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Abstract

Rock mass fragmentation process plays a major role in the design of the block cave mining. To assess rock mass fragmenta-
tion, identification and determination of influencing parameters are crucial. In most case studies, the cross-impact or indirect
interaction of influencing parameters has not been considered in the assessment of rock mass fragmentation. The aim of this
paper is to present a hybrid approach to consider the direct and indirect effects of influencing parameters on rock mass frag-
mentation by use of classic rock engineering system (RES) and matrices impact cross multiplication applied to classification
method (MICMAC). The most important effective parameters in the system were identified and ranked based on both RES
and hybrid approach. Thereafter, the indirect fragmentation index was calculated for RENO and Diablo Regimente mines
in Chile and Kemess mine in Canada. An appropriate consistency was found between the results of the hybrid approach
and available fragmentation data of the respective mines. The result of the analysis showed that the interaction of the geo-
metrical and operational parameters has increased while the interaction of the geomechanical parameters, due to being less
susceptible to change of the other parameters, has decreased in the hybrid approach compared to the RES. The geomechani-
cal parameters showed the highest impact on the system and the lowest share of interaction in the system. The geometrical
and operational parameters showed a high level of interaction, in the system, which the system had low influence on them.

Keywords Block caving - Rock mass fragmentation - Indirect influence - Rock engineering system (RES)

1 Introduction

Block caving is a conventional underground extraction
method as it offers advantages such as high production,
low extraction costs and high automation capability. The
rock mass fragmentation is important since the method is
based on caving of the rock mass and its extraction out of
the mining spaces. Fragmentation in block caving refers to
the capability of the rock mass fracturing and breaking into
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smaller fragments after it has been undercut and allowed to
collapse (Catalan et al. 2010). Laubscher (2000) and Eadie
(2003) have defined the fragmentation process as involving
three sequential components: in situ, primary, and secondary
fragmentation.

The rock mass fragmentation depends on its natural fea-
tures, environmental and geometrical parameters as well as
operational parameters. The estimation of fragmentation in
the caving process requires enough knowledge and informa-
tion on the natural fractures of the rock mass and the frag-
mentation which occur along the draw column. During the
caving process, the fragmentation of rock mass affects the
spacing and geometry of draw points, equipment selection,
dilution in the draw column, the production rate at the draw
points, draw control, the necessity of secondary blasting as
well as the overlap of operations (Laubscher 2000).

To assess the rock mass fragmentation in a proper way,
the parameters affecting the initiation and propagation of
the caving and also influencing parameters on rock mass
fragmentation along the draw column must be determined.
The primary challenge for the development of existing
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methods of fragmentation forecasting is insufficient knowl-
edge regarding the effect of influencing parameters on the
process and the inability of simultaneous consideration of
rock mass geomechanical, environmental, geometrical and
operational features through an effective simple method.

Rock engineering system (RES) is a powerful system-
atic method developed by Hudson (1992), for studying the
interactions among influencing parameters to solve compli-
cated engineering problems (Hudson 1992). In the existing
methods for assessment of the rock mass fragmentation, only
some of influencing factors are considered, while in the RES
method, not only a full list of such parameters is included,
but also the interactions among parameters are considered.
The RES has been used in various fields such as slope sta-
bility (Mazzoccola and Hudson 1996; Ali and Hasan 2002;
Rozos et al. 2008; Zare et al. 2011; Khalokakaie and Zare
2012) and stability of tunnels (Benardos and Kaliampakos
2004; Kim 2004; Shin et al. 2009). Rafie and his colleagues
have used RES to determine and evaluate the influencing
parameters on caveability (Rafie et al. 2015). The RES is
also used by Mohammad Khani (2014) to determine an
appropriate hydraulic radius for the cave initiation at the
Northparkes Mines, considering eight effective parameters
in the fracturing process.

The interaction matrix as the major tool in classic RES
enables a compilation of the manner in which a particular
system parameter affects all other system parameters as well
as the manner in which all system parameters affect that
particular parameter (Hudson 2013). This basic interaction
matrix, where the coupling is initially the direct binary influ-
ence between all pairs of variables, is termed the binary
interaction matrix (BIM). In this BIM, we assume that x
does not influence itself. This is because the BIM repre-
sents uncoupled relations. Later on, we will see that x can
affect itself via a variable and mechanism pathway loop
(e.g., x affects y which in turn affects x, or there can be a
loop just around the x variable itself) but this results from a
subsequent coupling of the influences and does not occur in
the BIM which contains only uncoupled relations between
pairs of variables. We know that natural and engineered rock
mechanics processes will involve more than just the isolated
binary influences of subjects or parameters or variables A
upon B. There will be suites of mechanisms where A affects
B which affects C which affects D .... Or perhaps A affects
C which affects B which affects D which then affects A, i.e.,
a loop from A back to A (Jiao and Hudson 1995). There will
be concatenations of mechanisms, i.e., mechanism pathways,
operating and we need to take them all into account, which
later on is termed as indirect interaction in this study.

The indirect interaction or cross-impact of the param-
eters is not included in most of RES application. Matrices
impact cross multiplication applied to classification method
(MICMAUC) is one well-known variant of cross impact
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analysis (CIA) method developed by Michel godet in 1971.
MICMAC analyses the importance of a given set of vari-
ables through a matrix that contains the influence that each
variable has on the others (Godet 2000). Once all the influ-
ences between all the variables have been taken into account,
the MICMAC provides a matrix of coefficients indicating
the coupled influence of each xi on each xj. For example,
consider that two of the variables in such a system are the
normal stress, o,, across a discontinuity and the normal
displacement, d,, across the discontinuity. We can obtain a
core sample through the discontinuity for a laboratory test
to determine the direct binary influence of ¢, on d,. How-
ever, this direct relation does not take into account how in
the field, when all the relevant variables are operating, that
the stress could affect the displacement indirectly through,
for example, the stress affecting the water pressure which
affects water flow which affects the discontinuity surface
which affects the displacement.

The aim of this paper is to present a hybrid approach,
which combines the classic RES and MICMAC, to exam-
ine the direct and indirect effects of influencing parameters
on the rock mass fragmentation and its assessment. To this
end, after introducing common methods of fragmentation
prediction, the parameters affecting rock mass fragmenta-
tion are determined, the RES system is applied to the data,
the ranking of the parameters is performed in both direct
(RES) and indirect (MICMAC) forms. Thereafter, the indi-
rect fragmentation index is calculated in three case studies
using the hybrid approach and classification of the fragmen-
tation index is proposed.

2 Literature Review

Planning for an objective production in block cave mining
method is specifically affected by the reliability of draw
points, which in turn are affected by appropriate fragmenta-
tion of rock mass. Various strategies have been proposed for
the assessment of in situ fragmentation and several methods
presented for the fragmentation estimation along the draw
column (secondary fragmentation). Hustrulid and Bullock
(2001) express that the fragmentation of materials must be
related to the third bond theory of fragmentation, where the
gravity provides the required energy for the fragmentation
of the rock mass as in the downward movement of blocks
in draw column, blocks with larger dimension ratios turn
into smaller blocks of more stable dimension ratios. The
estimation methods for distribution of fragmentation size in
block caving have been based on the joint set specifications
obtained via the structural mapping of outcrops or available
excavations (Sainsbury and Pierce 2011).

