Economic benefits
gained by rock mechan-
ics: Three case studies

Significant economic benefits can re-
sult when rock mechanics is applied
within a practical framework and inte-
grated within the other engineering
functions of the mine organization. Such
application and integration requires man-
agement support and understanding of
rock mechanics as a practical tool to
help attain high standards of safety, pro-
ductivity and resource recovery. For
such an approach, a long-term geotech-
nical program is needed in most opera-
tions to build an adequate data base and
to ensure that design and ground control
issues are handled in a cost-effective
manner.

Best usage of rock mechanics in min-
ing occurs when management recog-
nizes the application as a long-term in-
vestment, where time is needed to real-
ize good returns. The need for this ap-
proach is due to the difficulty in accu-
rately predicting ground conditions
ahead of mining.

The practical application of rock me-
chanics must follow an iterative process
of design and verification based on site-
specific experience to account for geo-
logic and mining impacts. Ground
conditions experienced during mining
must be used to check the initial mine
design and, if necessary, to provide a
basis for design modification. Such a
practical rock mechanics program in-
cludes comparative experience, in situ
instrumentation and numerical model-
ing. The program begins with the geo-
logic site investigation and continues
throughout the life of the mine. Itis an
integral part of mine planning and op-
eration.

This article presents a review of three
case studies, where the long-term rock
mechanics investment played akey role
in the economic success of the opera-
tions. In each case, economic and rock
mechanics issues are stated first, fol-
lowed by a summary and brief discus-
sion. Although the economic gains
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realized by these practical applications
of rock mechanics were not computed,
it is hoped that the economic benefits
will be obvious from the results ob-
tained.

Thethree case studies present the fol-
lowing examples:

= Wall stabilization of a large under-
ground ore bin by tensioned, fully
grouted bolts.

= Mining with total recovery and no
subsidence by multi-lift, sublevel bench-
and-fill stoping.

« Stability improvement in longwall
gate roads by a two-entry system with
yield pillars.

Case study 1— Stabilization of an ore
bin

Economic issue: Major delay of mine
start-up if failure of ore bin were to
Qcour.

Rock mechanics issue: Determination
of adequacy of planned support after
unexpected poor rock quality was en-
countered.

In 1982, at Molycorp’s block caving
molybdenum mine in northern New
Mexico, the excavation of the under-
ground ore bin encountered very poor
rock quality in faulted and altered intru-
sive rocks. Despite use of substantial
concrete and steel support, large wall
movement caused long vertical cracks
upto6mm (0.2 in.) wide in the concrete,
buckling of steel sets and convergence
deformation at rates of 150 mm (6 in.)
per year. To control the rapid wall
movement and stabilize the bin, 6-, 12-
and 21-m-long (19-, 39- and 69-ft) ten-
sioned, grouted rock bolts were installed.
This allowed stability to be achieved
without impacting the mine production
schedule.

The use of long, grouted bolts to stabi-
lize the bin proved practical and was
accomplished in a cost-effective way.
Alternatives such as heavier concrete or

steel support would have been more
expensive and would have affected the
bin operation.

Discussion

Constructed at a depth of 810 m (2657
ft), the ore bin was located at the eastern
end of the haulage level outside the
caving area. A detailed description of
its construction and rock engineering
was given by Bratton and Agapito
(1985).

The ore binis T-shaped, stepping down
to a rectangular cross section to accom-
modate the dumping mechanism (Fig.
1). The major dimensions are 16 m long
x 4.7 m (52.5 x 15 ft) wide at the top,
stepping downto 8.5x4.7m (28 x 15 ft)
at the lower part. The vertical depth is
24.5 m (80 ft), giving a live capacity of
1.27 kt (1400 st).

Design support consisted of 1.8-m (6-
ft) split-set rock bolts and chain link
mesh installed immediately after min-
ing. Installation of W6x20 steel sets at
1.8-m (6-ft) vertical intervals followed.
A double lattice of No. 8 reinforcing
bars with spacings of 0.3 m (1 ft) was
placed between the sets, and the space to
the rock wall was filled with 20 MPa
(2900 psi) minimum strength concrete
toaminimum thickness of 0.8 m (2.6 f1).

Early geologic analysis indicated that
the ore bin would be constructed in
good-quality, granitic rock; but as mine
development progressed toward the bin
area, it became apparent that the bin
would be located instead in the lower-
rock-quality intrusives. This rock was
characterized by clay alteration and
numerous small discontinuous faults
filled with low-friction pyrite, clay and
molybdenum. Several continuous
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gouge-filled faults and dripping water
were also found.

