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Enjeksiyon ile Kaya Kiitlesi Ozelliklerinin Kiyaslandigi Bir Su
Aktarma Tinelinin Jeoistatistiksel Degerlendirmesi

Geostatistical Evaluation of a Water Conduit Tunnel Due to
Grout & Rock Mass Properties

H.Tungdemir, O.F.KAP .
Istanbul Teknik Universitesi, Maden Miihendisligi Boliimii, Istanbul

OZET Tasinan suyun saglikli ve giivenli bir sekilde iletilmesi i¢in zayif kaya ortamlarinda
acilan su tiinelleri gerektigi gibi saglamlastirilmalidir. Bir nehir ya da g6l kaynagindan ¢ok
yiiksek miktarda kullanilabilir su ileten nakil tiinelleri biiyliik sehirlerin su gereksinimini
karsilarlar. Bu yiizdendir ki bu tiinellerin zeminden etkili bir sekilde yalitilmig olmasi ve
durayli olarak uzunca bir siire hizmet vermesi gerekir. Bu hedefe katkida bulunmak i¢in daha
biiyiik capta acilan tiinellere 6zel borular yerlestirilir ve borularla zemin arasinda kalan
bosluklar ¢imento serbeti ile doldurulur. Bu ¢imento serbeti donarak priz aldiktan sonra
ikincil enjeksiyon isine gecilir. Bu da katilasmis malzemenin hemen arkasindaki destekleme
sistemlerini gecip zayif kaya ortamina ulasan deliklerin i¢inden yapilir. Bu ¢alismada DSI
tarafindan Istanbul’da agtirilan bir su tasima tiinelinde yapilan enjeksiyon miktarlar ile
ortamin jeolojisi incelenmistir. Enjeksiyon koordinatlarina ve ayna profillerinden ¢ikarilan Q
kaya siniflamasi degerlerine bagli olarak enjeksiyon miktarlar1 ve jeoloji, jeoistatistiksel
yaklastirma yoluyla ¢ozlimlenmis ve karsilagtirilmistir. Veriler daha diisiik Q degerlerinde
daha fazla serbet enjekte edildigi sonucunu desteklemektedir.

ABSTRACT Tunnels excavated in weak rocks need to be properly reinforced for
transmitting fluids on safe and healthy. Water conduit tunnels that transfer huge amount of
usable water from a source lake or river meet water requirements of big cities. That is why
they should be remained stable and isolated from ground effectively. In order to contribute
this goal, special steel pipes are inserted into tunnels and spaces between ground and pipes
are filled out by cement grouts. After allowing to cure these cement injections, secondary
grout application is performed by using holes previously opened on the pipe circumferences
by drilling holes enriching weak rock formation behind preliminary grout and support
elements . In current study, a conduit tunnel excavated in Istanbul by DSI, are investigated
with respect to geology and amount of the grout application. Geostatistical approximation of
Q rock classification of tunnel and grout measures due to face and grout coordinates are
performed and compared to each other. Results point out that the less the Q values, the more
the amount of the grouts.

1 INTRODUCTION of the important requirements of people is to
Nowadays, big cities’ population has been have enough usable and drinking water,
increasing day by day. Due to this fact that, especially in arid seasons. In order to
people necessities have multiplied by a few  eliminate this kind of risks, city
times more than that population growth. One  managements employ consultant companies
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for constructing dam reservoirs in which
huge amount of water could be collected and
saved. These storages are fed by various
watercourses such as rivers, streams and
creeks. On the other hand, in case a barren
weather condition comes up, other options
should be put into practice such as water
transmission with special underground
tunnels from long distance water resources
like Melen creek that is one of them to
transfer water for Istanbul city people.

The second phase of Istanbul potable
water project consists of 11 different
contracts. Among them, “the Ayazaga tunnel
with about 2.5 km” being in the stage of
conveyance line between Cumhuriyet
advancement station and Kagithane is
investigated for the current study. During the
excavation process of tunnel diameter with
Sm, conventional drilling and blast method
and hydraulic hammers were used for
penetrating tunnel in the sedimentary rock
formations. Rock classification practices
were simultaneously performed by a
geologist and the values of Q tunneling
quality index evaluated from face measures
during the tunnel progress were recorded.
After the tunnel is excavated and supported
by rock bolts, wiremesh and shotcrete as
well as girder steel sets, the steel pipes
having a diameter with 4m were inserted into
tunnel space. These pipes will transfer
drinking water coming from Melen reservoir
with a high pressure flow.

Current  study also  covers the
consolidation injection activities on the
tunnel kilometers between 18 +256 and 20
+584. According to drill hole coordinates,
amount of the injection volumes (AIV) were
recorded and compared with Q classification
values. Indeed, the coordinates of Q values
and AIV rarely fit into one another. That is
why the number of AIV values was
multiplied by wusing 2D geostatistical
approximation method. In order to reflect
those activities how to be performed,
information in detail first needs to be given
about grout works carried out in the tunnel.
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2 GROUTING WORKS

The grout is an intensive and viscose
mixture having fine aggregates, cement,
water and additives harmonizing the
properties of it. Tunnel grouting for filling
empty space and reinforcing rock of tunnel
perimeter is generally divided into two main
processes:  contact and  consolidation
injections. The first one is used for filling
spaces between pipes and preliminary
support works previously completed in the
tunnel circumference. After that part of
process is concluded and grout is cured, the
second one is initiated. Aim of consolidation
grout is to enhance formation properties and
assist overall tunnel construction for
working together with formation. Moreover,
this dual grout application provide
impermeable zone in which any flow in or
outside of tunnel is not permitted.

2.1 General Grouting Process

Grout process is mainly separated into three
processes: drilling holes with an essential
distance, preparing the grout mix with
respect to geological properties of formation
and, pumping the grout into drilled holes by
special techniques (Balkis, 2009). Important
points that should be strictly followed are the
grout type, the grout pressure, the
application distance between holes with
reference to tunnel axis, and the amount of
the injection.

Grout mix flow is inversely affected by
the grout pressure. The more filled the hole,
the higher the grout pressure. After drilling
hole is full, the grout pressure is in the
maximum level.

3 AYAZAGA TUNNEL

3.1 Information

Ayazaga tunnel is a water conduit tunnel
with a length of 2557m and a steel pipe
diameter of 4m. Tunnel move upward by an
inclination of 0.08% since it has 2m
elevation between starting and ending points
of tunnel. Overburden thickness of tunnel is
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90m in average. Tunnel is projected by a
final flow capacity with 32 m’/sec (DSI,
2010).

Tunnel geologic units covered Devonian
Kartal, Carboniferaus Thracian, Neogen
Belgrad, Kuaterner Aluvional Formations as

well as diabase and andesite dykes
(Emiroglu, 2010).
New  Austrian  Tunnelling Method

(NATM) was used for tunnel excavation and
supports. Conventional drilling and blast
method is selected for loosening and
excavating rock. If the blasting method is
not allowed, a hydraulic breaker is practiced
for extracting weak formation.

The Q classification is performed for the
determination of rock classes, face
penetration length in every cycle, maximum
stand up times and, support type selection. Q
values were found out by recording data
collected from face profiles by geologists. A
cross sectional view of face is drawn in a
paper sheet. Then, all parameters related to
calculate Q were filled out and evaluated on
the paper as a report. Up to them, 5 different
support types were fixed into tunnel
perimeter and beyond (Kap, 2013).

3.2 Grout Application in Ayazaga Tunnel

After excavation and support works, with a
diameter of 4m, steel pipes (Figure 1) that
will transfer water, were inserted into tunnel
inside.

e

Figure 1. Steel pipes with pre-drilled holes

Due to construction diameter of tunnel
with 5m, a contact grout application is

performed for filling empty spaces out

between primary support and pipe as seen in
te Figure 2.

—

zone

Figure 2. Contact grout between pipe and
support

After a curing time is allowed passing for
the first sequence, consolidation grout
application is secondly initiated. For this
sequence, first of all, a hole which reaches
the contact grout zone, then primary support
zone and at last weak rock formation, was
drilled by a rotary type drilling machine that
may be telemetrically rotated as seen in the
Figure 3. After drilling phase, packers
(Figure 4) are fixed for tightly sealing the
;’hﬂl hole output.

Figure 4. Packers
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Then, grout pumps are connected to
packers in order to send the grout from pipe
inside to outwards trough the pipe perimeter
and beyond by drill holes eccentrically
seen

enumerated as
(Bahgivan, 2011).

in the Figure 5

Figure 5. Pre-drilled holes in pipe (12m)

The pipe consists of 14 pre-drilled holes
whose coordinates is very well known. More
or less than 12m, the grout is consecutively
injected from the same numbered holes for
latter pipes. Grout mix for lower drill holes
contains a cement-water ratio of 1 to 1. On
the other hand, those of upper drill holes are
1 to 3. Grout pump is first started from the
lowest level hole (2, 8, 10, 16) and then it is
pumped from the second higher level (1, 5,
7, 11). At last, drilled holes numbered by 3
and 9 are grouted. For a pipe, all drill holes
are connected to a packer in which its vane
is in the open position. During pump activity
from a drill hole, if it is thrown out from
other hole, then packer vane is closed and
that hole is noted for further investigations.
Before pumping, drill hole should be
controlled if it is stuck or not. If so, it is re-
drilled. After pumping is finished, packers
should be removed 24 hours later just after
controlling by its vane whether grout is
cured or not.
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Important point that should be paid
attention is to figure out the case whether
grout hole is fully filled or not. If a hole
continues accepting the grout mix less then
0.71t per minute through 20 minutes in total
with a constant pumping pressure (about 4
kg/cm® for Ayazaga tunnels), then it can be
said that the present hole is filled. In such a
case, one may agree in that the grout pump
should be stopped. If the drill hole accepts
grout rates higher than 0.71t per minute and
pumping pressure is still in the low levels,
then pumping activity cannot be interrupted
until they reach tolerable limits. This type of
practitioner behavior ensures that the pipe
perimeter and beyond is fully filled.

3.3 Amount of the Grouts

Ayazaga tunnel covers 1710 grout injections
from the numbered holes seen in Figure 5.
589 of them run into Q classification values
(between 0.25 and 0.027) evaluated from
face profiles closed to the numbered drill
hole coordinates during the excavation
process. A list of the number of grout
injections is tabulated in the Table 1
according to total amount of injection
volume and the name of relevant hole.

Table 1. The list of grout injections

L Po DHN ToG TAIV

e F 3 49 95548

¢ BW 9 38 81360

i F 4 39 38058

BW 12 44 36462

F 6 39 31506

RT pw 14 43 31678

F 1 48 18988

M pw 7 38 22768

F 5 48 26232

RM pw 1 38 23310
F 2 38 8850

L pw 10 45 11790
F 8 36 6720

RL O pw 16 46 13420

T F-BW 1-16 589 446690

L: level, Pe: Peak, LT: Left top, RT: Right top, LM: Left
middle, RM: Right middle, LL: Left low, RL: Right low,
Po: Position, DHN: Drill hole name from Figure 5,
F:Forward BW: Backward, ToG: Times of Grout, T:
Total, H: Hole, TAIV: Total amount of Injection Vol. (It)
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As seen from Table 1, Figure 5 and 6
below, The highest level holes (3 and 9) are
grouted by the highest amount of the grout
volume in total (95548 1t and 81548lt) and
they are decreased while their level is getting
lower.
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Figure 6. Variation of TAIV

4 GEOSTATISTICAL EVALUATION

4.1 Geostatistical Process

Geostatistical process was first proposed by
Matheron in 1971 based on regionalized
variable theory. It uses global x and y
coordinates pointing out the areal variables.
In these coordinates, whatever it is, a z
parameter map is plotted by using known
values coordinates.

Geostatistical calculation actually focuses
on evaluating values of points where its
values are unknown from those where its
values are known in a coordinated area. It is
generally used for reserve estimation of
underground mines from well logs. Besides,
it was used in tunneling activities such as
determination of settlement map of a
sewerage tunnel in Istanbul (Tuncdemir et
al. 2011). Numerous studies have emerged in
various sciences so far.

Based on an ongoing graduate thesis
(Kap, 2013) performed on Ayazaga conduit
tunnel, 2D geostatistical analysis is
performed for every drilling holes with
respect to their X and y coordinates and their
AIV Values by using Tercan (2005) concept

because Q values and hole coordinates are
randomly intersected. By using 2D
geostatistical ~ estimation technique the
number of AIV values can be multiplied and
these new estimated values coordinates
definitely overlap on Q values coordinates.
Hence, one can compare and interpret same
coordinated values.

Since it manually takes a long evaluation
process, AIV values of the drill hole named
as “3” (3#) is only evaluated for the current
study to present calculation steps. One can
use same process for other holes and / or
another project values as well.

The tunnel kilometers between 20+581 —
20+282.6 consist of 17 AIV values for 3# as
seen in the Table 2. If a cross sectional side
view of tunnel is plotted, a graph in Figure 7
can be plotted.

Table 2. AIV and coordinates of 3#

Point X (m) Y (m) ATV (1t)
1 20581 2.5 600
2 20553.1 2.5 1000
3 20539.6 2.5 900
4 20525.7 2.5 1700
5 20512.4 2.5 1450
6 20498.6 2.5 1200
7 20471.2 2.5 1700
8 20458.1 2.5 1450
9 20445.4 2.5 1700
10 20431.4 2.5 1450
11 20417.8 2.5 900
12 20404.5 2.5 800
13 20390.5 2.5 900
14 20363.2 2.5 300
15 20323.2 2.5 600
16 20296.7 2.5 2700
17 20282.6 2.5 2700
T 20400 2.5 Unknown

T
gZ.S i V- OVeVIeveura
;’ 20200 20300 20400 20500 20600
X (m)

Figure 7. 2D coordinates of drill hole 3#

In Figure 7, Letter “T” is the point
(X=20400, Y=2.5) whose AIV value is
unknown. AIV value of this point can be
estimated by using other known AIV values
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of 17 points according to their coordinate
values. Indeed, for this data set, 299 new
points (20581-20282) in which “T” is one of
them can be generated by an interval with
Im. As it can be seen from example below, it
is exhaustive to estimate it manually. That is
why geostatistical calculation software
should be used (eg. GS+, Ecosse, GsWin...).

For figuring the concept out, AIV value of
“T” point is manually estimated below. In
order to do that, first of all, semi variance
values according to separation distance
should be estimated by using Equation (1).

N
y= Yz -z@F O
2N 5

y(h): Semivariance value in distance of “h”.

N: The number of couples

Z(x+h): z value of point where it is in the
distance of “h” from x coordinate.

Z(x): z value in the x coordinate

The Active Lag Distance (ALD) specifies
the range over which semivariance will be
calculated. The active lag distance is divided
into a number of different lag intervals
classes (LCI) for analysis (Robertson, 2008).
Since spherical model correlation coefficient
is so high, ALD equals “160” for current
example. LCI changes between “0 and 40”
(Table 3), “40 and 80” (Table 4), “120 and
160 (Table 5) and “80 and 120 (Table 6).

As seen from Table 3, there are 24 couples
having an interval between the first and
second point coordinates less than 40 and
higher than 0. For example, in the Table 2,
Interval (I) among x coordinates of the first
(1#) and second point (2#) is 27.9m (20581-
20553,1); (It is between 0 and 40). At the
same time, SVV of this couple is 80000
((1000-600)*/2). All values given in the
Table 2 should be scanned and calculated in
the same manner and all couples between 0
and 40 interval needs to be added into Table
3 as one of the couple of lag class 1.
Average values of “SVV” and “I” will be a
point in the graph of semivariance versus
distance (Figure 8). Same procedures should

1720

be followed for Lag class 2, 3 and 4,
eventually Table 4, 5 and 6 may be derived.

When semivariogram average values (AV)
with respect to average separation distance
(Interval in Table 3, 4, 5 and 6) are plotted, it
is understood that a spherical model can be
fitted to the graph by a very high correlation
coefficient (1°=0.996). It means that from
the 17 known AIV values, other unknown
AIV values (299 points) with an increment 1
by 1m can be strongly estimated.

Table 3. Lag class 1 (0-40 m)

C SVV 1 (m) PCI PC2
1 80000 279 1 2
2 5000 13.5 2 3
3 245000 27.4 2 4
4 320000 13.9 3 4
5 151250 272 3 5
6 31250 133 4 5
7 125000 27.1 4 6
8 31250 13.8 5 6
9 125000 27.4 6 7
10 31250 13.1 7 8
11 0 25.8 7 9
12 31250 39.8 7 10
13 31250 12.7 8 9
14 0 26.7 8 10
15 31250 14 9 10
16 320000 27.6 9 11
17 151250 13.6 10 11
18 211250 26.9 10 12
19 5000 13.3 11 12
20 0 273 11 13
21 5000 14 12 13
22 180000 273 13 14
23 2205000  26.5 15 16
24 0 14.1 16 17
AV 179843.75  21.425 24 couples

C: The couple number, SVV: Semivariance value,
Linterval, PC1-2: 1% and 2™ point couple, AV: Average
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Figure 8. Spherical model of drill hole 3#
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Table 4. Lag class 2 (40-80 m)

Table 6. Lag class 3 (80-120 m)

C Svv I (m) PC1 PC2
1 180000 82.4 1 6
2 605000 109.8 1 7
3 245000 81.9 2 7
4 101250 95 2 8
5 245000 107.7 2 9
6 151250 81.5 3 8
7 320000 94.2 3 9
8 151250 108.2 3 10
9 0 80.3 4 9
10 31250 94.3 4 10
11 320000 107.9 4 11
12 0 81 5 10
13 151250 94.6 5 11
14 211250 107.9 5 12
15 45000 80.8 6 11
16 80000 94.1 6 12
17 45000 108.1 6 13
18 320000 80.7 7 13
19 980000 108 7 14
20 661250 94.9 8 14
21 980000 82.2 9 14
22 361250 108.2 10 15
23 45000 94.6 11 15
24 20000 81.3 12 15
25 1805000 107.8 12 16
26 1620000 93.8 13 16
27 1620000 107.9 13 17
28 2880000 80.6 14 17

AV 506250 94.632 28 couples

C Syv I (m) PC1 PC2
1 45000 414 1 3
2 605000 553 1 4
3 361250  68.6 1 5
4 101250  40.7 2 5
5 20000 54.5 2 6
6 45000 41 3 6
7 320000 68.4 3 7
8 0 54.5 4 7
9 31250 67.6 4 8
10 31250 41.2 5 7
11 0 543 5 8
12 31250 67 5 9
13 31250 40.5 6 8
14 125000 532 6 9
15 31250 67.2 6 10
16 320000 534 7 11
17 405000  66.7 7 12
18 151250 403 8 11
19 211250  53.6 8 12
20 151250  67.6 8 13
21 405000  40.9 9 12
22 320000  54.9 9 13
23 151250 409 10 13
24 661250 682 10 14
25 180000  54.6 11 14
26 125000 413 12 14
27 45000 67.3 13 15
28 45000 40 14 15
29 2880000 66.5 14 16
30 2205000 40.6 15 17
AV 334500 53.74 30 couples

Table 5. Lag class 4 (120-160 m)

C Syv I (m) PC1 PC2
1 361250 122.9 1 8
2 605000 135.6 1 9
3 361250 149.6 1 10
4 101250 121.7 2 10
5 5000 1353 2 11
6 20000 148.6 2 12
7 0 121.8 3 11
8 5000 135.1 3 12
9 0 149.1 3 13
10 405000 121.2 4 12
11 320000 1352 4 13
12 151250 121.9 5 13
13 661250 149.2 5 14
14 405000 135.4 6 14
15 605000 148 7 15
16 361250 134.9 8 15
17 605000 1222 9 15
18 500000 148.7 9 16
19 781250 134.7 10 16
20 781250 148.8 10 17
21 1620000 121.1 11 16
22 1620000 135.2 11 17
23 1805000 121.9 12 17
AV 525217.39 134.7 23 couples

From this point and on, a kriging
application may be performed since
semivariogram model is plotted. In the
kriging application for current data set,
unknown AIV of T point in the Figure 7 can
be estimated from the other 17 values of
known AIVs. Estimation may be performed
by weighted average of known values since
“A” sum up “1”. Equation 2 and 3 is the
mathematical  definition of  previous
sentence.

2 = 3[4y * 2(x,)] @)
i=l
Y= 3)
where :

xo= estimated value in the X, point

z(x;)=data used for estimation of X,

Ai=weights

For current data set, “x;” values are the
known AIV values of every point seen in the
Table 2. In order to find out unknown AIV
value of “T” point, individual A; weights

ER)
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should be found out. In geostatistical
estimation, these weights are calculated from
average estimation error which equals zero
with a minimum variance value. Therefore,
when equation 2 is reorganized, a new one is
typed like equation 3
2(xg) =4y * 2(x)) + - Ay7 * 2(xp7) 3)
z(xy) =4, *600+ A, *1000--- 4, * 2700

A variogram function value calculated
from the distance between the first point and
unknown T equals cumulative product of
individual weight and relevant variogram
function value as seen in a matrix in Table 7

Table 7. Equation Matrix

Axy(x,x) o+ Ay 2y (X, x5) + €= y(x), %)
A xy(Xy,) + Ay 2y (X, %) + € = p(X,, %)

Z’I *7(x|7’x1)+"'+/117 *7(x17=x17)+£=7(x17’x0)
A+ Ay e A +4; =1

Table 7 means that 17 different equations
can be constructed. In addition, 18" equation
is the understanding that total value of A;
weights is “1”. 18 unknown weight values
and 18 equations are on the hand which
points out that these unknown weight values
can be solved. In order to do that, a distance
matrix should be built as a sum up list in the
Table 8. For example, the distance between
x1 and x0 (T) points can be found by
subtraction of x1=20581 and x0=20400
coordinates; 181.

Table 8. Distance Matrix

x1 x2 x3 v X117 x0
x1 0 279 414 298.4 181
x2 279 0 13.5 270.5 153
x3 414 135 0 v e 257 140
x17 298 2705 257 ... ... O 117

Spherical variogram values (y(h)) from
relevant distance in Table 8 may be found
from equation 4 (spherical variogram model)

1722

by using nugget effect (c0), sill (cO+c), range
of influence (A0) come from the Figure 8.
y(h)=0=h=0
3h 1K
h=Cy+Cl=———-——|=h< 4 4
7(h)=C,y {2 4, 2 Ag :| )
y(h)=Cy+C = h> 4,

Spherical variogram values of every

couple are summed up and listed in the
Table 9.

Table 9. Values’ Matrix

y(xi,xi) x1 x2 x3 ... x17 x0

x1 0 212697 284983 . 529800 529800
x2 212697 0 131309 . 529800 529800
x3 284983 131309 0 ... 529800 529800
x17 529800 529800 529800 ... O 528437

For example distance between x1 and x2
is “h=27.9m” in the Table 8. When CO, C, h
and A0 values substitute on equation 4 since
h less than AO, spherical variogram value
can be found as “212697”.

3
y(h)=53000 + 476800{327'9 1279 }

2122.8 2122.8°
y(h) =212697

If Table 7 equation matrix is rearranged
by using values’ matrix (Table 9), a new
equation matrix can be drawn by Table 10.
By wusing numerical analysis technique,
weight matrix (B in Equation 5 and 7) which
denotes (A1, Ay, A3, ... Ay7), can be evaluated
by coefficient matrix (A in equation 5 and
6)) that covers y(x1,X1), Y(X1,X2), Y(X1,X3),--.-
v(X17,X17) and result matrix (C in Equation 5
and 7 ) that refers vy(xi,Xo), Y(X2,Xo),

Y(X3,X0)s- - .. Y(X17,X0)-

Table 10. New equation matrix

Ay %04+ Ay, %529800+ £ = 529800
Ay %212697 +++-+ A, % 529800+ & = 529800

A #529800+ -+ 4;; *0+ & = 528437
A+ Ay e + A+ A7 =1




23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

In order to find out weight matrix
unknown values; Inverse of A matrix should
be evaluated and then a product of A and C
matrix should be taken. Results will give the
B matrix (equation (8) and Table 11)).

AB=C 6))
y(x,x)  y(x,%,) . . y(x,x,;) 1
7(xy, %) y(x,x,) 7(x;, %) 1

A= : 2o (6)
y(x5,%) 7(x5,%,) y(x7,%,)1

1 1 1 1 1 0
4 7(x,x,)
j'2 y(xzaxo)

B-|:| c-| 7

Ay y(X17,%,)
& 1
B=C*A ®)

Table 11. Weight matrix results

M= 0002529 A= -0,00067 A= 0,32981
M= 0,002911 Ag¢= 0001062 A= 0,043761
gl 0007424 2= 0004796 A= 000278
A= 0,006355 A= 002256 A= -0,00548
A= -0,01132 A= 0105759 A= -0,00071
A= -0,00639 A= 0494821 &= 3411219

As seen in Table 11, the highest impact on
the T point approximation is the weight
coefficients of Aj, A3 being the closest
points as seen in the Table 2. This
phenomenon shows that 2D geostatistical
approximation is viable for the calculation
steps of the AIV values of 3#.

Equation 3 can be solved by equation 9 at
the moment since all unknown coefficients
are predicted.
2(xg) =4 *z2(x) + A, *2(x,) +-- 4 *2(x;)
2(x,) = 0,002529 * 600 + 0,002911%1000---  (9)

-++-0,00071*2700 = 825.0497

It should be here noted that AIV
estimation for the T point is the 825.0497 It

which is pretty close values to 12" and 13"
AlV values in Table 2. This phenomenon
suits the geostatistical principles that mean
the closer the predicted value to a known
value, the closer the results of predicted
value to that known value.

Estimation error (Ee) is another definition
of the acceptability of results. It can be
calculated by equation 10. The lower the Ee,
the more acceptable the results become.