The estimation of primary and secondary fragmentation
has been usually conducted through the methods which are
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based on engineering judgment and personal experiences
(Esterhuizen 2005). In this regard, the utilization of Discrete
Fracture Network (DFN) methods can be effective in the
estimation of fragmentation including in situ, primary and
secondary fragmentation. Hybrid methods using DFN have
been proposed to estimate the fragmentation, but none of
such methods can fully model the heterogeneity of a rock
mass (Catalan et al. 2010).

Total discontinuity surfaces per unit of rock volume
shows volumetric fracture intensity (Ps,). Rogers et al.
(2014) studied the extent of the rock mass fragmentation
dependance to the volumetric fracture intensity (P3,) and
showed the importance of the critical amount of volumetric
fracture intensity (Ps,) where a fixed rock mass turns into a
movable one. P, in a DFN model depends upon a series of
geomechanical features such as the average size of the block
and its stiffness. Therefore, upon obtaining the P5, amount,
some geomechanical features of rock such as fragmentation
will be predictable according to the systematic relation of
P3, with such geomechanical features (Rogers et al. 2014).

Due to the importance of fragmentation, various discon-
tinuity models and software packages have been developed
for the prediction of the size distribution of rock blocks.
In some software packages such as Simblocks (Maerz and
Germain1992) and Block Cave Fragmentation (Esterhuizen
2005), the size of a joint set is assumed to be infinite. Block
Cave Fragmentation (BCF) is a program, to estimate the
sizes of rock fragments in draw points. The program uses a
simplified technique for determining in situ block sizes and
empirical rules to predict how the blocks would reduce in
size in a draw column. The program was improved during
1998 and 1999 as part of the international Caving Study
Stage I (Esterhuizen 2005).

The assumption of a persistence coefficient for a hypo-
thetical joint set increases the complexity of models. The
assumed continuous joint sets are divided into segments of
fracture and rock bridges in a definite ratio. This model of
discontinuity has been used in the estimation of in situ block
size distribution (IBSD) (Latham and Lu 1999) and Make-
block (Wang et al. 2003). From among more comprehensive
and complex models of DFN which include the estimation of
joint set size distribution through stereological procedures,
the software packages of Joints (Villaescusa and Brown
1992), Stereblock (Hadjigeorgiou et al. 1995), Fracman
(Dershowitz et al. 1998) and DFN-FRAC?P (Noroozi et al.
2015) can be mentioned.

Jing (2000) developed the basic components of an algo-
rithm for establishing geometry of block systems of frac-
tured rocks for discrete element methods. The algorithm is
based on the basic principles of combinatorial topology and
uses a boundary chain operator for block tracing, and the
Euler-Poincare formula of polyhedra for ensuring the cor-
rectness of the tracing operations which has the potential and

capability to deal with any complex geometry of fracture
system found in natural fractured rocks.

Lu (2002) offered an algorithm and its simulation results
for the identification of rock blocks. A dynamic link list
associated with the algorithm is employed to realize the rep-
resentation of a polyhedron as well as its forming process by
topological identification. The rock block generator is served
as a pre-processor for discrete element method (DEM) using
polyhedral elements or for other methods such as block the-
ory (BT) and discontinuous deformation analysis (DDA).

Eadie (2003) offered the software of JK-FRAG for the
determination of IBSD and prediction of primary fragmen-
tation in block caving based on Harries’s hierarchical joint
set model. The principal assumption of this software is that
in situ blocks are determined through a network of existing
discontinuities in a rock mass. The software above verifies
the correlation of discontinuities of a network and makes
use of the mosaic method to determine primary blocks and
primary fragmentation.

Call & Nicholas Company (CNI), considering the direc-
tion of drill holes in regard to the direction of major joint
sets, developed Core2Frag to predict the form and volume of
blocks and turn the drilling core data to the data of particle
size distribution. The primary assumption for the develop-
ment of primary fragmentation size distribution in drilling
cores is that each part of the drilling core implies an in situ
block. The relationship between the spacing of joints and
the persistence of joints is studied through the features of
the joint sets obtained from available excavations or targeted
drilling plans, which are useful for the estimation of rock
block forms (Srikant et al. 2004).

Elmouttie and Poropat (2012) outlined a method for
prediction of IBSD in fractured rock masses using realistic
DFN, robust polyhedral modeling, and a Monte Carlo sam-
pling approach. The method can deal with arbitrary numbers
of discontinuity sets, finite persistence representations of
fractures, the consequent formation of concave polyhedral,
and fracture properties described via arbitrary statistical dis-
tributions. The comparison of results of elmoutie approach
with results of other approaches shows that significant dif-
ferences in rock mass fragmentation estimates are possible,
particularly when modeling rock masses containing discon-
tinuity sets with low persistence.

Vyazmensky et al. (2007) made use of a hybrid code
of finite-discrete element named ELFEN to apply physi-
cal fractures that gradually turned into discrete blocks to
the mesh of continuous finite element (Vyazmensky et al.
2007). Due to the complexity of the model configuration
and high amount of calculations for the problems in mining
scale, the aforementioned hybrid method is still used in a
two-dimension form. Study of related researches shows that
existing methods take only a part of influencing parameters
in fragmentation into consideration. On the other hand, none
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of such methods consider the interactions among the influ-
encing parameters in fragmentation. In the present research,
the impact of influencing parameters and the interaction of
parameters with each other and the system has been studied
using RES approach, in both direct and indirect forms, and
the results have been analyzed and compared to the findings
of case studies.

3 Methodology

To design a rock engineering project for civil or mining pur-
poses, it is very important to consider all influencing param-
eters and their interactions in a system. The RES is widely
applied for this purpose. The major tool in RES is the inter-
action matrix (IM) of influencing parameters (Hudson and
Harrison 2000). In the interaction matrix (Fig. 1) all major
influencing parameters are arranged along the leading diago-
nal of the matrix, called the diagonal terms and the influence
of each parameter on the other parameters is accounted for
the corresponding off-diagonal positions, which are named
the off-diagonal terms. To specify impacts and quantify
them, the off-diagonal terms are assigned values which
describe the degree of the influence of one parameter on
the other parameter. Assigning these values is called coding
the matrix. Different methods exist for the coding of the
interaction matrix including binary, expert semi-quantitative
(ESQ), Based on the slope of scatter-plot of two parameters
(P; vs. P;), Numerical Solution and Explicit method. ESQ
has more general usage, which includes five levels of cod-
ing from zero to four (as shown in Table 1) (Hudson 2013).

The row passing through P, represents the influence of P,
on all the other parameters in the system, while the column
passing through P, represents the influence of the rest of the
system, on the P;. After coding the interaction matrix by
inserting the appropriate values for each off-diagonal cell
of the matrix, For each parameter, the sum of its row values

Table 1 Meaning of points in expert semi-quantitative method

Points (code) Meaning

Zero Without interaction

1 Weak interaction

2 Average interaction
3 High interaction

4 Very high interaction

is termed as “Cause” (C;) value and the sum of its column
values termed as “Effect” (E;) value, can be calculated which
are designated as coordinates (C;, E;) for a particular param-
eter. After obtaining the C + E plot for a system, it can be
used for discrimination between “less interactive” and “more
interactive” parameters. The position of each point in the
C + E plot space reveals the interaction status of the respec-
tive parameter. It is obvious that the high numerical value of
(C+E) shows more interaction intensity of parameter with
the whole system, and the high numerical value of (C—FE)
shows less dominancy extent of the parameter over the sys-
tem. The negative value for (C — E) reveals the dominance
of the system over the respective parameter (Faramarzi et al.
2014).

