Journal of Mining and Environment (JME) Vol. 15, No. 4, 2024, 1395-1408

Journal ,s Mining and Environment (JME) ///A

Shahrood University
of Technology

Iranian Society of
Mining Engineering
IRSME,

Journal homepage:

A Generalized Mathematical Model for Integrated Production
Planning in Drift-and-Fill Mining Operation

Mehdi Rahmanpour®, Golpari Norozi, and Hassan Bakhshandeh Amnieh

School of Mining, College of Engineering University of Tehran, Tehran, Iran

Article Info

Abstract

Received 8 September 2023

Received in Revised form 13 April
2024

Accepted 15 May 2024
Published online 15 May 2024

DOI: 10.22044/jme.2024.13578.2510

Keywords

Optimization

Underground Mining Methods
Drift-and-fill mining
Integrated production planning

Production deviations

Drift-and-fill mining is a variation of cut-and-fill mining method. Drift-and-fill
mining method refers to the excavation of several parallel drifts in ore. Excavation
of a new drift could start when its adjacent drifts are backfilled or not excavated.
The amount of ore material and its grade depends on the excavation sequence of
drifts. As the number of drifts increases, one will need a model to optimize the drift
excavation and backfilling sequence. This paper introduces a mathematical model
to determine the optimal drift-and-fill sequence while the safety constraints,
excavation, and backfilling capacities and their dependencies are satisfied. The
model seeks to minimize the deviations from some predefined goals, and it handles
the long-term and short-term constraints in separate and integrated scenarios. An
application of the model is presented based on the data available from a lead/zinc
underground mining project. There are 91 drifts in the selected level. Based on the
monthly planning horizon, the integrated model leads to the slightest deviations in
both the mining rate and average grade, and the deviation from the predetermined
annual goals is negligible. For the case where long-term and short-term plans are
determined separately, the deviation is approximately 10%.

1. Introduction

Along with the growth in population and

aim of cost minimization, and finally, the

civilization, the mineral demand is increasing. To
fulfill the demand, and because of the scarcity of
high-grade and near-surface deposits, the mining
industry tends to extract the mineral resources by
underground mining operations if feasible. Mining
of such deposits is very sensitive to an appropriate
mining plan. A production plan determines the
quality and quantity of material that should be
extracted during the life of a mine. The primary
goal of a mining plan is to achieve the highest Net
Present-Value (NPV) for the given technical
constraints [1-3].

Underground mining plans are developed
through a sequential process. First, a stope layout
or stope boundary is determined. The stope
boundary depends on the mining method and its
specific economic, geometric, and operational
constraints [4, 5]. Subsequently, a detailed
development network layout is designed with the
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production schedule is determined. Stope layout
and production scheduling are important issues in
underground mining plans. These plans are
affected by geologic and economic uncertainties
[6].

Mine production planning is a complex
optimization problem. Production planning is
determined for different time horizons (i.e., long-
term and short-term planning), and typically, they
are conducted as two separate phases. Mine
planning begins with creating a long-term plan that
defines the annual production operation throughout
the mine life while the NPV of the operation is
maximized and the technical constraints are
satisfied. The next stage involves creating a short-
term plan. The aim is to provide a practical guide
to implement the activities according to the long-
term plan. In short-term planning, considering the
operational constraints, emphasis is placed on



Rahmanpour et al.

following the long-term goals. Short-term planning
aims to provide a constant amount of minerals to
the processing plant, where the deviations in
quality and quantity of mill feed are minimized.
Any significant and sudden change in feed disrupts
the mill balance and recovery [7]. Hence, a separate
definition of long-term and short-term production
plans will lead to a locally optimal solution.
However, achieving a globally optimal solution is
possible by integrating these plans and considering
the interactions between short-term and long-term
activities.

