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Introduction

Both heuristic and exact ap-
proaches, specifically, mathematical
programming, have becn used for
production scheduling in under-
ground mines, While heuristic algo-
rithms may produce usable
schedules, there is no easy way o
deduce the quality of these sched-
ules relative 1o the best (cost mini-
mizing) schedule. Often, the quality
of a heuristic schedule is assessed by
comparing it to the current wrodus

operandi. A mathematical programming technique,
mixed-integer programming (MIP), has been used 1o
produce optimal production schedules for underground
mines, ¢.2., schedules that result in a minimum cost, {or
limited cases. The practical use of MIP has been hindered
because models must incorporate a large number of de-
cision variables, with many of them restricted Lo assume
integer values. The large number of inte

quired for model formulation results
in commensurately long solution
times that may be unacceptable for
practical planning purposes. By pre-
processing the production data and
through carcful model formulation,
il is possible to reduce the number of
integer variables and thus reduce so-
lution times, This paper summarizes
a new mixed-integer programming
model that developed for the Kiruna
Mine.

The Kiruna Mine

LKAB's Kiruna Mine is located
north of the Arctie Circle 1 north-
ern Sweden. It is now the second
largest underground mine in the
world, producing some 24 Mt/a (23.6
million ltpy) of iron ore. The
orcbody is a high-grade magnetite
deposit that is, on average, approxi-
matcly 4-km (2.5-miles) long and
about 80-m (260-f1) wide. The
orchbody lies roughly in a north-
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Abstract

LKAB’s Kiruna Mine, located
in northern Sweden, produces about
24 Mt/a (23.6 million Iipy) of iron
ore using sublevel caving. For mill
efficiency, the mine must deliver
planned gquantities of three ore
products. Mived-integer program-
ming is used to schedule Kiruna’s
operations. Specifically, this in-
volves derermining which produc-
tion blocks should be mined and
when they should be mined to mini-
mize deviaiions from planned pro-
duction quantities while adhering
to mining restrictions (e.g., se-
quencing). A new production-biock
database and a well-formulated
mixed-integer programming model
dramatically reduce the size of the
original problem. In less than ten
minutes, five-year schedules with
time fidelity of months are gener-
ated.
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south direction with a dip ot about
60°. About 20% of the orebody con-
tains a very high-phosphorous, apa-
tite-rich magnetite known as [ ore.
The other 80% contains a low-phos-
phorous. high-iron content magne-
lite known as B ore,

The orebody is characterized by
clear-cut boundaries between the
two ore tyvpes as well as belween the
ore and surrounding waste rock at
the hangingwall and footwall con-
tacts. The D ore is usually located

towards the hangingwall. but occasionally occurs in the
middle or along the footwall. Phosphorous (P} and po-
tassium (K,O) are thc major ore contaminants, The
phosphorous gradce in the D ore varies considerably and
averages aboul 2%. The average grade for the best-qual-
ity B ore is about 0.025% phosphorous with an iron (Fe)
grade of about 68%. In some arcas, the B ore is highly
brecciated, resulting in lower iron grades and higher po-

tassium grades.

From the lwo major in sitie orc
types, the minc delivers three raw
ore products: BI. B2 and D3 {Table
). These three ore products are
classified according to the phospho-
rous content. The B2 product gener-
ally cannot be mined directly from
the in sitte ore, but rather 11 1s pro-
duced almost entircly from the
blending of high-phosphorous D
ore with low-phosphorous B ore
during extraction. Kuchta (1999)
explains this blending process using
principles of gravitational fiow.

The mining method is large-
scale sublevel caving (Fig. 1), Trans-
versal sublevel caving 1s normally
used with mining proceeding [rom
the hanging wall 1o the footwall, but
longitudinal sublevel caving is used
in a few arcas of the mine. The spac-
ing betwcen sublevels is about 27 m
(89 ft) and the spacing between
crosscuts is about 25 m (82 1), The
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FIGURE 1

Mining by sublevel caving.

Vertical Section

production drifts are 7-m (23-ft} wide and 5-m (16-f1)
high. From the production drifts. rings of holes are
drilled upward in a fan-shaped pattern, with spacing be-
tween rings of 310 3.5 m (9.8 to 11.5 ). Rings are usually
drilled at an inclination of 10° forward {towards the
hangingwall). Each production ring contains around [0
ke (9.800 1) of ore.

