “142 "142 NA *142 NA
Intersection B ........... 103 164 53.3 1.8 433 NA
Center................. "142 113 “142 104 *142 NA

* Instrumenl out of range or quil working. NA = Not available.

DISCUSSION

A thrust-fault-type of fracture was noticed at the top of the backfill while retrieving the data canister on
November 4, 1997. Both 1.8- and 2.4-m-long vertical bolts had been piaced in the area. Failure appeared to be
above the 1.8-m bolts but blocked by the 2.4-m boits, the ends of which were visible at the top of the fill. This
failure was caused by convergence of the vein walls on the fill. At this time there had been 2.5 to 7.6 cm of
horizontal closure measured in the fill and 7.6 to [5.2 cm measured in the gap. Fracturing of the fill caused i to
buckle upward and gradually reduce the gap between the fills over time.

On March 1, loads on the vertical bolts on the west side decreased by 9.8 and 4.4 kN. This indicates that as
the fill failed nearby, horizontal pressures creating the load on the vertical bolts were reduced. Visual inspection
of the intersection on March 3 showed that the fill in the northwest corner of the intersection had collapsed onto
the cut 9 fill. It was not possible to determine how far the failure extended along the west side of the siope, but
it is thought that, based on instrument response, the failure did not reach the West 1 location. At this time, the
active mining face was 9 m below with two backfill horizons between it and the failed backfill, so the failure
posed no hazard to the miners.

Figure 8 is an idealized drawing of how the instrumented reinforcement bolts interact with the cemented
backfill in the vein portion of the stope as mining progresses. This interpretation is based on conventional
theories of rock bolt reinforcerhent that state that tensioned rock bolts create a self-supporting compressive arch
across the opening (Lang 1961 ; Hoek and Brown 1980; Stillborg 1986; Brady and Brown 1993). The illustration
is also based on visual observations, closure measurements, and load readings on the vertical reinforcing bolts.
The forces in the fill, created as the bearing plates resist deformation, form a cone of compression in the fill. The
fill is self-supporting until the zone of breakup eliminates the overlap of the cones of compression between
adjacent vertical roof bolts. The fill then collapses because of gravity.

CONCLUSIONS

Data from an instrumentation project carried out in cut 8 of the 05 stope on the 5660 level of the Lucky Friday
Mine indicated that wall closure caused deformation of the backfill and induced loads in the vertical Dywidag
bolts used as backfill reinforcement.

An interpretation of the interaction among wall closure, fill deformiation, and induced loads in the vertical
bolts in the cemented backfill is presented in figure 8 and indicates how the reinforced backfill support system
may work. This knowledge is important for designing backfill support systems for other mines to ensure the
safety of miners working in underhand stopes.
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