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Abstract

Roadheaders are being used in development roads in underground mines. Especially, as total reserve is enough for large

investments and mine roads, roadheaders are important to increase production rate. Roadheaders are classified according

to the weight head drive or total power. In this study, the effects of several factors on roadheader performance is

examined. The factors examined are power of the machine, weight of the machine, ratio of power to weight, drilling rate

index, uniaxial compressive strength and rock mass rating. Instantaneous cutting ratio is used to define the performance
of the machine. Response surface methodology and linear regression are used to investigate the relations between these
variables. In the results of the study, machine performance is found to be highly correlated with machine power (P),

weight (W) and the P/W ratio of the machine.
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1. Introduction

Today, metal prices are decreasing all over the world, which
takes many of the mines into the risk of going bankrupt.
Therefore, classical production methods in underground
mines should be reorganized with mechanization
(Tuncdemir & Bilgin, 2002; Ocak & Bilgin, 2010; Ergin
& Acaroglu, 2007; Breitrick, 1998). Mechanized systems
are both safer and less costly in operation.

The success of major improvements consists of steadily
increased machine weight, size and cutter head power and
improved design of boom.The machine weights vary from
9 tons, which could cut soft rock with uniaxial compressive
strength (UCS) up to about 40 MPa, to machine weight of
120 tons, which could cut hard rock with UCS up to about
160 MPa.Modern machines have the ability to cut cross-
sections over 10 m from a stationary point (Copur ef al.,
1998, Neil et al., 1994, Tucker, 1985, Thuro & Plinninger,
1998).

Selection of machinery and equipment without
physical, mechanical and petrographic properties of rock
may cause dramatic problems during working. There are
many different criteria to be considered in selection of
machinery. These may vary according to surface mining

(Stojanovic et al, 2015) or underground mining. In
addition, these criteria may vary according to coal mining
(Duane, 2014) or metal mining. In underground mines,
it is important to find rock properties before starting
operations (Fowell & Johnson, 1982; Schneider, 1988;
Rostami et al., 1994; Rostami, 2011). Also, geological
factors are emphasized by Thuro & Plinninger (1999),
Riedmuller & Schubert (2000) in their studies.

In this study, the data set obtained from the hypothetical
studies was used to predict the performance of roadheader.
Linear regression and response surface methodology
(RSM) are used to find the relations between different
important variables such as weight (W), power (P), kt
ratio (P/W) and instantaneous cutting ratio (ICR).

2. Significance of roadheader selection and
performance

As the number and the length of the preparation galleries
increase, mechanical excavators become economical
(Tuncdemir & Bilgin 2002, Ocak & Bilgin 2010, Ergin &
Acaroglu 2007, Hekimoglu, 1984). In addition, opening
preparation galleries by drilling and blasting may increase
number of rips, affects work safety and decreases advance
speed. It is important to make performance prediction of
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the excavator in order to determine the cost of excavation
and select the right machine.

Field experiments are the first step and are important
in order to understand the characteristics of the land
(Ahmed & Al-Dousari, 2013). Small scale cutting
experiments are formed as a result of many experiments
carried out in both laboratory environment and in the field
(McFeat-Smith & Fowell 1979). Then, ICR is computed
using Equation (1) given below (Rostami et al., 1994).
Empirical performance prediction models are mostly
based on interpretation of statistics obtained by previous
experiences and previous studies. By help of this method,

The performance prediction of roadheaders with response surface analysis for underground metal mine

instantaneous excavation speed of drum type, spiral armed
type machines and hydraulic hammer can be estimated
(Bilgin ez al., 1990, Bilgin et al., 1996, Bilgin et al., 1997,
Eskikaya et al., 1998, Avunduk et al., 2014). By using
this method, it is revealed that performance of excavation
machines is dependent on compressive strength and rock
quality designation (RQD). ICR can be computed with
Equations (1), (2), (3),(4),(5) and defined as rock mass
cutting index (RMCI) (Copur et al., 1998, Rostami, 2011,
Thuro &Plinninger, 1999, Gehring, 1989). In this study,
excavation performance prediction equations,that are
used generally,are summarized in Table 1.

Table 1. Equations of performance prediction of roadheaders.