The orebody is now being mined from the 1,045-m
{3.428-ft) main transportation level (Fig. 2). The mine is
divided into 10 production arcas, each with 1ts own group
of ore passes and ventilation shafts. Each of the 10 pro-
duction areas is about 400 10 300 m (1,310 10 1,640 {t) in
length. The ore passes are located at the center of the
production arcas. Mining begins at the uppermost sub-
level and proceeds sequentially downwards, One 1o two
25-t (27-st) electric load haul dump (LHD) units operat-
ing o a sublevel within each production area transport
the ore from the production drifts to the orc passcs, The
ore passcs extend down to the 1,045-m (3.430-ft) trans-
portation level, where the ore is transported by large
trains to the main crushers and then hoisted to the sur-
[ace through a series ol vertical shafts,

The site on which each LHD operates i1s also rc-
ferved 10 as a machine placement. Once started, mining is
continuous within a machine placement until all avail-
able ore has been removed. Depending on production
requirements, as many as 18 LHDs are active daily
throughout the mine. Each machine placecment is usually
200 to 500 m (660 1o 1,640 {1) in length and contains [rom
I'to 3 Mt (108 to 2.9 million It) of ore. This corresponds
1o about 15 monthly production blocks per machinc
placement. At most, two machine placements can be si-
multaneously active per production area and for each

TABLE 1

]
The three main raw ore Eroducts for the Kiruna Mine.

Product Fe, % P, % K,0, %
B1 68.0 0.06 0.150
B2 - 0.20 =

D3 - 0.90 -
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Longitudinal Section

Usage
Fines production
Medium P peiiets feed
High P peilets feed

sublevel. For each machine place-
ment, monthly production data of
Bl, B2 and D3 ore can be estimated
(Fig. 3). These data estimates are
based on the i situ geologic model,
the mine lavout, expected extraction
scquence and the true production
data obtained after mining the up-
per levels. The haul distance and
LHID capacity arc accounted for
when estimating the monthly pro-
duction. One set of monthly produc-
tion data is generated for each
machine placement that could be
mined within the time frame of the
current schedule.

The mixed-integer
programming model

The scheduling process consists
of determining the starting dates for
the wvarious machine placements
such that the required tons of B1, B2 and D3 ore can be
produced each month. The mine supplies one post-pro-
cessing plant (mill) with Bl ore, two mills with B2 ore
and one mill with D3 ore. Because the mine can stockpile
only about 6 kt (5,900 1t} of ore each day, the mine must
meel these production demands almost exactly, so thal
the mills can meet their respective production demands,
The deviation from the specified production levels for
cach ore type in each month is minimized. Moreover. the
mine must observe the following operational constraints:

¢ accounling constraints that track the amount of cach
ore type mined in ¢cach month;

* vertical sequencing constraints that preclude mining
a machine placement under a given machine place-
ment until at least 50% ol the given machine place-
ment has been mined:

» horizontal sequencing constraints that require adja-
cent machine placements on the same sublevel to be
mined after 50% of the given machine placement
has been mined. and

s shaftl group constraints that restrict the number of
LHDs active within a shaft group at any onc time to
a predetermined maximum, usually two or three.

Model formulation
The formulation follows:

Indices.
a is the machine placement;
b.h’is the production block:
k is the ore type, e, B1, B2, D3;
1"1s the time period (month); and
v is the shaft group.e, 1...10.

Sets.

€3, is the set of eligible time pe-
riods in which production block b
can be mined (restricted by produc-
tion block location and the start
date ol other relevant production
blocks):

A, is the set of production

I




blocks within machine placementa; ~ FIGURE 2
BlockV, is the set of production
blocks whose access is restricted ver-
tically by production block b;
BlockR, is the set of production
blocks whose access is forced by
right adjacency to production block
b;
BlockL, is the set of production
blocks whose access is forced by left
adjacency to production block b;
and
S, is the set of machine place-
ments contained in shaft group w.

Parameters.

r, is the amount of ore type k in
block b (tons);

d,, is the demand for ore type k
in time period ¢ (tons); and

LHD, is the maximum number

of simultaneously-operational

LHDs in each shaft group v.

p 1, if'block b of machine placement a is in shaft group v
@700, otherwise

Decision variables.

