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T
he

M
ine

�

O
pen

pitaggregate
m

ine

�

C
ontains

sand,gravel,cobble
and

boulders

�

C
onsists

ofm
illions

oftons
ofsand,graveland

granite

�

P
rior

ow
nership

leftthe
depositpartially

m
ined.
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T
he

O
peration

�

T
hree

loaders
excavate

and
transportaggregate

to
a

feeder.

�

T
he

feeder
releases

the
aggregate

onto
a

conveyor
belt.

�

T
he

conveyor
belttransports

the
aggregate

to
a

stockpile,and
then

subsequently
to

a
plant.

�

T
he

plantsorts
the

aggregate
using

gravity
and

agitation

into
piles

based
on

granularity.
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D
epiction

of
O

peration
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A
Loader
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T
he

C
on

ve
yor

B
elts
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T
he

P
roducts

�

S
and,pea

gravel,concrete
stone,and

rock
are

used
to

produce
concrete

and
asphalt.

�

C
rusher

fines
and

sand
are

used
for

structuralfills
and

beddings.

�

C
obble

is
used

for
erosion

controlin
building

developm
ents.

�

B
oulders

are
used

as
landscaping

m
aterials.
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T
he

P
lant
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E
conom

ic
A

nalysis

�

B
efore

an
aggregate

m
ine

becom
es

operational,

econom
ic

analysts
use

geographic
sam

pling,expected

operationalcosts
and

m
arketinform

ation
to

determ
ine

w
hether

the
m

ine
is

likely
to

be
profitable.

�

F
ixed

costs:
depreciation,exploration

and
developm

ent,

perm
itting,insurance,salaried

em
ployees,equipm

ent,

railline
on

the
property

�

V
ariable

costs:
w

ages
for

hourly
em

ployees,supplies,

loader
fuel,utilities,stripping9



C
urrent

M
odus

O
perandi

�

M
ine

m
anagers

place
the

feeder
in

an
“intuitive”

centralized
location.

�

Loaders
run

from
the

excavation
site

to
the

feeder.

�

M
ine

m
anagers

add
loader

hours
as

the
traveldistance

betw
een

the
feeder

and
the

excavation
site

increases.

�

E
ventually

production
requirem

ents
cannotbe

m
et.

10



P
rob

lem
w

ith
M

odus
O

perandi����
����
����
����

����
����
����
����

E
xca

va
te

d
 m

a
te

ria
l

F
e

e
d

e
r

M
in

in
g

 d
ire

ctio
n

M
a

te
ria

l
ye

t to
 b

e
e

xca
va

te
d

L
o

a
d

e
r

11



M
oving

the
F

eeder

�

T
he

m
ining

operations
m

ustcease
w

hile
the

feeder
is

m
oved.

�

T
he

feeder
is

m
oved

from
its

currentlocation
w

ith
conveyor

beltextensions.

�

P
rob

lem
:

–
T

here
is

no
advance

w
arning

offeeder
m

ovem
ents.

–
T

he
feeder

m
ustoften

be
m

oved
atinopportune

tim
es.

–
T

his
feeder

policy
overtaxes

loaders
and

precludes
synchronizing

m
oves

w
ith

dow
ntim

e
atthe

plant.

–
T

he
sequence

offeeder
m

oves
is

suboptim
al.
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R

evie
w

�

U
ltim

ate
pitlim
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(assum

es
ofa

certain

production
rate

and
cutoffgrade):

U
nderw

ood
and

Tolw
inski(1998),H

ochbaum
(2001)

�

O
pen

pitproduction
scheduling:

C
accetta

and
H

ill(2003)

�

U
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m
ine

scheduling:
C
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and

E
aves

(2001),K
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(2004)13



Initial
M

odel
C

onditions

P
lace

the
feeder

initially
using

geom
etric

considerations

......

F .

M
in

in
g

 D
ire

c
tio

n

w
id

th
T

y
p
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a
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a

T
ra

je
c
to
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lo
n

g
 w

h
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h
 to
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rm

in
e

 
fe

e
d

e
r m
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v
e

m
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n
ts

L

Irre
g

u
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ritie
s
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M
odel

Idea

�

W
e

need
to

determ
ine

w
hen

to
m

ove
the

feeder,and
to

w
hatlocation,balancing

the
costofa

feeder
m

ovem
ent

w
ith

the
costofexcavation

(long
cycle

tim
es).

�

A
ssum

ptions:

–
T

he
initialfeeder

position
is

know
n.

–
T

he
trajectory

area
is

regular
and

offixed
w

idth.

–
T

he
aggregate

is
hom

ogeneous
and

offixed
depth.
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S
hortest

P
ath

M
odel

�
���

=
y-coordinate

offeeder
along

a
trajectory

�
�

=
allallow

able
instances

of�

(e.g.,�	�
��
�
����
 )

�
�

=
allallow

able� ����
pairs

(e.g.,�� ���
�
� �� 
�
����
� )

�
�

=
fixed

costofm
oving

the
feeder

�
���

=
variable

costofm
oving

the
feeder

from

�

to�

�����
���

��
���
 !"�
# $�
���
%�
&�&!  
�#!
�

�
!# $�
&� �
'�
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S
hortest

P
ath

M
odel:

A
lg

ebra

O
bjective
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S
hortest

P
ath

M
odel:

Topology
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C
ost

D
ata

�

fixed
cost

–
production

loss

–
extra

equipm
ent

�

variable
cost

–
labor

cost

–
loader

fuel

–
loader

m
aintenance

19



C
om

puting
the

V
ariab

le
C

ost

�

A
pproxim

ate
the

num
ber

offeeta
loader

m
oves

on

average
betw

een�
and�

w
ithin

a
rectangle

w
ith

length

� -�

and
a

w
idth
6

(or6 ).