Production planning methods are divided into
mathematical and search-based methods. In most
cases, mathematical models (although
mathematically optimal) suffer from complexity
and are hard to implement. In contrast, search-
based heuristic and meta-heuristic methods can
produce a practically acceptable solution (but not
necessarily optimal). Javed [8] used linear
programming to minimize the deviations from
predetermined cost and production goals in a room
and pillar mining activity. He considers several
constraints, including workforce, operational,
extraction capacity, plant capacity, and ventilation
[9]. Trott [10] presented a mixed integer
programming model intending to maximize the
NPV in a sublevel copper mining project. The
proposed model consists of five binary variables
representing extraction, drawing, backfilling, and
the lead time to start extraction after a backfill.
Moreover, two decision variables define the
tonnage and filling capacity of the stopes. The
major drawback of this model is the simultaneous
mining of neighboring stopes. Continuing Trott's
work, Nehring [11] built a model by adding new
constraints to avoid simultaneous mining of
neighboring stopes. They studied the model
performance by comparing it with a manually
generated plan. The results showed that the net
present value has improved by 11%.

Little et al. [12] wused mixed-integer
programming to optimize underground stopes
boundary and production scheduling to maximize
the NPV. They evaluated the problem in two
scenarios. In the first scenario, they maximized the
NPV of the operation by simultaneously satisfying
the constraints related to the design of the stopes
and the production schedule. In the latter scenario,
the two problems are solved separately. First, the
optimal stope boundary is determined. Then,
considering the production constraints, the
appropriate stope sequencing is determined. The
results showed an increase in NPV for the
simultaneous scenario. A mixed integer linear
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programming model is developed for maximizing
the NPV and long-term planning in block-caving.
The model considers several constraints, including
the mining capacity, draw rate, extraction priority,
number of draw points in each period, and the
maximum number of active draw points [3].

O'Sullivan and Newman [13] used integer
programming to maximize the amount of metal
production over the mine life of an underground
lead/zinc project. They considered the earliest
starting time for extraction of panels and a heuristic
method for decomposition and reduction of the
solution time. Treblanche and Belli [14] have also
used the concept of the earliest time to start and the
latest time to finish an activity to reduce the
solution time.

Huang et al. [15] presented a robust mixed
integer linear programming formulation for
underground cut-and-fill mining. The objective
function is to maximize the NPV of the operation
while meeting all mining and processing
constraints. The new model is validated with two
case studies (The case studies contain 12 time
periods and 40-120 stopes), and the results show a
9% to 17% improvement in NPV. The main
drawback of this model is that the sizes of the
stopes are equal, which may produce unreliable
results in cases where the sizes of the stopes are
variable.

Foroughi et al. [16] used an integer programming
model to maximize the NPV of a sublevel stoping
operation by simultaneous optimization of long-
term planning and the stope boundary. Application
of the model in an iron ore deposit resulted in a
16% increase in the NPV compared to the case
where the stope boundary and the production
schedule are determined separately. Shenavar et al.
[17] introduced a new mathematical model to
maximize the NPV of a sublevel caving operation.
This model considers technical and operational
constraints such as production capacity, geometric
constraints, access constraints, and mining advance
direction. Also, the stope boundary was determined
using the floating stope algorithm, and the
unnecessary blocks were removed to reduce the
number of decision variables. Sari et al. [18§]
proposed a heuristic clustering approach to identify
rich blocks and prioritize their extraction to
maximize profit. The proposed approach was
compared and validated with the results of a
rigorous model on a small example [19]. Heuristic
algorithms are also applied for problem size
reduction and running time improvement [20, 21].

Morin et al. [22] presented a discrete event
simulation model for planning drift-and-fill
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operations in the presence of an underground pre-
concentration system. The results showed that the
system productivity varies with reliability while it
is improved with pre-concentration. Mohseni et al.
[23] presented a classification system to predict
unplanned dilution in the cut-and-fill mining
method.