1»
Yor = 0

du,, is the amount mined above the desired demand
of ore type k in time period ¢ (tons) and

dd,, is the amount mined below the desired demand
of ore type k in time period ¢ (tons).

if start mining production block 5 in time period t}

otherwise

Objective function.
Miny" (du, +ddy,)

Kyt

Subject to.

zrl)k Yy = duy +ddy =dy,
b

z)’bz 2 V!

1ef2,

Do Sy

1eQ,

Z Yot < Yoy

e,

D D Pty <LHD, Vv (5)

acS, ben, reQ2,

VkieQ, (1)

Vb,b" € BlockV,,t" € Q,, (2)

Vb,b” € BlockR,,t" € Q. (3)

Vh,b" € BlockL,.,t" € Q,, (4)

duy.,dd, 20  Vtk

¥, binary Vb, 1

The 1,045-m (3,428-ft) main transportation level at the
Kiruna Mine.

Hoisting

KUJ 2000

Hoiting

The deviations from the planned quantities of B1,
B2 and D3 ores for each month are minimized. Con-
straints Eq. (1) calculate the tons of B1, B2, and D3 ore
mined per time period and the corresponding deviations
from the specified production levels. Constraints Eq. (2)
comprise the vertical sequencing constraints between
mining sublevels. Constraints Eqgs. (3) and (4) enforce
horizontal sequencing constraints between adjacent pro-
duction blocks. Constraints Eq. (5) limit the number of
active production blocks within a shaft group. The last
set of constraints enforces nonnegativity and integrality
of variables, as appropriate.

Results

The mixed integer program is implemented using
the AMPL programming language (Fourer et al., 1993)
and the CPLEX solver, Version 7.0 (ILOG Corp.,2001),
and the model instances are run on a Sun Ultra 10 ma-
chine with 256 MB RAM. A five-year schedule using 60
monthly time periods for the test case with current pro-
duction requirements and planning data contains 56 ma-
chine placements.

The number of time periods, machine placements
and corresponding production blocks for this scenario
would have required 60%*(56%15) = 50,400 integer vari-
ables. About 12 production blocks can be aggregated
into a single machine placement through careful model
reformulation. The number of time periods and, hence,
the number of variables under consideration can be fur-
ther restricted by using both an earliest possible start
date and a latest possible start date for each machine
placement. Specifically, the mining sequence is highly re-
stricted and precludes:

* the deeper-lying machine placements from being
mined until at least 50% of the directly overlying
machine placement has been mined, and

e a machine placement from starting to be mined so
late that the underlying machine placements eventu-
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FIGURE 3

Production plan for machine placement located at the
820-m {2,690-1t) level from y-coordinate 29 to 30, 200 m

(656 ft).
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FIGURE 4

Example of a one-year monthly production schedule for

the Kiruna Mine.
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ally become “locked in.” inhibiting
the mine from producing the re-
quired tonnage.

Using early and late start values
to restrict the ¢ligible time periods
in which a production block can be
mined rrreralia, the number of inle-
ger variables required for the com-
plete five-vear schedule is reduced
1o about 630,

Several additional constraints,
while redundant with the original
constraints, restrict the search space
for the optimal solution, which re-
duces solution time. Specifically, sev-
eral constraints are added that:

¢ require block b to start being
mined at some point during the time
horizon if its late start datc falls
within the time horizon and

*+  allow block 5 to start being
mined once during the time horizon
if 1ts late start date occurs beyond
the time horizon,

A complete live-year schedule
is obtained in 300 seconds. Figure 4
depicts the first year of a complete
five-vear schedule.

Discussion

Pure linear programming maod-
els have been applied to under-
ground mine scheduling for a
variety of mining methods {e.g., Wil-
liams ct al.. 1972) for sublevei
stoping in a copper ming and Jawed
{1993) for room-and-pillar in a coal
mine. Others (Winkler, 1998 and
Tang et al,1993) combine lincar
programming with  simulation,
These underground mining models
arc primarily lincar programming
models that determine the amount
of ore to be mined. The binary deci-
sions ol whether to mine a produc-
tion block are either 1gnored or
incorporated into the model ex post
facto through, for example. simula-
tion or an iterative technique to in-
duce feasibility of an indirectly
determined mining sequence,