O-If(xo) =2 *y(x,x0)+ A, ¥ y(x,,x0)
(10)
............ 117 *y(xl7’x0)+£

o7 (x,) = 0.002529 * 529800 + 0.002911 * 529800- - -

--------- —0.00071%528437 +3411.219 =112069.8

When same procedure is pursued for the
298 points remained, one have 299
approximate values to show AIV values in
the tunnel routes in an increment 1 by 1. At
the moment, if one has Q values running into
tunnel routes and overlap on these
increments of AIV values, then a
relationship graph may be plotted as seen in
the Figure 9.

29 Q values were recorded between
20+581 and 20+282.6km. 299 AlVpre
(predicted values from kriging) values were
created by 2D geostatistical approximation.
17 AlVreal values were recorded by site
engineers.

As seen from the Figure 10, the data
shown by triangles are real AIV values. The
data drawn by diamonds are Q values and
finally, the thick line point out that squares
with an increment one by one are the
predicted AIV values. Trend lines given with
the corresponding data are the same colored
lines which refer to 5" order polynomial
functions.

The view of this type of trend line proves
that real values get closer the average values
by krigging approximation.
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Figure 10. Relationships between tunnel kms, Q values and AIV

Another important judgment is that AIV
values are low when Q values are high
which can be understood from blue colored
anticline and red or green colored syncline
between 20300 and 20450 and also 20540
and 20580 approximately. Inversely, AIV
values are high when Q values are low
which can be understood from blue colored
syncline and red or green colored anticline
between 20450 and 20540 approximately.

5 CONCLUSIONS

Grout injection activities and Q rock
classification with respect to tunnel
kilometers were performed in the Ayazaga
water conduit tunnel.

Amount of the grout injections and their
coordinates due to tunnel axis were
recorded. Besides, Q values are determined
from the face readings but their coordinates
are fairly overlap with the grout coordinates.
In order to have an intersection on them,
data multiplication is performed by kriging
approximation manually for the drill hole of
3# for only the data collected from the tunnel
km’s between 20+581 and 20+282.6km.
After the number of data for AIV real values
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are increased by data reproduction, it can be
compared with the Q values. Results derived
from Figure 10 by an eye examination point
out that AIV values are inversely
proportional with Q values in general even
though a small portion on the left of graph
does not cover the concept.

A practitioner may predict the total
amount of the grout volume for the drill hole
3# if the tunnel in which he worked on has
similar Q classification values which vary
between 0.027 and 0.167, namely very weak
and weak rock formation. This will clarify
the costs of grout for the preliminary project
planning.

From the figures and tables given in the
section of geostatistical process, it can be
said that 2D geostatistical approximation
seems  viable for predicting and
multiplication of data of the drill hole of 3#
since the correlation coefficient of spherical
model is exceptionally high (*=0.996). This
can be controlled by estimation error as well.
Nonetheless, same procedure needs to be
carried out for other drill holes to see the
derivation of similar results.
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ABSTRACT Nowadays, making investment decision in the mine sectors is faced with huge
challenge of uncertainties particularly when this investing is highly capital intensive and long
term. These uncertainties are originated from environmental, market and political changes. In
such condition mining companies cannot have a stable vision of their enterprises. Therefore,
they should consider the investments which encompass flexibility by adapting market
conditions. Traditional discounted cash flows (DCF) or net present value (NPV) methods
constitute most investment decision making structures. In recent years, the Real Options
Approach (ROA) is presented based on the advanced options theory technique of DCF and
NPV. In this paper the both techniques are compared and evaluate the role of real options
valuation in a mining project (Kahnoj titan plant as a case study) feasibility studies. The
management team’s flexibility to change the project’s course is embedded in the form of
options to abandon, expand and contract of the project. Monte Carlo simulation-based method
using MATLAB software command-line functions is used for valuation of the options values.
Based on the results, the values of the project’s abandonment, contraction and expansion
options are estimated 18,241,730 and 13,407,795 and 219,909,955 dollars respectively. The
added values could be substantial for a non-economic project and it is close to break point
estimated by DCF analysis (with the net present value of -1,695,397 dollars). This research
capable to be implemented into the similar projects that needed managerial decisions making
using real options.

Key words: Feasibility Study, uncertainty, Monte Carlo simulation, real options approach

1 INTRODUCTION Valuation of the mining project is

Investments in mining projects and related
industries are quite different from the other
projects. All mining projects are associated
with uncertainties in the future profitability.
This uncertainty affects on the ore prices,
operating cost, and so on. Investment in the
mining projects is encountered a delay
between decision making steps and
investment procedures. A successful investor
is the one who has the managerial flexibility
and ability to delay, expand, contradict, or
abandon the project. There are varieties of
factors that assist the investor to have a right
investment decision making.

depending on the different factors such as the
world ore prices, operating costs, and so on.
DCF techniques are commonly used for
economic evaluation of mining projects.
However these techniques, due to the lack of
consideration of the managerial flexibility,
may underestimate some projects. In this
paper, the real options theory is applied to
meet theses flexibilities.

2 LITERATURE REVIEW

ROA has considered recently among some
researchers and economists. They have
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mentioned ROA as means of better assessing
projects under uncertainty.

Under uncertainty conditions, the ROA
presents a better result comparison with the
traditional DCF analyses such as NPV and
the internal rate of return (IRR) methods.
ROA is capable to embed the value of
managerial flexibility to change or revise the
project course based on the new market
conditions. Therefore, using the same
discounting rate, the value of a project
calculated by the ROA is always higher than
that valuated by the traditional NPV method.

Moyen et al. and Miller and Park
explained uncertainty and profitability of the
project as the cause of discrepancy between
the ROA and the DCF estimates (Moyen et
al., (1996)), (Miller et al., 2002). The first
and likely most enforceable model for
assessing options is Black and Scholes model
(Black, 1973). However, as explained by
Berridge and Schumacher (2004), the Black—
Scholes model is just applicable for valuing
European options not for American options
(Berridge, 2002).

The lattice method presented is another
common technique for valuing options (Cox
et al.,, 1979). Barraquand and Martineau
(1995) criticized the application of lattice
method by offering limitations of which.
They mentioned that the method becomes
inapplicable when projects facing multiple
uncertainty. (Barraquand et al, 1995)
developed the finite difference method for
options valuation, however this method have
the same liabilities as the lattice method
(Brennan et al., 1978).

The first time proposed by Boyle the
Monte Carlo method based on simulation is
used for valuing European options (Bpyle
1977). Afterward an improved version of the
Monte Carlo method was developed to value
American options. Despite the previous
techniques, the simulation-based techniques
have better performance facing multiple
uncertainties. This means that both product
volatility over time and cash flows variability
can be embedded in the valuation (Longstaff
etal., 2001).

The ROA is not a new technique for
natural resource investment applications.
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Since the first paper applying the ROA to
value a simple copper mine was published by
Brennan and Schwartz, considerable work
has been done employing the same concepts
of uncertainty and operating flexibility.
(Brennan et al., 1985) applied the ROA to
value management flexibility to develop
petroleum leases (Paddock et al., 1988).

Trigeorgis addressed the consequence of
embedding the distinct real options on the
value of a natural resource extraction project
(Trigeorgis, 1993). Using data from
Canadian copper mines illustrated an
analogy between the NPV method and the
option valuation method. This comparison
shows that the NPV method underestimates
mining projects (Moyen et al., 1996).
McCarthy and Monkhouse offered a
trinomial lattice method for valuing a copper
mine have both wait and abandon options
(McCarthy, 2003).

Abdel Sabour and Poulin (2006) and
Roussos G. Dimitrakopoulos, Sabry A.
Abdel Sabour (2007) are other significant
researchers who conducted assessing mine
plans under uncertainty(Sabour et la., 2007).
Graham A. Davis and Alexandra M.
Newman presented a Modern Strategic Mine
Planning using ROA technique (Graham et
al., 2008). S Shafieel, E Topal and M
Nehring used an adjusted Real Option
Valuation to maximize mining project value
using Century Mine case study (Shafiee et
al., 2009). Luis Martinez using real options
presented a project valuation for open pit
mining risks and merged econometric
techniques (Martinez, 2011).

3 TRADITIONAL EVALUATION
METHOD

DCF and the associated NPV techniques
have traditionally provided the major tools
for project evaluation. The discounted cash
flow formula, equation (1), is derived from
the future value formula for calculating the
time value of money and compounding
returns.

Cq
(1+4r)t

Cy
(1+r)2

Cr

NPV = C, + T (D

+

+ 4
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Where NPV is the net present value, Cy to
Cr are the cash flows expected through the
project’s life (T) and r is discounting risk-
adjusted rate.

NPV analysis evaluates the cash flows
forecasted to be delivered by a project by
discounting them back to the present using
the time span of the project and the firm's
weighted average cost of capital. If the result
is positive, then the firm should invest in the
project. If negative, the firm should not
invest in the project. In addition Internal Rate
of Return (IRR) cloud be calculated by
giving the equation equal zero.

DCF is used by analysts to evaluate
projects. However, this tool has certain
limitations. For example, if the project's cash
flows and decisions are likely faced to many
uncertainties (where managers have the
flexibility to change the course of the
project), part of the value related to these
options could be not incorporated in the
valuation process.

4 REAL OPTION APPROACH

Nowadays management is looking for a way
to reduce uncertainty and to assess the
impact of managerial uncertainty on project.
ROA has been developed to promote this
goal. This approach has provided a basis for
the development in financial and decision
making analyses. ROA is one of the modern
valuation methods that provide a tool to
adapt and revise mining projects under
uncertainty and future variable movements.
A lot of progresses that have been done in
the Real Option literature have changed the
way of thinking about an investment
opportunity. During project management,
managers may do several choices about
project characteristics every time new
information from market is available. ROA
is the way to respond to market changes.
This possibility that managers have to adapt
their decisions to the change of market has
value that must be considered during the
decision making process. Therefore, this
flexibility creates “options” that increase the
value of the project and determines the

failure of the traditional technique (such as
NPV).

ROA accounts for a range of possible
outcomes over the life of a project using
stochastic processes and calculates a
“composite” options value for a project,
considering only those outcomes that are
favorable (i.e., options are exercised) and
ignoring those that are not (letting the
options expire). This assumes that the
decision makers will always take the value-
maximizing decision at each decision point
in the project life cycle. Whereas DCF
accounts for the downside of a project by
using a risk-adjusted discount rate, ROA
captures the value of the project for its
upside potential by accounting for proper
managerial decisions that would presumably
be taken to limit the downside risk. Table 1
summarizes the major differences between
DCF and ROA.

4.1 Options

As discussed if there is large uncertainty
related to the project cash flows and
contingent decisions are involved, where
mangers have flexibility to change the course
of the project, ROA can be applied for
project valuation using different options. In
this research several real options embedded
virtually in every project are investigated and
used to calculate the generated additional
value of managerial flexibility. Following
options are the focus of this paper:

e Option to expand
e Option to contract
e Option to wait
e Option to abandon

For every mentioned options, this research
focuses on one or two aspects (such as
practical issues, input parameter variability,
etc.) that are most relevant to that option
type. For example, the option to expand issue
involves how the option size influences the
option value. Using the option to contract of
the scale, the impact of the volatility factor
on the option value is highlighted.
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Table 1: the major differences between DCF and ROA

Real Options Analysis

Discounted Cash Flow

Recognizes the value in managerial flexibility to
alter the course of a project

Uncertainty is a key factor that drives the option’s
value.

The long-term strategic value of the project is
considered because of the flexibility with decision
making.

Payoff itself is adjusted for risk and then discounted
at a risk-free rate. Risk is expressed in the
probability distribution of the payoff.

Investment cost is discounted at the same rate as the
payoff, that is, at a risk-free rate.

All or nothing strategy. Does not capture the value
of managerial flexibility during the project life
cycle.

Uncertainty with future project outcomes not
considered.

Undervalues the asset that currently (or in the near
term) produces little or no cash flow.

Expected payoff is discounted at a rate adjusted for
risk. Risk is expressed as a discount premium.

Investment cost is typically discounted at the same
rate as the payoff, that is, at a risk-adjusted rate.

The analysis of the option to wait
discusses how leakage of asset value can be
accounted for in the options calculations.
And finally, in the case of the option to
abandon how to solve the options problem
for various strike prices is illustrated. Indeed
How to calculate the probability of
exercising the option of abandoning the
project is presented

4.1.1 Option to expand

Option to expand is usual in any project. In
some cases, the initial NPV can be marginal
or even negative, but when growth
opportunities with high uncertainty exist, the
option to expand can provide a considerable
value. Without regarding to an expansion
option, great opportunities may be
overlooked. Investment for expansion is the
strike price that will be acquired as a result
of exercising the option. The option would
be activated if the expected payoff is greater
than the strike price.

4.1.2 Option to contract

Once a project has been developed,
management may have the option to
decelerate the production rate or change the
scale of production. In a project, there might
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be the option to decrease production by
contemplating scaling down its operations by
either selling or outsourcing one or more
plants to gain efficiencies through
stabilization.

The option to contract is significant in
today’s competitive marketplace, where
companies need to downsize or outsource
swiftly as external conditions change.
Organizations can hedge themselves through
strategically created options to contract. The
option to contract has the same
characteristics as a put option, because the
option value increases as the value of the
underlying asset decreases.

4.1.3 Option to wait

Investing in a mining project has much in
common with exercising a financial option.
First, both are at least partially irreversible.
Second, timing is crucial. Indeed, taking an
irreversible action means forfeiting the
option to wait for new information
concerning market conditions. (Margaret E.
Slade, 2000). Option to defer investment, an
opportunity to invest at some point in the
future, may be more valuable than an
opportunity to invest immediately.

A deferral option gives an investor the
chance to wait until conditions become more
favorable, or to abandon a project if
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conditions deteriorate. Such options allow a
firm to delay an investment until it's sure
about other relevant issues.

4.1.4 Option to abandon

Management may decide to abandon the
project and sell any accumulated capital
equipment in the open market. Alternatively,
it may sell the project, or its share in the
project, to another company whose strategic
plans make the project more attractive.
Selling for salvage value would be similar to
exercising an American put option. If the
value of the project falls below its liquidation
value, the company can exercise its put
option.

To clarify the mechanism of this valuation
process, assume that the only operating
flexibility available to the mine manager is to
close the mine early. This option is
irreversible. At any time the decision to
abandon the mine is made by comparing the
expected value of all future cash flows and
the abandonment cost at that time.

5 MONTE CARLO SIMULATION

To asses options partial
differential equations, dynamic
programming, and simulation methods can
be applied. In this paper referred to Monte
Carlo simulation method. The simulation
method for solving real options problems is
similar to the Monte Carlo technique for
DCF analysis. Traditional Monte Carlo
simulation has been considered a powerful
and flexible tool for capital budgeting for a
very long time. It involves simulation of
thousands of paths the underlying asset value
may take during the option life given the
boundaries of uncertainty defined by the
volatility of the asset value.

real value

6 PRACTICAL APPLICATION:
FEASIBILITY STUDY OF A MINING
PROJECT UNDER UNCERTAINTY

The final goal of mine managers and
decision makers is to make decisions that
seem to be the optimum based on the
information available at the designing time.

In this study, the applicability and
usefulness of the simulation-based ROA
method is investigated. Proposed method is
applied to choose the best mine plan among
different feasible options.

Thought five-year life of options, Iranian
Kahnoj Titan is selected to perform the
reality examination. Kahnoj Titan faces a
myriad of uncertainties and decision-making
flexibilities.  Production of this industry
plant consists of titan pigment, titan
magnetite concentrate, and sorrel iron. By
using the traditional DCF technique this
project was evaluated (Table 2). As it shown
in the table, the NPV is negative and the IRR
is lower than the risk rate. This situation
provides a suitable platform to conduct the
real options valuation method on this project.

Table 2: DCF technique analysis of the
project

Vear Cash Flows Ye Cash Flows
® ar )
-3 -7,975,775 9 6,425,675
-2 -8,222,920 10 6,447,380
-1 -712,316 11 5,289,546
0 1,858,005 12 5,280,964
1 5,136,277 13 5,273,607
2 5,501,333 14 5,267,270
3 6,277,526 15 5,261,785
4 6,425,675 16 5,257,013
5 6,425,675 17 5,252,909
6 6,425,675 18 5,249,475
7 6,425,675 19 5,247,448
8 6,425,675 20 9,760,454
Risk-Adjusted Rate 25%
Net Present Value (NPV) -1,695,397 $
Internal Rate of Return (IRR) 22%

7 SOLVING THE PROBLEM USING
THE REAL OPTIONS VALUATION
MONTE CARLO SIMULATION-BASED

First the input parameters required to
conduct the simulations are defined:

e Current value of the underlying
asset (So)
Volatility of the asset value (o)
Strike price (X)
Option life (T)
Risk-free rate corresponding to the
option life (1)
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e Incremental time step (5t)

7.1 Estimation of current value of the
asset

With the real options, the current value of the
underlying asset value is estimated from the
cash flows that asset is expected to generate
over the project life. In the other hand, the
present value of the expected free cash flows
based on the DCF calculation is regarded the
value of the underlying asset. First, the future
revenues are calculated based on the number
of units expected to be sold, price per unit,
operation cost, and then it discounted to the
present time by an appropriate risk adjusted
discount rate.

7.2 Calculating volatility factor

Volatility refers to the variability of the asset
value and as an important input variable; it
can have a significant impact on the option
value. The volatility factor (o) used in the
options models. It is the volatility of the
product prices, which have a significant
impact on the cash flow returns.

In this reach the volatility factor for each
product is measured as the standard deviation
of the natural logarithm of product prices.
And then according to the weighted
proportion of each product in cash flows
returns, the volatility factor is calculated.

7.3 Exercise or strike price

In the real options world, exercising an
option typically involves development of a
product, construction of a new facility,
launching a large marketing campaign, etc.,
which does not happen in an instant but in
fact takes a long time. The strike price or the
investment cost directly impacts the option
value.

Dealing with expansion or contraction
options in this research Approximate costs
for exercising the options can be obtained
through the rule of six-tenths (equation 2).
As shown in table, the cost of a similar item
of different size or capacity (double or half
capacity) for mentioned options s
developed.
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Where Cg is the approximate cost ($) of
equipment having size Sg (cfm, Hp, ft*, or
whatever), C, is the known cost ($) of
equipment having corresponding size Sy
(same units as Sg), Sp/Ss is known as the
size factor (dimensionless).

In relation to the abandon option if the
project payoff is not attractive, the option to
abandon the project is executable. Exercising
the project abandon could minimize the
losses by either selling off the project’s
salable equipment or reducing production
costs. This option has the characteristics of a
put option. The strike prices of these options
are presented in Table 3.

7.4 Simulation

In this study, The Monte Carlo simulation is
used to simulate the thousands paths of the
uncertain asset values, defined by equation
(3) through randomly and changing values.
To simulating every time increment asset
value, the underlying asset value is again
calculated for the next time increment using
the same equation. In this fashion, asset
values for each time step are calculated until
the end of the option life. Finally, by
applying the decision rule, maximization of
the value, the value at the end of the fifth
year is compared with strike price of each
option.

If this value was more than the cost of
exercising the option, the option value for
that simulation would be the difference
between the asset value and its strike price.
Otherwise, that option would be worthless
and thus, zero value is allocated for it. The
Option values for each simulation are
discounted to their current values using a
risk-free rate and ultimately the mean of
which is considered the real option value.

Input parameters at table (5) are
determined for each real world option. The
asset value, which may has fluctuations over
the option life, is defined by the following
equation.
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St= S, +St,1(r><5+6><8><\/8_t) 3)

Where S, and S, are the underlying asset
values at time t and time t—1, respectively;
is the volatility of the underlying asset value;
and ¢ is the simulated value from a standard
normal distribution with mean of zero and a
variance of 1.

In this research a command-based
MATLAB simulation was conducted using
the volatility factor. A Path is created for
each simulated underlying asset value over
the option life. Running 100,000 trials
develops millions simulated value paths. The
average of the option values from such
numbers of trials in the case study is the
value of the option at the end of five years.

Table 6 shows the results of the simulation
using the first 20 trials as a sample. The
probability of exercising the options,
expansion, contraction and abandonment of
the project, are 0.32%, 78.02%, 99.97% of
the time respectively. And the estimated
average values for each mentioned option are
13,407, 221,605,352 and 19,937,127dollars
respectively. The added values could be
substantial for a non-economic project close
to break point estimated by DCF analysis
(whit the net present value of -1,695,397
dollars).

8 CONCLUSION

This paper proposed an approach to
investigate the role of the real options
valuation in a particular mine, Titan Kahnoj
plant. Using the ROA provides incorporating
managerial flexibility to make investment
decisions.

To examine the performances of the ROA
versus the traditional NPV method and its
advantage, a command-based Monte Carlo
simulation thought MATLAB software was
carried out. Both methods were applied for
valuation of the case study. The managerial
flexibility to change the project course was
considered in the form of the main options
(expansion, contraction and abandonment
options).

This research can be suitable to discuss of
the implementation and management
decisions using real options to go out from
the current situation in similar projects.

REFERENCES

Abdel Sabour, S.A., Poulin, R., 2006. Valuing real
capital investments using the least-squares Monte
Carlo method. Eng. Econom. 51 (2), 141-160.

Barraquand, J., 1995. Numerical valuation of high
dimensional multivariate European securities.
Manage. Sci. 41 (12), 1882-1891.

Berridge, S., Schumacher, J.M., 2004. An irregular
grid method for high dimensional free-boundary
problems in finance. Future Gener. Comput. Syst.
20, 353-362.

Black, F., Scholes, M., 1973. The pricing of options
and corporate liabilities. J. Political Econom. 81
(3), 637-654.

Boyle, P., 1977. Options: a Monte Carlo approach. J.
Financial Econom. 4 (3), 323-338.

Brennan, M.J., Schwartz, E.S., 1977. The valuation
of American put options. J. Finance 32 (2), 449—
462.

Brennan, M.J., Schwartz, E.S., 1978. Finite
difference methods and jump processes arising in
the pricing of contingent claims: a synthesis. J.
Financial Quant. Anal. 13, 461-474.

Brennan, M.J., Schwartz, E.S., 1985. Evaluating
natural resource investments. J. Bus. 58 (2), 135—
157.

Broadie, M., Glasserman, P., 1997. Pricing
American-style securities using simulation. J.
Econom. Dyn. Control 21, 1323-1352.

Cox, J.C., ROAs, S.A., Rubinstein, M., 1979. Option
pricing: a simplified approach. J. Financial
Econom. 7 (3), 229-263.

Dixit, A.K., Pindyck, R.S., 1994. Investment under
uncertainty. Princeton University Press, New
Jersey.

Kamrad, B., Ernst, R., 2001. An economic model for
evaluating mining and manufacturing ventures
with output yield uncertainty. Oper. Res. 49 (5),
690-699.

Kelly, S., 1998. A binomial lattice approach for
valuing a mining property IPO. Quart. Rev.
Econom. Finance 38, 693-709.

Kodukula, P., Papudesu Ch., 2006. Project
Valuation Using Real Options: A practitioner’s
Guide. J.ROAs Publishing.

Longstaff, F.A., Schwartz, E.S., 2001. Valuing
American options by simulation: a simple least-
squares approach. Rev. Financial Stud. 14 (1),
113-147.

1733



M. H. Basiri, A. A. Khodayari, A. Saeedi, F. Javadnejad

Mardones, J.L., 1993. Option valuation of real
assets: application to a copper mine with
operating flexibility. Resour. Policy 19 (1), 51—
65.

Miller, L.T., Park, C.S., 2002. Decision making
under uncertainty-real options to the rescue? Eng.
Econom. 47 (2), 105-150.

Moel, A., Tufano, P., 2002. When are real options
exercised? An empirical study of mine closings.
Rev. Financial Stud. 15 (1), 35-64.

Moel, A., Tufano, P., 2002. When are real options
exercised? An empirical study of mine closings.
Rev. Financial Stud. 15 (1), 35-64.

Moyen, N., Slade, M., Uppal, R., 1996. Valuing risk
and flexibility: a comparison of methods. Resour.
Policy 22 (1/2), 63-74.

Paddock, J.L., Siegel, D.R., Smith, J.L., 1988.
Option valuation of claims on real assets: the case
of offshore petroleum leases. Quart. J. Econom.
103 (3), 479-508.

Samis, M., Davis, G.A., Laughton, D., Poulin, R.,
2006. Valuing uncertain asset cash flows when
there are no options: a real options approach.
Resour. Policy 30, 285-298.

Samis, M., Poulin, R., 1998. Valuing management
flexibility: a basis to compare the standard DCF
and MAP frameworks. CIM Bull. 91 (1019), 69—
74.

Schwartz, E.S., 1997. The stochastic behavior of
commodity prices: implications for valuation and
hedging. J. Finance 52 (3), 923-973.

Slade, M.E., 2001. Valuing managerial flexibility:
an application of real option theory to mining
investments. J. Environ. Econom. Manage. 41,
193-233.

Trigeorgis, L., 1993. The nature of option
interactions and the valuation of investments with
multiple real options. J. Financial Quant. Anal. 28
(1), 1-20.

Trigeorgis, L., 1996. Real Options: Managerial
Flexibility and Strategy in Resource Allocation.
MIT Press, Cambridge, MA.

Tufano, P., Moel, A., 1999. Bidding for Antamina:
incentives in a real option context. In: Brennan,
M.J., Trigeorgis, L. (Eds.), Project Flexibility,
Agency and Competition. Oxford University
Press, Oxford, pp. 128-150.