The low rock quality encountered in
the dump drift before the bin excavation
prompted a re-evaluation of the design.
A time series of cross-sectional profiles
was analyzed by the finite element
method to duplicate the excavation
sequence. The results are shown in Fig.
2 as initial and final failure zones. A
lateral zone of failure of up to 12.8 m (42
ft) was predicted after the bin was fully
excavated.

It should be noted that a failure pre-
dicted from this analysis does not neces-
sarily imply collapse. This illustrates a
difficulty sometimes encountered in
modeling. What do the results mean in
practical terms?

At the time, it was believed that the
planned support would probably be
adequate to maintain stability if a large
failure zone were to develop. It was also
believed that the analysis results were a
little pessimistic with regard to the size
of the failure zone. However, the con-
struction plan was changed to keep the
permanent support as close to the work-
ing face as possible, and an instrumen-
tation program was employed to pro-
vide warning of any trouble and to per-
mit rapid response. Stability in the area
was monitored by close visual inspec-
tions and by both tape and borehole
extensometers.

The bin was excavated from the top
down with permanent support for each
lift installed before the next lift was
mined. When the ore bin excavation
was about one-third complete, with the
fourth lift, 6 m (19 ft) below the track
level,completed, signs of excessiverock

excavation.
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Fig. 1 — Ore bin.

movement began to appear. These signs
included continuous vertical cracks in
the concrete up to 6 mm wide (0.2 in.),
abroken weld joint in the steel, buckling
of W6x20 steel crossbraces, and con-
vergence measurements at rates of 150
mm/a (6 in. per year).

To control the rapid wall movement,
temporary 200- x 200-mm (8- x 8-in.)
timber stulls were installed. Then a
program of ground control analysis,
monitoring and repair was begun. Rein-
forcement consisted of fourteen 12-m-
long (39 ft) sectional threadbar bolts per
side for the top four lifts, giving a total
of 112 bolts. On the lower lifts, as yet
unexcavated, the pattern would be a
staggered array of five 6-m (19 ft) bolts
on each side and three bolts on each end.
Specifications called for each bolt to be
anchored in resin, tensioned to 89 kN
(20,000 1bf) and grouted full length.

Typical wall closure in the upper por-

Fig. 2 — Results of finite element analysis showing extent of rock failure before and after

tion of the bin is shown in Fig. 3. Five
months after the installation of the bolts,
wall convergence had decreased sig-
nificantly but still continued at a rate of
19 mm/a (0.7 in. per year). This long-
term rate was judged too high for such a
vital excavation. A second set of longer
bolts was installed in the top four lifts to
control movement and assure anchoring
beyond the potential failure zone. This
set consisted of fourteen 21-m (69-1t)
tensioned grout bolts per lift, seven on
eachside. Three months after the instal-
lation of the 21-m (69-ft) bolts, conver-
gence rates indicated stability. The
monitoring program ended with the
beginning of production and the filling
of the ore bin.

Case study 2—Development of a
mining method

Economic issue: Development of prof-
itable mining operations in a complex
geologic rock mass within a city limit
and monitoring of operations.

Rock mechanics issue: Balance of
high extraction and productivity goals
with a no-subsidence requirement.

The role of rock mechanics was cen-
tral to the development of the mining
method at Asamera’s Cannon Mine,
Wenatchee, WA. A multi-lift, sublevel
bench-and-fill method was adopted to
extract gold ores at depths of 60 to 200
m (197 to 656 f1). High strength backfill
was used to provide long-term overbur-
den support and safe working condi-
tions during pillar recovery operations.

After geotechnical characterization,
stope dimensions and layouts were
evaluated by numerical modeling to
predict global mine stability and deter-
mine backfill strength requirements.
Numerical modeling was calibrated and
refined against the ground conditions
experienced, and mine personnel were
trained in its use. This allowed practical
and inexpensive use of numerical mod-
eling as a routine planning tool.

The economic benefit gained by using
rock mechanics to develop the mining
method and establish the stope extrac-
tion sequence is reflected in the produc-
tion costs and high ore reserve recovery
achieved to date.