Manriquez et al. [24] consider a bench-and-fill
mine and try to improve schedule adherence by
creating a hybrid simulation model for short-term
production. In each iteration, a short-term schedule
is created using a mixed integer linear
programming model that is simulated later using a
discrete-event simulation model. The model
considers the operational uncertainties of
equipment by the simulation process. The
drawbacks of this work include: (a) the
optimization model is stope-based while the
schedule of cuts inside the stopes is ignored, and
(b) the model is developed for vertically inclined
orebodies. Hence, the model will generate an
infeasible stope sequence for cut and fill mining
projects in massive orebodies. Brickey et al. [25]
formulated a daily production planning model to
optimize tactical schedules and supervisory
decisions based on resource availability. They try
to control the resource and equipment availability
to follow a given stope sequence. The point is that
the objective function seeks the maximum NPV
while the production deviations are ignored. Some
researchers studied the effect of specific
constraints like machine allocation and ventilation
in underground production scheduling [26-28].

According to the literature, limited studies have
been carried out on integrated production planning
for different time horizons. In 2012, Nehring et al.
investigated the connection between short- and
medium-term planning and its effects on NPV.
Furthermore, they presented a short-term planning
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model intending to minimize the deviations in
metal production and medium-term planning
intending to maximize the NPV. Their model is
applied in a sublevel stoping operation, which
includes 65 stopes [7]. Campeau et al. [29, 30]
described a new model for optimizing short- and
medium-term planning of underground mines.
They proposed a mixed integer programming
model with flexible time discretization to
accurately represent operational constraints. The
results show that the integrated formulation makes
it possible to create practical solutions. An
application of the model in a gold project is used to
schedule equipment, rock support, and similar
activities.

Since the studies on simultaneous long- and
short-term planning are limited, and the globally
optimal solution can only be achieved if these two
plans are combined, this paper attempts to develop
an integrated mathematical model. Moreover, the
model is developed for the underground drift-and-
fill mining method. The model is applied in an
underground lead/zinc operation. A general
description of the drift-and-fill mining method is
provided in section 2. The model definition and
formulation are introduced in section 3. Section 4
contains a case study, and the conclusions are
derived in section 5.

2. Drift-and-fill mining

In the cut-and-fill mining method, the excavated
area is filled back with some material to facilitate
the excavation of the remaining ore. The fill
material acts as a support for the area. The drift-
and-fill mining method is a variation of the cut-
and-fill mining method, where, several parallel
drifts are excavated in ore except it is used for thick
ore reserves (Figure 1).

LEGEND

ORE

Drift and fill l:l

Standard Cut and fill I:l

b) Vertical section of a vein deposit

Figure 1. Application of drift-and-fill to (a) massive and (b) narrow vein orebodies (from [31])
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Drift-and-fill mining refers to excavating several
parallel and regularly spaced drifts in the ore
reserve and backfilling the completed drifts before
mining adjacent drifts [31]. Generally, the layout of
drift-and-fill mining is similar to a conventional
room and pillar where the ore grade is valuable
enough to justify the backfill of rooms for pillar
mining.

In this method, as the first drift is excavated to
the end of the orebody or its specified length, the
drift is sealed for backfilling. The next drift is
driven adjacent and parallel to the first drift. This
process continues until the ore reserve is mined out.
As mining of the first level is completed, the
second level is started below the first level. For
safety reasons, the drifts in different levels are
excavated perpendicular (Figure 2).

There are two variations of the drift-and-fill
mining method. Their main difference is the
mining direction. Overhand drift-and-fill follows a
bottom-up mining direction, while the underhand
variation has a top-down direction [31]. This
method is very flexible in massive or narrow flat-
lying orebodies. The ore recovery is almost
maximum, while the exposure to unsupported
ground and the risk of subsidence are minimal [32-
34]. This method is applied in high-grade orebodies
with poor or variable ground conditions, where
high selectivity and control are needed. This
method is suitable in massive deposits if sublevel
stoping is not feasible [35].