Various methods have been developed to specify the
indirect interaction of parameters on each other. MIC-
MAC was introduced in 1992 by Godet (2000), and many
of its applications have been reported. Jiao and Hudson
(1995) developed a fully coupled model (FCM) based
on rock engineering systems (RES) concepts and graph
theory. The FCM considers the interaction matrix as a
mechanism network. Graph theory is used to assess the
contributions of all the mechanisms in all the pathways,
a key feature being the identification of mechanism feed-
back loops and their stability (Jiao and Hudson 1995).
Figure 2 shows various paths for the examination of the
impacts of geomechanical parameters. The Page Rank

Fig.1 The cause—effect (C, E) Main parameters Pi Interaction Ij in off-diagonal iy
plot for the supposed case com- along leading diagonal boxes é *
prising N influencing param- \ P
eters (Hudson 2013) ColumnJ: | %
Influence of | § Z _—
other &l &7 .
parameters || = [ *’ A <&
onP | ® 2 Px
5 2 P
P; g } =
E (Cause) *
- : 2 s 4 *
Row i: 3

Influence of 9 X

P; on other e N

parameters < v * &>

4
Post-Construction Aspects Ps
e
Z Lty v (Effect)  Construction boxes
1 Cause 4(N-1)
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X
strength of
joints

Fig. 2 Paths for examination of impacts of geomechanical parameters
on each other (Jiao and Hudson 1995)

method was also presented in 1998 for computing indirect
dependencies of system parameters. Chung devised Heat
Kernel Method in 2007 and a sublinear time algorithm
for approximating the heat kernel is presented in 2017
(Chung and Simpson 2018).

The MICMAC method has demonstrated its capabili-
ties in diverse applications. In this method, let D be a
square matrix associated with the direct influences of
parameters. The indirect influences are represented by
matrix T as follows:

T =Dk, (1)
where k is a fixed small natural number. The vector of indi-
rect cause ¢=(cy, ..., ¢,) and the vector of indirect effect
e=(ey, ..., e,), are such that their coefficients G and e; are
given, respectively, by:

¢ = Z Ty, 2
i=1

n

e = Z T” 3)

i=1

Thus (c;, €)) is equal to the (in, out)-degree of the
parameter j in the graph of indirect influences. The num-
bers ¢ and e encode valuable information, for exam-
ple, the most influencing variable is the one for which
c; reaches its highest value (Diaz 2013). In this study
to address the indirect interaction of parameters on each
other parameters, RES and MICMAC approaches have
been combined and an indirect fragmentation index has

been presented.

4 Assessment of Rock Mass Fragmentation

In this study for assessment of rock mass fragmentation,
influencing parameters have been grouped into geome-
chanical, environmental, geometrical and operational.
Geomechanical parameters include the geomechanical fea-
tures of intact rock and discontinuities. The geomechani-
cal parameters of rock mass include uniaxial compressive
strength, elastic modulus, fracture frequency, discontinu-
ity aperture, discontinuity persistence, discontinuity ori-
entation, roughness, filling and alteration of discontinu-
ity surfaces. Although rock mass fragmentation relies, to
a large extent, on geomechanical and natural features of
the rock mass, it is also significantly affected by environ-
mental parameters such as underground water, stress field,
and fine ratio. Geometrical parameters such as undercut
geometry (Hydraulic Radius), undercut height, draw col-
umn height and draw points geometry, can have an influ-
ence on inductive parameters such as stress on the cave
back which are effective on the rock mass fragmentation.
Operational parameters are undercut direction regarding
the stress direction, the draw rate and the control of draw
rate at the adjacent draw points.

In total 23 influencing parameters on rock mass frag-
mentation have been identified and considered in this study
based on literature review and discussion with experts,
Thereafter, a questionnaire was prepared to establish the
interaction matrix of influencing parameters on the rock
mass fragmentation. The questionnaire was answered by
eight experts with detailed knowledge and experience about
block caving including two experts from Canada, two from
Chile, one from Australia and three from Iran. The direct
interaction matrix is extracted from the responded ques-
tionnaire which is shown in Table 2. Thereafter, an indirect
interaction matrix (7) is calculated using Eq. 1, while K,
continuously increases from two until the system reaches
a balance. The balance condition occurs when the ranking
of parameters according to their influence intensity, effect
intensity and interaction intensity, for two sequential series
of calculations get steady. In this study after seven iterations
(K=17), the system reached a balance. It is assumed that
the total interaction in the system in both RES and a hybrid
approach is equal and just the weight of each parameter in
the system is different among these approaches. The total
interaction in RES and hybrid approach is 1545 and 600.2
€9, which is 3.9 e8 times higher in a hybrid approach. For a
better comparison between two approaches, all numbers of
calculated indirect interaction matrix (7) are divided by 3.9
e8 (see Table 3). Finally, the influence, effect and interac-
tion intensity of all influencing parameters on the rock mass
fragmentation base on both methods have been calculated
and presented in Table 4.
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Table 2 Interaction matrix of influential parameters in fragmentation

Cause | Group

P, 2 2 2 2 0 1 1 1 2 1 2 1 2 3 2 1 4 2 1 2 2 2 3 41
3P 1 2 101 11 2 1 3 1 1 3 3 2 3 2 1 2 2 2 3 41 .

2 2P 1 2 1 1 1 2 2 2 1 3 4 4 3 3 3 2 3 2 3 2 4 53 §

1 1 1P 1 1 2 3 2 1 1 1 3 3 2 2 1 1 1 1 1 2 2 3 37 §
2 1 2 1P 0 1 1 1 2 2 1 2 2 2 1 2 1 1 1 2 2 2 3 35 3
001 1 1 P 0O 1 1 2 2 1 1 0 3 3 2 1 1 0 2 3 4 3 33 §

1 111 10®P 211 1 1 1 2 1 1 1 1 1 1 1 1 1 2 25 §

1 20 210 2P 2 1 1 1 1 2 1 1 1 1 0 1 1 1 1 2 26 S

2 21 2160 2 2P 1 1 1 1 3 1 1 1 1 1 1 1 1 1 2 30

21 2 1 1 3 0 1 0 Pp 1 4 2 2 4 3 3 3 3 3 3 3 2 3 50

1 11 1 1 3 1 1 11 Py I 1 1 3 2 2 2 2 3 3 3 1 3 42 § o
001 212 11 1,0 0P, 1 0/3 3 1 2 2 1 3 0 4 3 32 § §
2 2 1 1 1 0 1 1 2/2 0 I P35 2 2 1 2 2 2 1 1 2 1 1 31 £ g
1 1.0 0 0 0 0 0 1,1 0 0 1 Py, 1 1 2 2 4 3 1 2 3 2 26 ] =
001 0 0 0 0 00 1 1 1 1 1 Ps 2 3 2 2 1 3 3 1 3 26 3 .
00 1000 0 0 0 2 1 1 1 2 3 Pg 2 1 2 1 3 2 1 3 26 ;f $
00000 0O0OO0OO 1 1 1 1 3 3 1 P; 4 4 3 3 3 2 3 3 5 E
00 0000 0OO O 1 1 0 1 2 1 0 3 Py 4 3 1 4 1 2 24 © =
00 1 1 00 0 0O 2 1 1 1 3 0 0 3 2 Py 4 4 3 2 3 31