Discussion

The Cannon Mine is a joint venture
between Asamera Minerals (US), Inc.
(the operator) and Break water Resources
Inc. Its several gold ore bodies occur
within mineralization in the northwest-
trending Chiwaukum Graben, a struc-
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Fig. 3 — Typical wall closure in upper portion of the ore bin.

ture that dominates the geology of cen-
tral Washington.

Mining was initiated in the B-North
Zone, a lens of silicified arkosic sand-
stones and siltstone of the Eocene Swauk
Formation. Silicification is associated
with the gold mineralization and has
produced higher rock strengths in the
ore zone than in the the surrounding
country rock. The unsilicified rock
consists of clay-altered sandstones and
siltstone interbedded with very weak
layers of sheared claystone.

A multi-lift, sublevel bench-and-fill
mining method was selected and is il-
lustrated in Fig. 4. This method was
selected because it allowed high pro-
ductivity and extraction while main-
taining full overburden support by the
use of cemented backfill. Previous
publications have described the method
(Kelly, 1986), the geotechnical design
(Brechtel et al., 1987), and the backfill
system (Baz-Dresch, 1987).

Stope and pillar widths of 7.3 m (24 f1)
were used between 15- to 25-m-high
(49- to 82-ft) levels (Fig. 4). Headings
4.6 m (15 ft) high were driven the full
stope width and connected by a slot
raise. The stope was then bench mined
and backfilled with cemented fill with a
laboratory strength of 8.3 MPa (1204
psi). Multi-lift overhead mining was
done by working off cemented backfill
with a maximum of four lifts in some
areas. The pillars were mined in a
similar manner except that to provide
for better roof stability, the in-pillar
drifts were driven 3.7 m (12 ft) wide and
then slashed to full pillar width. The
pillar stopes were backfilled with unce-
mented rock fill.

Geologic mapping during stope devel-
opment showed that folded, sheared beds
would form adversely oriented, wedge-
like blocks. Subsequent analysis indi-
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cated a high probability of pillar failure
as these structures were exposed by the
full stope excavation. At this point, the
effect of pillar failure on the global mine
stability was evaluated by modeling the
entire B-North Ore Zone. Results of the
analysis indicated that failure would be
localized and would not affect global
stability.

Fig. 5 shows a cross section of vertical
stresses with stress transfer and expected
pillar failure. Experience to date has
confirmed that pillar failures were lo-
calized and confined to claystone sheared
areas.

A high backfill
strength was se-
lected to ensure
long-term overbur-
den support and
stope wall stability.
It was assumed that
the large width-to-
depthratio and weak
overburden strata
would eventually
cause full overbur-
den load on the
cemented-fill pil-
lars. In addition,
multi-lift mining of
the pillars required
the bond between
the backfill and rock
to be strong enough
to supporl large
undercut rock
blocks. These
blocks would be
repeatedly shaken
by blasting. Finally,
some of the devel-
opment access had
to be driven through
cemented backfill
pillars becauseof the

Fig. 4 — Multi-lift, sublevel bench-and-fill stoping.

periphery shear zones.

Numerical modeling was used to as-
sess the required backfill strength, An
evaluation of overburden and arching
loads, as well as shear stresses between
fill and rock, was made by a series of
analyses. The results indicated that a
laboratory strength of 8.3 MPa (1204
psi) would provide a sufficient safety
factor to account for variations in mix-
ture control and stope placement segre-
gation.

Results of the backfill program have
been very positive to date both in terms

Fig. 5 — Cross section with vertical stress magnitudes showing
transfer of stress due to predicted pillar failure.
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Fig. 6 — Backfill walls in stope D48.

of overburden support and stope wall
stability. Fig. 6 shows a pillar being
mined between two backlfilled stopes
and gives a general idea of the backfill
stability.

An instrumentation program has been
used to monitor stability and provide
data for design verification. This pro-
gram consists of stress and displace-
ment measurements in both the rock and
backfill and has been especially suc-
cessful in tracking the transfer of load
between rock pillars, fill pillars and
abutments, thus confirming the assump-
tions made as to the arching capability
of the overlying formations.

To date, most of the B-North Ore Zone
has been extracted and two other ore
zones have begun to be mined. Integra-
tion of rock mechanics into the initial

3 2
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Flg. 7 — Typical floor heave behind the longwall face — Eighth

mine design and subsequent operations
has been central to the economic suc-
cess of the mine.

Case study 3—Stability improvement
in longwall gate roads

Economic issue: Delays in start-up
and operation of longwalls with heavy
support requirements in gate roads.