D Designed Drifts

Active Drifts
Filled Drifts

Figure 2. Underhand drift-and-fill mining method

In underhand drift-and-fill, when the first level is
completed, a strong crown pillar of cemented fill
will be created beneath which the mining operation
continues safely [31]. Peng et al. [36] conducted a
numerical study assessment of the stability and
failure of drifts from the perspective of
deformation, stress, and plastic zone. Ran [37]
shows that in terms of the RMR system, a drift
width is normally less than 5 meters in ““fair” rock
masses. Hu et al. [38] and Keita et al. [39] studied
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the backfill and sill pillar behavior in a drift-and-
fill operation.

According to Figure 1, an access drift is
excavated along the axis of a deposit. After that,
some parallel production drifts are excavated using
the access drift. The excavation sequence of drifts
is critical. When a drift is mined out, the void is
filled with some cemented waste material as soon
as possible. Excavation of new drifts depends on
the condition of its surrounding drifts. In addition,
to maintain ground stability, there must be a safe
distance between the active drifts, which limits the
number of active drifts and their respective
locations.

The NPV of the operation depends on the grade
and tonnage of material (i.e., metal content) that is
mined annually. In addition, if the variation of ore
grade and tonnage in drifts is considerable, then the
amount of periodically mined ore material and its
grade depends on the excavation sequence of drifts.

Considering the safety requirements, capacity
constraints, and variations in metal content in
drifts, determining the optimal sequence is
challenging for massive deposits. In addition, as
the drift number increases, one will need a model
to optimize the drift excavation and backfilling
sequence.

3. Research method

This section attempts to formulate a binary
programming model for production planning of a
drift-and-fill operation. The model must consider
mining and backfilling rates in each drift while the
logical and safety constraints are satisfied. It must
determine the optimal mining sequence of drift
while deviations from production targets are
minimized and safety issues are met. However, the
model considers the earliest and latest possible
times to drift and backfill to improve the
tractability of the model by controlling the number
of decision variables. The problem is formulated
using the linear programming framework in
MATLAB R2021b.

3.1. Model formulation

As stated, the drift-and-fill mining method is
suitable for massive and narrow vein deposits. This
paper deals with the case of applying the drift-and-
fill mining method for massive ores where the
number of drifts is considerable. In the drift-and-
fill mining method, the deposit is divided into
several levels based on the drift height, and an
access drift is excavated in the middle of each level
(Figure 1-a). The access drift divides each level
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into two rows of production drifts (i.e., rows al and
a2, in Figure 3). The lengths of production drifts
are determined based on the extent of the orebody
at each level. According to Figure 3, there are 91
drifts in the level.

The production drifts are divided into several
cuts. These cuts are excavated according to the
mining rate or face advance rate. Figure 3 shows
the plan view of a mining level representing the
rows, drifts, and cuts.

Journal of Mining & Environment, Vol. 15, No. 4, 2024

When all the cuts of a drift are mined out, the
backfilling operation will start. The time required
to complete the backfilling operation depends on
the drift length, backfilling capacity, and the time
the backfilled material needs to reach its required
strength. It means that as long as the backfilling
operation is not complete, the cuts in adjacent drifts
are not minable. Therefore, a precise drift sequence
is needed for a safe mining operation with a
constant ore supply.

a205

a206 azos1|azosz|a2063
2207

T~ a208 ] |

Row-al Row a2

\ Production drifts

Access drift

cut

Drifts

Figure 3. The plan view of the mining level showing the rows, drifts, cuts and their numbering

When discussing production planning in
underground mines, there are many constraints,
such as production requirements, ventilation,
geotechnics, machinery, ore access, and support of
underground workings. Each of these constraints is
related to different planning horizons. For example,
resource constraint is a long-term planning
constraint. Access and ventilation are medium-
term planning constraints, and machinery-related
issues are among the constraints of operational
planning or tactical schedules. Hence, these
constraints should be considered under the
requirements of the planning horizons. In that
regard, two binary programming models are
presented in this paper. Each model is suitable for
a particular planning horizon, and respective
constraints are considered for each case.