APPENDIX
Table 3: Calculation of the proportion of each product in cash flow returns and asset value.
Income of ‘Incon‘le of . Income of . Operational Cost Cash flows
Year Sorel Iron Titan Pigment Titan magnetite ©) )
(%) (&) concentrate ($)

0 14,400,000 21,000,000 1,130,000 2,481,296.90 33,048,703
1 2,880,000 42,000,000 2,260,000 3,481,269.90 42,177,410
2 3,240,000 47,250,000 2,542,500 4,962,589.72 47,449,586
3 3,600,000 52,500,000 2,825,000 5,582,913.54 52,721,763
4 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
5 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
6 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
7 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
8 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
9 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
10 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
11 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
12 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
13 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
14 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763
15 3,600,000 52,500,000 2,825,000 6,203,237.36 52,721,763

Asset value (Sy)

179,764,920.45
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Table 4: calculation of the volatility factor.

Year P, ($/ton) Ratio(Py/Py) In Ratio Deviation Deviation”2 V(})/latlht
Titan Magnetite Concentrate (T.M.C.)

2006 53.9

2007 59.7 1.108 0.044 -0.017 0.000
2008 70.5 1.181 0.722 0.011 0.000
2009 93 1.319 0.120 0.059 0.003
2010 90 0.968 -0.014 -0.075 0.006
2011 109 1.211 0.083 0.022 0.000
Mean 0.061 0.010 0.045
Titan Pigment (T.P.)

1992 2010

1993 1920 0.955 -0.020 -0.110 0.012
1994 1850 0.964 -0.016 -0.106 0.011
1995 1910 1.032 0.014 -0.076 0.006
1996 1890 0.990 -0.005 -0.095 0.009
1997 1760 0.931 -0.031 -0.121 0.015
1998 1840 1.045 0.019 -0.071 0.005
1999 1890 1.027 0.012 -0.079 0.006
2000 1880 0.995 -0.002 -0.093 0.009
2001 1890 1.005 0.002 -0.088 0.008
2002 1800 0.952 -0.021 -0.111 0.012
2003 1830 1.017 0.007 -0.083 0.007
2004 1780 0.973 -0.012 -0.102 0.010
2005 2180 1.225 0.088 -0.002 0.000
2006 2150 0.986 -0.006 -0.096 0.009
2007 1870 0.870 -0.061 -0.151 0.023
2008 2210 1.182 0.073 -0.018 0.000
2009 2210 1.000 0.000 -0.090 0.008
2010 2320 1.050 0.021 -0.069 0.005
2011 2856 1.231 0.090 0.082 0.007
Mean 0.008 0.162 0.092
Sorrel Iron (S.I.)

2001 103

2002 107 1.039 0.017 -0.052 0.003
2003 127 1.187 0.074 0.006 0.000
2004 184 1.449 0.161 0.093 0.009
2005 257 1.397 0.145 0.077 0.006
2006 259 1.008 0.003 -0.065 0.004
2007 313 1.208 0.082 0.014 0.000
2008 498 1.591 0.202 0.134 0.018
2009 343 0.689 -0.162 -0.230 0.053
2010 422 1.230 0.090 0.022 0.000
Mean 0.068 0.093 0.102

The exercised volatility 25.39 %
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Table 5: Monte Carlo simulation input parameters and results.

Input Parameters

Results of simulation

Present value of future cash flows 179764920 DCF-based Net present value -1695397 S
Volatility 25.39% Option values values added by Options
Risk-free rate of return 18% Option to expand 13407 $
Time to expiration 5 years Option to contract 219909955 $
Time step 1 year Option to abandon 18241730 $
Total no. of simulation trials 100000
Strike price
Option to expand 374579711 % Probability of exercising the option
Option to contract 163045289 $ Option to expand 0.32%
Option to abandon 151160266 $ Option to contract 99.97 %
Option to abandon 78.02 %
Table 6: The First 20 Simulation Trials for abandonment option.
Time Increment No.
Option Present
NO Year O Year 1 Year 2 Year 3 Year 4 Year 5 value at value of
year 5 the option
1 179764920 172913321 223982577 209399269 195131858 186063520 0 0
2 179764920 299286843 387680012 362438508 337743775 322047851 133097519 54113413
3 179764920 293019886 379562134 354849178 330671543 315304287 126353955 51371684
4 179764920 229181480 296869310 277540411 258630206 246610917 57660586 23443045
5 179764920 237125038 307158967 287160117 267594474 255158590 66208258 26918269
6 179764920 159619636 206762656 193300521 180129998 171758839 0 0
7 179764920 274988539 356205301 333013088 310323254 295901641 106951309 43483157
8 179764920 222654780 288414977 269636532 251264857 239587857 50637526 20587682
9 179764920 162315660 210254939 196565425 183172448 174659898 0 0
10 179764920 192571405 249446597 233205349 217315912 207216617 18266285 7426517
11 179764920 131220870 169976428 158909412 148082126 141200324 0 0
12 179764920 236593133 306469967 286515977 266994222 254586234 65635902 26685566
13 179764920 234670086 303978955 284187153 264824073 252516937 63566605 25844253
14 179764920 209330635 271155598 253500896 236228623 225250400 36300068 14758506
15 179764920 175360807 227152918 212363191 197893834 188697139 0 0
16 179764920 159994033 207247629 193753919 180552503 172161710 0 0
17 179764920 144037283 186578117 174430180 162545387 154991436 0 0
18 179764920 186972036 242193477 226424473 210997050 201191411 12241080 4976852
19 179764920 244112481 316210124 295621961 275479771 262677434 73727103 29975203
20 179764920 178939949 231789145 216697558 201932879 192548477 3598146 1462897

0 0
0 0
0 0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0
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A Fuzzv VIKOR Technique to Selection of Optimum
Underground Mining Method for Jajarm Bauxite Mine, Iran

A. Jalili, K. Shahriar, A. Sadri

Department of Mining and Metallurgical Engineering, Amirkabir University of Technology
(Tehran PolyTechnic), Tehran, Iran

ABSTRACT Underground mining method (UMM) selection is the first and one of the most
crucial decisions that should be made by mining engineers. In this regard some of the
parameters such as geological and geotechnical properties, economic parameters and
geographical factors are involved. Choosing a suitable underground mining method to extract
mineral deposits is very important in terms of the economics, safety and the productivity of
mining operations. This paper attempts to demonstrate the calculation of the weighting
factors for each selected underground mining method. In practice, underground mining
method could be selected using multiple criteria decision making (MCDM) techniges and
decision makers have always some difficulties in making the right decision in the multiple
criteria environment. Most multi-criteria methods focus on ranking and selecting from a set
of alternatives. In this research Jajarm bauxite mine was selected as a case study and optimal
method of mining for this mine was proposed using fuzzy VIKOR technique. The the fuzzy
VIKOR technique was developed to solve MCDM problems with conflicting and non-
commensurable criteria assuming that compromising is acceptable to resolve conflicts. In this
technique also importance weights of decision makers’ opinions have considered different.
Finally according to this technique the most appropriate mining methods for this mine were
ranked.

Keywords: Multi-criteria decision making, VIKOR, Fuzzy logic, mining method selection

1 INTRODUCTION

Relaible selection of UMM is necessary to
optimal design of mine (Alpay & Yavuz,
2009).

To make a suitable decision on
underground mining method selection, all
known criteria related to the problem should
be analyzed. Although an increasing in the
number of related criteria makes the problem

combining the decision making process is
extremely  significant (Hartman &
Mutmansky, 2002).

Once selected a mining method, it is
nearly impossible to change it owing to the
rising costs and mining losses, it is very
important to re-analyze the decision made
before carrying it out (Naghadehi & Ataei,
2009).

more complicated, this may also increase the
correctness of the decision. Due to the
arising complexity in the decision process,
many conventional methods are able to
consider limited criteria and may be
generally deficient. Therefore, it is clearly
seen that assessing all of the known criteria
connected to the mining method selection by

In this sensitively analysis was generally
used on the final decision (Alpay & Yavuz,
2009).

The aim of this paper is to compare the
many different geological, geotechnical,
economical and technical aspects in the
selection of the most appropriate
underground mining method for Jajarm
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Bauxite Mine in Iran, with reference to some
different extraction methods. The
comparison has been performed with the
combination of the VIKOR method and
fuzzy logic (Fuzzy VIKOR Method).

In the multiple criteria decision making
(MCDM) problems, since that the valuation
of criteria leads to diverse opinions and
meanings, each attribute should be imported
with a specific importance weight (Chen,
Tzeng & Ding, 2003). A question rises up
here and that is ‘‘how this importance
weight could be calculated”’? In literature,
most of the typical MCDM methods leave
this part to decision makers, while
sometimes it would be useful to engage end-
users into the decision making process. To
obtain a better weighting system, weighting
methods are usually divided into two
categories: subjective methods and objective
methods (Wang & Lee, 2009). While
subjective methods determine weights solely
based on the preference or judgments of
decision makers, objective methods utilize
mathematical models, such as entropy
method or multiple objective programming,
automatically ~without considering the
decision makers’ preferences. The approach
with objective weighting is particularly
applicable for situations where reliable
subjective weights cannot be obtained
(Deng, Yeh & Willis, 2000). On the other
hand, new researches entail new MCDM
approaches such as VIKOR.

VIKOR is a helpful tool in multi-criteria
decision making (MCDM), the obtained
compromise solution could be accepted by
the decision makers because it provides a
maximum group utility (represented by min
S,) of the majority, and a minimum of the
individual regret (represented by min R) of
the opponent.

2 VIKOR TECHNIQUE

Vlsekriterijumska Optimizacija I
Kompromisno Resenje (i.e. VIKOR) method

1738

was developed by Opricovic in 1998 for
multi-criteria  optimization of complex
systems (Opricovic & Tzeng, 2002). VIKOR
focuses on ranking and sorting a set of
alternatives against various, or possibly

conflicting and non-commensurable,
decision criteria assuming that
compromising is acceptable to resolve

conflicts. Similar to TOPSIS as a MCDM
method, VIKOR relies on an aggregating
function that represents closeness to the
ideal, but unlike TOPSIS, introduces the
ranking index based on the particular
measure of closeness to the ideal solution.
This method uses linear normalization to
eliminate units of criterion functions
(Opricovic & Tzeng, 2004).

The VIKOR method was developed for
the multi-criteria optimization of complex
systems. It determines the compromise
ranking list and the compromise solution.
The weight stability intervals for the
preferred stability of the compromise
solution can be obtained from the initial
weights given by the AHP in the traditional
method. This traditional method focuses on
ranking and selection from a set of
alternatives in cases of conflicting criteria. It
introduces a multi-criteria ranking index
based on the particular measure of
““closeness’” to the ‘‘ideal’’ solution (Chiu
& Tzeng, 2012). The VIKOR method began
with the form of L,-metric, which was used
as an aggregating function in a compromise
programming method and developed into the
multi-criteria measure for compromise
ranking. We assume the alternatives are
denoted as A4,,4,, .. . A;, ..., Ay w;is the
weight of the jth criterion, expressing the
relative importance of the criteria, where j =
1, 2, ..., n, and n is the number of criteria.
The rating of the jth criterion is denoted by
f;; for alternative 4,. The form of L,-metric is
formulated as follows:
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zfz{iiwxfr—ﬁJMfr—ﬁwT} (1)

J=i

1<p<w ;i=12,...m

The VIKOR method is not only generated
with the above form of L,-metric, but also
uses /7 (as S; in Eq. (2)) and 77°” (as R; in
Eq. (3)) to formulate the ranking measure.
(chen et al.,2011; Chiu & Tzeng, 2012).

pes =Yoo -] e

L =R =max {o,(f; = 1)/ (/7 =1} ()

When p is small, the group utility is
emphasized (such as p=1) and as p increases,
the individual regrets/gaps receive more
weight(Chiu & Tzeng,2012). In addition, the
compromise solution min; Z” will be chosen

because its value is closest to the
ideal/aspired level. Therefore, min; S;
expresses the minimization of the average
sum of the individual regrets/gaps and min;
R; expresses the minimization of the
maximum  individual  regret/gaps  for
prioritizing the improvement. In other
words, min; S; emphasizes the maximum
group utility, whereas min; R; emphasizes
selecting minimum among the maximum
individual regrets. Based on the above
concepts, the compromise-ranking algorithm
VIKOR consists of the following steps.

Step 1: Determine the best f , and the
worst f; values of all criterion functions, j =

1, 2, ... n. If we assume the jth function
represents a benefit, then f=max; f, (or

setting an aspired level) and f; = min; f; (or
setting a tolerable level). Alternatively, if we
assume the jth function represents a
cost/risk, then f"=min; f, (or setting an
aspired level) and f; = max; f; (or setting a
tolerable level).

Step 2: Compute the values S; and R;, i = I,
2,..., m, using the relations Eq.(4)&(5).

Step 3: Compute the Q; values for i=/, 2,...,
m with the relation Eq.(6).

5,=3o, 1)/ 1) @

R =max, {o,(f =)/ (f; = 1))} 5)
5-5 R-R

Q,={S_S*}+(IV){R_R*} (6)

Where, S* =Min,S,, S™ =Max,S,, R = MinR,

, R=MaxR and 0 < v < 1, where v is
introduced as a weight for the strategy of
maximum group utility, whereas /—v is the
weight of the individual regret. In other
words, when v > (.5, this represents a
decision-making process that could use the
strategy of maximum group utility (i.e. if v is
big, group utility is emphasized), or by
consensus when v = (.5, or with veto when v
< 0.5 ( Opricovic,1998 & Kackar 1985).

Step 4: Rank the alternatives, sorting by the
value of {S;, R, and Q)i =1, 2, . .
decreasing order. Propose as a compromise
the alternative (4(;)) which is ranked first by

,m}, in

the measure min{Q;|i = 1, 2, . . ,m} if the
following two conditions are satisfied
(Huang et al., 2009):

C,. Acceptable advantage: O(4,)—0(4.)
> 1/(m—1), where Ay is the alternative with
second position in the ranking list by Q; m is
the number of alternatives.

C2. Acceptable stability in decision
making: Alternative A, must also be the
bestranked by {S;or/and R)|li =1, 2, . . .,m}.

If one of the conditions is not satisfied,
then a set of compromise solutions is
proposed, which consists of:
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* Alternatives A,y and Ap if only
condition C, is not satisfied.

« Alternatives A(]),A(z), , A(M) if
condition C; is not satisfied. Aq, is
determined by the relation Q(4u,)) — O(4q))
< 1/m — 1) for maximum M (the positions
of these alternatives are close.

The compromise solution is determined by
the compromise-ranking method; the
obtained compromise solution could be
accepted by the decision makers because it
provides maximum group utility of the
majority (represented by min S, Eq. (4)), and
minimum individual regret of the opponent
(represented by min R, Eq. (5)).

The VIKOR algorithm determines the
weight stability intervals for the obtained
compromise solution with the input weights
given by the experts.( Opricovic, 1998)

3 FUZZY LOGIC

A linguistic variable is defined as a variable
whose values are not numbers, but words or
sentences in natural or artificial languages.
The concept of a linguistic variable appears
as useful means for providing approximate
characterization of phenomena that are too
complex or ill-defined to be described in
conventional quantitative terms (Zadeh,
1965).

The use of linguistic variables enables
Decision Makers (DMs) to specify both the
importance associated with each of a set of
criteria, and the preference with respect to a
number of strategic criteria which impact the
selection and justification of several
alternatives. The value of a linguistic
variable can be quantified and extended to
mathematical operations using fuzzy set
theory (Zadeh, 1975).

A fuzzy number is a special fuzzy set F' =
{x € R| f(x) }, where x takes its values on
the real line 9': —oo< x<+o0

and f3(x) is a continuous mapping from '
to the close interval [0,1]. A triangular fuzzy
number can be denoted as A=[a;aa;]
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(where -c0<a;<a,<a; <+ and a,a,a3;eR )
and its membership function f,(x) : ¢ —

[0, 1] can be given as:

(x—a)/(a,—a)
fi(x)=q(x-ay)/(a,-ay)

0 Otherwise

where b;<b,<b;, b;and b; stand for the lower
and upper value of the support of A4 ,
respectively, and b is the mid-value of 4.

The main operational laws for two
triangular fuzzy numbers 4 =[a;asa;] and
B =[b;b,b;] and one no fuzzy number
n=[n;nyn;] are as follows (Kaufmann &
Gupta, 1991):

(A® B)=[a,+b,a,+b,,a,+b,]
(A! B)=[a,+b,a,+b,,a,+b,]
(A® B)=[ab,a,b,,a;b,]

(A®n) =[an,,a,n,,a;n;]

3.1 Defuzzification

Fuzzy numbers can be regarded as systems
with numerical input and numerical output.
Internally these systems work with fuzzy
values, which have to be mapped to non-
fuzzy (crisp) values after processing. This
conversion is called defuzzification. In this
paper the mean value method is used for
defuzzification.

A fuzzy number 4=[aj,aya;/ can
always be given by its corresponding left
and right representation of each degree of
membership:
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Figure 1.4 triangular fuzzy number 4

Mean value method for defuzzification:

$(4)=2(s.(4) +5:(4) g

;[[ i <x>J+[a2i N <x>D 8)

4 FUZZY VIKOR TECHNIQUE
and method steps are as

~
%)
—_
N
P
Il

Assumptions
follows:

K = Number of decision makers, where
K=1,2,.. k.

i= Number of alternatives, where i=I,
2,...,m.

j= Number of criteria, where j=1, 2,...,n.

Step 1: Making matrix of criteria- decision
makers.

Form a group of decision makers,
determine the evaluation criteria and feasible
alternatives. k decision makers use the
linguistic variables, such as very low, low,
medium, high and very high (the
corresponding fuzzy numbers of linguistic
terms are shown in Table 1) to assess the
importance weight of criteria. Triangular
fuzzy numbers for importance weight of the
criteria are shown in Figure 2.

Hence the matrix of criteria- decision
makers can be written as Figure 3.

Figure 2. Triangular fuzzy numbers for
importance weight of the criteria

Table 1. Linguistic variables for the
importance weight of criteria

Symbol  Linguistic Triangular fuzzy
terms number

Y very high 5 =52 % »%)
2 high — 2-@t2",2%
¢ medium g gt g gF)
P low p=p"p",p")
H verylow - (ut i i)

D, D, D, o

Clxn X2 = X

Cz X211 X22 trv X2p 2

Colxm X2 o Xu @

Figure 3. Matrix of criteria- decision makers

xx =The rating of the criteria C; with
respect to decision maker D, .

w;is the importance weight of the jth
criterion holds.

wy is the importance weight of decision
makers opinions, where w, =[0,1].
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- L L L
mln{xﬂ,sz, -,xjk},

S M M _ M
@, =| WX, WX+t WXy, ©)
R R R

max{le,sz,- --,xjk}

Step 2: Making matrix of decision makers-
alternatives- criteria.

Identify the appropriate
variables for evaluating the
weight of criteria, and the
alternatives.

K decision-makers  use linguistic
variables: very poor, poor, medium, good
and very good (the corresponding fuzzy
numbers of linguistic terms are shown in
Table 2) to evaluate the rating of m
candidates in n criteria. Triangular fuzzy
numbers for the rating of alternative are
shown in Figure 4.

linguistic
importance
rating of

Table 2. Linguistic variables for the rating of
alternative

Symbol Li?e;grlrlrilséﬁc Triarllrlllgfrllltl)aérr fuzzy
o very good o =(c".0".0")
T good r=(ct ", %)
U medium  7=@"n".7"
v poor y=w" "y
x very poor  x=(x"x",x")

P
-

=%} 03 0.5 o7 03 1

Figure 4. Triangular fuzzy numbers for the
rating of alternative

Hence the matrix of decision makers-
alternatives- criteria and the fuzzy decision
matrix can be written as Table 3.

Step 3: combination of matrix of decision
makers- criteria and decision makers-
alternatives- criteria.

with the relation Eq.(10).

: L L m m
Z;j =(min {yw,...,yk,j}, WX+t WX
(10)
R R
max { yi5,.... vy D)

Zy: A Fuzzy Variable of the ith alternative
according to jth criteria.

Table 3. Matrix of decision makers-
alternatives- criteria
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Table 4. Aggregated triangular fuzzy number
decision matrix

C, C, . C,
w1 [0)] - [on
4 Zn Zn o Zn
4, Z Zn e Zon
A, Zm Zm2 Z mn

Step 4: Defuzzification

Convert fuzzy number to non- fuzzy number
(with using the relations Eq.(7 & 8)). The
result of this step is given in Table 5.

Step 5: Determine the best f; , and the
worst (7 values of all criterion functions,

j=1, 2, ..., n If we assume the jth function

Table 5. Non fuzzy number decision matrix

Cl CZ Cn
a)l wZ C()”
Al fl 1 fl 2 .fln
4 fu f fn
4, T T S

represents a benefit, then f’'=max; f, (or
setting an aspired level) and /; = min; f; (or
setting a tolerable level). Alternatively, if we
assume the jth function represents a
cost/risk, then f=min; f, (or setting an
aspired level) and f; = max; f; (or setting a
tolerable level).

Step 6: Compute the values S; and R;, i = I,
2, .. .,m, using the relations Eq.(4) & (5).

Step 7: Compute the ¢, values for
i=1,2,...,m with the relation Eq.(6).

Step 8: Rank the alternatives, sorting by the
value of {S;, R, and Q)i =1, 2, . . .,m}, in
decreasing order.

Step 9: Propose as a compromise the
alternative (4(;)) which is ranked first by the
measure min{/Q;li = 1, 2, . . .,m} if the
following two conditions are satisfied
(Huang et al., 2009).

C,. Acceptable advantage: O(42))—0(4(1))
> 1/(m—1), where Ay is the alternative with
second position in the ranking list by Q; m is
the number of alternatives.

C,. Acceptable stability in decision
making: Alternative A, must also be the
bestranked by {S;or/and R}|i =1, 2, . . .,m}.

If one of the conditions is not satisfied,
then a set of compromise solutions is
proposed, which consists of:

» Alternatives A, and Ay if only
condition C, is not satisfied.

¢ Alternatives A(l),A(g), , A(M) if
condition C; is not satisfied. Au, 1is
determined by the relation Q(4uy) — O(4())
< 1/(m — 1) for maximum M (the positions
of these alternatives are close).

5 CASE STUDY

The purpose of this paper is to selection of
the optimum underground mining method
for Jajarm Bauxite Mine, using data obtained
from the mine site.

5.1 Selection of Criteria

There are too many factors affecting mining
method  selection such as  spatial
characteristics of the deposit, geologic and
hydrologic conditions, geotechnical
properties, economic considerations,
technological factors and environmental
concerns. Main criteria and their sub-criteria
are mentioned follows (Hartman and
Mutmansky, 2002):
(a) Spatial characteristics of the deposit
such as general shape, plunge, dip, depth,
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ore thickness existence
mining.

(b) Geologic and hydrologic conditions such
as mineralogy and petrography, chemical
composition, deposit structure, uniformity
of grade, alteration and weathered zones,
and existence of strata gases.

(c) Geotechnical properties such as elastic
properties,  plastic  or  viscoelastic
behavior, state of stress, rock mass rating
and other physical properties affecting

of previous

competence.
(d) Economic  considerations such as
reserves, production rate, mine life,

productivity, comparative mining costs
and comparative capital costs.

(e) Technological factors such as recovery,
dilution, flexibility of the method to
changing conditions, selectivity of the
method, concentration or dispersion of
workings, ability to mechanize and
automate and capital and labor intensities.

(f) Environmental concerns such as ground
control to maintain integrity of openings,
subsidence or caving effects at the
surface, atmospheric control, availability
of suitable waste disposal areas,
workforce and comparative safety
conditions of the suitable mining methods.
According to this criterion, 12 criteria

having the most important are selected in

Jajarm mine which are shown in Table 6.

Table 6. Important creteria

Symbol Criteria
Ci Deposite thikness
C, Deposite dip
Cs Deposite shape
Cy RMR of hangingwall
Cs RMR of ore
Cs RMR of footwall
Cy Depth
Cg Recovery
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Cy Production
Cio Ore grade
Cn Ore uniformity
Cpo Dilution

5.2 Candidate Mining Methods

According to the mine and ore body
conditions, five mining methods that are
possible and appropriate to this mine,
considered. These mining methods are given
in Table 7.

Table 7. Candidate mining methods

Symbol Method
SHS Shrinkage stoping
CFS Cut & fill stoping

SS Stull stoping
SLS Sublevel stoping
BM Bench mining

5.3 Fuzzy VIKOR technique for selection
of optimum underground mining method

Step 1: Form a group of decision makers;
determine the evaluation criteria and feasible
alternatives.

Step 2: Identify the appropriate linguistic

variables for evaluating the importance
weight of criteria, and the rating of
alternatives.