000 0000 0 0 O0 2 1 1 1 2 0 0 2 1 2 Py 2 2 2 21 S¢
001 000O0O0OOZ2 1 0 1 1 0 0 1 2 1 2 Py 2 1 3 18 ‘§ §
00 000000 0O 1 0 0 1 1 0 0 1 0 2 2 2 P, 1 2 13 § 3
01 00 000 OO 2 2 2 1 1 0 1 1 2 2 2 1 1 Py 2 21
00000 0OOOO O 0 0 0 0 2 1 1 2 0 3 1 2 3 0 Py 1S system
18 17 18 18 14 10 13 16 16 32 22 25 28 42 41 32 42 41 46 40 47 50 39 60 Effect

P/UCS uniaxial compressive strength, Py/E,, elastic modulus, Py/FF fracture frequency, P,/D,, discontinuity aperture, Ps/Dp,, discontinuity
persistence, P¢/Dp,;,. discontinuity direction P/Dp,, discontinuity roughness, Py¢/Dy; discontinuity filling, P¢/D,;, discontinuity alteration, P;y/
Srieia Stress field, P;,/SD stress direction, P,;,/Sp, stress ratio, P;;/GW ground water, P;/FMR fine material ratio, P;/HR hydraulic radius, P,/
UH undercut height, P;/DCH draw column height, P;¢/DPG draw point geometry, P;o/Dy, draw rate, P,/MDI multiple draw interaction, P,,/
AG air gap, P,,/BOD broken ore density, P,/UD undercutting direction, P,,/Fg fragmentation

The following points are concluded based on the results

of interaction matrices:

e According to the Table 3 in a hybrid approach, the
value of diagonal terms is not zero which means that
each parameter has also effect on itself, for example,
the influence of parameter P, on itself is 0.71 which is
a weak interaction.

The interaction of some parameters with others has sig-
nificantly changed in a hybrid approach. For example,
the effect of P; on P4 is changed from two to 4.4. In
other words, the effect of P; on P,y is changed from cat-
egory 4 (very high interaction) to category two (aver-
age interaction).

@ Springer

According to Table 4, the maximum increase (11.6%)
and maximum decrease (15.5%) in case of influencing
parameters in the hybrid approach are related to under-
ground water and draw column height, respectively.
The maximum increase (28.9%) and maximum
decrease (49.2%) in effect of influencing parameters
in the hybrid approach belong to draw rate and joint
roughness, respectively.

The maximum increase in indirect interaction intensity
of influencing parameter mainly belongs to operational
parameters including multiple draw interaction and
draw rate with 18.9% and 13.8% change, respectively.
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Table 3 Indirect interaction matrix of influential factors (using MICMAC approach)
Py | Py | Ps | Py | Ps | Ps | Pr | Ps | Po | Pig | Py | P12 | Pis | Pra | Pis | Pis | Piz | Pis | Pro | Pag | Por | Pz | Pas | Poy C

P, [0.71]| 0.7 | 0.9 |0.69|0.48|0.53| 0.4 |0.51|0.58|2.06|1.25|1.37|1.63|2.76|2.06|1.55|2.94|2.62|3.55|3.16 | 3.36 | 3.56 | 2.38 | 3.76 43.51
P, | 0.7 |0.69|0.89|0.69 |0.48 | 0.53 |0.39 |0.51|0.58 | 2.04 | 1.24 | 1.36 | 1.62 | 2.73 | 2.04 | 1.54 | 2.91 | 2.59 | 3.52 | 3.14|3.34|3.53 | 2.36|3.73| [43.15
P; [0.88|0.86|1.12|0.86| 0.6 |0.66 |0.49|0.63 |0.72|2.55|1.55| 1.7 |2.03|3.42|2.55|1.92(3.64|3.24| 4.4 |3.92|4.17|4.42|2.95|4.66 53.94
P, [0.63|0.62| 0.8 |0.610.43|0.47|0.35|0.45(0.52|1.82| 1.1 |1.21|1.44|2.43|1.82|1.37(2.59|2.31|3.13|2.79(2.97|3.14| 2.1 |3.32 38.42
Ps [0.620.61|0.79|0.61(0.42|0.47|0.35|0.45(0.51|1.81| 1.1 |1.21|1.44|2.43|1.81|1.36(2.58| 2.3 |3.12|2.78|2.96|3.13|2.09 |3.31 38.26
Ps |0.53]0.52|0.68|0.52|0.36| 0.4 | 0.3 |0.38|0.44 |1.55|0.94|1.03|1.23|2.08|1.55|1.17|2.21|1.97|2.68|2.38|2.53|2.68|1.79|2.83 32.75
P, [0.44|0.44|0.56 |0.43 | 0.3 |0.33]0.25|0.32(0.37|1.29|0.78|0.86 |1.02 | 1.73|1.29|0.97 | 1.84 | 1.64 | 2.22{1.98 | 2.11 | 2.23 | 1.49 | 2.36 27.25
Pg [0.46|0.46 | 0.59 | 0.45(0.32|0.35|0.26 |0.33 (0.38 |1.34|0.81|0.89(1.07 | 1.8 |1.34|1.01(1.92|1.71|2.32|2.06|2.19|2.32|1.55]|2.45 28.38
Py |0.55[0.54| 0.7 |0.53|0.37|0.41|0.31|0.39|0.45|1.59 |0.96|1.06 | 1.26 [ 2.13 | 1.59 | 1.2 |2.272.02|2.74|2.44| 2.6 |2.75|1.84| 2.9 33.6
P;;|0.82| 0.8 |1.04| 0.8 |0.56|0.61|0.46 | 0.59|0.67 | 2.38 2.38(1.79(3.39|3.02| 4.1 |3.65(3.88|4.11|2.75|4.35 50.24
P;;10.62|0.61|0.79|0.61|0.42|0.47 | 0.35 | 0.45 | 0.51 1.1 1.81(1.36(2.58| 2.3 {3.12(2.78(2.95|3.13|2.09| 3.3 38.22
P;,| 05 |0.49|0.64|0.49|0.34|0.38|0.280.36 | 0.41 0.97 1.46( 1.1 [2.08|1.85|2.51|2.24(2.38|2.52|1.68|2.66 30.79
P;;|0.56|0.55|0.72|0.55|0.38 (0.42 |0.32 | 0.41 | 0.46 1.3 1.64(1.23(2.33|2.08(2.82|2.51(2.67|2.83|1.89|2.99 34.57
P;,| 0.4 ]0.39(0.51(0.39|0.27| 0.3 |0.22 0.29|0.33 1.55(1.15|0.87|1.65|1.47({1.99(1.77|1.89| 2 |[1.33|211 24.43
P;50.38|0.38/0.49/0.37|0.26|0.29 | 0.21 | 0.27|0.31|1.11 | 0.67 | 0.74 | 0.88 | 1.49 [1.11 | 0.84 | 1.59 | 1.41 | 1.92 | 1.71|1.82|1.92 | 1.28 | 2.03 23.48
P;s| 04 0.4]051|039|0.27| 0.3 [0.23|0.29|0.33|1.17|0.71|0.78|0.93|1.57 | 1.17 |0.88 | 1.67 | 1.49 | 2.02 | 1.8 |1.92|2.03|1.36|2.14| [24.76
P;7,0.45|0.45|0.58|0.44|0.31|0.34|0.25|0.33|0.37|1.32| 0.8 [0.88|1.05|1.77 |1.32|0.99 | 1.88 | 1.67 | 2.27 | 2.02 | 2.15|2.28 | 1.52 | 2.41 27.85
P;50.34|0.34|0.43/0.33|0.23|0.26 | 0.19 |0.25]|0.28 |0.99 | 0.6 |0.66|0.79|1.33|0.99|0.75|1.42 |1.26|1.71|1.52|1.62|1.72|1.15|1.81 20.97
Py |0.46|0.45|0.59|0.45|0.31|0.35|0.26 | 0.33 | 0.38|1.34 |0.81|0.89|1.06 | 1.8 |1.34|1.01|1.91| 1.7 |2.31|2.06|2.19|2.32|1.55|2.45| [28.32
P, |0.32|0.32|0.41|0.31|0.22|0.24 | 0.18 | 0.23|0.27 | 0.94 | 0.57 | 0.62 | 0.74|1.25|0.94 | 0.7 | 1.33|1.19|1.61 [1.44|1.53|1.62 |1.08 | 1.71 19.77
P,;10.29|0.28|0.36|0.28|0.19{0.21 | 0.16 | 0.21|0.24 | 0.83 | 0.5 [0.55|0.66 | 1.11 | 0.83 |0.63 | 1.19 | 1.06 | 1.43 | 1.28 | 1.36 | 1.44 | 0.96 | 1.52 17.57
P>, ]0.19/0.19|0.24|0.19|0.13|0.14 | 0.11|0.14 | 0.16 | 0.56 | 0.34 | 0.37 | 0.44 | 0.74 | 0.55 | 0.42 | 0.79| 0.71 | 0.96 | 0.85 | 0.91 | 0.96 | 0.64 | 1.01 11.74
P>; |0.36|0.35|0.45|0.35|0.24 | 0.27 | 0.2 [0.26|0.29|1.03|0.63 |0.69|0.82|1.38 (1.03 |0.78|1.47|1.31|1.78 |1.59|1.69 | 1.79 | 1.19 | 1.89 21.84
P>, 0.2|0.2 025/0.19|0.14|0.15|0.11 (0.14|0.16 | 0.58 | 0.35 | 0.38 | 0.46 | 0.77 | 0.58 | 0.43|0.83|0.74| 1 |0.89|0.95| 1 |0.67 [1.06 12.23
E |[11.81]11.64(15.04({11.53| 8.03 | 8.88 | 6.63 | 8.52 | 9.72 [34.37|20.82|22.86|27.28|46.01|34.35|25.87|49.01|43.66(59.23|52.76|56.14(59.43|39.69(62.76