Model 1: The long-term model

The model given in Equations 1-5 is formulated
to determine the annual drift sequence. Equation 1
represents the objective function that seeks to
minimize the annual deviation from the production
target. According to this equation, different penalty
coefficients are defined for over- and under-
production through the periods. Deviations from
goals are important in the beginning periods.
Hence, one could restrict the allowable deviations
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by defining a declining penalty coefficient over
time. Moreover, by changing these coefficients, the
penalties imposed on overproduction and
underproduction are treated separately. In this
paper, these coefficients are equal and constant
through the years.

T
Mma=§ﬁ&+&&

(1
t=1
where,
it is the amount of over production at time t
Yt is the amount of underproduction at time t
is the penalty coefficient for over production at
B time t

is the penalty coefficient for under production at
time t

T  is the number of planning periods

Equations 2-4 are equality constraints and
calculate the deviation between the planned and the
actual annual production according to the drifts
mined at that period. The tonnage of material in
each drift depends on the cut volume and the
specific weight of the ore. The specific weight of
ore depends on the ore grade. As the grade of
minerals increases, the specific weight of ore
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increases. In that regard, if high-grade drifts are
extracted, the probability of underproduction is
minimized. Contrarily, if high-grade drifts are
extracted, the probability of overproduction is
maximized. Thus, the model must extract a
combination of low-grade and high-grade drifts in
each period to control the production level and
minimize its deviations. In Equation 3, it is clear
that the actual annual production is at most equal to
the mill capacity.

Journal of Mining & Environment, Vol. 15, No. 4, 2024

TP, —TR,+y,—y.=0,Vallt )
1 K
TR, = Z Z Qe T, Y all t 3)
i=1k=1
Jik
Tik =ZAxLijk Xpijk, Y all i,k (4)
j=
where,

TP, is planned production at time t
TR, is actual production at time t
Aie is a binary decision variable. It is 1 if the ith drift in the kth row is mined at time t, else, it is zero
Tk is the ore tonnage available at the ith drift on the kth row
A represents the drift cross section area (m?). It is constant an all drifts.
is the specific weight of ore at the jth cut of ith drift on the kth row (ton/m?). The specific weight depends on the ore
Pijk grade and it is different in each cut.
is the length of the jth cut of ith drift on the kth row in meters. The length of cuts is determined according to the given
Liji face advance rate. The cut length is about 10 meters. According to the face advance rate that is 2.5 m/day, each cut
will be mined in 4 days.
1 is the index showing the number of drifts in the level
Jix is the index showing the last cut of ith drift on the kth row
K is the index showing the number of rows. According to Figure 3, the mining level contains two rows (K = 2).

Equation 5 guarantees that the drifts are only
mined once in a lifetime. It also forces the model to
extract all the drifts of the mining level. In that
regard, all the drifts are extracted and backfilled

before excavation of the next level.
T

Z Qe = 1,

t=1

Vallik (5)

Model 2: The short-term model

The model given in Equations 6-24 determines
the monthly drift sequence. In Equation 6, the
objective function seeks to minimize the deviation
from the production target. It is the same as the
objective function given in Equation 1, and the
parameters are defined earlier.

T
MinZz, = Zﬁtyt + 6tzt (6)

t=1
Equations 7-9 are equality constraints and
calculate the deviation between planned production
and actual production rate in each period according
to the cuts extracted at that period. These equations
are similar to Equations 2-4, but the difference is
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that Equations 7-9 are based on the cuts, while
Equations 2-4 are formulated based on the drifts.
The tonnage of material in each cut depends on the
cut volume and the specific weight of ore that is a
function of ore grade. As the ore grade increases,
the specific weight of the ore increases. Thus, the
model must extract a combination of low-grade and
high-grade cuts in each period to minimize the
production deviations.