Step 3: Aggregated triangular fuzzy number
decision matrix. (Table 8)

Step 4: Defuzzification

Convert fuzzy number to non-fuzzy number.
(Table 9)

Step S5: Determine the best f , and the
worst f- values of all criterion functions, j
=1,2,... n(Table 10).
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Table 8. Aggregated triangular fuzzy number decision matrix

o, SHS CFS SS SLS BM
C (0.9,1,1) (0.1,0.44,1) (0.9,1,1) (0,044,1)  (0.1,034,07)  (0,0,0.1)
C, (0.5,0.75,1) (0.1,0.54,1)  (0.3,0.66,1)  (0,041,1)  (0.1,0.54,1) (0.1,0.34,0.7)
Cs (0.5,0.85,1) 03,05,0.7)  (0.3,0.6,1) 0,041,1)  (0,0.06,0.5)  (0.1,0.4,0.7)

Cs (0.1,052,09)  (0.1,03,05 (0.1,0.380.9) (0.1,0.3,0.5) (0.1,0.34,0.7) (0.1,0.3,0.5)
Cs (0,0.15,0.7) (0.1,03,0.5)  (0,0.15,0.5) (0,0,0.1) (0.1,0.65,1) (0,0,0.1)
Ce (0.9,1,1) (0,024,05)  (0.1,0.52,09) (0,0.24,05  (0,0.3,0.7)  (0.1,0.3,0.5)
C; (0.3,0.56,0.9) (0,0.250.7)  (0.1,0.56,0.9)  (0,0.15,0.5) (0.1,0.46,09)  (0,0,0.1)
Cs  (0.3,0.64,009)  (0.1,03,05)  (0.5,0.91,1) (0,0,0.1) (0.1,03,0.5)  (0,0,0.1)

Co (0.3,0.85,1) (0,00.1)  (0.50.7,0.9)  (0,0.21,0.5) (0.1,0.150.5)  (0,0,0.1)
Cio (0.3,0.66,1) (0.1,04,0.7)  (0.5,0.7,0.9)  (0,0.31,0.9)  (0,0.35,0.9)  (0.1,0.3,0.5)
Ci (0.5,0.85,1) (0.1,03,05  (0.1,03,0.5)  (0.1,0.3,0.5)  (0.1,0.3,0.5) (0.1,0.21,0.5)

Cp (0.1,0.44,1) (0.1,036,0.7)  (0.50.7,09)  (0,0.09,0.5)  (0.1,0.3,0.5) (0,0,0.1)

Table 9. Non fuzzy number decision matrix

o, SHS CFS SS SLS BM
Ci 0.975 0.495 0.975 0.47 0.37 0.025
C, 0.75 0.545 0.655 0.455 0.545 0.37
GC; 0.8 0.5 0.625 0.455 0.155 0.4
Cs 0.51 0.3 0.44 0.3 0.37 0.3
Cs 0.25 0.3 0.2 0.025 0.6 0.025
Ce 0.975 0.245 0.6 0.245 0.325 0.3
Cy 0.58 0.3 0.53 0.2 0.48 0.025
Cg 0.62 0.3 0.83 0.025 0.3 0.025
Co 0.75 0.025 0.525 0.23 0.1875 0.025
Cio 0.655 0.4 0.525 0.38 0.4 0.3
Ci 0.8 0.3 0.3 0.3 0.3 0.255
Ci2 0.495 0.38 0.525 0.17 0.3 0.025

Table 10. Determine the best f; , and the worst f; values of all criterion functions, j =1, 2, .

CI CZ C3 C4 CS Cé C7 CS C9 Cl(] CII CIZ
f/_* 0975 0.655 0.625 0.44 0.6 0.6 053 083 0525 0525 03 0525

fr 0025 037 0155 03 0025 0245 0.025 0.025 0025 03 0255 0.025
J

Step 6: Comﬁ)ute the values S;and R;, i =1, SHS ~CFS 8§  SLS  BM
.,m (Table 11). Si  4.5401 0.1739 5.284 4.0789 72717

Step 7: Compute the Q; values for R 0975 0.1739 0975 08 0975

i=1,2,...,m (Table 12)

Step 8: Rank the alternatives, sorting by the  Table 12 . Index Q;
value of {S;, R, and Q)i =1, 2, . . ,m}, in
decreasing order (Table 13). SHS  CFS SS SLs  BM

Qi 0.8076 0 0.858  0.6659 1

Table 11. Index S; and R;
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Table 13 . Rank the alternatives

1 2 3 4 5
Si CFS SLS SHS SS BM
R; CFS SLS SHS SS BM
Qi CFS SLS SHS SS BM

Step 9: conditions
. 1
e Since the Q(Aw)-Q(An)Z

(0.6659-0 = 0.25,
e Alternative A also be the bestranked
by {S;orfand R|i =1, 2, .. .,m}.

Hence alternative Ay or cut and fill
stoping method is optimum underground
mining method for the mine under question.

6 CONCLUSION

There is no single appropriate mining
method for a deposit. Usually, two or more
feasible methods are possible and each
method entails some inherent problems.
Consequently, the optimal method is one
that offers the least problems. Selection of an
appropriate mining method is a complex task
that requires consideration of many
technical, economical, political, social, and
historical factors. The appropriate mining
method is that which is technically feasible
for the ore geometry and ground conditions,
while being a low-cost operation.

In this paper using fuzzy VIKOR method,
the degree of importance of the effective
factors on the model was investigated.

As a result, using this approach the cut
and fill stoping method was selected as
optimum underground mining method in
Jajarm Bauxite Mine.

REFERENCES

Alpay, S., & Yavuz, M., 2009. Underground mining
method selection by decision making tools,
Tunnelling and Underground Space Technology,
24, pp.173-184.

Chen, M.F., Tzeng, G.H., & Ding, C.G., 2003.
Fuzzy MCDM approach to select service
provider, In IEEE international conference on
fuzzy systems, pp. 572-577.

1746

Chen, Y.C., Lien, H.P., Tzeng, G.H., & Yang, L.S.,
2011. Fuzzy MCDM approach for selecting the
best environment-watershed plan, Applied Soft
Computing, 11, pp.265-275.

Deng, H., Yeh, C.H., & Willis, R.J., 2000. Inter-
company comparison using modified TOPSIS
with  objective  weights, Computers and
Operations Research, 27, pp.963-973.

Hartman, H.L., & Mutmansky, JM., 2002.
Introductory Mining Engineering, John Wiley,
New Jersey.

Huang, J.J., Tzeng, G.H., & Liu, H.H., 2009. A
Revised VIKOR Model for Multiple Criteria
Decision Making - The Perspective of Regret
Theory, In: Shi, Y. et al (Eds.) Cutting-Edge
Research Topics on Multiple Criteria Decision
Making. Springer, Berlin Heidelberg, pp.761-768.

Kackar, R.N., 1985. Off-line quality control,
parameter design and the Taguchi method,
Journal of Quality Technology, 17, pp.176—188.

Kaufmann, A., Gupta, M.M., 1991. Introduction to
Fuzzy Arithmetic Theory and Applications, Van
Nostrand Reinhold, New York.

Naghadehi. M.Z, Ataei,M., 2009. The application of
fuzzy analytic hierarchy process (FAHP)
approach to selection of optimum underground
mining method for Jajarm Bauxite Mine, Expert
Systems with Applications, 36, pp.8218-8226.

Opricovic, S., 1998. Multi-criteria optimization of
civil engineering systems, Faculty of Civil
Engineering, Belgrade.

Opricovic, S., & Tzeng, G.H., 2002. Multicriteria
planning  of  postearthquake  sustainable
reconstruction, Computer-Aided Civil and
Infrastructure Engineering, 17, pp. 211-220.

Opricovic, S., & Tzeng, G.H., 2004. Compromise
solution by MCDM methods: a comparative
analysis of VIKOR and TOPSIS, European
Journal of Operational Research 156 , pp.445—
455.

Wang, T. C., & Lee, H. D., 2009. Developing a
fuzzy TOPSIS approach based on subjective
weights and objective weights, Expert Systems
with Applications, 36, pp.8§980-8985.

Chiu, W.C., & Tzeng, G.H., 2012. A new hybrid
MCDM model combining DANP with VIKOR to
improve e-store business, Knowledge-Based
Systems.

Zadeh, L.A., 1965. Fuzzy sets, Information and
Control, 8, pp.338-353.

Zadeh, L.A., 1975. The concept of a linguistic
variable and its applications to approximate
reasoning, Part I, Inf. Sci. 8,pp.199-249, Part II,
8, pp.301-357; Part 111, 9, pp.43-80.



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Maden Sahalarindaki Mikrosismik Olaylarin Kokent, Onemi,
Izlenmesi ve Analizi
Origin, Importance, Monitoring and Analysis of Microseismic
Events in Mine Sites

B. Kaypak, G.G.U. Aldas
Ankara Universitesi Miihendislik Fakiiltesi, Jeofizik Miihendisligi Boliimii, Sismoloji
Anabilim Dali, Ankara

OZET Yeralt1 ve yeriistii madencilik faaliyetleri nedeniyle maden sahasi dolayinda kiigiik
Olcekli (M<3.0) mikrodeprem etkinliginin olustugu bilinen bir gercektir. Bunlar, genellikle
insan kaynakli nedenlere bagli olarak kontrolsiiz bir sekilde meydana gelen, uyarilmis
mikrosismik olaylardir. Bu olaylarin zaman ve uzay boyutu igerisinde izlenerek, ortama ait
statik ve dinamik parametrelerin belirlenmesi amaciyla kullanilan yontemlere ise Pasif
Mikrosismik Izleme Yontemleri denilmektedir. Bu yontemler, maden sahasina iliskin fiziksel
parametrelerin belirlenmesinin yanisira maden sahalarindaki sismik etkinligin artisina bagh
olarak gelisen gociik, heyelan, kaya patlamasi gibi risklerin belirlenmesi ve tehlikelerin
onceden kestirilmesi gibi ¢aligmalar i¢in de kullanilmaktadir. Bu nedenle, Pasif Mikrosismik
Izleme Yontemleri, maden isletmelerine ekonomik bir getiri saglamaktan ¢ok ekonomik
kayiplarin 6nlenmesi veya en aza indirilmesi amaci ile katkilarda bulunmaktadir. Ayrica bu
yontemlerle, bolgesel depremlerin de takibi yapilarak maden sahalarinda yaratacaklar1 olasi
etkiler de incelenebilmektedir. Genellikle yiiksek frekanshi algilayicilarin kullanildigi bu tiir
yontemlerde maden sahasi dolayina yerlestirilmis en az 8-10 istasyon ile gercek zamanli ve
stirekli izlemeler yapilabilmektedir. Maden sahalarinda meydana gelen mikrosismik olaylarin
kaydedilmesinden analizine kadar bir¢ok asamasinda sismoloji (deprembilim) kapsaminda
kullanilan yontem ve teknikler uygulanmaktadir. Bu bildiride maaliyetleri agisindan oldukca
ekonomik, sonuglar1 agisindan hayli énemli olan Pasif Mikrosismik Izleme Y®&ntemlerinin
maden sahalarinda uygulama teknikleri ve elde edilen sonuglar anlatilmaktadir.

Anahtar Kelimeler: Mikrosismik, Uyarilmis Sismik Olaylar, Pasif Mikrosismik izleme Y®6ntemleri

ABSTRACT It is a known fact that, due to underground and surface mining activities, small
scale (M<3.0) microearthquakes occur around mine sites. These are induced microseismic
events that usually develop in uncontrolled way depending on the cause of human activities.

The methods used to determine the static and dynamic parameters of the environment by
monitoring the microseismic events in time and space domain are called Passive
Microseismic Monitoring Methods. These methods not only used for determination of
physical parameters on the mine site, but also they are used for determination of the risks of
collapse, landslides, rock burst etc. and prediction of hazard which are developed due to
increase in seismic activity in mine sites. For this reason, Passive Microseismic Monitoring
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Methods contribute to prevent or minimize economic losses in mines rather than providing an
economic return. Moreover, regional earthquakes and their impacts on mine sites may be
followed by these methods. In such methods that are used usually high-frequency sensors, a
real-time and continuous monitoring can be done by at least 8-10 stations installed around the
mine site. Seismological methods and techniques are used in monitoring and analyzing of
microseismic events in mine sites. In this paper, implementation techniques and obtained
results of Passive Microseismic Monitoring Methods, which are cost-affordable and very

important in terms of the results, are discussed.

Keywords : Microseismic, Induced Seismic Events, Passive Microseismic Monitoring Methods

1 GIRiS

Duragan (statik) ve/veya hareketli (dinamik)
yiiklerin  etkisiyle elastik bir ortamda
meydana gelen gerilme birikimleri, ortam
icerisinde  catlak, kirtkk veya gociik
olusumlarma yol acabilmektedir. Bu
olaylarla birlikte ayni zamanda ortam
icerisinde elastik dalga yayilimi da soz
konusu olur. Sismik dalga yayilimi olarak da
bilinen bu yayihm, c¢atlak, kirikk veya
gocligiin -~ meydana  geldigi  noktadan
yayilarak biitiin yonlere dogru ilerler. Catlak,
kirik veya gogiik boyutlart kiigiildiikge,
ortam igerisinde daha diisiik enerjili sismik
dalgalarin yayilim gergeklesir. Dogal veya
insan kaynakl etkilere bagli olarak herhangi
bir jeolojik ortam veya miihendislik yap1 ve
malzemeleri i¢erisinde kontrolsiiz bir sekilde
gelisen bu tir kiicik olgekli (Richter
Olgegine gore -3.0<M<3.0) sismik olaylara
“mikrosismik” olaylar denir. Olusum ortami
ve kaynagi tamamen dogal ise bunlar
“mikrodeprem” olarak adlandirilmaktadir.
Ancak, insan etkisi ile bu tiir mikrosismik
olaylar olusuyorsa bunlar “uyarilmisg” veya
“zorlanmig” sismik olaylar (induced seismic
events)  smnifinda yer alir. Ayrica, bu
olaylarin olusumu dogrudan insan tarafindan
kontrol edilebilir bir kaynaga bagh
olmadigindan, yani aktif bir kaynak
kullanilmadigindan, meydana gelislerinde
bir rastgelelik vardir. Bu nedenledir ki bu tiir
olaylar kendiliklerinden olusamadiklarindan
daha c¢ok “pasif mikrosismik” olarak
adlandirilir. Dogal/yari-dogal yapilar veya
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insan yapimi malzemeler igerisinde olusan
benzer kiiciik olcekli pasif mikrosismik
olaylarin kaydedilmesi ve analiz edilmesini
kapsayan yontemlere ise “pasif mikrosismik
izleme yontemleri” denilmektedir.

Maden sahalari, pasif mikrosismik
olaylarin meydana geldigi ve gozlendigi
yari-dogal jeolojik ortamlardan biridir. Bu
tir bolgelerdeki  gerilme  farkliliginin
olusumu, madencilik faaliyetleri igerisindeki
insan kaynakli etkilere bagli oldugundan,
maden ocaklarinin yer aldigi alanlar yari-
dogal ortamlar olarak nitelendirilir. Bu
bolgelerde gobzlenen mikrosismik olaylar
uyarilmisg sismik olaylardir, yani
olusumlarinda bir zorlanma vardir. Maden
sahalarinda mikrosismik olaylarin meydana
gelmesine yol acan gerilme farkliliklar,
cogunlukla rezerv niteligindeki ekonomik
degere sahip cevherin veya iizerindeki ortii
katmanmin alinmasi ile yer igerisindeki
statik denge durumunun bozulmast ile
aciklanmaktadir.  Mikrosismik  olaylarin
olusumunda  madencilik  faaliyetlerinin
yanisira yerel jeolojik ve tektonik yapi,
maden geometrisi, derinlik, yeraltt suyu,
basing ve sicaklik gibi diger faktorler de
onemli roller oynamaktadir.

Farkli tekniklerle iiretim yapilan yeralti,
yeriisti ve Ozel amacli maden isletme
sahalarin tamaminda bu tiir mikrosismik
olaylar ~meydana gelmektedir. Maden
sahalarinda meydana gelen bu tir
mikrosismik etkinlikler maden igerisinde
gociiklere, kaya patlamalarina, ani gaz gelisi
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gibi bir takim olaylara yol acabilmektedir.
Sismik etkinlige bagli olarak gelisen bu
olaylar maden ocaklarinda hem can hem de
ekonomik  kayiplar  acisindan  biiyiik
tehlikeler olusturmaktadir. Bu tehlikelerin
risk degerlendirmesi acisindan maden
isletmeleri tarafindan onceden belirlenmesi
ise son derece onemlidir. Potansiyel tehlike
bolgeleri, ¢gogunlukla mikrosismik olaylarin
meydana geldigi lokasyonlardir. Sismik risk

caligmalari icin bu lokasyonlarin
olabildigince dogru bir sekilde belirlenmesi
gerekmektedir.

Maden sahalarindaki bu tiir mikrosismik
etkinligin izlenerek analiz edilmesi Pasif
Mikrosismik ~ Izleme  Yontemleri ile
yapilabilmektedir. Basta mikrosismik
olaylarin konumlari olmak {izere birgok
analiz yontemi ile maden sahasina iliskin
onemli bilgiler elde edilebilmektedir. Bu
yontemlerin basar1 ile uygulandigi diinya

Olceginde  birgok saha ve c¢alisma
bulunmaktadir.
Bu c¢alismada, maden sahalarinda

gbzlenen mikrosismik olaylarin olusum
nedenleri, izleme ve analiz yontemleri ¢esitli
orneklerle  verilerek, bunlarin  maden
igsletmeleri agisindan 6nemi anlatilmaktadir.

2 FARKLI MADEN ISLETME
YONTEMLERINE GORE
MIKROSISMIK OLAY GELIiSiMi,
iZLENMESI VE ANALIiZi

Maden isletme yontemleri rezerv, saha ve
maliyet 6zelliklerine gore degisiklik gosterse
de mikrosismik olaylarin olusumu hemen
hemen birgok sahada goézlenen ortak bir
durumdur. Ancak, maden ¢ikarma teknigine
gore konum, zaman ve sinyal bic¢imleri
degiskenlik  gosterebilmektedir.  Izleyen
paragraflarda, oOzellikleri birbirinden farkli
maden ocaklarinda meydana gelen bu
mikrosismik olaylarin kokeni, izleme ve
analiz yontemleri verilmektedir.

2.1 Maden lIsletme Yontemleri ve
Mikrosismik Olay Gelisimi

2.1.1 Acik Ocaklar

Yiizeye yakin cevherin ekomik olarak
¢ikarilmasi igin Ortli katmaninin kaldirilmasi
ile maden isletiminin yapildigi ocak
tirleridir. ~ Yeraltt maden ocaklarindaki
kadar ¢ok sayida ve belirgin Ol¢iide olmasa
da agik ocaklarda da mikrosismik olaylar
gozlenmektedir. Bunlarin konumlariin ve
biiytikliiklerinin belirlenmesi, maden
sahasinin neresinde ve ne tiir bir kaya kiitlesi
hareketinin olacagimin 6nceden saptanmasi
bakimindan 6nemlidir.

Bu tiir ocaklardaki mikrosismik olaylarin
kokeni, daha ¢cok madencilik faaliyetlerden
kaynaklanmaktadir. Yiizey ortiisiiniin
kaldirilmas1 ile ayna gerisinde yaratilan
gerilme alanindaki degisimler mikrosismik
olaylara yol agmaktadir. Sweby vd., (2006),
Avustralya’nin batisinda bulunan ve agik
isletme yontemi ile yapilan Keith Dag nikel
yataginda yaptiklari ¢alisma ile ocagin belirli

bolgelerinde mikrosismik aktivitenin
meydana geldigini gozlemlemislerdir
(Sek. 1).

o

Sekil 1. Agik ocak dolayinda olusan
mikrosismik olaylar (daire boyutlari moment
biiyiikliigiine gore ¢izdirilmistir). A ve B
bolgeleri  kiimelenmeyi  gostermektedir
(Sweby vd., 2006)

Sweby vd., (2006), maden sahasinin belirli
bolgelerindeki ii¢ kuyuya her birinde ikiser
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adet olmak {izere toplam alt1 adet alici
yerlestirerek  alti  ay boyunca izleme
yapmislar ve 270 adet mikrosismik olayin
konumlarint 5 m hata ile ve biiyiikliiklerini
de M=-2’ye kadar hesaplayabilmislerdir.
Yaptiklar1 analiz sonucunda, mikrosismik
olaylarin 6nemli bir boliimiiniin ~ ortil
katmanin  almmas1  sirasinda
gozlenmistir (Sek. 2).

olustugu

Sekil 2. Son doénem yapilan madencilik
faaliyeti (yesil) ile daha Once yapilan
bolgelerle (kahverengi) hesaplanmig y1ginsal
moment degerleri arasindaki iliski (Sweby
vd., 20006)

2.1.2 Yeralti Ocaklart

Basta Avustralya, Kanada ve Giiney Afrika
olmak iizere, neredeyse 100 yildan beri,
yeralti metal madenlerindeki sismik olaylarla
ve beraberinde gelen hasarlarla ilgili raporlar
tutulmaktadir. Sismik olaylar ve kaya
patlamalart ile ilgili ilk rapor, 1930’lu
yillarda 700 m derinlige sahip Creighton
maden sahasi i¢in hazirlanmigtir (Trifu ve
Suorineni, 2009). Dolayisiyla, yeni bir
problem degildir ancak modern madencilik
teknolojileri ile daha da derinlerde
madencilik yapabilme isinin paralelinde,
derinlestik¢e artan yerinde arazi gerilmeleri
ve maden kaynakli gerilmeler nedeniyle
uyartlmis sismik olaylar da dramatik bir
sekilde artmustir. Bu sebeple, 6zellikle derin
madencilik yapilan yeralt1 metal
madenlerinde uyarilmig sismik aktivitelerin
(mine-induced  seismicity)  incelenmesi
konusu son yillarda olduk¢a Gnem
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kazanmigtir.  Avustralya’da en  derin
madecilik faaliyetleri 1000-1650 m civarinda
yapilmaktadir. Kanada’da 1500-2500 m,
Giiney Afrika’da ise 3000-3800 m’lerde
madencilik  faaliyetleri ~ yapilmaktadir.
(Potvin vd., 2007). Giiney Afrika’daki 73
yeralti metal madeninin %20’sinde, Richter
6lgegine gore M=2 biiyiikliigiindeki depreme
es deger sismik olaylar gozlendigi ve yine
madenlerin %15’inde de en az bir kere
biiyiik hasara sebep veren kaya patlamasinin
oldugu Hudyma (2005)’nin ¢alismasinda
dikkat ¢ekilmistir.

Yeralti madenlerinde gozlenen uyarilmis
mikrosismik etkinlik, mevcut jeolojik yapi
icerisinden cevherin alimmast ile birlikte

duraysiz hale gegcen kaya kiitlesinin
deformasyona ugramasi sonucu
olugmaktadir. Bu deformasyonlar sadece

catlak ve kirik seklinde olabilecegi gibi
bunlarla birlikte gelisen kaya patlamasi,
gogiik  gibi  felaket  boyutlarma da
cikabilmektedir. Yerali madenciliginde
mikrosismik olaylar1 tetikleyen diger iki
etken ise kullanilan kazi teknikleri ve
bolgesel tektonik olaylardir.

Yeraltt  madenciliginde  mikrosismik
olaylara bagli olarak gelisen tehlike ve risk
olduk¢a fazladir. Bu amagla Hudyma ve
Potvin (2009), yeralti metal madenlerinde
sismik risk yonetimi i¢in miihendislik
yaklagim gelistirmislerdir. Bu yaklagim, risk
onleme Olgiilerinin gelistirilmesi i¢in gerekli
olan, hasarin  anlasilip  tanimlanmasi
prensibine dayanan, kabul goérmiis risk
yonetim tekniklerini esas almaktadir. Bu
caligmada  arastirmacilar, sismik  risk
yonetiminin ilk ve en Onemli adiminin,
hasar1 anlamak ve tanimlama oldugunu
soylemektedirler. Sismik izleme
sistemlerinin kurulmasinin sismik kaynaklari
belirlemek, sismik tehlikeyi anlamak igin
gerekli araglar oldugunu belirtmektedirler.
Birkag on yildir Giiney Afrika ve Kanada’da
uygulanan bu tekniklerin Avustralya’da da
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hizli bir sekilde uygulanmaya bagladigini,
yine ¢alismalarinda belirtmislerdir.

Bu c¢aligmada o6nerilen sismik risk yonetim
filozofisi, miihendislik yaklagimi olarak
tanimlanmstir. Bu yaklasim,

i.madendeki aktif sismik kaynaklarini,
her kaynagi olusturacagi  hasar
Olceginde belirleme (ya da her
kaynagin olusturacag: en biiyiik hasari
tanimlama),

ii.en biiyiik sismik olayin yaratacagi en
biiyiik tehlikeyi kestirme,

iii. bu hasarlarin olusabilme durumlarinda
hasart en aza indirebilecek Onlemleri
ortaya koyma seklindedir.

Fay, dayk, kesme bolgeleri ya da jeolojik

kontaktlar, kaya kiitlelerinde sismisiteyi
arttiran jeolojik olusumlardir.
Sismik kaynaklar, yeterli dogrulukta

sismik olay iiretebilme potansiyeline bagh
olarak, mikrosismik izleme sistemleri ile
belirlenebilirler. ~ Mikrosismik  olaylarin
yerleri dogru belirlenebilirse, aktif sismik
kaynaklarin  nerelerde kiimelendigi de
bulunabilir. Sekil 3, gerilme degisimi veya
farkli jeolojik kosullar nedeniyle olusmus
mikrosismik  kaynaklar ve yerel kiitle
hareketlerini gostermektedir.

2.1.3 Cozelti Madenciligi

Ozellikle kaya tuzu gibi suda eriyen
minerallerin kazanilmasinda uygulanan bir
yontemdir. Bu yontemde yeraltinda su ile
temasa gecen kaya tuzu yataklarindaki tuz
kismi erir ve anhidrid, kalsit gibi
maddelerden ayrilir. Bu eriyik yeryiiziine ya
sondaj delikleri yardimiyla ya da yer alti
madenciligi ile ¢ikarilarak tuz elde edilir.
Yontem, trona i¢in de benzeri sekilde
uygulanmaktadir. Cozelti madenciligindeki
en biiyiikk sikinti, yeraltinda olusturulan
erime bogluklarinin durumu ile ilgili bilgi
belirsizligidir. Tasman ve kuyularin ¢cokmesi
gibi  problemlerin  olugmamasi  igin,
yeraltinda olusturulan bosluklarin durumu
takip edilmelidir.

= =

Sekil 3. Gerilme degisimi veya farkli jeolojik
kosullar nedeniyle olusmus mikrosismik
kaynaklar ve yerel kiitle hareketleri.
Daireler, mikrosismik olaylarin konumlarini
gostermektedir (Hudyma, 2008)

Cozelti madenciliginde, mikrosismik olaylar
genellikle erime bosluklarinin sinirlarinda
meydana gelmektedir. Enjeksiyon
kuyularindan cevherli zona gonderilen
basinglt sicak su, bir yandan cevheri
erititken bir yandan da jeolojik yapi
igerisinde gerilme alaninin degisimine yol
acmaktadir. En biiyilk deformasyonlar,
cogunlukla boslugun tavaninda
olusmaktadir. Bu kesimler gravite ¢ekim
kuvvetinin etkisiyle de daha duraysiz hale
gelerek  bosluk igerisine  ¢okmektedir.
Cozelti madenciliginde erime bosluklar
dolayinda meydana gelen bu tiir yapisal
deformasyonlar ~ mikrosismik  olaylarin
olusumuna yol agmaktadir.