P/UCS uniaxial compressive strength, Py/E,, elastic modulus, Py/FF fracture frequency, P,/D,, discontinuity aperture, Ps/Dp,, discontinuity

persistence, Py/Dpy,;,. discontinuity direction P/Dp,, discontinuity roughness, Py¢/Dy; discontinuity filling, P¢/D,, discontinuity alteration, P,y
Srieiq Stress field, P;;/SD stress direction, P;,/Sg, stress ratio, P;;/GW ground water, P,;/FMR fine material ratio, P;s/HR hydraulic radius, P,y
UH undercut height, P;/DCH draw column height, P;¢/DPG draw point geometry, P;o/Dy, draw rate, P,/MDI multiple draw interaction, P,,/
AG air gap, P,,/BOD broken ore density, P,y/UD undercutting direction, P,,/Fg fragmentation, C cause, E effect

As shown in Table 4, the influence intensity of most
geomechanical parameters increases in the hybrid method.
Moreover, the quantity of effect intensity of geomechanical
and environmental parameters has significantly dropped,
which is in accord with the low susceptibility of geome-
chanical parameters to operational parameters and human
interference. On the other hand, the quantity of the effect
and interaction intensity of both geometrical and operational
parameters have clearly risen in the hybrid method. While
studying the interaction of the parameters in Table 4, it is
noticed that the geometrical and operational parameters
have significantly changed in the hybrid method compared
to the direct method. Since the geometrical and operational
parameters can be modified and revised in all stages of min-
ing design, fragmentation of rock mass could be improved
by applying changes to the parameters of these two groups.
Figure 3 shows the histogram of influence intensity, effect
intensity and the indirect interaction intensity of the influ-
encing parameters on the rock mass fragmentation. The
results show that the frequency of discontinuities, the in situ
stresses, uniaxial compressive strength, and Young” modu-
lus are, respectively, the most influencing parameters of the
system. Furthermore, broken ore density, the height of the

air gap, and the Multiple Draw interaction have, respectively,
lowest influence on the system.

Figure 4 shows that the indirect impact of geomechanical
parameters is higher than their direct impact. In the environ-
mental parameters group, the indirect influence of param-
eters is somewhat lower than the influence of the direct
method, except for the influence of underground water,
which shows an approximate increase of 5%.

In most geometrical and operational parameters, the indi-
rect influence of parameters is lower than their direct impact
except for the parameter of air gap height and undercutting
direction whose weight in the system is somewhat higher
than direct influence.

In Fig. 5, a comparison of the system dominancy over
parameters in two direct and indirect forms could be seen. In
the group of geomechanical parameters, the indirect depend-
ency of parameters is considerably lower than the direct one.
Moreover, in the environmental group, the indirect depend-
ency of the in situ stresses field is lower than its direct type,
and for the other parameters of the group, it is negligible.
The indirect dependency amount of geometrical and opera-
tional parameters for most parameters is higher than their
direct dependency.
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Table 4 Cause, effect, and interaction (C+E) of influencing parameters in fragmentation and percent of changes in the direct and indirect

method
Cause Effect Cause+Effect
Group Parameters
Direct | Indirect | Change (%) | Direct | Indirect | Change (%) | Direct | Indirect | Change (%)
Uniaxial Compressive 41 435 6.1 18 118 34.4 59 55.4 6.1
strength
Modulus ratio 41 432 5.4 17 11.6 -31.8 58 54.8 -5.5
a Fracture Frequency 53 539 1.7 18 15 -16.7 71 69 -2.8
§ Discontinuity Aperture 37 384 3.8 18 11.5 -36.1 55 49.9 9.3
§ Discontinuity Persistence 35 383 9.4 14 8.1 -42.1 49 | 463 -5.5
§' Discontinuity Orientation 33 32.8 -0.6 10 8.9 -11 43 41.6 -33
h Joint Roughness (JRC) 25 273 9.2 13 6.6 -49.2 38 339 -10.8
Filling 26 28.4 9.2 16 8.5 -46.9 42 36.9 -12.1
Joint surface alteration 30 33.6 12 16 9.7 -39.4 46 | 434 -5.7
In-situ stresses 50 50.3 0.6 32 34.4 7.5 82 84.6 32
g Stresses Orientation 42 382 -9 22 | 208 -5.5 61 59 -33
§ Stress Ratio 32 30.8 -3.8 25 22.9 -8.4 57 53.7 -5.8
§ Underground water 31 34.6 11.6 28 | 273 2.5 59 61.9 4.9
Fine Materials Ratio 26 244 -6.2 42 46 9.5 68 70.4 3.5
Hydraulic Radius 26 235 -9.6 41 343 -16.3 67 57.8 -13.7
§ Undercut Height 26 24.8 -4.6 32 | 258 -194 58 50.6 -12.8
§. Draw Column Height 33 27.9 -15.5 42 49 16.7 75 76.9 2.5
= Draw Points Geometry 24 21 -12.5 41 43.7 6.6 65 64.6 -0.6
Draw Rate 31 28.3 -8.7 46 59.3 28.9 77 87.6 13.8
? Multiple Draw Interaction 21 19.8 -5.7 40 52.8 32 61 72.5 18.9
§ Air gap Height 18 17.6 -2.2 47 56.1 19.4 65 73.7 13.4
g ility 13 11.7 -10 50 59.4 18.8 63 71.2 13
Undercut Direction 21 21.8 3.8 39 39.7 1.8 60 61.5 2.5
System Fragmentation 15 12.2 -18.7 60 62.8 4.7 75 75 0