TP, —TR,+y,—y.=0,Vallt (7)
1 Jik K

TRt = Z Z Z aijktTijk ,V all t (8)
i=1 j=1k=1

Tije = A X Lijie X pijis Vallijk ©)

where,

is the ore tonnage available at the jth cut of ith drift

Tij k" on the kth row
@ is a decision variable. It is 1 if the jth cut of ith drift
ijkt  in the kth row is mined at time t, else, it is zero

Equation 10 guarantees that any cut in a drift
could only be mined once in a lifetime. It also
forces the model to extract all the cuts in the given
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level. In that regard, when all the cuts are extracted
and backfilled, it will be safe to extract the next
level.

T

Z Qje = 1,

t=1

Valli,jk (10)

Equation 11 controls the mining direction inside
a drift and ensures that the cuts are sequenced
inside the drift. This constraint ensures that any cut
can only be extracted if its preceding cut in that
drift is extracted at the same period or earlier. This
constraint is not applied to the first cut of any drifts.

t,
Z(aijkt - aij+1kt) =0,
t=1

Valli,jkt €[1T]

(11

Equations 12 and 13 determine the status of a
drift, whether it is extracted or not. If the first cut
inside the drift is extracted then the drift status is
active until it is backfilled.

Vallik,t (12)

(13)

ikt — A1kt = 0,

€ikt = Cikt-1 » Yallik,t

where,

is a decision variable. It is 1 if the first cut of ith

i1kt drift in the kth row is mined at time t, else, it is zero
is a decision variable. It is 1 if the first cut of ith
Cikt drift in the kth row is mined at time t or earlier,

else, it is zero.

Equation 14 ensures that the drift is backfilled
right after excavating the last cut of that drift.
Equation 15 remembers the status of a backfilled
drift through the mine life. In other words,
constraint 15 controls the start of the backfilling
operation in a drift, while constraint 16 indicates
that the drift is backfilled.

biks + biktsr — e = 0

i 14
Vallikt (14)
bikt = bikt—l ,V all i, k,t (15)

where,

is a decision variable. It is 1 if the ith drift in the

bik: kth row is backfilled at time, else, it is zero
is a decision variable showing the completion of
Q;,.ke oreinastope. Itis I if the last cut of ith drift in

the kth row is mined at time t, else, it is zero

If a drift is backfilled,
neighboring drifts is controlled by Equation 16.

the extraction of
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This constraint guarantees that the safety pillars
remain between two active drifts. It makes sure that
if a drift is not backfilled, the extraction of the
neighboring drifts will not be allowed. According
to this constraint, if the status of a drift is extracted
(eijxt = 1) and not backfilled (b = 0), then it is
not possible to extract the neighboring drifts at that
period. Otherwise, if the status of a drift is
extracted (e;;; = 1) and backfilled (b;,; = 1), then
it is possible to start the extraction of the
neighboring drifts at that time or later.

ikt — bike + Civorr < 1,

Vallik,ts€[lS] (16)

where,

is the minimum number of drifts left as pillar between
two active drifts

S

Equations 17-19 guarantee that the drifts located
in opposite rows are not mined at the same time.
According to the constraints, if the status of a drift
is extracted (e;,; = 1) and not backfilled (b, =
0), then it is not possible to extract three
neighboring drifts on the opposite row. If the status
of drift is extracted (e; = 1) and backfilled
(bixe = 1), then there is no limitation over
excavation of neighboring drifts on the opposite
row.

by +ei_re <1,

Cikt — (17)
Vall ik, t,k k'
ke — bie e < 1, (18)
Valli,k,t,k k'
ikt — bike + €ip1ne < 1, (19)

Vall ik, t,k k'

The next constraint is the number of active drifts
in each period. In that regard, the number of
extracted cuts in a period is controlled by Equation
20.