Equation number Researcher

Mathematical relation state

(1) Rostami, 2011

ICR =k (P/SE, )

2)

Bilgin et al. 2004

RMCI = UCSx (RQD/100) 23

Bilgin et al. 2004

ICR = 0.28x P x(0.974) RMC!

Bilgin et al. 2004

SE =0.086 x UCS + 1.24

(3) Gehring, 1989

ICR =719 / (UCS) *7

Gehring, 1989

ICR = 1739 / (UCS) 2

4

Thuro &Plinninger, 1998

ICR = 75.7 — 14.3 In(UCS)

)

Balci et al. 2004

ICR=0.8xP/(0.37) UCS %%

ICR: Instantaneous cutting ratio (m*/h), RMCI: Rock mass cutting index, UCS: Uniaxial compressive strength (MPa), RQD: Rock quality
designation,SEop[ Optimum specific energy kWh/m?, P: Machine cutting headpower (HP), W: Machine weight (ton), k: Machine coefficient.

The best results are obtained by Bilgin (2004)’s
approach (Equation 2) compared to Equations
(1),(3),(4),(5). Bilgin’s equations depend on RMCI and
power of machine. This variable changes with uniaxial
compressive strength (UCS) and RQD of rocks. This
equation reflects intact rock and rock mass properties.
That is why, this equation results are important for ICR.

3. Linear regression and response surface
methodology (RSM)

There are many different methods in analyzing the
relations between variables (Barakat et al., 2014; Al-
Awadhi & Aly, 2014). When the relation between variables
is not linear or is dependent on more than one variable,
then response surface methodology can be used to define

the relation. RSM analysis, originally described by Box
& Wilson (1951), is capable of the evaluation of the
effects of several process variables and their interactions
on response variables. Linear regression is used to
define a linear relation between a regressor variable, x,
(independent variable) and a response variable, y, with the
equation given in Equation (6).

y=PBo+Pix+e (6)

In Equation (6), B, is called the intercept, §, is called
the slope and € is the error. A fitted regression model can
be tested for goodness-of-fit by using analysis of variance
(ANOVA) and the F-test. Definition of the ANOVA table
can be seen in Table 2. It is used to explain the sources of
variation in a linear regression model. The first row in the



table gives the sum of squared terms of regression (SS,).
Since the linear regression model used in this study has a
single regressor (x) the degrees of freedom is 1. Mean of
squares of regression terms (MS,) is found by dividing
SS, to degrees of freedom (Hines & Montgomery, 1990).

The second row in the table gives the sum of squares
of error terms (SS,). The degrees of freedom is (n-2)
where n is the number of data points. Similarly, mean of
squares of error terms (MS,) is found by dividing SS, to
degrees of freedom. Finally, the test statistic for the F-test
(F,) is found by taking the ratio of MS, to MS (Hines
&Montgomery 1990).

The third row in the table is the sum of first two rows.
Sum of squares of all terms (Syy) and total degrees of
freedom can be seen in this row (Hines &Montgomery
1990).

Table 2. ANOVA Table

D
Source of | Sum of ei;ees Mean of ¥
oL 0
Variation | Squares freedom Squares
MSR:
. MSg
Regression SS, 1 ﬁ M—SE
1
MSE:
Error SS, n-2 SSg -
(n—2)
Total n-1 - -
yy

SS,: Sum of squared terms of regression; SS.: Sum of squares of
error terms; S, : Sum of squares of all terms; MS: Mean of squares of
regression terms; MS_: Mean of squares of error terms.

From an ANOVA table the value for F can be read.
Then by comparing the F value as in Equation (7), it can
be said that x has an effect in the variability of y (Hines
&Montgomery, 1990).

FO > Fa,l,n—z (7)

In addition, the coefficient of determination (R?) can
be computed to indicate the adequacy of the regression
model as in Equation (8). SS, and Syy values can easily
be read from the ANOVA table. A higher R? value
indicates a more adequate model between 0 and 1(Hines
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& Montgomery, 1990).