Mikrosismik izleme yontemleri, jeoteknik

yontemlerin yaninda son yillarda
kullanilmaya  baglanmistir.  Mikrosismik
izleme yontemlerinin cozelti
madenciligindeki ilk uygulamalari
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1980’lerin sonlar1, ve 1990’larin baslarinda
olmakla beraber (Guarascio, 1987, Maisons
vd., 1997), son 10 yil i¢inde birka¢ dnemli
calisma ile ¢oOzelti madenciligi sirasinda
yeraltinda olusturulan bosluklarin takibi
yapilmistir (Mercerat vd., 2009, Trifu ve
Sgumila, 2009).

Guarascio (1987), c¢alismasinda kaya
tuzunun eriyik halde yeryiiziine ¢ikarken
olusturdugu  bosluklar  ve  bunlarin
etrafindaki arazi gerilmelerindeki
degisiklikler sonucu meydana gelen kirilma
ve kopmalarin yarattii sismik olaylar
dinlemek icin yeryliziinde bir sismik ag
kurmus; odak  noktasi  konumlarmin
belirlenmesi i¢in modellemeler yapmustir.
Sismik kaynagin yerinin bulunmasiyla ilgili,
o donemki veri islem tekniklerine gore iyi
sonuglar elde edilmistir.

Maisons vd. (1997) ise benzer ¢aligmayi,
kuyu igerisinde mikrosismik izleme yaparak
gergeklestirmiglerdir. ~ Calisma, 2000 m
derinde ve 100 C sicaklikta da mikrosismik
dinleme yapilabildigini gostermektedir (Sek.
4). Calismada bir adet ii¢ eksenli kuyu ici
jeofon 1800 m derine yerlestirilmis, bir adet
de yine ii¢ eksenli jeofon yeryiiziinden 25 m
derine yerlestirilmistir. Bdylece, sismik
aktivite sinirlar1 belirlenmeye ¢alisilmistir.

‘ saturated brine

o~ salt hanging wall

2 hydro-mechanichal

. l_""“ connection and

drainage

=1800 m

salt foot wall

=3000 m
50 m

—

Sekil 4. Tuz eriyigi elde etmenin sematik
gosterimi (Maisons ve dig., 1997)
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1992-1994 yillar1 arasindaki dSlglimlerden
elde edilen 2223 sismik olay, Sekil 5°de

yogunluk ve enerji haritalar1 olarak
gosterilmistir.
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Sekil 5. a) Sismik yogunluk haritas1 b)
Sismik enerji haritas1 (Maisons ve dig.,
1997)

Fransa’da kaya tuzu elde etmek amaciyla
yapilan  madencilik  islemi  sirasinda
yeraltinda bosluk olusumunu izlemek igin
Mercerat vd. (2009) de yerel bir sismik ag
kurmuslardir. Caligma alaninda derinlikleri
30-125 m arasinda degisen yerlere dort adet
ii¢ bilesenli ve dort adet tek bilesenli
jeofonlar yerlestirilmistir. Bu jeofonlarin
Frekans bantlan 28 Hz ile 1.5 kHz
arasindadir. Tuz tabakasinda agilan ve
yerden 180 m derinde yer alan erime
bosluklarinin diizensiz bir sekli vardir.
Yaklagik 50 m yiikseklikte, 180 m captadir
(Sekil 6).
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Sekil 6. Ana litolojik birimler, ii¢ bilesenli
jeofon (i¢i dolu Tiggenler), tek bilesenli
jeofonlar (i¢i bos ii¢genler) (Mercerat vd.,
2009)

2005-2007 yillart arasinda 2000’den fazla
sismik olay kaydedilmistir. Olgiimlerin
yapildigu siire boyunca, ¢6zelti ile dolu olan
bosluk, duvarlarina 2 MPa’lik Dbasing
uygulamustir. Sismik agdan izlenen olaylarin
biiyiik ¢ogunlugu bu bosluklarin tavanindaki
¢okmelerden ve tuz tabakasmin istiindeki
killi marndaki dokiilmelerden kaynaklidir.

Daha  trajik  bir tasman  ihtimali
goriilmemistir.  Bu sebeple, mikrosismik
izlem neticesinde, erime bosluklarinin

ustiindeki ortii tabakasinin durayli oldugu
sonucuna varilmistir.

Trifu ve Sgumila (2010)’nin ¢aligsmas ise,
mikrosismik izlemenin bir baska
uygulamasina Ornektir. Bu ¢alismada konu
edilen isletme, Romanya’da 25 yildan beri
eriyik halde kaya tuzu ¢ikaran bir isletmedir.
Isletmecilik hatast nedeniyle (kuyularin
acele bir sekilde agilmasi, hizli pompalama
gibi) 2001 ve 2004 yillarinda, yiizeydeki
yerlesim yerlerinde hasara neden olan
gocmeler meydana gelmistir. Bu sebeple,
bosluk icerisindeki eriyigin kontrollii bir
sekilde bosaltilarak sterille doldurulmasi
planlanmistir.  Calisma, 1km*lik alam
kapsayan mikrosismik izleme yardimiyla
kontrolli gogertmenin nasil yapildigina iyi
bir 6rnektir.

2.1.4 Diger Yeralti Uygulamalar:

Pasif mikrosismik yoOntemlerin bir diger
uygulama alani1 da tiinel, metro, hidroelektrik
santral insaatlarinin yapildigi sahalardir. Bu
tir yerlerde de tipki maden ocaklarinda
oldugu gibi yer igerisinden veya yiizeyden
malzeme alinmasiyla gerilme farkliliklarinin

yaratilmast  s6z  konusudur.  Bdylece
mikrosismik  etkinligin olusumuna yol
acgilmaktadir.

Derek vd. (1995), masif granite agilacak
bir tiinel etrafinda gelisecek deformasyonlart
onceden anlamak igin laboratuvar
6lcegindeki bir model tiinelde, 16 adet 3

bilesenli ivmedlgerlerle kazi1 sirasindaki
mikrosismik olaylari dinlemislerdir.
Boylece, tiinel acilimi strasinda

karsilagilacak ve sismik etkinlik yaratacak
olaylar1 6nceden tespit edilebilmislerdir.

Xu vd. (2011) de, hidroelektrik santral
insaast swrasinda meydana  gelebilecek
duraylilik problemlerini onceden
kestirebilmek  i¢in, ¢alisma  alanina
mikrosismik  izleme ag1 kurmuslardir.
Kullandiklar1 sismik ag ve veri-islem
yontemlerinin basarisiyla, meydana gelen
sismik olaylarin konumlarini 10 m’den az bir
hassasiyetle hesaplamislardir. Iki aylik siire
icinde biyiikliikleri -1.8 ve -0.4 arasinda
degisen 112 mikrosismik olay
kaydetmislerdir. ~ Mikrosismik  olaylarin
dagilimlarinin daha ¢ok, 6rnegin 1081 m
derinligindeki drenaj tiinelinde devam eden
insaat c¢aligmalart ile ilgili oldugunu
saptamislardir.

2.2 Mikrosismik Olaylarin izlenmesi ve
Analizi

Hangi tiir metodla isletilirse igletilsin, hemen
hemen biitiin maden sahalarinda
mikrosismik etkinligi gézlemleyebilmek igin
bolgeye gercek-zamanli olarak calisan bir
izleme ag1 kurulmalidir. Bu ag, genellikle ii¢
bilesenli sensorlerden olugmali ve veri
aktarimini1 kablolu ve kablosuz yapabilme
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Ozelligine sahip olmalidir. Bu sismik
istasyonlarin yiizeye, belirli derinliklerdeki
kuyulara ve/veya ftretim yapilmayan bos
galerilere yerlestrilmesi miimkiindiir. Boyle
bir sismik agin, maden sahasinin alanina ve
derinlige bagli olarak degisse de en az 10
istasyondan  olugmas1  ¢Oziim  kalitesi
acisindan Onemlidir. Hudyma ve Potvin,
(2009), bir sahada en az kag istasyon
kullanilmasi1 gerektigini maden sahasinin
geometrik boyutlarina, derinlige, istasyon
araligina ve sensorlerin bilesen sayisina gore
belirlemistir.  Giiniimiizde ¢ok  farkli
ekipmana, tasarima, veri toplama ve
analizine sahip yerel mikrosismik aglar
maden sahalarinda calistirllmaktadir.
Mikrosismik gdzlem siirelerinin genellikle,
ocaklardaki faaliyetler sonlandirilana dek
stirdiiriilmesi maden sahasinin giivenligi ve
verimliligi agisindan 6dnemlidir.

Maden sahast igerisinde  gozlenen
mikrosismik olaylarin analizi sonucu, son
derece Onemli bilgilere ulasilmaktadir.
Ornegin mikrodepremlerin uzamsal
ortamdaki dagilimi, konumlarinin zamana
bagli olarak degisimi, biiyiiklik ve siklik

iliskisi (Gutenberg-Richter iliskisi),
mikrodepremlere ait odak mekanizmasi
¢ozlimlerinden etkin gerilme ve basi¢

yonlerinin tayini, spektral analiz yontemleri
ile catlak ve kirik boyutlari, maden sahasi ve
yakin ¢evresinin 3-B tomografik sismik hiz
yapist ve buna bagli olarak kayaglarin
litolojik ~ ve  mekanik  &zelliklerinin
belirlenmesi vb. gibi bulgular ortaya
konulmaktadir. Bu tiir bilgilerin anlik
gozlemleri ve parametrik degisimlerin tespiti
olas1 risklere karsi Onlemlerin alinmasinda
son derece dnemli olmaktadir.

Bu tiir ¢alismalarin ilk asamasini veri
toplama iglemleri olusturur. Sismik agdan
gelen verilerin belirli bir diizen igerisinde
anlik (gercek zamanli) olarak kaydedilmesi
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gerekmektedir. Istasyonlardan anlik olarak
gelen veriler c¢ogunlukla otomatik analiz
edilse de bu verinin uzman kisilerce gdzden
gecirilmesi her zaman 6nemlidir. Ornegin,
Sekil 7a’da bir istasyondan gelen verinin
zaman kaydi gorilmektedir. Ancak, bu
istasyonun bulundugu ortam kosullar1 nedeni
ile kayit hayli giriltiilii bir durumdadir.
Icerisinde bir mikrosismik olay oldugu
diistiniilen kaydin siizgeclenerek, istenen
sinyalin  baskin  duruma  getirilmesi
gerekmektedir. Nitekim Sekil 7b’de kayda
belirli bir siizge¢ uygulanmasi sonucu ortaya
¢ikarilan sinyal bigimi goriilmektedir. Sekil
7c ve 7d’ de ise orijinal ve siizgeclenmis
verilere ait frekans igerikleri verilmektedir.

Mikrosismik yontemlerin ikinci agamasini
ise analiz calismalar1 olusturmaktadir. Bu
analiz  yontemleri deprem  sismolojisi
kapsaminda kullanilan yontemlerin aynisidir.
Tek farki incelenen alanin ve sismik
olaylarin kiigiikliigiidiir. Pasif mikrosismik
izleme caligmalar1 sonucu toplanan verilere
uygulanan analiz tiirleri sunlardir:

a) Konum belirleme,

b) Biiytikliik hesaplama,

c¢) Sismik sinyal ayrigim,

d) Odak mekanizmasi ¢dziimii,

e) Olasilik ve risk hesabu,

f) Gerilme analizi,

g) Kaynak parametrelerini belirleme,
h) S- dalgasi ayrigimu,

i) 3-B tomografik goriintiileme

Bu analiz yontemlerinin hepsinin bir maden
sahasinda  uygulanmasi  her = zaman
gerekmeyebilir. Maden sahasmin igletme
tiiriine, geometrisine, derinligine, oncelikli
problemine yonelik bilgilere gére uygun
analiz yontemleri se¢ilerek uygulanabilir.
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Sekil 7. Bir mikrosismik istasyonun a) giiriiltiilii zaman kaydi, b) siizgeglenmis hali, c)
orijinal verinin spektrumu, d) siizge¢lenmis verinin spektrumu

3 PASIF MIKROSISMIK iZLEME
YONTEMLERININ MADEN
SAHALARI iCIN ONEMI

Yapilan birgok arastirmaya gore, gerek agik
ocak gerekse yeralti maden sahalarinda
karsilasilan kaya yenilmesi olaylarinin
o6nemli bir boliimii, sahanin sismik etkinligi
ile iliskilendirilmektedir. Bir maden sahasi
ve yakin ¢evresinde gozlenen sismik etkinlik
neden-sonug iligkisi agisindan
degerlendirildiginde, kimi zaman bu olaylar
bir sonug¢ iken kimi zaman ise bir neden
olabilmektedir. Bunu daha iyi
aciklayabilmek i¢in bir maden sahasinda
elastik dalga yayilimma neden olan
kaynaklara bakmak gerekmektedir. Bu
kaynaklar,

1) Mikrosismik olaylar

2) Yerel tektonik depremler

3) Patlatmalar

seklinde siralanabilir. Mikrosismik olaylar,
ortamin gerilme alanindaki degisimlerin
veya kaya kiitlesi hareketlerinin bir sonucu
iken, yerel tektonik depremler ve patlatmalar

ise gerilme farkliliklarina veya kiitle
hareketlerine  yol acan  bir neden
olabilmektedir. Bir maden sahasinda

meydana gelen kaya yenilmesi hareketlerinin
ne tiir bir sismik kaynaktan ileri geldiginin
bilinmesi ve hatta 6ncede tespit edilebilmesi
onemlidir. Kaynagi ne olursa olsun bir
sismik etkinlige bagli olarak gelisen bu tiir
olaylar maden ocaklarinda calisanlar ve
isletmeler i¢in biiyiik risk olusturmaktadir.

Risk yonetimi i¢gin ise tehlikelerin nerelerde
ve nasil gelistiginin mutlaka tespit edilmesi
gerekmektedir. Potansiyel tehlike bolgeleri,
cogunlukla mikrosismik olaylarin meydana
geldigi  lokasyonlardir.  Sismik  risk
calismalari igin bu lokasyonlarin

1755



B. Kaypak. G.G.U. Aldag

olabildigince dogru bir sekilde belirlenmesi

gerekmektedir.
Maden sahalarindaki faaliyetlere baglh
olarak olusan mikrosismik etkinligin

uzamsal ve zamansal olarak izlenmesi son
derece Onemlidir. Bu yontem, oncelikli
olarak kaya kiitlesinin yerel durumu ve
gerilme kosullar1 hakkinda bilgi verir.
Ayrica, mikrosismik olaylarin yeraltinda
hangi  derinliklerde ve ne  boyutta
olustugunun zamana baglh olarak izlenmesi,
tehlike kestirimlerinin yapilmasinda onemli
rol  oynamaktadir. Bdylece  olusacak
tehlikelere karst gerekli Onlemlerin daha
onceden alinmasini saglayacaktir.

Maden sahalarinda pasif mikrosismik
izleme  yoOntemlerinin, farkli  izleme
yontemleri ile birlikte kullanimi, maden
sahasmin giivenligi, personel ve ekonomik
kayiplarin 6nlenmesi agisindan gerekli bir
uygulamadir. Bu tiir dinleme yontemleri ile

a) Sismik olaylarin tiirleri, birbirinden

ayirt edilerek neden-sonug iligkisi
ortaya konulabilir,
b) Maden kaynakl1 uyarilmisg

mikrosismik olaylarin nerede, ne
zaman ve ne Dbiiyiiklikte oldugu
saptanabilir,

c) Kaya icerisinde meydana gelen kirik
ve catlak boyutlari belirlenebilir,

d) Maden sahast ile ilgili sayisal
modelleme ¢aligmalar: yapilabilir,
e) Maden sahasindaki hangi jeolojik

birimlerin sismik agidan daha aktif
oldugu konusunda bilgi verilebilir,
f) Sismik tehlike analizleri ile gelecekte

olabilecek kiitle hareketlerinin
kestirimi ve risk analizleri yapilabilir,

g) Maden sahasi igerisindeki gerilme
alanlart  ve gerilme bosalimimin
meydana geldigi  bolgeler tespit
edilebilir,

h) Mikrosismik olaylarin yogunlastig1
bolgelerdeki etkin gerilme
bilesenlerinin  (basing ve ¢ekme
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eksenleri) yonii ve dogrultular
saptanabilir,

i) Kayag¢ icerisindeki catlak ve kiriklarin
tiirleri (kesme veya agilma)
belirlenebilir.

Tim bu ¢iktilar, bir maden sahasi igin
yapilan mikrosismik izleme yontemlerinden
elde edilebilen ve maden sahasinin giivenligi
ve planlamasi agisindan hayati 6nem tasiryan
6nemli bilgilerdir.

4 TARTISMA

Pasif mikrosismik izleme yontemleri yer ve
malzeme bilimlerinde kullanim1 giderek
yaygilasan onemli bir ara¢ olmustur. Petrol
ve dogal gaz sahalarindan baraj bolgelerine,
jeotermal alanlandan, ugak goévdelerine ve
hatta en kiiciik yapt malzemesine kadar
bircok alana uygulanabilmektedir. Maden
sahalarinda da yaygin bir sekilde kullanilan
pasif mikrosismik izleme yoOntemleri ile
bugiine kadar birgok basarili sonuglar elde
edilmistir ve hala da devam edilmektedir.
Maden sahalarmin 6ncelikle giivenligi
daha sonra ise verimliligi amaci ile bu tiir

izleme  yOntemlerine  bagvurulmaktadir.
Ekonomik  getiriden  ¢ok  ekonomik
kayiplarin  Oniine gecilmesi i¢in tercih

edilmektedir. Yertstii ve yeralt1 madencilik
faaliyetlerinden dolayr yerkiirenin igsel
tepkisini mikrosismik olaylarla gdstermesi
ve bu tepkinin uygun sistemlerle izlenmesi,
maden sahalarindaki tehlike ve risklerin
belirlenmesi amact ile uygulanan en iyi
yollardan biri olmustur. Nedeni ise konumu
yer igerisinde olan kaynaklardan zaman
boyutu igerisinde siirekli bilgi akisinin
saglanmakta olmasidir. Bu nedenledir ki
pasif mikrosismik izleme yO&ntemlerinin
etkili bir sekilde kullanilmasindan beri
maden sahalarinda siklikla kargilagilan kaya
yenilmesi olaylarmin zaman ve uzay
boyutunda nasil gelistigi konusunda degerli
bilgiler elde edilmistir.
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Bu calismada, madencilik konusunda ileri
bir konumda olan {ilkelerde wuzun bir
zamandir beri kullanilmakta olan pasif
mikrosismik izleme yontemler hakkinda
genel bir bilgi verilmis ve bu yontemlerin
madencilik  sektorii  agisindan  Onemi
vurgulanmistir. Tiirkiye’de de onemli bir
yere sahip olan madencilik sektorii heniiz bu
tiir izleme yontemleri ile tanigmamistir. Bu
nedenledir ki Pasif mikrosismik izleme
yontemlerinin maden sahalari i¢in dneminin
ve gerekliliginin vurgulanmaya galistig1 bu
calisma ile Tirkiye madenciliginin de
dikkati ¢cekilmeye caligilmustir.
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Grade/Reserve Characterisation of Feldspar Deposits: A Practical
Multivariate Geostatistical Approach
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ABSTRACT This paper aims at predicting a primary variable in presence of a secondary
variable on the basis of multivariate case. Main idea of the paper is to implement collocated
co-kriging technique with a primary and auxiliary variable as a case study. Mostly drilling
logs consist of multiple variable records and may be identical to each other. This technique
enables multiple variable analyses especially where the secondary data is sparsely distributed.
A case study was carried out on determining grade and reserve characteristics of a feldspar
deposit in Sarpdere Region (Cine-Aydin-TURKEY). Collocated co-kriging estimation
technique was applied to two main feldspar compounds (Na,O and SiO,). Individual
experimental variograms and cross variogram of the compounds have been modelled and
spatial structure compatibility of the models on the study field were tested by cross validation
procedure.  Also, grade/tonnage curve graphs and tabulated tonnage distributions at
sequential cut-off interval have been calculated.

1 INTRODUCTION more reliable, precise and realistic results to

Natural resources are main locomotives of
industries and directly related to welfare and
development of a country. Thus, an accurate
and reliable evaluation of a natural resource
is extremely important in terms of mining
production planning or maintaining of
resources. There is a strong balance between
recoverable reserve and investments in
mining. Especially, erroneous judgements of
reserve characteristics may have severe
results economically. Grade and reserve are
two main parameters of an ore deposit. Thus,
knowledge of these parameters provides a
vital information for decision makers for a
more successful mine planning.

Geostatistics basically build on theory of
regionalised variables (Matheron, 1971), and
has been advanced in recent years especially
parallel to faster computers. New techniques
were introduced to geostatistics family.
Whole calculations have been made to get

approach the natural occurrence structure of
interest by minimising estimation or
simulation errors (Ersoy and Yiinsel, 2004-
2006; Diko et al., 2001).

Geostatistical ore reserve modelling is
becoming increasingly common in recent
years while traditional methods have been
lost their popularity. Geostatistical methods
have certain advantages over traditional
techniques such as determining and
minimising estimation variance etc.

Co-kriging is a traditional geostatistical
technique for integrating several variables at
a target point consists of a linear
combination of all variables available at the
neighbouring points. This method is
obviously demanding than the kriging
algorithm as it requires a consistent
multivariate model (Webster and Olivier,
2007; Goovaerts, 1997).
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The basic theory of co-kriging to
implement into geostatistical analyses has
been well developed in several studies
(McBratney and Webster, 1983; Vauclin et
al., 1983; Davis, 1986, Kitadinis, 1999, Wu
and Murray, 2005). Geostatistical
grade/reserve estimation techniques have
absolute advantages over traditional methods
such as minimising estimation variance,
probabilistic analysis, as taking into account
the complex nature of geology (faults, trend
etc.), and local distribution of interest. This
study covers a geostatistical multivariate
data analysis to determine the grade
parameters distribution of a feldspar deposit
by collocated co-kriging  estimation
procedure since all secondary variables are
available on same set of sample points.

2 THE STUDY AREA

The feldspar deposit is located in Sarpdere
area, 20 km west of the Karpuzlu village in
Cine (Aydm, TURKEY). The location map
of the study area is given in Figure 1. The
area is formed on Menderes Massif, where
metamorphic rocks are exposed. The
feldspar deposit occurs in augen gnesis,
quartzite, garnet-mica schists and meta-
granite rocks. These formations are related
to Precambrian age.

3 Yatagan

o
? 25 Ikm

-The studv area

Figure 1. Location map of the study area
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The main mineralization of the deposit is
albite (Na-feldspar) which is produced. The
albite is commonly associated with gangue
minerals such as mica (muscovite and
biotite) which affects the quality of the
production (purity). Thus, the existence of
such minerals in the area takes a significant
role to determine their distribution. The open
pit mining method has been employed for
the production which is carried out through a
valley due to the nature of the deposit.

Main production scheme is given in
Figure 2. The produced material is
transported to the bulk location in the plant.
Then, the material is crushed and grinded for
granulometric  distribution. The grinded
material is classified depending on
granulometric distribution and its chemical
content. The classified material is sold
without mineral processing treatment. The
feldspar is mainly used in glass and ceramic
industries.

Run of Mine Ore

Mining

Transportation

De-sliming

| Crushing and Communion |

Stockage

<—I<—

| Granulometry Distribution |

,

| Chemical Analysis |

| Classification by Grade |

Marketing

I

Figure 2. Production flowsheet of feldspar
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The data consists of core samples
obtained from 31 drill holes. The data
locations and study polygon area are shown
in Figure 3. The exploration boreholes
intersected with the feldspar were logged.
These logs include the thickness of the
intersection and chemical contents of the
feldspar (the grade) and coordinates of the
drill holes. Chemical analysis was carried
out in order to determine the concentrations
of the following compounds: Na,O, Al,O;,
Si0,, CaO, MgO, K,0, Fe,0; and TiO,. The
feldspar quality depends on its content in
terms of these compounds. Thus, as quality
variables, the deposit content in terms of the
compounds Na,O, SiO,, K,O, and TiO, vary
greatly depending on the part of the deposit
where the sample is obtained. These
compounds determine the feldspar quality.
The CaO, MgO, Fe,0; and Al,O; values do
not vary greatly in the deposit and remain
within the admissible market values for
applications in the glass and ceramics
industries.

755¢

75400

15300

75200

75100

575000

100 48200 48300 48400 48500 48600 48700
X (m)

Figure 3. Location map of the drill holes and
polygon area in the study field

The quality classification of the feldspar
according to the chemical concentrations of
the compounds is presented in Table 1.

Table 1. Quality classification of the feldspar
products

Compound Content (%)

Product Code N30 Si0, K0 TiO;
Ultrawhite-75  10.71 69.08 0.30 0.10(max)
Superwhite-75 1090 68.78 0.13 0.15(max)
Extra—CG75 10.60 69.63 0.14 0.25(max)
Std-CG 75 9.65 70.00 0.17 0.35(max)
Extra - GQ 11.04 67.41 0.14 0.30
Std - GQ 10.87 6798 0.14 0.28

3 METHOD

Co-kriging estimation technique takes into
account a secondary or auxiliary variable to
estimate a primary variable at a target point.
Sampling point locations of the primary and
secondary variable have a great importance
in terms of co-kriging process to be applied.
Variables in a given domain may be located
either at the same points or at different
points for each variable.