Figure 6 refers to a comparison of the indirect-to-direct
interactions of the influencing parameters of the system.
The indirect interaction of geomechanical parameters is
somewhat lower than their direct interaction. Besides, in
the environmental group, the indirect interaction of param-
eters makes little difference from the direct one. Only the
indirect interaction of the parameters of the stress field and
underground water scarcely exceeds the direct interaction.
Since from among environmental parameters, only the above
two parameters are controllable, if necessary, there could be
created a significant change in the rock mass fragmentation

@ Springer

through some contrivance such as hydraulic fracturing, ver-
tical cuts at the block borders, dewatering, etc.

In the group of geometrical and operational parameters,
for most parameters, a significant increase can be seen in
the indirect interaction compared to the direct one. Only two
parameters including undercut height and hydraulic radius
reveal a 10% drop in the indirect interaction. Therefore, by
making changes to geometrical and operational parameters,
especially to the draw rate, and its control through the neigh-
boring draw points which have the highest interaction with
the system, the fragmentation extent could be controlled.
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Table 5 shows the ranking of the influencing param-
eters on the rock mass fragmentation based on influence,
effect, and interaction for both direct and hybrid methods.
A study of Figs. 3, 4, 5, and 6, as well as Table 5, shows
that the ranking of parameters, i.e., the parameters’ weight,
is different at direct and indirect methods. For example,
in terms of the parameters’ interaction, the fracture fre-
quency, having dropped as many as 4 levels, lies in the

0||||I|

0@‘5 @y\ & N QQQQ\

M Indirect Effect Direct Effect
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ninth position of indirect interaction while the Multiple
Draw Interaction has reached the 6th place after rising of
6 stages from the 12th place.

To determine a fragmentation index, there is a necessity
for ranking and assigning proper codes for the influenc-
ing parameters on fragmentation for each of case stud-
ies. Table 6 is developed for classification and coding
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Fig.6 Comparison of direct and
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Tal?le 5 C(?mparison of rapking Interaction ranking Influence ranking Effect ranking
of lnﬂuenC%ng P arqmeters mn Direct | order ‘ Indirect Direct ‘ order | Indirect Direct | order | Indirect
fragmentation in direct and
indirect methods SF 1 Dra FF ! FF Frg ! Frg
Dga 2 SF SF 2 SF BOD 2 BOD
DCH 3 DCH Spir 3 uCsS AG 3 Dra
Frg 4 Frg ucs 4 EM Dra 4 AG
FF 5 AG EM 5 Dig, FMR 5 MDI
FMR 6 MDI Diy, 6 Dipe, DCH 6 DCH
HR BOD Dipe, 7 Spir HR 7 FMR
DPG 8 FMR Dipj 8 GW DPG 8 DPG
AG FF DCH 9 Diay MDI 9 Upir
BOD 0 DPG Srat 10 Dip; Upir 10 SF
SD 11 GW GW 11 SRat SF 11 HR
MDI 12 Upir Dra 12 Digy UH 12 GW
Upir 13 SD Diye 13 Dr. Gw 13 UH
ucCs 14 HR Digiy 14 DCH SRat 14 SRat
GW 15 ucCs FMR 15 Digroy Spir 15 Spir
EM 16 EM HR 16 UH ucCs 16 FF
UH 17 Srat UH 17 FMR FF 17 UucCs
SRat 18 UH Digroy 18 HR Diy, 18 EM
Digp 19 Di,, DPG 19 Upir EM 19 Diyp
Dipe: 20 Diper MDI 20  DPG DF 20 Diag
Diag 21 Diay Ubpir 21 MDI Dia 21 Dipj;
Dipj 22 Dipj; AG 22 AG Dipe, 22 Digiy
Digy 23 Digy Frg 2 Frg Dr. 2> Dipy
Digroy 24 Diroy BOD 24 BOD Dipj 24 Diroy

of influencing parameters on rock mass fragmentation.
Development of Table 6 is based on the following points:

¢ For parameters including UCS, Em, FF, D, Dy, Dp,
Dgows Dri» Dy and UD, similar approach of rock mass
classification system (IRMR, MRMR, and their adjust-
ments) was used (Laubscher and Jakubec 2000; Brown
2003), for example with regard to UCS, it is divided into
four categories similar to MRMR classification but for
higher UCS, a lower score is assigned.

@ Springer

Scoring for parameters like BOD, DCH, UH, DRa, and
MDI, has been done by reviewing existing researches in
these fields (Pierce 2010; Dorador et al. 2014; Gomez
etal. 2017).

For parameters including AG, FMR, DCH, Sg;c14- Sras
and UD, sensitivity analysis has been done by the use of
BCEF software and using a PFC model developed by the
author.

Also, the suggestion of experts has been used for deter-
mining and refining scoring ranges.
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Table 6 Classification and coding of influencing parameters in fragmentation

Row Parameter Unit Class (code)
0 1 2 3 4
1 Uniaxial compres- MPa >100 70-100 40-70 2540 <25
sive strength
2 Modulus ratio - <100 100-200 200-300 300-400 >400
3 Fracture frequency 1/m <1 1-3 3-5 5-8 >8
4 Aperture mm Without opening <1 1-3 3-5 >5
5 Persistence m <05 0.5-1.5 1.5-3 3-5 >5
6 Joints orientation ~ — Very unfavorable ~ Unfavorable Fair Favorable Very favorable
7 Roughness (JRC) - 15-20 10-15 5-10 2-5 <2
8 Filling mm Very hard filling Very hard fill- Without filling Soft filling <5 Soft and very soft
ing>5 mm filling>5
9 Weathering - Without weather- ~ Few weathering Rather weathered =~ Weathered Strongly weathered
ing
10 Insitu stresses MPa <5 5-10 10-15 15-20 >20
11 Stresses orientation Degree  Perpendicular to 63°-80° according  45°-63° according 20°-45° according Parallel to joint set
joint set to joint set to joint set to joint set
12 Stress ratio - <1 1-1.5 1.5-2 2-2.5 >2.5
13 Underground water — Completely dry Damp Wet Dripping Flowing
14 Fine ratio % >20 15-20 10-15 5-10 <5
15  Hydraulic radius m <15 15-30 30-45 45-60 >60
16  Undercut height m <4 4-6 6-8 8-12 >12
17 Draw column m <50 50-100 100-150 150-200 >200
height
18 Draw points geom- Sy, / s, <2 2-3 34 4-6 >6
etry ow
19  Draw rate Mm/day >250 200-250 150-200 100-150 <100
20 Multiple draw - Isolated draw Coincidental draw  Coincidental draw  Coincidental draw  Coincidental draw
interaction of 2 adjacent of 4 adjacent of 6 adjacent of 8 adjacent
draw points draw points draw points draw points
21 Air gap height m Negligible <2 2-4 4-6 >6
22 Broken ore density — <12 1.2-14 1.4-1.6 1.6-1.8 >1.8
23 Undercut direction — Very unfavorable ~ Unfavorable Fair Favorable Very favorable

The ranking of joint set orientation and undercut direc-
tion has been presented qualitatively in Table 6. Therefore,
a description of the quality of joint set orientation in block
caving, as well as the orientation of undercut, is, respec-
tively, presented in Tables 7 and 8.