SSr

R?* = ®)

Syy
It is rather a second degree multiple regression model.
The model in response surface can be a first degree model
as multiple linear regression in Equation(9) or it can be a
second degree model as polynomial regression in Equation
(10) (Hines & Montgomery, 1990).
y=PBo+fix; + frx; + Psxz +-te O
In Equation (9), the effects of more than a single
independent variables (x, x,,...) are investigated on the
response variable (Hines & Montgomery 1990).

y = Bo + B1x1 + rx; + [3119512 + ﬁzzxz2 +

Biax1x; + -+ € (10)
In Equation (10), the second degree effects (x ,, X,,,...)

as well as the interactions between variables (x,x,) are also

included in the model (Hines & Montgomery, 1990).

4. Case study

Mine location is on the 70 km east of Izmir and on the 15
km northeast of Bayindir. The rock types are Muscovite
and Chlorite schist. There are quartz band lense and
calcareous-schist around. Generally strike of these schist
are north-east and the dip is about 15-25°.

Ores are parallel to strata and include similar round rocks.
Ores show ore-dyke. The average grades of the samples
are Pb 4.02%, and Zn 7.48%. The ore and production
model of the mine under study can be seen in Figurel.

424045
4 4240400y 4240350y

Receivedl sampletbcations from
rroundings rock

450z

=~ 561650x
L B 5 " 561600x
z . e - < 561550x
- 4 561500%
~ 561450x
" 561400x

Fig. 1. Mine layout and study field
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In order to select roadheader, mechanical and
excavation characteristics of the ore and side formations

should be defined (Avunduk et al., 2014).

The sample cores are taken from the ore and rock
materials in three different zones (Figure 1). Physical and

mechanical experiments are made on these cores. UCS,
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Brazilian tensile strength (BTS) and Schmidt hardness
are performed on these sample cores. The results of the
experiments can be seen in Table 3.Drilling rate index
(DRI) is an index used to estimate machine cutting
performance. It is based on brittleness value and miniature
drilling experiments value of rocks (Dahl, 2003; Yenice et
al., 2009, Yarali & Kahraman, 2011; Yetkin et al., 2016).

Table 3. Mechanical and physical characteristics of project segment formation

Segment Formation Uuvw SH UCS BTS RQD RMR DRI
I Ore zone 3.52 63.51 91.35 12.14 70 78 36
I Ore zone 3.26 58.30 66.12 10.41 70 76 42
I Ore zone 3.48 61.45 83.50 11.27 70 74 40
v Schist zone 2.66 52.10 43.31 9.59 55 66 53
\% Schist zone 2.59 47.11 29.40 7.02 55 64 63
VI Schist zone 2.78 50.20 34.30 7.73 55 65 55

UVW: Unit volume over weight (kN/m?), SH: Schmidt Hardness, UCS: Uniaxial Compressive Strength (MPa), BTS: Brazilian Tensile Strength
(MPa), RQD: Rock Quality Designation (%), RMR: Rock Mass Rating, DRI: Drilling Rate Index

For 1*, 2" and 3" segments, RMR values are between
74 and 78, UCS values are between 66.12 and 91.35
and DRI values are found to be between 36 and 42. On
the other hand, Segments 4, 5 and 6, which are of schist
formation type, RMR values are around 64-66. UCS
values falls down to 29.4-43.31 interval and drillability
index increases to 53-63 interval.

5. Discussion and evaluation of results

Physical and rock mechanics experiments are carried
out on samples from ore and schist zone and the
properties given in Table 3 are found to predict machine
performance. Mohr circle is formed by triaxial strength,
UCS and tensile strength experiments. Ore cohesion
value is 14.96 MPa and rock material cohesion value is
7.92 MPa. Internal friction angle of ore and rock material
are found to be 48.66°, 42.13° respectively. In order to find
rock mass rating (RMR) values of ore and rock materials,
Bieniawski (1989) RMR, parameters are used and points
are calculated for mine conditions. In this study, it has
been found that, the relation between specific energy (SE)
and the product of UCS and BTS has a better correlation
coefficient than that of the relations between SE and UCS,
BTS, RMR, RMCI respectively.In addition, for segments
with lower UCS, RMR and SE values are also decreasing
in parallel and DRI values are increasing.