1 Jik K
S5 e e
i=1 j=1k=1

where,
q; is the allowable number of active drifts at time t

Equations 21-22 restrict the amount of extracted
and backfilled material concerning the loading and
haulage capacity and backfilling capacity in each
period, respectively.
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I Jik K
Z ZZ GujcTije < T @1
i=1 j=1k=1
Vallt

I K

f

Z Z(bikt — i) X Tl < T} 59
=1 k=1 (22)
VteT

where,
T is the loading and haulage capacity at time t
T/ is the volume to be filled at time t (m’)
TV is the volume to be filled in the ith drift in the kth row

ik

at time t (m?)

Equations 23 and 24 restrict the extraction time
of the cuts according to the earliest and the latest
possible extraction times. The value of ES;j, and
LS;jj are defined based the sequence generated by
Model 1.

T
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where,

is the earliest possible time to mine the jth cut of ith

ESiji drift on the kth row
LS. is the latest possible time to mine the jth cut of ith
Gk drift on the kth row

Model 3: The integrated model

In integrated planning, annual and monthly
production planning are determined
simultaneously. In that regard, the model given in
Equations 6-24 is adjusted considering the concept
of receding time horizons [40]. The receding time
horizons concept involves solving an optimization
problem within a set of timeframes. Then, the
initial step is stored, and the process is repeated for
the remaining periods. In this process, if new data
becomes available, it is possible to update the
model with the new data. According to the concept,
timeframes are defined in Table 1. According to
this table, the planning timeframe is composed of 6
short periods that includes 3 periods with a

Aujee X = LSy Vallij k (23) monthly time length and three planning periods

t=1 with a seasonal time length. The remaining
T planning periods are yearly based. In this case, the
Z e X t = ESyye vallijk (24) effepts of the short-term and long-term constraints
i are integrated.
Table 1. The planning time intervals in the integrated model
Period 1 2 3 4 5 6 7 to the end
Time length 1 month 1 month 1 month 3 months 3 months 3 months 1 year

3.2. Scenario definition

The presented models are evaluated in two
scenarios.

e The first scenario represents Separate Planning
(SP)

In this scenario, the long-term and short-term plans
are determined separately. In that regard, the
long-term plan is determined using the Model 1.
When the annual sequence of drifts is identified,
a short-term plan is prepared using Model 2, and
a monthly production plan is determined. Due to
a shorter planning horizon, some constraints may
significantly impact the results, including
geotechnics, grade control, resource availability,
and backfill constraints.

e The second scenario represents Integrated
Planning (IP)
In this scenario, the long-term and short-term

production planning are determined
simultaneously based on the context described in
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Model 3. As stated earlier, the main difference is
the way the time horizons are defined. In this
case, the effects of the long-term and short-term
constraints are integrated based on the receding
time horizons concept. The time horizons are
defined in Table 1.

The performance of these scenarios is evaluated
in an underground lead/zinc operation. In that
regard, these two scenarios are applied, and the
results are compared.

4. Results

The performance of the models is presented in an
underground lead/zinc operation. The block model
of level +2737 is selected for the study. The
selected level contains 91 drifts (Figure 3).
According to the available mining capacity, the
level is excavated in two years. The dimensions of
the drifts are 4 meters by 5 meters. As shown in
Figure 3, the drift length and ore contents are
different. Therefore, the time for excavation and
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backfilling of a drift differs from others. This
complex situation will increase the complexity of
the planning process. Therefore, the essence of the
presented model is clear. According to the block
model, drift location, ore reserve, ore density, and
the average grade are calculated for each drift.
Based on the mine design, the face advance rate
in drifts is 2.5 meters per day. In monthly plans, the
drifts are divided into some cuts with a length of 10
meters. The cut length is equal to the face advance
in 4 working days. For example, for a drift with a
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length of 40 meters, it takes 16 working days to
complete cut excavation. The backfilling of this
drift requires 12 days. So, the excavation and
backfilling of a 40-meter drift is estimated to be
about one month.