�

C
om

pute
the

cycle
tim

e
based

on
distance.

�

C
om

pute
the

num
ber

ofloaders
needed

to
m

eet

production
requirem

ents
based

on
the

cycle
tim

e
and

loader
capacity.

�

C
om

pute
the

costfor
the

loaders
to

run.
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D
eriving

the
A

vera
g

e
H

aul
D

istance
for

a
Loader

b=j−i
(n of these)

a
Feeder ∆   ∆  ∆  ∆

...
∆

∆ ∆ ∆ ∆...
.

.

.

.
.

.
.

.
. .

(m
 of these)
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� � 7*
7
8 
�� 7*
7
8 
� ,� �
�
��999�3:
;
�

and� �
�
� 999� 2
;
�

gives
the� ;

and< ;
coordinates,respectively,ofthe

center

ofany
sm

allsquare
w

ithin
the6 =

>

rectangle.

T
he

distance
betw

een
the

feeder
and

the
center

ofan

arbitrary
square

is:

7
?� � 9@*

�� ?*
7
?� � 9@*

�� ?
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T
he

average
distance

across
allsuch

squares
is:

�8� 2:
� A

B,
� CD 4 B,
� CD

7
?� � 9@*

�� ?*
7
?� � 9@*

�� ?

�
�8� 2:
� A

B,
� CD 4 B,
� CD

6 ?� � 9@*
�� ?8 :
?*

> ?� � 9@*
�� ?8 2
?

(because7 �
EA �
F4

)
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H
olding

the
second

variable
corresponding

to
the�

index

fixed,and
usingG

as
a

constantrepresenting
the

corresponding
term

,w
e

note
that:

�:
A
B,

� CD
6 ?�� � 9@*
��8 :
� ?*
G ?

is
a

R
iem

ann’s
sum

w
ith

length�8 :

and
height

�� �� �

6 ?�� � 9@*
��8 :
� ?*
G ?.24



R
iem

ann’s
sum

1/m 1/m 1/m....

y

x f(x)
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R
ecall H�� �

7
� � 9@*
�� �
EA

� � 9@*
�� ;so,ifw

e
let�� �

D IJK �
A

,

w
e

scale
by6 .

S
o,as:

L
M

,w
e

can
approxim

ate
the

sum
w

ith
the

follow
ing

integral:
,D

6 ?� ?*
G ?N�

(Lim
its

ofintegration
follow

from
:�� �

D IJK �
A

,and
w

hen� �
�

,

��PO
�

;w
hen� �

:
;
�,��PO
A
B,

A
�
�Q':
L
M

.)
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Letting<

also
vary,the

expression
for

the
average

distance

across
allsuch

squares
can

be
approxim

ated:
,D
,D

6 ?� ?*
> ?< ?N�N<

w
hich

can
be

integrated
viaR -substitution

and
a

transform
ation

to
polar

coordinates
to

yield:

�8	S
�
6 ?*
> ?*

6 ?
> T
(� 6*

>*

6 ?*
> ?

6 ;
>*

6 ?*
> ? � ;

> ?
6 T
(�

>

6*

6 ?*
> ? ��
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E
xcel

and
the

Jensen
solver

28



R
esults

�

T
he

tw
o

P
arkdale

deposits
are�U��WV

and���� V

in
length,

and
both

are�
��WV
in

w
idth.

�

W
e

com
pute

the
optim

altrajectory
m

oves
and

the

associated
totalcostofm

ining
the

depositfor
w

idths
of

���XV

, 
�� V

,S��XV

, ���XV

,Y��XV
,and �
�� V

.

�

F
or

the �U��XV

length
deposit,optim

alfeeder
m

oves
are

spaced
either����V

or�Y��V

apart,and
occur

along
a

trajectory
w

idth
of�
��WV

.

�

F
or

the�����V

length
deposit,m

ove
the

feeder
once

to

@��WV

along
a

trajectory
w

idth
of�
��WV

.
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C
ost

C
om

parison

�

O
ptim

alm
oves

are
13%

-14%
low

er
costthan

that
obtained

w
ith

the
m

odus
operandi.

�

T
hese

percentages
are

actually
low

er
bounds

on
the

cost
savings

because:

–
(i)

w
e

assum
e

thatthe
m

ine
w

ould
choose

the
optim

al
trajectory

w
idth

w
hile

determ
ining

feeder
m

oves
w

ithoutour
m

odel

–
(ii)

w
e

do
notconsider

the
detrim

entaleffects
ofpoor

loader
m

aintenance
schedules,lack

ofcoordination
betw

een
feeder

m
ovem

ents
and

scheduled
dow

ntim
e

atthe
plant,and

low
custom

er
satisfaction.
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Q
uote

from
G

eneral
M

ana
g

er
(Tom

M
aul)

“Traditionally,m
ine

m
anagers...

defer...
the

effortof[planning

pitfeeder
m

ovem
ents]untilabsolutely

necessary...
[because]

m
any

aggregate
m

ines
existon

a
scale

thatdoes
notjustify

a

m
anagem

entteam
...

a
single

person...
does

nothave...
tim

e

to
perform

lengthy
optim

ization
analyses.

T
he

underlying...
assum

ptions
thatprovide

the
basis

for
the

developm
entofthis

optim
ization

m
odelare

sound,and
the

results
are

very
credible.

T
his

m
odelrepresents

a
practical

m
anagem

enttoolfor
the

aggregates
industry,and

itis
our

intentto
apply

the
m

odel.”
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