Data situations may be classified
according to their locations (Wackernagel,
1995):

1. Complete Heterotopy: The variables have
been measured on different sets of sample
points and have no sample locations in
common;

2. Partial Heterotopy: Some variables share
same sample locations;

3. Isotopy: Data is available for each
variable at all sampling point.

The working data set is classified as
isotopic, since variables are available at all
sampling points and in common. The idea of
collocated co-kriging technique is to
enhance the co-kriging process by adding,
for each target grid node, the value of the
secondary variable at this location. The
system resembles the traditional co-kriging
technique where one additional sample is
added which coincides with the target grid
node and for which both value is provided.
This is therefore an isotopic case, as both
variables are informed at the target grid node
(Geovariances, 20006).

Collocated co-kriging is followed by
derivation of variograms of variables and
cross-variograms between primary and
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auxiliary data. In practice, the individual
variograms are typically estimated by the
following equation:

Ny 2

1
y(h) =m2{zw *Z(.wh)} M

i=1

Where;
z, . Sampling value at sampling point x,

N, : Number of sampling point pairs at a lag
distance of h.

The cross-variogram may be estimated on
the base of Eq.2 as follows.

1 Noiy

N Z]: {Zu(xl) - Zu(x,wz)}{zv(m _Zv(x,+/z)} (2)
(h) =]

yuv(h) =
Here u and v are the primary and auxiliary
variables respectively.

As for collocated co-kriging, as
mentioned before, it is the extension of
kriging to more than one variable.
Collocated co-kriging is a reduced form of
full co-kriging (Xu et al., 1992).

Let Z (Primary variable)= 1 and Y=
(Auxiliary variable)= 2. Then, collocated co-
kriging with Markov-type approximation of
attribute Z at location x is given by:

n(0)

Z¥ e )= 3 A ) Z )+ A% @)y () - m, +m_](3)

i=1

Where:
Z* . (u) = Co-kriging estimator of Z(u),

4 @) = Co-kriging weight associated to
neighbouring datum Z(u) for
estimation at location u,

Au) = Co-kriging weight associated to
collocated secondary datum Y (u),

m, = Mean of the primary variable,

m, = Mean of the secondary variable.

4 EXPLORATORY DATA ANALYSIS

There were 31 drilling well locations on
study field and no regular grid design was
followed in sampling scheme. Two main
feldspar variables were selected for analyses
(Na,O and SiO,).
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Regularisation is a common task for a
geostatistician to get composites of the same
length from an irregular line sampling. The
algorithm of the regularisation process is just
a weighted average of the original property.
The categorical rational distribution of the
core lengths of samples is given in Table 2.
This table indicates that measured core
sample lengths are mainly changing around
4-6 m. It is expected in a regularisation
process that the mean to remain unchanged,
but the variance to decrease at the end. Thus,
4m compositing length gave the best
statistical results and as a result of
regularisation, a total of 219 data was
produced. The scatter plot of the Na,O and
SiO, is given in Figure 4. It can be seen in
figure that two variables have a high
correlation coefficient although some slight
deviations between high SiO, and low Na,O
values, and the Figure validates the bond
between the variables.

Table 2. The categorical rational distribution
of the core lengths

Core length (m) Frequency Percentage (%)
1 8 5.16
2 12 7.74
3 19 12.26
4 33 21.29
5 23 14.84
6 33 21.29
7 10 6.45
8 5 3.23
9 3 1.94
10 2 1.29
11 1 0.65
13 1 0.65
14 1 0.65
15 1 0.65
17 1 0.65
19 1 0.65
21 1 0.65
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Figure 4. Scatter plot of variables

The summary statistics of regularised
variables is given in Table 3 and histograms
are given in Figure 5. Na,O exhibits a
slightly left tailed distribution and SiO,
shows reasonably close to Gaussian
distribution. As a result, the data provide
that geostatistical analyses can be proceed
over composited data
transformation process (e.g. Gaussian and
lognormal etc.).

without  any

Frequencies

Frequencies

67.5 72.5 77.5
5102 (%)

b)

Table 3. Summary statistics after the
composition of the raw data

VARIABLE N2,0 (%)  SiO; (%)
Number of samples 219 219
Minimum 3.64 66.12
Maximum 11.99 78.32
Mean 9.15 71.01
Median 9.96 70.01
Std. Deviation 1.89 3.14
Variance 3.59 9.83
Coefticient of Variation 0.21 0.04
Skewness -1.18 0.71
Kurtosis 3.39 2.17

Figure 5. Histograms of the compounds: a)
NagO, b) 8102

5 SPATIAL STRUCTURE ANALYSIS

Co-kriging technique requires variogram
analyses of individually and cross type of
variables. Directional variogram analyses
(for the directions 0°, 45°, 90°, 135°) were
performed separately to reveal the anisotropy
axes if any. However, both variables
exhibited neither severe geometric nor
strong zonal anisotropy exist in the data.
Thus, the directional variogram graphs were
not given here.

The horizontal and vertical variogram
graphs and related variogram parameters
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were presented in Figure 6 and Table 4
respectively. The variogram graphs mostly
show a clear structure in both horizontal and
vertical plane reflecting the spatial structure
of variables. Numbers of pairs on the
variogram graphs are satisfactory for an
adequate sampling. The variogram graphs
imply that theoretical Spherical and
Gaussian variogram models are in agreement
with experimental variograms of the
variables in horizontal and vertical plane
respectively. Also, the sampling design is
consistent since a clear spatial structure is
distinguished at such distances between the
samples.

The maximum distance between two
variables in the study area is about 780 m.
Thus, approximately a 400 m distance was
favourable to identify the spatial structure in
horizontal plane. Similarly, maximum
vertical sample length is about 20 m and 12-
14 m is an optimal distance for variographic
analyses in vertical plane.

6 CROSS VALIDATION

The cross validation test is used to check
the consistency between a set of data and
related their spatial structural model. This
procedure works as follows:

A sample point is estimated from the
neighbouring data and the theoretical
variogram model computed from the whole
data set by kriging at each sampling point in
turn after excluding the sample value there.

There are important diagnostic statistics
standing from the results. Mean and variance
of standardised errors are performance
indicators of a variogram model and its
neighbouring parameters for estimation.
Mean and variance of standardised errors are
expected to be 0 and 1 respectively to satisfy
the wunbiassedness of kriging. Cross
validation test results are given in Figure 7
and 8 and tabulated results are given in
Table 5. Each model reasonably satisfies the
global unbiassedness condition, where
distributions of errors are centred on a zero
mean.
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Table 5. Cross validation results of the
experimental variogram models
Standard Error

Variable

Mean Variance
NaO (%) -0.03162 0.97879
SiO; (%) 0.01226 1.08325

A sample was considered as an outlier as
soon as its standardised estimation error
(SEE) exceeds a given threshold (such as
confidence interval) in absolute value.
Outliers were indicated as bold points on
base map (Figure 7a-8a), scatter and error
distribution maps. It can be seen on the
Figures that outliers of the compounds did
not follow a particular pattern. Scatter plots
of observed data versus estimated value
(Figure 7b-8b) with conditional expectation
line (45° diagonal line) on the Figure show a
reasonably  good  distribution  around
diagonal line. As the subsequent step; the
collocated  co-kriging  procedure is
implemented over study area with validated
spatial structure model. Consequently, the
cross validation graphs of estimation value
versus SEE prove that the controversy in
estimation is within the acceptable limits,
excluding the outliers (bold dots) (Figure 7d-
8d). Histograms of SEE for all the variables
(Figure 7c-8c) were in good agreement with
the findings of cross validation analyses
mentioned above. In theory, it is expected
that the mean of the estimation and standard
deviation or variance equal to 0 and 1
respectively. The cross validation results
showed that the estimation is reasonably
acceptable.

7 MAPPING

The grid design parameters which overall
reserve/grade estimations take place were
given in Table 6. Also, a polygon area was
selected as taking into account the sampling
locations and range of variogram models.
The following steps were followed at final
phase:
1.Estimation was done for whole grid cells,
2.Topography was subtracted from the
estimation grid system.
3.Estimation was limited to polygon area.
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Table 4. Variogram parameters of the compounds

Variogram parameters Na,O SiO, Na,0 & SiO,
Plane Horizontal Vertical  Horizontal Vertical Horizontal  Vertical
Model Spherical Gaussian  Spherical Gaussian Spherical  Gaussian
Lag distance (m) 21 4 21 4 21 4
Number of lags 17 17 17 17 17 17
Range (m) 45 13 45 13 45 13
Sill (Cy) 3.87 1.93 10 4.54 -5.72 -2.78
Nugget effect (Co) 0.097 0.4 -0.14
Optimum points to use 12
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Figure 7. Cross validation results of Na,O: a) Basemap of errors, b) Scatter diagram of
observed data (Z) vs. estimated value (EV, Z*), c) Histogram of the standardised estimation
errors (SSE), d) Scatter diagram of SEE vs. Z* (EV).
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Figure 8. Cross validation results of SiO,: a) Basemap of errors, b) Scatter diagram of
observed data (Z) vs. estimated value (EV, Z*), ¢) Histogram of the standardised estimation
errors (SSE), d) Scatter diagram of SEE vs. Z* (EV)

Table 6. Grid design parameters of the study
area for estimation

X (m) Y (m) Z (m)
Origin 48100 75000 340
Mesh 8 8 4
Nodes Number 77 66 46

Mapping is an important tool to reveal and
examine visually the grade distribution of
compounds through the study area. This part
of study can be used for a short and long
term of mining production planning, mixing
of compounds etc. The contour maps of
grade distribution of the variables are shown
in Figure 9.

Contour maps on the study field were
produced at 400m level. Some parts of area
were disappeared due to slope of
topography. High Na,O grade distributions
generally NE and SE part of study area, on
the contrary, high SiO, grade distribution
generally takes place on the west side of the
area. A relatively inverse distribution
characteristic is an expected result of
negative correlation between compounds.
The contour maps may be generated at
different levels to enhance the knowledge of
the deposit.

1767



T. Y. Yinsel, A. Ersoy

75500
i

Na20 (%)

Y (m)
75300 75400
I L

75200
I

75100

75000

T T T T T
48200 48300 48400 48500 48600 48700
X (m)

a)

5102 (%)

Y (m)

T T T T
48200 48300 48400 48500 48600
X (m)

b)

Figure 9. Contour maps of grade distribution
of compounds at the 400 m level of study
area: a) Na,0, b) SiO,

8 GRADE/TONNAGE DISTRIBUTION

In the previous section of the paper, the
distribution of the feldspar compounds
visually depicted as a result of collocated co-
kriging estimation. This part of the study
consists of calculating the numerical grade
distribution and its related total reserve on
study field.

Figure 10 and Table 7-8 shows the total
tonnage distribution of the wvariables at
different sequential cut-off grade intervals as
graphically and tabulated type respectively.
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Figure 10. Grade-tonnage distribution of
variables: a) Na,O, b) SiO,

Total tonnage of Na,O grade at the most
grade intervals (%3-8) did not changed
strongly. There is a sharp decrease in
tonnage of greater Na,O grades than %8 cut-
off value. This result indicates that low Na,O
values have a short-scale distribution area
and high Na,O values have long-range
spreading This is  clearly
distinguishable in Figure 10a.

SiO, values were generally distributed
more uniformly next to Na,O grades in the
study area. There are no sharp changes in
total tonnages cut-off intervals. Similarly
Figure 9b validates the distribution
behaviour presented in Table 8.

arca.
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Table 7. Tonnages with different cut off
grade intervals for the Na,0

Cut Off Total Tonnage Mean Grade
Grade (%) Above (ton) Above (%)
3 25692160 9.07
4 25663539 9.07
5 25610957 9.08
6 25407283 9.11
7 24659149 9.19
8 22014054 9.38
9 14727066 9.77
10 4287795 10.43
11 292198 11.31
12 17306 12.58

Table 8. Tonnages with different cut off
grade intervals for the SiO,

Cut Off Total Tonnage Mean Grade

Grade (%) Above (ton) Above (%)
67 25670195 71.22
68 25454541 71.25
69 23886387 71.43
70 19502080 71.85
71 12954573 72.53
72 7406131 73.32
73 3887104 74.09
74 1674650 74.96
75 585728 75.94
76 193690 77.02
77 75213 78.04

9 CONCLUSIONS
In this study, collocated co-kriging

technique was applied using 31 well logs.
After a data processing by both conventional
statistics and geostatistical methods, the
ultimate grade/reserve distributions were
obtained both visually and numerically
through the area.

The borehole logs at different sampling
length were regularised by 4m benches. A
total of 219 data for each variable were used
to characterise the study area.

Basic findings of study may be concluded

as follows:

1.Sampling distances are identical to reveal
the spatial structure through the area.

2.Collocated co-kriging technique is applied
since both variables share same locations
in the sampling set.

3.Experimental variograms constructed and
theoretical variograms were fitted onto
them.

4. No anisotropy was detected in both
horizontal and vertical plane during
directional variogram analyses in the study
field.

5.Visual and numerical variable grade
distribution results of variables were
presented as graphically and tabulated.

6.Feldspar tonnage distribution at various
grade intervals has been calculated.

7.The study gives an idea about the
distribution behaviour of the reserve
grades and reveals the main grade/ tonnage
relations through study area.

8.The study may be useful for practitioners
who have primary and secondary variable
in a study field. This method can be
applied to either two-dimensional
(environmental and agricultural) or three-
dimensional (mining and petroleum) data.
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Selection Criteria on Final Ranking of Site Alternatives
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ABSTRACT Mine Facility Location Selection (MFLS) is one of the most commonly
encountered problems in open pit mine planning and design in line with sustainable
development. This is a critical decision which must be simultaneously considered a number
of criteria such as economical parameters, environmental aspect, stability condition,
technical factors, social-economic and facility characteristics to find the best location
among feasible alternatives. Likewise, according to the sophisticated structure of the problem,
imprecise data, lack of sufficient information, and inherent uncertainty, the usage of the fuzzy
sets can be useful to solve this problem. The aim of this study is to propose a new hybrid
Fuzzy Multi Attribute Decision Making (FMADM) model considering interaction between
mine facility location selection effective criteria.

In this paper Fuzzy Analytical Network Process (FANP) has been used to calculate the
interaction between attributes and combination of Fuzzy Analytical Hierarchy Process
(FAHP), FANP and entropy applied for obtaining the overall precise weight of attributes.
Proposed model analysis showed that considering the interdependency of criteria changes the
final weight of attributes. The proposed model has been applied for processing plant location
selection of Sangan open pit mine of Iran.

1 INTRODUCTION development requirements finally lead to

The purpose of mining is to meet the
demands of metals and industrial minerals of
human to develop infrastructure and improve
the quality of life of the population. The
extracted substances are in many cases the
raw materials for the manufacture of many
goods and materials (Kumral et al. 2008).
The increasing demand and ascending price
of minerals in many cases make it possible to
process lower grade ores, which means more
production of material and  more
environmental disturbance. Nowadays it is
believed that the public expect the mining
industry to care the environmental issues and
try to eliminate the adverse environmental
impacts or at least minimize the intensity as
well as the extent of them. Sustainable

using improved and environmentally friendly
technologies. Using sustainable development
principles must be started at the beginning of
the project by selecting suitable locations for
mine facility installation. To put mining
operation in line with  sustainable
development throughout its life and also after
mine closure especial arrangements must be
made (Naraei et al. 2011).

Mine planning and design are very
complex engineering subjects and require
engineering knowledge and good
understanding of many issues. One of the
most important issues is decision making
about MFLS. The goal of MFLS is to find
the best location that should comply with
sustainable development principles so as to
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ensure sustainable development of mine and
unify  economic, social and  the
environmental efficiency. MFLS is a very
important decision for mining companies
because it is costly and difficult to reverse,
and it entails a long term commitment so
that, a poor choice of location might result in
excessive transportation costs, adverse
environmental impacts, or some similar
conditions that would be detrimental to
mining activities (Stevenson 1993).

In the past, MFLS was a simple procedure
on the basis of economic criteria and ease of
operation. The process was to estimate the
costs for each alternative, and the lowest cost
alternative would ordinarily be the hands
down winner (Caldewell et al. 1983,
Robertson 1982 & Magda 1985), but effect of
multiple criteria on MFLS makes it complex
as the conventional procedures therein would
result in incorrect results. Thus, the MFLS
can be viewed as a multi attribute decision
making (MADM) problem that helps
decision makers select the most preferable
decision and provide the basis of a decision
support system. In MADM problem, a
decision maker has to choose the best
alternative that satisfies the evaluation criteria
among a set of candidate solutions. In
classical MADM methods ratings and the
weights of the criteria are known precisely,
whereas in the real world, in an imprecise
and uncertain environment, it is an
unrealistic assumption that the knowledge
and representation of a decision maker or
expert are so precise.

The fuzzy set theory could resemble
human reasoning in use of approximate
information and uncertainty to generate
decisions. It was specifically designed to
mathematically represent uncertainty and
vagueness and provide formalized tools for
dealing with the imprecision intrinsic to
many problems (Zadeh 1965).

There is no well defined process to
consider the weight of MFLS criteria on final
ranking of site alternatives, because not only
various options should be considered as
potential locations, but also there are a large
number of effective which are in conflict
with each other.
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The articles listed in Table 1 address some
different type of facility location selection
models in the context of MADM in the
recent years and weighting methods
containing their advantages and
disadvantages. Based on Table 1, there are
many shortcomings to these models that have
been used for facility location selection,
among them limitation in variety of attributes
such as weakness in usage of linguistic and
fuzzy attributes, ignoring the
interdependency of attributes and ignoring
entropy in decision matrix are the most
important shortcomings that have been
considered in this study.

The main objective of this paper is to
present a powerful fuzzy MADM tool for
making an appropriate decision in complex
problems  featuring  uncertainty  and
contradictory goals. To make this study more
sensible and gain a more representative
description of MADM process, we would
apply a hybrid model of FAHP, FANP and
entropy to weight MFLS criteria.

FAHP is an application of the combination
of Analytic Hierarch Process and fuzzy set
that the linguistic scale of traditional AHP
method could express the fuzzy uncertainty
when a decision maker making a decision.
Moreover, ANP would apply to calculate the
interdependency between attributes. The
proposed model is able to calculate and
consider entropy in decision matrix. Finally,
the processing plant location of Sangan open
pit mine of Iran was selected using the
TOPSIS method under a fuzzy environment
due to its rational structure, simplicity, good
computational efficiency and capability to
determine the relative performance for each
option in a simple mathematical form.

2 BASIC OF FUZZY SET THEORY

Uncertainty is a major part of decision
making problems in real world that is
resulted from two areas (Fouladgar et al.
2011): (1) uncertainty in subjective
judgments (2) uncertainty due to lack of data
or incomplete information. The first is due to
first is due to expert judgment. He/she may
not be 100% sure when making subjective
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Table 1. Facility location selection methods and weighting methods (advantages and disadvantages)

o = —
Weighting method | £ 2 g & z
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. — o cZ| eS| 8EE|232|8 E

Ranking Subjective |Objective | =5 | Z3 |EF 2| E 55| awc

Author Year S8E| 85|25 @|l8d&s|Es
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2 > g & 25|58 cij_, 238
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Osanloo 2003 SAW «l -- -- «l N = = =
Akbari 2007 AHP B - - v \/ - -
Hekmat 2007 FAHP «l -- -- «l N R = =
Shahriar 2007 Yager B - - B v v -
Hekmat 2008 SAW, AHP ,TOPSIS vV = = v v — = -
Yavuz 2008 Yager B - - B v v -
Ataei 2008 ELECTRE «l -- -- N B = — -
Golestanifar | 2008 FTOPSIS, Fuzzy-WP N -- -- N N R -
Athawale 2010 PROMETHEE II «l -- -- N B = — -
Yazdani 2012 FVIKOR B - - B B N - -
Anand 2012 ANP «l R -- «l N -- «l =

judgments. The second one is caused by
insufficient information of some attributes

The fuzzy set theory, introduced by Zadeh
(1965), deal with vague, imprecise and
uncertain problems. A fuzzy set is a class of
objects with continuum of grades of
membership. Such a set is characterized by a
membership function, which assigns to each
object a grade of membership ranging
between zero and one.

2.1 Linguistic Variables

A linguistic variable is a variable whose
values are words or sentences in a natural or
artificial language and provides a means of
approximate characterization of phenomena
which are too complex to be amenable to
description in conventional quantitative
terms. The main applications of the linguistic
approach lie in the realm of humanistic
systems (Zadeh 1975).

2.2 Fuzzy Numbers

A fuzzy number M is a convex normalized
fuzzy set M of the real line R such that:

- It exists such that one x, € R with

u,, (x,)=1 (x,1s called mean value of M ).
-, (x)is piecewise continuous.

In this paper, we use Triangular Fuzzy
Numbers (TFNs) because of their
computational simplicity and they are useful
in promoting representation and information
processing in a fuzzy environment. There are

various operations on TFNs. Here, only
important operations used in this study are
illustrated. If we define, two positive TFNs
M, =(l,,mu)and M, =(l,,m,,u,) then:

M =/u,l/m1/1])

1- Inverse:

2- Addition: M, ®M, = +1,m+m,,u +u,)

3- Multiplication: M, ® M, = (I,.1,,m m,,u,u1,)

M, %M, =1 /u,,m [ m,,u, /1)

The distance between two triangular fuzzy
numbers can be calculated by vertex method
as follow:

4- Division:

di(M‘,Mz)z\/i[(z,71,,)1+(m,m2)1+(u‘7u2)1] M

An important concept related to fuzzy
numbers application is defuzzification. This
study adopted the simple center of gravity
method which converts a TFN into a crisp
value as follows:

)?(Ml):(l,m,u)/3 2)

Where X (M) is a crisp value.

3 PROPOSED METHODOLOGY OF
MFLS

The general procedure for MFLS in this
paper divided into the following steps:
1- Determination of MFLS criteria and their
interdependency
2- Determination of criteria weight by
hybrid model
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3- Alternatives evaluation and ranking
procedure by FTOPSIS (Fig. 1)
Step 1 _.-- ©riberiadelinition Kherzarives de Raisia
% : [ ; ¥
AP erighin LLU T Tl Eniragy
R ey ?_‘_l
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Figure 1. Mine Facility Location Selection
(MFLS) framework

3.1 Determination of MFLS criteria and
their interdependence

There are many criteria that influence the
MFLS process. In assessing a site as a
possible location for mine facilities, many
factors should be considered. These factors
may be presented in many ways; however,
the most useful way is the one that may be
easily understood by the community
(Tchobanoglous et al. 1993). The number
and significance of these factors can be
different for each mine in each country
because the process of MFLS involves a
number of stakeholders and sets of
requirements such as legislation, restrictions,
rules, local expertise and experience. In our
study fifty four numbers of extracted leading
evaluative attributes from comprehensive
literature review, advices by experts and
sustainable development framework
introduced by Azapagic (2004) are grouped
into six main categories, including (1)
Economic  parameters, (2)  Stability
conditions, (3) Social-economic factors, (4)
Technical parameters, (5) Environmental
concerns, and (6) Facility characteristic, then,
each main category was protracted to subs
criteria as shown in Figure 2.

Based on the literature review in
introduction, in existing methods, the
influence of each criterion is verified
separately and the interdependency between
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criteria is ignored. For example, the
parameters  “distance from pit” and
“environmental impacts” are simultaneously
effective on selecting site No. 1. As the
distance from pit increases, the operational
costs will also increase; thus, the probability
of choosing site No. 1 decreases. On the
other hand, increasing distance from pit can
be compensated by eliminating the adverse
environmental impacts or at least minimizing the
intensity and the extent of them. In this
condition site No. 1 may be preferred. This
paper has discussed how to determine the
interdependency between criteria in fuzzy
environment.

3.2 Determination Criteria Weight by
Hybrid Model

Since the criteria of evaluation have diverse
significance and meanings, we cannot
assume that each criterion has equal
importance. Weighting methods try to define
the importance of each criterion in decision
making process. Changing the weight in
decision making process has a great
influence on ranking results.

There are many methods that can be
employed to determine the weights of
criteria, such as the eigenvector, weighted
least square method, entropy, AHP, ANP and

linear  programming  techniques  for
multidimensional analysis of preference
(LINMAP).

Since in decision making problems, there
are a direct access to the values of the
decision matrix, the entropy and LINMAP
methods can be commensurate. Entropy and
LINMAP methods both work based on a
decision matrix, wherecas AHP, ANP,
eigenvector method, and weighted least
square method follow a set of judgment
based pairwise comparison matrices. The
selection of a method depends on the nature
of the problem. These methods were neither
enough nor complete, as it is not possible to
design a methodology that will present a
perfect weight for each criterion. In this
study; a hybrid model based on entropy,
FANP and FAHP methods used to obtain the
overall fuzzy weight of each criterion. The
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Figure 2. Structure of MFLS hierarchy

overall fuzzy weight of each criterion W,
divides into the:

1- Entropy weight (#,) based on a
decision matrix.

2- FAHP weight with interdependency
between criteria for fuzzy data (a,).

The first step is to calculate the weights
based on a decision matrix. The speed of the
LINMAP method is, however, lower than the
entropy method. Furthermore, using the
entropy method, it is possible to combine the
other weights (Samimi et al. 2012). In the
second step FAHP and FANP was used to
calculate the relative importance and
interdependency between criteria given by
experts in pairs.