The maximum number of active drifts in a month
is four. In addition, based on the current mine
design, at least two drifts are left as pillars between
two active drifts. The information is summarized in
Table 2.

Table 2. The parameters used to evaluate the models

Para\meters Un\it value

Face advance rate Meters per day 2.5
Number of active drifts Drifts in month 4
Safety pillars width Drifts 2
Mine production Tons per year 138°000
LHD's loading capacity Tons per day 750
Conveyor capacity Tons rial per hour 50
Filling capacity m? per day 280

The production goal is to produce about 138kt of
ore annually. The loading capacity of LHDs is 750
tons per day, and the conveyor can convey 50 tons
of material per hour. Moreover, the filling capacity
is 280 cubic meters per day. Based on these
assumptions, the models are implemented.

In the first scenario, the long-term and short-term
plans are determined separately. Therefore, first, an
annual planning is conducted using the Model 1.
Figure 4 shows the annual drift sequence. Then,
based on the annual sequence, Model 2 is applied
to determine the monthly drift sequence for the first
period (Figure 5).

Figure 4. The drift sequence determined by Model 1
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Symbol| Time

monthl0
monthll

monthi2

year2

Figure 5. The drift sequence determined by Model 2

In the case of integrated planning (the second monthly drift sequence that is determined by using
scenario), the annual and monthly plans are Model 3. The figure shows the drift sequence based
determined simultaneously. Figure 6 shows the on the first run of model 3.

monthll-12

Figure 6. The drift sequence determined by Model 3

1404



Rahmanpour et al.

As stated, the production goal is to produce 138kt
of ore annually, which equals a monthly production
of 11.5kt. The deviations incurred in monthly
production for both scenarios are calculated.
According to the results, the separate plan will
produce an annual deviation of 10%, while for the
integrated plan, the annual deviation is almost zero.

For a comparison, the annual and monthly
deviations for the two scenarios are shown in
Figures 7 and 8. According to Figure 7, for the case

160,000
140,000
120,000
100,000
80,000
60,000
40,000
20,000

Total Annual Production (t)

Integrated Planning (IP)
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of SP, the total production in the first year is higher
than in IP. Moreover, the difference between the
annual productions is much lower for the IP, where
the annual and monthly drift sequences are
determined simultaneously. According to Figure 8,
it can be seen that the IP deviations are softer than
in the SP. In addition, the figure shows that the
monthly ore content variations are the same for
both scenarios. Monthly ore content variations for
SP are less than 1%, and it is almost zero for the IP.

Separate planning (SP)

EmYear 1 ®mYear2

Figure 7. Comparing the target annual production and production resulted from both scenarios
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Figure 8. The deviation in total production and ore content in both scenarios

5. Conclusions

Determining the optimal production plan plays a
significant role in the design and operation of
underground  mines.  Production  planning
optimization techniques are not comprehensively
used in underground mining because each method
has specific limitations. Moreover, production
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planning in underground mines is normally
programmed manually, which is time-consuming
and non-optimal. In complex cases having
numerous activities, manual planning may not be
the choice. In such cases, developing a
mathematical model enables the mine planner to
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compare different mining scenarios to reach an
appropriate mining schedule.

This paper formulated a mathematical model to
optimize drift excavation sequence in drift-and-fill
mining operations. The model considers the
advance rate in a drift. In addition, the timing and
sequence of drift excavation is controlled by safety
requirements. Drift sequencing could be
determined on annual and monthly scales. The
results show that the integrated model produces a
mining schedule with minimal deviations.
Comparing the results of separate and integrated
plans shows that the lowest deviations belong to
the integrated model, where the deviations are
negligible. While for the separate model, the
deviations are about 10%. Moreover, the monthly
ore tonnage variations are almost zero for the IP.
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