Winkler (1996) points out the
importance ol using mixed-integer
programming in (mine) production
scheduling lo account for fixed costs,
logical conditions. sequencing con-
straints and machinc use restric-
tions. Indeed. mixed integer pro-
eramming cannol be ignored as an
optimization tool if production
block mining sequence is Lo be ac-
counted for. However, Winkler de-



clares that the theorelical complexity of mixed-integer
programs precludes therr use for multiperiod mine
scheduling and produces a schedule for underground
coal mining operations for a single time period. His
maeded minimizes tixed and variable extraction costs sub-
ject to guality constraints, and demonstrates that signiti-
cant differences in solutions exist when fixed costs are
ignored. Others {(Smith 1998}, in developing a model for
a silver and gold surface mine, face the same intractabil-
ity issues when using mixed integer programming. Trout
(1995) actually formulates and attempts to solve a
mixed-integer multiperiod production-scheduling model
for underground stoping operations for base metal (e.g.,
copper sulfide). Although the model produces a solution
that is considerably better than what 18 now rcalized in
practice, solution time exceeds 200 hours, without a guar-
antce of optimality.

In fact, several attempts at multiperiod scheduling
using mixed-integer programming have been made at
the Kiruna Mine. So far, though. none have produced ac-
ceptable multiperiod production schedules, Specifically,
Almgren (1994) provides the first attempt. Almgren di-
vides the data into 100-m (328-ft) blocks (Fig. 3), wherc
one to three of these blocks constitutes a machine place-
ment. Several additional sets of binary variables account
for whether a block, or a portion of a block. has been
mined by a given time period. Continuous-valued vari-
ables track the amount of various orc types mined in
given locations at a given time period. In gencral, be-
causc of the database from which modcl parameters are
obtainced and because of the resulting unnecessarily
complicated formulation, the model is too large 1o be
solved in 1ts monolithic form. Hence, Almgren gencrates
five-year schedules by running the model one month at
a time {or 60 monthly time periods. Schedules with ac-
ceptable deviations from the production demands can be
produced in a few hours, althougl there is no guarantce
of optimal schedules for the complete five-year period,
cspecially because “end cffects” between months are ig-
nored.

Topal (1998) and Dagdelen et al. (1999) propose a
modeling approach in which they derive the input data
trom the same database. However, thetr inodel contains
fewer integer variables, specilically. only a binary vari-
able representing the mined stale of a block in a given
time period. Their model also contains continuous-val-
uced variables to track the amount of the various ore
types in cach production block that has been mined in
cach time periad. Beeause, similarly, this model cannot
be solved in its monolithic form, Topal (1998) and
Dagdelen et al. (1999) reduce the number of integer vari-
ables by solving tor yearly, rather than five-year, sched-
ules. Each yearly model considers only those production
blocks that could fcasibly be mined in the corresponding
limeframe and excludes those blocks that would already
have been mined in a prior year. The authors subse-
quently obtain a monthly production schedule bascd on
the yearly production schedule. However, there is no
guarantee of an optimal schedule for the complete five-
vear period. Nor, by first solving for a yearly schedule, is
there a guarantec that production requirements can be
met on a monthiy basis. Carlyle and Eaves (2001) formu-
latc a model in a vein similar to the one presented here
for production planning of a sublevel stoping operation
at Stillwater Mining. The model maximizes revenue from

FIGURE 5
|
100-m {328-ft) block data used in
the models of Almgren {1994}, Topal
{1998) and Dagdelen et al. {1999},
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mining platinum and palladium. The authors obtain
ncar-optimal solutions but do not describe any special
technigues to expedite solution time or improve solution
quality.

The main advantage of the formulation presented
herc is thal there is a substantial reduction in the number
of variables compared to the previous models. Fewer
variables resuits in a dramatic improvement in model
tractability. A new database and careful formulation al-
lows one to aggregate what may have been 12 produc-
tion blocks into a single production block, in turn
reducing the number of integer variables. When addi-
tional modifications are made (e.g. the addition of tight-
ening constraints and eliminating variables using early
and late starl dates for machine placements) and the
model is run with appropriate hardware and software,
the mode! presented here produces an optimal schedule
for a five-year time horizon in a matier of minutes.

Future research

Using robust methods, it should be possible to more
precisely establish the latest possible starl time for each
machinc placement, This, in turn. would further reduce
the number of eligible time periods in which a block can
he mined and. correspondingly, the number of binary
variables. B
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