Rock mechanics issue: Maintenance
of stable gate roads under adverse geo-
logic and loading conditions.

Severe stability problems developed
in the longwall gate roads at the Cyprus
Star Point No. 1 Mine of Plateau Mining
Co. near Price, UT. These problems
consisted of excessive floor heave, roof
falls and rib spalling. Floor heave was
especially severe, causing tilting of cribs
and significant reduction of roof sup-
port. Roof falls occurred, particularly
near sandstone channels, due to crib tilt
and high stresses.

The rock mechanics work consisted of
acomparative evaluation of several gate
road layouts and has been described by
Maleki et al.,, 1986 and 1987. The
program was based on in situ instru-
mentation and numerical analysis. Test
mining was also performed to help
evaluate the structural behavior of yield
pillars before they were used in the gate
roads.

Results from the above program indi-
cated that a layout with a two-entry
system and a yield pillar would provide
the best stability for multi-seam long-
wall mining.

The two-entry system was adopted,
resulting in significant improvements in
roof stability for more than 5 km (3

left, room two.

Fig. 8 — Comparison of entry convergence
and roof sag for the starting room and gate
roads.

miles) of two-entry development com-
pleted to date. Considerable economic
benefits were gained by a reduction in
production delays and ground support
problems.

Discussion

The Star Point No. 1 Mine works a
three-seam coal deposit. Seam thick-
ness varies from 1.5to 3.6 m (5 to 12 ft).
Numerous sandstone channels of large
horizontal extent are often encountered
during gate road development. At the
time of this writing, longwall mining
was being performed in the two upper
seams, which are separated by 910 17m
(30 to 56 1) of interburden.

Severe floor heave began to occur in
the gate roads behind the face at depths
of 300t0 500 m (984 to 1640 ft) (Fig. 7).
This occurred in the original three-entry
layout, consistingof 15.2-m-wide x 24.4-
m-long (50- x 80-ft) pillars and 5.5-m
(18-ft) spans. The floor heave tilted the
cribs and greatly reduced roof support.
Roof falls occurred mostly by sandstone
channel margins due to a combination
of weak strata, high stresses and poor
roof support. In addition, stress transfer
to lower seams. capable of causing fu-
ture stability problems, was very likely
due to thin interburdens.

Reducing the number of entries and
using vield pillars was an approach that
offered the possibility of improving
ground problems. This was because of
two major factors:

» A change from a three- to a two-entry
system significantly reduced the exca-
vated area. Stabilily in areas with ad-
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verse geological stress conditions is
obviously related to the amount of
ground excavated, mostly in the inter-
sections where the roof spans are wider.

* Yield pillars reduce the stresses in the
gate roads and thus floor heave and the
stresses transmitted to the lower seams.

A yield pillar test was conducted in the
starting room pillar of a longwall be-
cause of inexperience with yield pillars.
Results showed a five-fold reduction in
floor heave and roof sag in the starting
room as compared to the middle gate
road entry (Fig. 8).

Numerical modeling also indicated a
lowering of stresses with a two-entry
yield pillar layout. Fig. 9 gives an ex-
ample of one of the analyses performed.
Vertical stresses are shown for an area
covering two longwalls and four-, three-
and two-entry gate roads.

A layout with a 9.1-m-wide by 24.4-
m-long (30- x 80-ft) pillars with 5.5-m-
wide (18-ft) spans was adopted in 1985.
Experience to date shows that floor heave
and roof falls have been greatly reduced,
resulting in improved coal recovery and
productivity.

The economic benefits are very obvi-
ous both in terms of improved safety
and reduced mining cost.
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g. 9 — Vertical stress levels for two longwalls and bleeder entries.

Conclusions

Practical rock mechanics applied
within a framework of site specific
experience can produce considerable
economic benefits to mine operations.

Best results are obtained when man-
agement views rock mechanics with a
long-term perspective and integrates
rock mechanics activity with the mine
geologic and engineering functions, This
requires trained personnel and a pro-
gram directed to optimizing the struc-
tural design and the solution of ground
control problems.

Reasonable, adequate tools—instru-
mentation and numerical modeling—
have been in existence for some years.
They have, however, been generally
under-used by the mining industry. With
the advent of microcomputers, the trend
should be for more mines to develop and
improve their geotechnical capabilities.

The case studies reviewed here have
demonstrated that rock mechanics can
help mine operations gain significant
economic benefits.
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