As for the experts’ opinions, this study
adopted the Similarity Aggregation Method
(SAM) proposed by Hsu and Chen (1996) to
integrate experts’ weight values for various
evaluation criteria. Moreover, ANP is used
because there are nonlinear relationships
among hierarchical levels which make some
problems in implementation of AHP method.
Eventually, a set of entropy weights (%, ) that
transform to nine level, fuzzy linguistic
variables (#,) and AHP weights with
interdependency between criteria (&), can be
used to determine the overall fuzzy weights
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3.2.1 Entropy weighting

Shannon and Weaver (1947) proposed the
entropy concept for deciding the objective
weights of attributes. Entropy weighting used
to determine the importance weights of
decision attributes by directly relating a
criterion’s importance weighting relative to
the information transmitted by that criterion.
For example, in a given decision matrix with
column vector x; = (x;;, Xy ,..., X,) that
shows the contrast of all alternatives with
respect to jth attribute, an attribute has little
significance when all alternatives have
similar outcomes for that attribute.
Mathematically this means that the projected
outcomes of attribute j, Py, are defined as:

F, = .x;‘//Z:xif 4

The entropy E,of the set of projected
outcomes of attribute j is:

£, =~/ 7, n(7) o

Where m is the number of alternatives and
guarantees that E; lies between zero and one.
The degree of diversification d; of the
information provided by outcomes of
attribute j can be defined asd, =1-E;.

Hence, the entropy weighting of an
attribute is calculated as follows:

W,=d/>.d, 6)
In situations where a decision maker has

an priori «a, subjective weighting for
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attribute, a compromise weighting, w;, that
take into account both an expert’s opinion
and the objective entropy weighting of the
attribute is calculated as follows:

W =W,xa, |3 Wxa, j=12...n e

3.2.2 Weighting with FAHP

This method has been developed by Saaty
and Vargas (1994) that is a mathematical
tool for solving the MADM problems. For a
matrix of order n, (n) x (n - 1)/2)
comparisons are required. The fundamental
scale used for this purpose is based on Saaty
1-9 scale. AHP method is combined with
fuzzy set to solve the problem of the
conventional AHP in handling uncertainty.
For achieving the aim, a scale of 1-9 can be
defined for TFNs instead of traditional
scale1-9, as presented in Table 2.

Table 2. The definition of fuzzy number

Intensity of Fuzzy Linguistic
importance number variable
9 5=(89.9) Perfect (P)
8 8 =(7.8,9) Absolute (A)
7 ¥ =(6,7,8) Very Good (VG)
6 £ =(5.6,7) Fairly Good (FG)
5 £=(450) Good (2)
4 4=(345) Preferable (PR)
3 i=(234) Not Bad (N)
2 2=(1,23) Weak advantage (W)
1 1=(L11) Equal (E)

This section calculated the weight value of
criteria (wj by “Column Vector Geometric
Mean Method” proposed by Buckley,
because the steps of this approach are
relatively easier, less time taking and less
computational expense than the other fuzzy
AHP.

Z,=(a,®a,®..0a)" ,i,j=12,..n. ®)
W, =2, %(Z,®2,®..87,) ,i,j=12..n (9
Where the column vector mean value of

fuzzy number is Z, and the weight of No. i
criterion isw, .

3.2.3 Weighting with FANP

The Analytical Network Process is one of the
most comprehensive frameworks for the
analysis of corporate decisions. It allows
both interaction and feedback within clusters
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of elements (interdependency). ANP
introduced by Saaty (1996), is a
generalization of the AHP to generate
priorities for decisions without making
assumption about a unidirectional hierarchy
relationship among decision levels. The
major difference between AHP and ANP is
that ANP is capable of handling
interdependency between the decision levels
and attributes.

Because there is a high degree of
interdependency between MFLS criteria, this
study adopted the Fuzzy ANP (FANP)
method to calculate the relative importance
of the evaluation criteria. The weighting by
FANP can be divided into three steps, which
are described as follows:

Step  1:  Without assuming the
interdependency between criteria, the expert
is asked to weight all proposed criteria with
FAHP method described earlier. The result
of the SAM and FAHP methods on 7 criteria
can be summarized in a weight vector (w,)
with the help of Equations 8-9.

Step 2: The effects of the interdependency
between the criteria are resolved. The expert
will examine the impact of all criteria on
each other by pairwise comparisons as in
AHP method. A couple of questions such as:
‘which criterion will influence criterion C,
more; C; o Cs? And how much more?’ are
answered. For achieving the aim, a scale of
1-9 can be defined for TFNs (Tab. 2) and 0
where C; and Cs is independent of C,.
Various pairwise comparison matrices are
constructed for each criterion C; as follow:

Co, =[C Ly K =12,00m (10)

The local weight vectors for these
matrices are calculated by using “Column
Vector Geometric Mean Method” proposed
by Buckley and shown as column
components in fuzzy interdependency weight
matrix (w).

Step 3: Now we can obtain the
interdependency priorities of the MFLS
criteria by synthesizing the results from
previous two steps as follow:

an

a,=wx,) ,j=12...n
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Finally, the overall fuzzy weights of
evaluation criteria can be determined by
Equation 3.

4 ALTERNATIVES EVALUATION
AND RANKING PROCEDURE

The full ANP and AHP solution is only
partially usable if the number of criteria and
alternatives is low. In this paper, we use
FTOPSIS and apply it to achieve the final
ranking result to avoid a large number of
pairwise comparisons and also four
advantages addressed earlier. Also, the basic
concept of this method is that the chosen
alternative should have the shortest distance
from the positive ideal solution and the
farthest distance from negative ideal
solution. Positive ideal solution is a solution
that maximizes the benefit criteria and
minimizes cost criteria, whereas the negative
ideal solution maximizes the cost criteria and
minimizes the benefit criteria. Therefore, this
method is suitable for cautious (risk avoider)
decision maker(s), because the decision
maker(s) might like to have a decision which
not only makes as much profit as possible,
but also avoids as much risk as possible. So
it is suitable for those situations in which the
decision maker wants to have maximum
profit and also the risk of the decisions is
important for him/her (Aghajani et al. 2011).

4.1 Fuzzy TOPSIS method

The TOPSIS method is a technique to
calculate the preferences by similarity to
ideal solution and it was proposed by Hwang
and Yoon (1981). In the classical TOPSIS
method, the weights of the criteria and the
ratings of alternatives are known precisely
and crisp values are used in the evaluation
process. However, under many conditions
crisp data are inadequate to model real life
decision problems. In such cases, the
FTOPSIS method is proposed where the
weights of criteria and ratings of alternatives
are evaluated by linguistic variables
represented by fuzzy numbers to deal with
the deficiency of the traditional TOPSIS. In
general, a MADM problem can be concisely
expressed in matrix format as:

e il (12)

Where possible alternatives
are 4,4,,...,4,, C,C,,...,C,are criteria which
measure the performance of alternatives and
x,is the rating of alternative 4, with respect
to criterion C,which could be in three main
types of information (linguistic terms, fuzzy
numbers and deterministic data). The step of
FTOPSIS method can be defined as follow
(Chen, 2000):

Step 1: Construct the normalized decision
matrix R

The first step concerns the normalization
of the judgment matrix D= [i{.}. . Generally
there are two kinds of attributes, the benefit
type and the cost type. The higher the benefit
type value is, the better it will be. While for
the cost type, it is the opposite. This study
adopts normalization methods for
deterministic number, triangle fuzzy number
and linguistic terms that introduced by
Aghajani (2011):

4.1.1 Deterministic numbers normalization

Let r, be the normalized form of the
numberk, , then for benefit index, we have:
V,,:k,-,-/m/?le,-j (13)
And for cost index:
ry = mink, [k, (14)
4.1.2 Triangular fuzzy number
normalization
Let [r; ! ,;;.j.”]be the normalized form of

the triangle fuzzy number[k,.f k] ], then
for benefit index, we have:
by kK

, 1<i<m,jel

max K max K max Kk (15)
And for cost index:

min k,;‘ min kl;‘ min k‘:‘
L , 1<i<m,jel, 16
TR K (16)
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Where 1, associated with the benefit
criteria and /7, associated with the cost
criteria. With benefit and cost attributes, we
discriminate between criteria that the
decision maker desire to maximize or
minimize, respectively.

4.1.3 Linguistic terms normalization

Linguistic terms can be transferred into
TFNs, then use the Equations 15-16 to
normalize them. Table 3 is applied to
transform linguistic terms into TFNs.

Table 3. Transformation linguistic terms to
triangular fuzzy numbers

Linguistic terms Triangle fuzzy numbers

The worst (TW) (0.0,0.1,0.2)

Worse (W) (0.1,0.2,0.3)

Very bad (VB) (0.2,0.3,0.4)

Bad (B) (0.3,0.4,0.5)

Normal (N) (0.4,0.5,0.6)

Good (G) (0.5,0.6,0.7)

Very good (VG) (0.6,0.7,0.8)

Better (BE) (0.7,0.8,0.9)

The best (TB) (0.8,0.9,1.0)
The normalized decision matrix is as

follows:

R=[7] . i=12..m ,j=12,..n (17)
Step 2: Constructing the weighted

normalized decision matrix v

A set of weights W/) where W is the
weight of the jth attribute, is incorporated to
form the weighted normalized decision
matrix v as follows:

V=%, (18)

Step 3: Define the Fuzzy Positive Ideal
and the Fuzzy Negative Ideal Solutions

Let us suppose that 4* identifies the fuzzy
positive ideal solution (FPIS) and 4 the
fuzzy negative ideal solution (FNIS). They
are defined respectively as follows:

+ = -
A _{V| wvza"'7‘21}7

,i=L2,...m ,j=12,...,n

19
i :M_ax{ﬁij} d=12,.,m,j=12,..,n {19

A =5 5,0,
- (s . (20)
v, :Mlln{vl]} i=L2,....m,j=12,...,n
Step 4: Measure the distance between
alternatives and ideal solutions
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To calculate the distance of each
alternative from 4* and 4 the following
equations can be easily adopted:

S =24 (5,,5) » i=1.2,m @1)
=

S =3d(5,,5) o i=120m
I=

d(...,...)is distance between two TFNs
obtained from Equation (2).

Step 5: Measure the relative closeness to
ideal solution and final ranking

The final ranking of alternatives is
obtained by referring to the value of the
relative closeness to the ideal solution,
defined as follows:

— S;

AR

According to the closeness coefficient,

(22

Li=12,...,m 23)

determine the ranking order of all
alternatives.
5 EVALUATING MODEL

APPLICATION AND RESULTS

In order to verify the proposed model, the
selection of a processing plant location of
Sangan open pit mine of Iran was evaluated.
Sangan iron mine project is located 16 km
north of Sangan and 300 km southeastern of
Mashhad in Khorasan Razavi province in
Iran. Three feasible alternatives were
selected for the processing plant installation
using Geographical Information System. The
locations of alternatives are shown in Figure
3 with letter ‘A’, ‘B’ and ‘C’. These
locations are entered into the model as
alternatives. For this case we screened proper
criteria by opinions of decision group.
Finally, 10 main criteria involved in this
selection include belt conveyor length (C)),
distance from railway (C,), distance from
tailing dam (C;), preparation costs (Cy),
distance to main roads (Cs), reclamation and
closure costs (Cg), stability condition (C;),
social-economic  factors  (Cg),  water
contamination (Cy) and ecology disturbance
Cyp). These parameters are entered as criteria
to the model (Tab. 4).

Ten main criteria are considered in this
case so that four of which are crisp values
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(Ci, Cy, C; and Cs), four of them are
linguistic terms (C;, Cg, Co and C,y) and
others are fuzzy numbers (C¢ and Cy). In this
process, stability condition and social
economic factors are entered as benefit
criteria (positive effect on decision making)
and the other criteria are supposed as costs.

T ——

Figure 3. Location of alternatives for the
processing plant site (‘A’, ‘B’ and ‘C’)

5.1 Calculate criteria weights by entropy

Using Table 4 and Equations 13-16,
normalized decision matrix calculated as
Table 5

Due to complex calculations of entropy
method for TFNs, traditional entropy method
for deterministic number was applied in this
step. Therefore, the simple center of gravity
method applied, the results are shown in
Figure 4.

Figure 4. Ranking of main criteria by entropy
method (W)

5.2 Calculate criteria weights by FAHP

An evaluation team of six members included
two mine planning engineers, two academic
professors and two environmental agencies
was used. In this case, the relative
importance of experts is equal. Note that,
experts construct pairwise comparison matrix
without assuming the interdependency

between criteria. This section adopts SAM
and FAHP to integrate experts’ opinions to
obtain the relative importance of evaluation
criteria given by experts’ in group decision
(Fig. 5).

[ L oi L O O % CIF CE

Figure 5. Ranking of main criteria by SAM
and FAHP

5.3 Calculate interdependency between
criteria by FANP

In this section, the interdependency between
the 10 main criteria is analyzed (Fig. 6). The
experts will examine the impact of all criteria
on each other by pairwise comparisons.
Considering Figure 10, four pairwise
comparison matrices for reclamation and
closure costs, preparation costs, water
contamination and ecology were developed.
These criteria have dependency with other
criteria. The local weight vectors for these
matrices obtained by using column vector
geometric mean method and shown as rows
in matrix W (Tab. 6).

g — r"'r'_dhlurrl'mn
P Tmars weilway
<N -
—— ! R comverE
I S engls
reclamatban and = F“‘l" canica -\""\I
. Charens costi
e ——— i B
| el sy /
ke
.f'-d- I"'"" - rf:-uhll
caulamnthag llﬂ‘ulunlrl
o iy _;)'\_\_-.wmm

Figure 6. Main criteria interdependency
network

5.4 Calculate = FAHP  weights
interdependency between criteria

with

The relative importance of the criteria
considering interdependence can now be
obtained by multiplying the w, by the weight
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Table 4. Evaluation value for processing plant location selection in hypothetical open pit mine

C(km) Ca(km) Cs(km) Cy(MS$) Cs(km) Cs(M$) C; Cy Cy Cio

A 3.6 32 7.4 (1.95,2.1,2.25) 2.6 (0.19,0.21, 0.23) VG N VB N

B 6.4 1.4 7.8 (2.44,2.71, 3) 1.9 (0.22, 0.24, 0.26) N B B B

C 7.0 1.8 6.1 (2.25,2.5,2.75) 1.6 (0.21, 0.23, 0.25) N B B B

Table 5. Normalized decision matrix
G G G Gy Cs Cs G Gy Gy Cio

A 10 044 082 (0.87,0.93,1.0) 0.62 (0.83,0.90,1.0) (0.75,0.88,1.0) (0.67,0.83,1.0) (0.5,0.67,1.0)  (0.5,0.6,0.75)
B 056 10 0.78 (0.650.71,0.80) 0.84 (0.73,0.79,0.86) (0.5,0.63,0.75) (0.5,0.67,0.83)  (0.4,0.5,0.67)  (0.6,0.75,1.0)
C 051 078 1.0 (0.71,0.78,0.87) 1.0  (0.76,0.83.0.90)  (0.5,0.63,0.75) (0.5,0.67,0.83)  (0.4,0.5,0.67)  (0.6,0.75,1.0)

Table 6. Interdependency between criteria
(matrixw; )

of matrixw, based on Equation 11. The
FAHP weights with interdependence
between criteria are shown in Figure 7.

Figure 7. FAHP with

' [P weights
interdependency of criteria

5.5 Calculate the overall

weights of
criteria

The overall fuzzy weights (7, ) are obtained
for each criterion by using Equation 3. The
weight of each criterion includes entropy of
decision matrix, weight of FAHP with
considering  interdependency  between
criteria by FANP. The final precise
normalized weights of processing plant
location selection criteria are illustrated in
Figure 8.
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Based on Figure 8, belt conveyor length,
preparation costs and distance from railway
are the most important criteria in processing
plant location selection in Sangan open pit
mine, followed by distance from main
roads, distance from tailing dam, stability
condition and water contamination. The
priority of other criteria is reclamation and
closure costs, ecology and social economic

factors.
||Illll|--

Figure 8. Overall precise weights of criteria

In order to illustrate and analyze the
effect of interdependency of criteria the
proposed model was solved without
considering interdependency between them.
To achieve this aim we assume that
W, =a,(i.e. matrix w, do not formed), the
results are shown in Figure 9.

™

Figure 9. Criteria weights, (a) without
considering interdependency of criteria
(b) Considering interdependency of criteria
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5.6 Final ranking of alternatives by
FTOPSIS

In this section ranking process via
FTOPSIS put forward. First, decision matrix
(Tab. 4) normalized (Tab. 5) and then, the
weighted normalized fuzzy decision matrix
for the alternatives is calculated using
Equation 18. After a weighted normalized
fuzzy decision matrix is formed, fuzzy
positive ideal solution (FPIS) and fuzzy
negative ideal solution (FNIS) are
determined using Equations 19-20. Then the
distance of each alternative from FPIS and
FNIS with respect to each criterion is
calculated using vertex method (Eq. 1).

S}, S; and closeness coefficients of three
alternatives are calculated by Equations
21-23, results are shown in Table 7.

Table 7: FTOPSIS analysis (considering
interdependency of criteria)

A B C
FPIS 2.16 2.32 2.36
FNIS 2.03 1.80 1.78
Closeness coefficient  0.485 0.437 0.430
Ranking 1 2 3

According to the closeness coefficient of
three alternatives (Tab. 7), the ranking order
of three alternatives is determined as
A > B > C. The first alternative (A) is
determined as the most appropriate facility
location for the processing plant installation.
In other words, the first alternative is closer
to the FPIS and farther from the FNIS.

Finally, in order to illustrate the effect of
interdependency between criteria on final
ranking, closeness coefficient of three
alternatives calculated without considering
the interdependency between criteria, the
ranking order of three alternatives is
determined as B > C > A (Tab. 8).

Table 8. FTOPSIS analysis (without
considering interdependency of criteria)
A B C
FPIS 203 202 213
FNIS 1.65 1.8 1.76
Closeness coefficient 0.448  0.471 0.452
Ranking 3 1 2

6 CONCLUSION

Mine facility location selection is a complex
multi person, multi criteria decision problem
while sustainable development challenges
facing the minerals and metals industry need
a comprehensive and interdisciplinary
approach based upon reliable data and
transparent methodical approaches. In
assessing a site as a possible location for
mine facilities, many factors should be
considered. In this paper fifty four numbers
of evaluative attributes are grouped into six
main categories as shown in Figure 2. The
main objective of this paper is to present a
powerful fuzzy MADM tool for making an
appropriate decision in MFLS problems
featuring uncertainty and contradictory
goals. In this approach, a hybrid model of
FAHP, FANP and entropy was used to
weight the criteria. SAM and FAHP were
used to integrate experts’ opinions to obtain
the significance evaluation of evaluation
criteria given by experts in group decision.
Moreover, FANP has been used to calculate
the interdependency between attributes. The
proposed model is able to calculate entropy
in decision matrix. Finally, the processing
plant location of Sangan open pit mine of
Iran was selected using the TOPSIS method
under a fuzzy environment. Proposed model
analysis showed that considering the
interdependency of criteria change the final
weights of attributes (Fig. 9). As a result
ignoring the interdependency of criteria can
cause error in final decision making.
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Komiir Kalite Degiskenlerinin Kovaryans Eslemeli Krigleme
Y ontemi ile Kestirimi

Estimation of Coal Quality Variables by Covariance Matching
Constrained Kriging

G.Ertung, M.A. Hindistan, A.E.Tercan, B.Unver

Hacettepe Universitesi, Maden Miihendisligi Boliimii, Ankara

OZET Kovaryans eslemeli krigleme (KEK) yontemi, ortalamasiz krigleme’nin (OK) en
kiigtik hata ile gergege en yakin kestirici tiretme Ozelligi ve jeoistatistiksel benzetimin
uzakliga bagli degiskenlik tiretme 6zelligini birlestiren bir yontem olarak tanimlanmaktadir.
Bu yontemde KEK kestiricisi, kriglemenin yansizlik kosuluna ek olarak “6rnek noktalar ile
kestirim degerlerinin varyans-kovaryans matrislerinin esitligi” kisit1 ile elde edilmektedir. Bu
caligmada, 3 boyutlu bir komiir damar1 modeline ait bloklarin ortalama alt 1s1l degerleri (AID)
KEK ve OK yontemleri ile kestirilmistir. Kémiir damarinin ortalama egimi 7 derecedir.
Damari temsil eden bloklarin egimli konumlarindan 6tiirii kestirim sonuglarina ait harita
goriintiilerinin “zebra deseni” diizeninde ¢ikmasi kaginilmazdir ve bu goriintii gergekgi
degildir. Bu durumun o6niine gegmek amaciyla kestirim isleminden 6nce kompozitler ile
bloklar, doniistiirme bagintilar1 kullanilarak yatay diizleme tagmmustir. Kalite degiskenine ait
kestirim islemleri diizleme taginmis bloklar {izerinde yapildiktan sonra orijinal konumlarina
geri doniistlirilmiistiir.

Calismanin sonunda KEK ve OK ydntemlerinden elde edilen goriintli haritalari, siklik
dagilimlari, variogramlar ve kalite-tonaj egrileri karsilastirilmstir.

ABSTRACT Covariance matching constrained kriging (CMCK) can be described as an
hybrid method that combines local accuracy propety of ordinary kriging (OK) and
reproduction of spatial variability property of geostatistical simulation. CMCK estimator is
built under constraints such as unbiasedness and variance-covariance matching of predictor
and corresponding predictants. In this study, mean lower heating values of lignite seam
blocks are estimated by using CMCK and OK. The seam has an average dip of 7°. When
estimating faulted and folded blocks, the estimates follow a “zebraic pattern” which is
undoubtedly unrealistic. In order to prevent this phenomenon, blocks and composites are
transformed onto the horizontal plane by using rotation equations. Estimations are for
unfolded blocks and in the end blocks are back transformed into their original position.

Results of CMCK and OK are compared by means of image maps, histograms, variograms
and quality-tonnage curves.

1 GIRIS degerlerle karsilastirilarak belirlenmektedir.
Madencilik projesinin  fizibilite, maden
planlama ve iretim planlamasi  gibi
evrelerinde yer alan isletilebilir kaynagin

Isletilebilir kaynak, bir maden kaynagmin
belirlenmis bir sinir degerin iizerindeki kismi
olarak tanimlanmaktadir. Bu tiir kaynaklar,
sec¢imli maden bloklarinin tenérlerini smir
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dogruya yakin bir sekilde belirlenmesi ¢ok
onemlidir.

Secimli madencilik bloklarinin ortalama
degerlerini belirlemede jeoistatistiksel bir
kestirim yontemi olan krigleme
kullanilmaktadir. Ancak krigleme, dogasi
geregi, biiylik degerleri oldugundan kiigiik,
kiiclik degerleri ise oldugundan biiyiik olarak
kestirmektedir. Kosullu benzetim (Deutsch
and Journel, 1992), kriglemeye alternatif
olarak diisiiniilebilir. Bu teknigin kriglemeye
gbre {istiin yani, benzetim degerlerinin,
kullanmilan ~ veri ile uzakhifa  bagh
degiskenliginin aym1  olmasidir. Ancak
benzetimlerde girdi parametrelerinin yanlis
se¢imi yanli sonuglar elde edilmesine neden
olmaktadir. Benzetim sonucunda bir¢ok
gercekleme icinden hangisinin fiili duruma
en yakin oldugunun belirlenememesi
benzetimin sorunlu yanlarindan bir digeridir.

Ayrict krigleme (Disjunctive
kriging)(Matheron, 1976), Iki degerli
krigleme (Indicator kriging)(Journel, 1983)
ve iki degerli eskrigleme (Indicator
Cokriging) (Lajaunie, 1990) yontemleri,
bolgesel degiskenin dogrusal olmayan
fonksiyonlarinin  kestiriminde kullanilan
diger kestiricilerdir.

Aldworth ve Cressie (2003), gelistirilen
krigleme ve benzetim tekniklerinin avantajh

yanlarmi birlestiren melez bir kestirim
yontemi  gelistirmislerdir. Bu  teknik,
“Kovaryans Eslemeli Krigleme” (KEK)

olarak adlandirilmaktadir. Teknigin amaci, t
sinir  degerine  gore 1(Z(A)=t)=0 ve
I(Z(A)=t)=1 ikili  degerlerin  dogrusal
olmayan  fonksiyonlarinin  kestirimidir.
Burada Z(A): blok ortalamasini, I(.)
fonksiyonu ise bu ortalamanin altinda veya
iistiinde kalan degerleri ifade eden ikili deger
fonksiyonudur.

KEK yonteminde sistem, kestirilen
noktalar ile kestiriciler arasindaki varyans-
kovaryans matrisleri esitlenerek
kurulmaktadir (Cressie and Johannesson
2001). Tercan (2004) iki boyutlu KEK
yontemini igletilebilir kaynak kestiriminde
bir linyit sahasinda uygulamistir. Bu
caligmada OK yontemi ile karsilastirma
yapilmig ve kalite-tonaj egrileri
karsilastirilmistir.
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Hofer ve Papritz (2010) bir metal dokiim
tesisinin yol actigr kirliligi dort tane altigen
blogu evrensel krigleme (UK(universal
kriging)), kosullu benzetim, kisitlamal
krigleme (CK(constrained kriging)) ve KEK
yontemi ile kestirmislerdir. Bu c¢aligmada
bloklarin ortalamasi (lineer) ve kritik esigi
gecen degerlerin  (dogrusal  olmayan)
kestirimleri yapilmistir.

Hofer ve Papritz (2011) iki boyutta CK,
UK ve KEK yontemleri ile hem nokta hem
de blok kestirimler yapan, R yazilimi igin
“constrained Kriging” isimli bir paket
sunmuslardir.

Bu galismada, bir komiir damarina ait alt
1s1l deger (AID) degiskeninin KEK ve OK
yontemleri ile kestirimi yapilmistir. Bu
yontemle elde edilen siklik dagilimlari,
variogramlart  ve  kalite-tonaj  egrileri
karsilastirilmistir.