5 Fragmentation Assessment of Case
Studies

Reserve North (ReNo) and Diablo Regimiento from El Teni-
ente deposit and Kemess Mines were selected for case stud-
ies due to difference in their geological structures and rock
mass features, leading to the different types of fragmenta-
tion. Here, these mines are introduced in brief.

El Teniente Mine El Teniente is the world’s biggest
underground copper deposit, located 70 km southeast from

Santiago in the Andes mountain range in Chile. The actual
depth of copper mineralization at the El Teniente Mine
is not known and only its propagation to a depth of over
1300 m has been proven. Due to the vast area, the existing
underground mine comprises six mining blocks around the
Braden Pipe at different elevations including the Esmeralda,
Reservas Norte, Diablo Regimiento and Pipa Norte mining
blocks (Brazovic and Villaescusa 2007). The Reservas Norte
(ReNo), and Diablo Regimiento sectors were selected for
fragmentation evaluation.

The Diablo Regimiento mining block is located in the
south of El Teniente orebody. The maximum block height
is 600 m at the northern end of this sector while the average
height is approximately 150 m in this area. The average daily
extraction rate is 28,000 tons per day, with an extraction rate
of 0.3-0.6 ton per square meter and an annual undercut rate
of 30,000 m*.

@ Springer
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The ReNo mining block is located in the north of El
Teniente orebody. Its undercut is around 27,000 m? with a
hydraulic radius of 36. The height of the caving column is
190 m on average (Brazovic and Villaescusa 2007).

Kemess Mine The Kemess Mine is a porphyry deposit
containing copper, gold and silver minerals, located in
a mountainous region in the central north of the British
Columbia in Canada, 250 km north of the City of Smith-
ers. The mining area lies in the depth of 200-550 m off the
ground level. The optimal undercut level at the Kemess Mine
has been estimated in the depth of 550 m, in approximate
dimensions of 550 m east—west and 90-300 m north—south.
The design of this mine is based on an annual production of
9 million tons (Jakubec et al. 2016). To estimate the frag-
mentation of the Kemess Mine in the phase of the feasibility
study, the block caving fragmentation (BCF) software was
used (Jakubec et al. 2016).

Figure 7 shows the fragmentation size distribution dia-
gram for the Kemess Mine at the various draw column
heights of 20, 50, 100, and 200 m and the draw rate of 10 cm
per day. The red line represents the primary fragmentation;
the blue line represents the secondary fragmentation for
20 m draw height up to the green curve, which represents
the secondary fragmentation at the draw column height of
200 m. The cumulative percentage of the blocks larger than
1 and 2 m?, given the respective curve at the draw column
height of 100 m (black color) was reported 21% and 14%,
respectively.

The cumulative percentage of the blocks larger than one
and two cubic meters in the ReNo and Diablo Regimiento
mines is reported in Table 9. The results show that the
Kemess Mine, with 14% of the blocks larger than two cubic
meters, has the highest potential of fragmentation followed
in the next ranks by the ReNo and Diablo Regimiento mines,
with 27 and 33% of the blocks larger than 2 cubic meters.

According to rock mass specifications, data and informa-
tion of the three mines under study and based on codes are
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Fig. 7 Block size distribution at draw points in Kemess Mine using
BCF (Jakubec et al. 2016)

Table9 Percent of fragments larger than 1 m3 and 2 m?

Row Mine Blocks volume at draw points
>2m’ (%) > 1m’ (%)

ReNo 27 31

Diablo Regimiento 33 35

Kemess 14 21

presented in Table 6 all the influencing parameters have been
scored for each case study and the results are presented in
Table 10. An average point of two was assigned for the three
parameters including multiple draw interaction, the broken
ore density, and the air gap height, due to the unavailability
of exact data in the reports.

Then, the calculations for the determination of rock
mass fragmentation index were conducted for all the three
case studies (see Table 11). The amounts of fragmentation
indexes for the ReNo, Diablo Regimiento, and Kemess
mines were obtained as 58.76, 49.54, and 59.90%, respec-
tively. The results show that the Kemess Mine and Dia-
blo Regimiento mines have, respectively, the highest and
the lowest fragmentation potential. Mining engineers can
improve the fragmentation by considering proper design
parameters, especially operational parameters. As an exam-
ple, by considering the point 4, instead of average point
of two (as mentioned in previous paragraph), for multiple
draw interaction, the broken ore density and the air gap
height (Table 10), the fragmentation index for ReNo, Dia-
blo Regimiento and Kemess mines could be increased up to
66.66, 57.44, and 67.78 percent, respectively.

Maximum, minimum and mean share of influence,
effect and interaction intensities in each group of influenc-
ing parameters have presented in Table 12. Geomechanical
parameters hold the highest influence and interaction inten-
sity in the system with the approximate share amount of
47.53 and 31.3%, respectively. The highest influence inten-
sity belongs to the fracture frequency from the geomechani-
cal group while the lowest influence intensity belongs to the
broken ore density from the group of operational parameters.
The average share of influence for the parameters of each
group has been calculated and according to the results, the
geomechanical parameters have the highest average influ-
ence in each group, with an amount of 5.28%.

As for the effect intensity, operational parameters, with
a total approximate amount of 40.30% showed the highest
weight in the system, followed in the next rank by geometric,
environmental, and geomechanical parameters, each with a
weight of 23.04, 22.84, and 13.82 percent, respectively. The
parameter of the broken ore density and the roughness of the
discontinuity surface had the highest share of 8.96% in the
group of operational parameters and the lowest share of the
effect of 1% from the system. The operational parameters
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Table 10 Points dedicated to influencing parameters in fragmentation base on existing data

Row Parameter Unit ReNo mine Diablo Regimiento Kemess mine
mine
Quantity Point Quantity Point Quantity Point

1 Uniaxial compressive strength MPa 120 0 116 0 106 0
2 Modulus ratio - 450 4 >500 4 295 2
3 Fracture frequency /m 6.53 3 2 1 Y 2
4 Discontinuity aperture Mm <2 2 >3 3 1-5 3
5 Discontinuity persistence Meter 2.46 2 1.60 2 Semi continuous 4
6 Discontinuity orientation - Very favorable 4 Favorable 3 Favorable 3
7 Discontinuity roughness - Rough 1 Rough 1 Relatively rough 2
8 Infilling Mm Very hard 0 Soft>5 3 Soft 3
9 Alteration - Slightly 1 Slightly 1 No 0
10 Stress field MPa 35 4 25 4 15-20 3
11 Stress orientation ° 20-45 3 2045 3 Low 3
12 Stress ratio - 2-3 3 2.1 3 2-4 4
13 Underground water - Dry 0 Wet 1 12 1/s 4
14 Fine ratio % 30 1 30 1 30 1
15 Hydraulic radius M 36 2 38 2 33 2
16 Undercut height M 4 1 4 1 18 4
17 Draw column height M 190 3 109 2 100 1
18 Draw points geometry Sup / Si 4.86 3 4.1 3 4 3
19 Draw rate Mm/day 70-100 4 330 0 200 2
20 Multiple draw interaction - Favorable 4 Favorable 4 Favorable 4
21 Air gap height M 10 4 10 4 10 4
22 Broken ore density - 1.4 2 1.4 2 1.4 2
23 Direction of undercut - In suit with 4 Medium 2 In suit with 4

have the highest share of effect on average. The geome-
chanical and geometrical parameters, respectively, have the
highest (31.3%) and lowest (18.14%) interactions with the
system.

Given that the mines under study have acceptable frag-
mentation potential, a comparison of the findings of the
hybrid method to the data obtained from the respective
mines makes it possible to offer a ranking (as shown in
Table 13), for fragmentation index based on RES. Hurtado
and Pereria (2009) point out that for induction of fragmen-
tation for the first 45 m of caving in the Diablo Regimente
mine, hydraulic fracturing method has been used as pre-
conditioning of rock mass. So, for the fragmentation index
ranking in Table 13, the fragmentation index of Diablo Regi-
mente (55), is chosen as the borders of medium fragmenta-
tion and good fragmentation potential.

6 Conclusions
A new method based on the RES and MICMAC was devel-

oped to assess the rock mass fragmentation, considering the
indirect effect of all influencing parameters on each other as

@ Springer

well as the whole system. 23 parameters in 4 divided groups
were recognized as the factors, which play the major roles
in controlling the rock mass fragmentation. The direct inter-
action matrix corresponding to these parameters was con-
structed based on RES, then the indirect interaction matrix
of influencing factors was obtained based on the MICMAC
approach. The indirect Cause, Effect, and Interaction inten-
sity bar chart indicated that the draw rate and discontinu-
ity roughness have, respectively, the highest and lowest
significant influence on fragmentation. The scaled relative
interactive intensity along with the coefficient weight of all
parameters was used to develop a fragmentation index.
The fragmentation indexes at the ReNo Mine, diablo
Regimiento Mine, and Kemess Mine were reported to be
58.76, 49.54, and 59.88%. As seen, the Kemess Mine has the
highest fragmentation potential while the Diablo Mine has
the lowest fragmentation potential, in complying with the
real data of the respective mines. It is noteworthy to mention
that the amounts of the fragmentation potential indexes were
calculated considering an average point for the multiple draw
interaction, the height of air gap and the broken ore density.
The geomechanical and environmental parameters
are generally uncontrollable so that only through some
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Table 11 Calculation of fragmentation index for case studies in both direct and indirect methods
1
P Py | P | Ps | Py | Ps | Ps| Pr| Py | Po| Py | Py| Pp|Pis|Pul|Pis|Pu|Py| P |Pry| Py | Pyl Pnl|Py
C+E
Shareof | €5 |4 05398 |5.01|3.62(3.36(3.02|2.46 | 2.68(3.15]6.14| 428 | 3.9 |4.49|5.11| 42 [3.67]5.58 | 4.69(6.36| 526|535 |5.17 | 447
parameter (%) | X7,(C + E);
Normalized L cen
shareof |3 5e 7 | 1.01] 1 |1.25/0.91]0.84|0.76 |0.62|0.67|0.79|1.54|1.07|0.98|1.12 | 1.28 | 1.05|0.92 | 1.4 | 1.17]|1.59 | 132 1.34|1.29 | 1.12
parameter v '
Rating
ofp;;based on Dij 0 4 3 2 4 1 0 1 4 3 3 0 2 2 1 3 3 4 4 2 4
table 9
Shareof_
thgmentation | % *PY 0 | 4 |375]1.82|1.68(3.04/0.62| 0 |0.79]6.16]321(2.94| 0 |2.56| 2.1 |0.92| 1.4 |3.51|6.36|5285.36|2.58 |4.48
index
n
ReNo Fragmentation _ e
index Fng—;ai Pij 66.66
Rating of Pij
Based on Dij 0 4 1 2 3 1 3 1 4 3 3 1 1 2 1 2 3 4 4 2 2
table 9
Share of
parameterin D
temenation | @*Po | 0 | 4 |125/273]1.68|2.82(0.62|201|0.79|6.16 321 [2.94| 112 | 1.28| 2.1 [092| 1.4 |3.51|6.36|5.28 | 536 |2.58|2.24
index
n
Diablo Fragmentation _ o
index Fglj = ;al *Dyj 5744
Rating of Pij
Based on Dij 0 2 2 4 3 2 3 0 3 3 4 4 1 2 4 1 3 4 4 2 4
table 9
Share of
parameterin e
ementation | @*Po | 0.002.00{2.50 2,73 |3.63| 228 | 1.24 | 2.10| 0.00 | 462 [ 3.21 |3.92| 448 | 1.28 | 2.10 | 3.68 | 140 [ 2.34 | 6.36  5.28 | 5.36 | 2.58 | 4.48
index
Kemess Fragmentation N
index Fgl; = Z, a4 % pij 67.78
Table 12 Share of influence, effect, and interaction intensity in different groups
Group Description
Influence intensity (%) Effect intensity (%) Interaction intensity (%)
Max Min Mean Total of group Max Min Mean Total of group Max Min Mean Total of group
Geomechanical parameters (P;) (P;) 5.28 47.53 P3) (P;) 154 1382 P3) Py 347 313
7.55 3.82 226 1 501 246
Environmental parameters (P,)) (Py) 499 2497 (P (P 457 2284 Py P 478 2392
7.04 342 449 245 6.03 4.60
Geometrical parameters (P;7) (Pg) 340 13.61 (P17) (Py) 576 23.04 (P17) (Pg) 454 18.14
391 294 1145 6.33 798 4.81
Operational parameters (Prg) (Py) 277 13.88 (Pyy) (Py;) 8.06 40.31 (Pg) (Py) 532 2661
396 1.64 797 7.56 562 542

Table 13 Ranking of fragmentation index

Class Changes domain of
fragmentation Index

Very good F I>60

Good 60> F,I>50

Medium 50> F,I>40

Bad 50> F,I>30

Very bad 30>F,I

specific methods such as hydraulic fracturing and bound-
ary weakening by vertical cuts (preconditioning of the
rock mass), the parameters of these two groups can be
controlled to optimize rock mass fragmentation. Given that
fact the average shares of interaction for each parameter of
the operational and geometrical groups are, respectively,
5.32% and 4.54%, higher than the average share of other
groups, by making changes to the design and plan of pro-
duction, and generally through changes in the geometrical

@ Springer
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and operational parameters, the fragmentation potential of
rock mass could be modified.

To determine the classification borders of the proposed
index, more accurately, it is required that the hybrid RES
method be applied to various caving mines, and after a com-
parison of the real data to those of the output in the hybrid
RES model, the codification and ranking of the influenc-
ing parameters and fragmentation index would be gradually
modified.
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