2 YONTEM

Uzerinde calistlan duruma gore kestirim
kistaslar1 (1) gercek degerlere yakinlik, (2)
uzakhiga bagl degiskenligin iretilmesi veya
(3) her iki kistasin da saglanmasi olabilir.
Krigleme yontemi, en az istatistiksel hata ile
degerler  iiretmektedir.  Benzetim ise,
variogram ve histogram gibi temel
istatistiklerin yeniden tiretilmesini
amaclarken, KEK yontemi kestirimde
lokasyona bagli degiskenligin iiretilmesinin
yani sira en az hata ile deger iiretmeyi de
amaglamaktadir. Sekil 1’de, KEK
yonteminin krigleme ve benzetim yontemleri
arasindaki yerinin sematik olarak gosterimi
yer almaktadir.
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KEK yontemi, kestirimde kullanilan
verilerin varyans-kovaryans matrisleri ile
kestirimlerin varyans-kovaryans matrislerini,
yansizlik  kosulu  altinda  esitleyerek
bilinmeyen degerleri kestirmektedir.

(Var[Zv¥]+ Var[ugls]) x K = (Var[Zv]+ Var[ugls]) (1)

Burada, 7z, ger¢ek blok degerini, 2z
kestirilmis blok degerlerini, Var[Z.*] ve Var[Z:]
sirastyla kestirimi yapilan ve kestirimde
kullanilan  degerlerin  varyans-kovaryans
matrislerini, us: genellestirilmis en kiigiik
kareler yontemi ile elde edilen ortalamay1 ve
K: matris esleme islemini kontrol eden
matrisi ifade etmektedir.

K matrisinin tanimi Esitlik 2’de yer
almaktadir.

P = (Var[Z,*]+ Var[ugs]) = Le"Up

Q = (Var[Z]+ Var[ugs]) = Lat Ua 2)
LrK = Ua

K = Lr-1Ua

Bu durumda KEK kestiricisi, asagidaki gibi
ifade edilmektedir:

Z*y(kex) = Hois + KC(v-xi) C(xi-%) ™ (Z(x:) - Hgis) (3)

Burada C(v-x;): elemanlart v blogu ile x;
lokasyonu arasindaki ortalama kovaryanslari
olan vektdr, C(x-x)): X; ve X; lokasyonlari
arasindaki kovaryanslari igeren matrisi, Z(x;):
x; mekaninda Olciilen degerleri igeren
vektori, T ve -1 ise sirasiyla devrik ve
matrisin tersini ifade etmektedir.

K matrisini olusturan Q ve P matrislerinin
pozitif tanimli olmasi1 gerekmektedir. Aksi
takdirde, KEK kestiricisi
tanimlanamamaktadir. Bu durumda
Aldworth ve Cressie (2003) z* vektoriinii Q
ve P matrislerini pozitif tanimli yapan 6rnek
kiimelerine ayirip ¢oziim elde etmeyi
onermektedir. P ve Q matrislerinin pozitif

tanimli olmasi halinde bile bilgisayar
kapasitesinin ~ sinirlarint  agan  durumlar
yliziinden  ¢oziimsiizlik s6z  konusu

olabilmektedir. Bu g¢aligmada P matrisi alt
matrislere ayrilarak ¢oziimler yapilmistir.
Kukush ve  Fazekas (2005) KEK
kestiricisinin elde edilmesinde kullanilan P
ve Q matrislerini her zaman pozitif taniml

yapan bir algoritma sunmuslardir. Ancak,
karmasik bir yapiya sahip olan bu algoritma
Aldworth ve Cressie’nin (2003) sonuglari ile
daha az uyumlu bir sonug iiretmektedir.

3 DURUM CALISMASI

Calismada, komiir damarinin kati modeli
olusturulduktan sonra,  jeoistatistiksel
calismalar i¢in, damarmm blok modeli elde
edilmistir.

Calismada kullamlan 1,5 km>lik yiizey
alanma ve 17M m’ hacme sahip komiir
damarmin dogrultusu K69°B ve egimi 7°KD
olarak ol¢iilmiigtiir. Komiir damarmin sekli
ve sondaj yerleri Sekil 2’de gosterilmisitir.
Sahanin giineyinde yer alan ve daha Once
tretimi tamamlanmis olan kisim modele
dahil edilmemistir.

L= L] ? iy o
8 g g &-ta@ 8 &
¥a @
| e ®® & |f§uﬂlﬂhnﬂﬂarnmm

Sekil 2. Komiir damar1 ve sondaj konumlar1
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3.1 Kompozitlestirme

Calismada, sahada yapilmis 245 adet dik
sondaja ait analiz degerleri kullanilmigtir.
Sondaj karotlarmin ortalama uzunlugu 0,52
m’dir. Calismada kompozit uzunlugu 1 m
olarak alinmistir Ara kesmelerin
kompozitleme igleminde hesaba katilmasi
gerekmektedir. Bu nedenle ara kesmelerin
AID degerleri 1 kCal/kg olarak atanmustir.

AID degiskenine iliskin kompozitlerin
siklik dagilimi Sekil 3°te yer almaktadir.
AID degiskeni sola ¢arpik bir dagilim ortaya
koymaktadir.

ab

Bafl Sikhk ()
= = =2 I =

=

0 oo
ARD (KCakhg)

Sekil 3. Kompozitlerin siklik dagilimi

3.2 Bloklar Ve Kompozitlerin Diizleme
Tasimasi

Kestirim isleminden 6nce komiir damarini
temsil eden bloklar ile kestirimde kullanilan
kompozitler, aralarindaki uzakliga bagh
iliski bozulmadan, ayni diizleme taginmistir

(Sekil 4). Bu islemin amaci, tektonik
hareketler nedeniyle kiviimli ve fayh
bloklarin kesitiriminde koordinat
sistemindeki konumlarindan otiirt

kestirimlerin “zebra deseni” gibi ¢ikmasinin
oniline gecmektir. Bunun igin, bloklara ve
kompozitlere sadece koordinat doniisiimii
degil, slindirme ve germe islemlerinin
yapilmas: gerekmektedir. Kestirimler bu
gerilmis ve siindiiriilmiis uzayda yapildiktan
sonra geri donlisiim ile orijinal hallerine
getirilmektedir.  Deutsch ~ (2005), kati
modelden elde edilen kesitlerdeki kontrol
noktalart1  araciligiyla kiviim  diizleme
yontemi Onermistir. Bu c¢aligmadan farkl
olarak  mevcut  ¢alismadaki  kivrim
diizeltmede dogrudan bloklarin merkez
koordinatlart ve blok igerisine diisen
kompozit noktalar1 kullanilmistir. Sekil 5’te
bloklarin doniisiimden o6nceki ve sonraki
durumlari goriilmektedir

KESIT BB’

KESIT Af"

s

i J”m

Sekil 4. Blok merkezlerinin orijinal ve doniistiiriilmiis olarak plan ve kesit goriiniigleri
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Sekil 5. Blok doniistiirme islemi

3.3 Variogram Analizi

Komiir damarinda AID degiskeni, derinlik
arttikca degisen komiir kalitesinden otiirii
yonelim (trend) gostermektedir. Kestirim
isleminden once yonelimler, verilerden
uzaklastirtlmis ve deneysel variogramlar bu
artik  (residual)  degerler  kullanilarak
hesaplanmigtir. Artik deger AID
degiskenlerine iliskin variogramlar Sekil
6’da yer almaktadir.

(x 10%) 7(h)
3
= \lodel variogram
o Deneysel variogram
2 KEK o
+ OK —
_ )
9
19 | A
A
% 4 A‘
0 t (h)
0 1 2 3 4 5 6 7
a)
(x10%) ¥(h)
3

PR S 4 ala a A A4 2

0 100 200 300 400 500 600
b)

Sekil 6. Degiskene iliskin (a) diisey yonde ve
(b) yatay yonde kompozit variogramlar

Variogramlar incelendiginde, diisey yondeki
yapisal uzakligin, yatay yondeki yapisal
uzakliga  gore ¢ok  kisa  oldugu
goriilmektedir. Bu durum, linyit damarinin
yatay yondeki yayilimi ile kalinlig

arasindaki ~ farktan = kaynaklanmaktadir.
Variogramdaki kiilge etkisi, esik degerlerinin
hemen hemen yarisina esittir. Bu durum ise
komiir damarmin igerisinde bulunan ara
kesme degerlerinin etkisinden
kaynaklanmaktadir. Deneysel variograma
uyarlanan kiiresel model variograma iliskin
parametreler Cizelge 1°de 6zetlenmistir.

Cizelge 1. Variograma iliskin parametreler

Co C G ap a)

600.000 200.000 422.000 >0 3 250

(yatay) (diisey)

3.4 Blok Ortalamalarinin Kestirimi

Komiir damarmni temsil eden blok model,
boyutlar1 25 mx25 mx1 m olan toplam
19974  Dbloktan  olugmaktadir. Blok
ortalamalarmin  kestirim isleminin  son
asamasinda yonelim degerleri artik degerlere
ilave edilmistir.

OK ve KEK kestirim sonuglari,
tanmimlayic1 istatistikler, siklik dagilimi,
variogram, yoOnelim analizleri agisindan

karsilastirilmistir. Ayrica iki farkli kestirim
yonteminin  kalite-tonaj egrisine  etkisi
incelenmistir.  Cizelge 2’de blok kestirim
degerleri ile kompozitlerin tanimlayici
istatistiklerine iligkin sonuglar  yer
almaktadir. Cizelgede kestirim sonuglarinin
ortalamasi incelendiginde yansiz bir sonug
elde edildigi goriilmektedir. Ancak blok
kestirimlerinin varyanslari farklilik
gostermektedir.  KEK  yontemi, OK
yontemine gore daha yiiksek bir varyans
dretmistir. Sekil 7’de, kestirim sonuglarina

iliskin siklik dagilimlan
karsilastirilmaktadir.  OK  Kkestirimlerinin
ortalama etrafinda siklastigt ve KEK

kestirimlerinin, OK’ya goére daha genis bir
araliga yayildig1 goriilmektedir.

Cizelge 2. Kompozit ve  kestirim
sonuglarinin tanimlayici istatistikleri

Veri  En En

sayist  diisiik Ortalama yiiksek Varyans
Kompozit 1677 1 3454 5818 1581227
KEK 19774 1 3261 5854 836633
OK 19774 1003 3311 5361 516910
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Sekil 7. (a) OK ve (b) KEK yodntemlerinden
elde edilen siklik dagilimlart

Blok variogramlart ve kestirim sonuglarinin
variogramlar1 Sekil 8’de wverilmistir. Blok
variogrami,  blok  igindeki  ortalama
variogram degerinden kompozit variogram
degeri ¢ikarilarak elde edilmektedir (Journel
ve Huijbregts, 1978). OK kestirimlerinin
variogramlarinin, KEK ile
karsilastirildiginda, yapisal uzakligin daha
fazla ve disik esik degerli oldugu
goriilmektedir. KEK kestirim degerlerinin
variogramlar1 ise blok variogramlara yakin
sonuglar tiretmistir.

Kestirim sonuglarinin sahanin genelinde
nasil degiskenlik gosterdigini incelemek igin
saha Kuzey-Giiney (KG), Dogu-Bati (DB)
ve dik yonlerde dilimlere ayrilmis ve bu
dilimlerin i¢inde kalan bloklarin ortalama
degerleri grafige aktarilmistir (Sekil 9). Dik
yondeki hesaplamalar 1 m dilim kalinligr ile
KG ve DB ana yonlerindeki hesaplamalar ise
500 m’lik dilimlere gore yapilmustir.
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Sekil 8. Degiskene iliskin (a) diisey yonde ve
(b) yatay yonde blok variogramlar

Sekil 9 incelendiginde, sahanin ug
noktalarindaki dilimler igine diisen blok
sayisinin  diger dilimlere gore fazla

olmamasindan kaynaklanan sapmalar disinda
sonuglarin  kompozit degeri ile uyumlu
oldugu goriilmektedir. Sekil 9’a gore kdmiir
kalitesi, derine gidildikce artis
gostermektedir. Bu durum OK ve KEK
kestirim sonuglarinca da firetilmistir. KG
yoniinde AID degerleri 3200 kCal/kg’dan
3600 kCal/kg’a yiikselmektedir.

Sekil 9’a gore OK ve KEK kestirim
sonuglart benzer goziikse de, Sekil 10°da
verilen AID plan goriiniislerinde lokasyona
bagli  degiskenliklerin  farkli  oldugu
goriilmektedir. KEK  kestirimleri, OK
kestirimlerine gore daha ¢ok degiskenlik

gostermektedir. Ornegin KEK  ydntemi,
Kuzeybati-Glineydogu  seridinde  yiiksek
degerler iretirken, OK kesitirim

sonuglarinda bu durum gézlenmemektedir.
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Sekil 9. AID ortalamalarinin (a) GK, (b) BD
ve (c) diisey yonlerdeki degisimi

OK ve KEK kestirim sonuglarma gore
cizilen kalite-tonaj egrisi Sekil 11’de yer
almaktadir. =~ KEK  yonteminde, @ OK
sonuglarina gore, AID sinir deger ilizerinde
daha yiiksek ortalamalar elde edilmistir. Bu
durum, KEK yonteminin, OK ydntemine

gore yiikksek degerler iretebilmesinden
kaynaklanmaktadir. OK kestirimlerinden,

diisiik siir degerlerde yiiksek tonaj; yiiksek
sinir  degerlerde ise diisiik tonaj elde
edilmistir.
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Sekil 10. AID ortalamalarinin (a) OK ve (b)
KEK yo6ntemlerine ait goriintii haritalar
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Sekil 11. Kalite-tonaj egrisi
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4 SONUC

Calisma  sahasindaki  kOmiir, sahanin
tektonik yapis1 geregi, degisken kalinlikli ara
kesmeli yapisi yiiziinden ve derinlestikge
degisen kalite bakimindan ¢ozlilmesi zor bir
kestirim problemi ortaya koymaktadir.
Sahadaki fayli yapmin etkisini ortadan
kaldirmak i¢in kivrimlar1 diizlestirme veya
diizleme tagima islemi yapilmistir. Ayrica
derinlestik¢e artan komiir kalitesinin etkisini
yok etmek amaciyla yonelim degerlerini
gercek degerlerden cikararak artik degerler
kullanilmistir.

AID artik degerlerinin siklik dagilimi sola
carpik bir dagilim gostermektedir. Komiir
damar1 igerisinde bulunan ara kesmeler,
variogramda yiiksek kiilge etkisi olarak
goziikmektedir. Komiir damarmin yatay
yondeki yayilimi, diisey yondeki yayilimina
gore cok daha fazladir ve bu durum, yatay
yonde hesaplanan variogramlarda daha ¢ok
devamliligi olan yapisal uzaklik olarak agiga
¢ikmaktadir.

Kestirim sonuglaria gére KEK yontemi,
OK yontemine gore lokasyona bagh
degiskenligi daha iyi yansitmaktadir. KEK
yontemi, ayn1 zamanda OK yontemi gibi
gercege yakin degerler lretmeye imkan
veren yansiz bir kestiricidir. Hem lokasyona
bagli degiskenligin hem de gercege yakin
kestirimlerin ~ amaglandigt  durumlarda
kullanilabilecek bir kestirim yontemidir.

Kalite-tonaj egrilerinde belirli AID sinir
deger iizerinde kalan ortalamalarda KEK
yontemiyle, OK ydnteminden daha biiyiik
ortalamalar elde edilmistir.

Ilerleyen asamalarda, siklik dagiliminda
saga veya sola ¢ok carpiklik gdsteren veriler
iizerinde  calismala  yapilarak  KEK
yonteminin  nasil  sonuglar  iiretecegi
incelenebilir. Ayrica, KEK matris sistemine
dogrudan etkisi olan K matrisinin yapisi
iizerinde  ¢alismalar  yapilarak  farkh
ayristirma yontemlerinin incelenmesi bu
caligsmaya katki saglayacaktir.

KATKI BELIRTME
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kapsaminda desteklenmistir.
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Geostatistical Assessment of Collapses in Gole Gohar Open Pit
Mine, Kerman, South West of Iran

M.Shademan, H.Hassani, P.Moarefvand, H.Madani
Amir-kabir University of Technology, Tehran, Iran

S.Karimi Nasab

Gole Gohar Iron Ore Co, Kerman, Iran

Shahid Bahonar University of Kerman, Kerman, Iran

ABSTRACT Almost all collapses of rock slops especially in mines are related to
discontinuities which include beddings, faults and major joints. Spatial distribution of
collapses in open pit mines is related to distribution of discontinuities. Geostatistical
assessments can be used for understanding the distribution of regionalized variables in any
spatial study. In this paper, regionalized variable theory is used for analyzing and interpreting
the spatial distribution of collapses taken place at Gole Gohar iron mine, which is located
south west of Kerman city, Kerman province, and south west of Iran. In order to define
regionalized variable distribution, at first step, variogram functions are determined for
identifying the regional behavior. Furthermore, it is possible to estimate the tonnage of
collapse for every local block on pit wall and prepare maps for the interpretation of behavior
of the regionalized variable. Analysis of variograms showed that the tonnage of collapses
have a spatial structure that make it possible to set up a geostatistical model to make a
prediction of collapses for each block on the pit wall.

Keywords: geostatistical assessment, regionalized variable, collapse, Gole Gohar open pit
mine

1 INTRODUCTION and limitations
methodology.
It is less than 25 years since most rock

inherent in each

Rock slope instabilities are a major hazard

for human activities often causing economic
losses, property damages and maintenance
costs, as well as injuries or fatalities.
Stability analyses are routinely performed
in order to assess the safe and functional
design of an excavated slope (e.g. open pit
mining, road cuts, etc.), and/or the
equilibrium conditions of a natural slope.
The analysis technique chosen depends on
both site conditions and the potential mode
of failure, with careful consideration being
given to the varying strengths, weaknesses

slope stability calculations were performed
either graphically or using a hand-held
calculator. The engineer today is presented
with a vast range of methods for the stability
analysis of rock and mixed rock-soil slopes;
these range from simple infinite slope and
planar failure limit equilibrium techniques to
sophisticated coupled finite/distinct element
codes.

Geotechnical engineering is constantly
evolving and its practitioners are always
looking out for tools, which can improve
design and help better handle the large
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uncertainties and variations inherent in soil
and rock properties. In recent years, several
authors have attempted to apply geostatistics
to the problems of geotechnical engineering.
Geostatistics, as a methodology for
estimating recoverable reserves in mining
deposits, was mathematically formalized by
French professor Georges Matheron 1963,
inspired by the pioneering work of South
African mining engineer D.G. Krig in the
1950's. Today it is extensively used in the
mining and petroleum industries, and in
recent years has been successfully integrated
into remote sensing (Atkinson&Lewis, 2000,
Qingmin Meng et al.,2009, Pardo-Iguzquiza
et al,2011) and Geographic Information
Systems (GIS) (Choi&Park,2006), soil
scientists (Choi&Park,2006, Emery, 2006,
Tavares, et al., 2008), hydrologists
(Hossain, et al., 2007, Chowdhury,2010) as
well as statisticians, so there are successful
applications to a variety of fields.
Geostatistical assessments can be used for
understanding the distribution of
regionalized variables in any spatial study. In
this paper, regionalized variable theory is

used for analyzing and interpreting the
spatial distribution of collapses taken place at
Gole Gohar iron mine which make it
possible to predict collapses for each block
on the pit wall.

2 GEOLOGICAL SETTING

The Gole Gohar iron mine is located in the
NW of Sanandaj-Sirjan adjacent to Zagros
zone in Iran. The mining area is in 53
kilometers of South West of the Sirjan in
latitudes 55° 15 to 55° 24< and longitudes
of 29° 3% to 29° 74, Given the tectonic
setting, the remote sensing survey of the area
around the mine, the geological survey of the
mine and the area around the Gole Gohar
mine, following results about structural
geology model of mine were obtained.

In the study area variety of faults consist
of reverse, strike slip, normal faults and
tensile major joints with considerable
aperture are visible. Figure 1 shows
distribution of faults around the pit No.l of
Gole Gohar mine.

Figure 1. Distribution of faults around pit No.1 of Gole Gohar iron mine

What is causing the above faults is
existence of a subsurface right lateral strike
slip fault with NW-SE trend, which has to
bend to the left. This situation has led a
compressional lens shaped that its northeast
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and southwest boundary are thrust faults with
dips towards the southwest and northeast,
respectively.

Structural geology section perpendicular
to the strike of the zone is like a flower.
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Flower structure as a certain structure of
deformation strike slip areas can be seen in
pit No.1 (Fig. 2).

In bedrock including ore body, faults often
has east-west trend with dip 45 to 80 degree
toward the south. These faults almost are

boundary between ore body and host rocks.
Since these faults have small angle with the
northern benches of mine and their slope is
consistent with trenches slope, instability is
inevitable(Hasanpoor,2010).

Figure 2. Flower faults structure in southwest wall of the Gole Gohar mine (Hasanpoor,2010).

3 DETERMINATION OF POTENTIAL
FAILURE GEOMETRY

To determine which failure modes are
possible at a particular operation the geologic
parameters in various sectors of the mine
need to be quantified. Collecting information
such as orientation, spacing, trace length, and
shear strength with respect to major
structures and other geologic features is an
important key to determining failure
potential. The basic failure modes which
may occur are planar, wedge, circular and
toppling failure (Osanloo, 2005, Girard,
2001).

The types of failures occurred in pit No.1
of Gole Gohar mine which obtained in field
survey is shown Figure 3. As shown in
Figure 3, rock mass in Gole Gohar mine
have potential of different kinds of failures.

4 METHODOLOGY

The  basic  geostatistical  tool  for
characterizing spatial variability is the
variogram y(h). y(h)is defined as half the
average quadratic difference for N pairs of
measurements of the variable z separated by

a distance h  (Armstrong, 1998,
Isaaks&Srivastava, 1989, Journel, 1989,
Journel&Huijbregts, 1978):
) N(h)
= —_— —_ 2 1
y(h) ZN(h);[z(x-i-h) 2(2)] (M
After calculation the experimental

variogram, it is necessary to adjust the
mathematical model to represent the variable
as realistically as possible. It is important
that the mathematical model represents the
trend of the wvariogram with relation to
distance h. Estimates obtained from kriging
will then be more precise and reliable.
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Figure 3. Types of failures occurred on the pit wall of Gole Gohar iron mine. (a) wedge
failure, (b) planar failure, (c) toppling failure and (d) circular failure(Hasanpoor,2010).

Among  the spatial  interpolation
(geostatistical estimation) techniques, a
process called kriging is the best linear
unbiased estimator (BLUE) of unknown
characteristics  (Isaaks&Srivastava, 1989,
Journel, 1989), which make it possible to
understand the regional behavior of the
natural phenomena for every point in the
study area (Krige, 1962).

If magnitudes of data are available at
specific locations, it is possible to estimate
the values of it at other locations through
Kriging. The goal of Kriging is to predict the
average value of Z(x,) at specific point of
study area. If Z(xq),Z(x;),Z(X3), ..., Z(x,) are
known values of parameter, then the
estimated value of parameter at point xy is
given by:
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200) = ) wiZ(x) e
i=1

Where w; are weights applied to the
respective values Z(x;), such that:

zn:wi =1 3)
i=1

The weights w; are determined through
kriging matrix (Isaaks&Srivastava, 1989,
Subyani, 1997).

5 GEOSTATISTICAL MODELING
AND DISTRIBUTION OF TONNAGE
OF COLLAPSE

In this research the variable is the tonnage of
collapses. Spatial distribution of collapses on
the pit wall of Gole Gohar iron mine is
shown in Figure 4.
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Figure 4. Spatial distribution of collapses on the pit wall of Gole Gohar iron mine.

Here, the methodology is applied in order
to represent the distribution of tonnage of
collapse as regional variable. Investigation of
the distribution of interest regionalized
variable in the given pit wall is carried out by
determining the variogram function. These
functions are determined for identifying the
regional behavior.

Through experimental variograms
calculated with all collapses data in several
directions, the omnidirectional variogram
which shows the best structure was chosen.
The experimental variogram for collapse
data was fitted using the spherical model
which is presented in Figure 5. The optimum
sill and range were chosen for variogram by
cross validation method. The parameters of
the variogram function are given in Table 1.

After determining a theoretical variogram
and running kriging technique using above

mentioned methodology, it is possible to
estimate the tonnage of possible collapses for
every local block on pit wall and prepare
maps for the interpretation of behavior of the
regionalized variable.

The kriging map of estimated blocks with
the size of 25*25*10m in level 1594m is
shown in Figure 6.

Table 1. The parameters of the variogram
function

Variogram  Nugget Sill Range
model (%) (%) (m)
Spherical 28.6 430 115
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Figure 5. Spherical model fitted to experimental variogram calculated for tonnage of possible
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Figure 6. Tonnage Kriging map of possible collapse in level 1594m

Comparing figures 1 and 6 shows, there is
a relation between tonnage of possible
collapses and existence of discontinuities
specially faults around the pit area. In an
another word, distribution of possible
collapses in pit No.l of Gole Gohar iron
mine is related to distribution of
discontinuities so covariance between
tonnage of possible collapses and
discontinuities in area could be an approach
to evaluate safety factor. As shown in Figure
6, castern and western walls are stable but
there is possibility of collapse in northern
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and southern walls. Therefore, for
development of exploitation in north and
south walls of pit mine, some particular
improvement methods such as unloading and
maintenance system could be considered.

6 CONCLUSION

In this paper, geostatistical analysis
provides a three dimensional visualization of
spatial variability of tonnage of collapse in
open pit Gole Gohar iron mine. The first step
of the application is to determine variogram
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functions for identifying the regional
behavior, and the second step is to estimate
the tonnage of collapse for every local block
on pit wall and prepare maps for the
interpretation of behavior of the regionalized
variable. Results show that distribution of
possible collapses in pit No.1 of Gole Gohar
iron mine is related to distribution of
discontinuities. Also there is possibility of
collapse in northern and southern walls.
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