5.1. Prediction of performance and kt ratio of
roadheader

The excavation characteristics of the ore and side
formations should be defined (Tuncdemir&Bilgin, 2002).
However, technical properties such as machine power,
cutting head power and weight affect ICR. Based on
previous experiments and empirical studies, a specific
value for the selection of roadheader is suggested as in
Equation (11). This value is the ratio of cutting head
power (P) to the weight of the machine (W).

kt=P/W (11)

The effect of roadheader cutting head power and the
weight of the machine on ICR(m?*h) values are examined
in Table 4. It can be seen that for low cutting head powers
and low weights, speed of excavation also decreases. This
is due to the fact that reaction powers cannot be fulfilled
by the machine and therefore speed decreases.ICR values
increase linearly as cutting head power and machine
weight increases. Excavation speed is also dependent on
machine technical properties as well as RMR values. In
addition, a linear relationship is observed between the
instantaneous cutting rate values and head power values
of machine in graphs (Figure 2).
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Table 4. Experimental design points of performance prediction.

Rock Mass Instantaneous .
Segment/ . kt=P/W . . Specific Energy
Cuttability Index Cutting Ratio
Rock type (kW/ton) (SE: KWh/m3)
(RMCI) (ICR: m3/h)
3.00 1.89
I 2.60 2.73
72.02 ggg g'ig 9.09
Ore zone : :
3.53 12.60
3.64 16.80
3.00 3.19
1 2.60 4.61
52.13 ggg 1740198 6.92
Ore zone : :
3.53 21.28
3.64 28.37
3.00 2.22
2.60 3.21
111
65.83 ggg ggg 8.42
Ore zone : :
3.53 14.83
3.64 19.77
3.00 5.86
v 2.60 8.46
29.07 ggg éégg 4.61
Schist zone : :
3.53 39.05
3.64 52.07
3.00 7.49
v 2.60 10.82
19.74 g;g ;ggg 3.13
Schist zone : :
3.53 49.94
3.64 66.59
3.00 6.87
VI 2.60 9.92
23.03 ggg ;gg; 4.18
Schist zone : :
3.53 45.80
3.64 61.06

Computational results conform to the SE values for
roadheaders given in Table 4.

Thatis SE values are within the limits provided in Table
4 according to soft, medium and hard rock formations.
Typical specific energy, mechanical efficiency and
machine utilization for roadheader are given in Rostami
(2011). For 1%, 2" and 3"ore segments RMCI and RMR
are high and specific energy values are changing between
6.92 and 9.09kWh/m?>. Also, ICR values reach the largest
capacity of 28.37 m*h for ore zone. For schist zone
with low UCS values, DRI are increasing and RMCI are
decreasing together with SE are found.

5.2. Response surface methodology (RSM) and analysis
of variance (ANOVA)

In order to make sensitivity analysis and test confidence
level of the study, variance analysis and F test methods
are used. In addition ANOVA analysis is carried out
on the data. The following null (H)) and alternative
hypothesis (H,) are developed Equation (12). Then F test
is performed (Hines &Montgomery, 1990).
H,: b=0 and H : b#0 (12)

Looking at the ANOVA table, it can be seen that F
value is found to be 56.44 from Minitab (2013) software.
The confidence level of the test is determined to be 95%.
From the F table the value of F is found to be 4.02.

0.05,70
Since F =56.44>4.02= F H, is rejected. This means

0.05,70
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that “with 95% confidence level, the regression between
the instantaneous cutting rate values and head power of
machine value is valid”. The response surface model given
in Equation (13) explains the effect of P and W on ICR.
The R value(Equation (8), Hines &Montgomery, 1990)is
found to be 0.9, which shows the relation is very strong.

ICR=-139+0.102P+0.249W R=0.9 (13)

. 0
]
. 4
. 5
K]
10
/12
== 14
N 16
. 18

ICR (Instantenous Cutting Rate) (m3/h)

=i —_—

ge —— 0o
gt 40 %0 Oﬂa%p
350 300 250 209 150 100 59 2

P (kW)

Fig. 2. Response surface graph effect of cutting head power and
machine weight on ICR

5.3. Determination of optimum kt value

Effect of different machine weights and cutting head
powers on excavation speed is studied. These two
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variables are integrated in the ratio of k¢ and the change in
kt ratio is also provided.The effect of k¢ ratio and DRI on
ICR is given in Figure 3. The R value is found to be 0.83.
From Equation (14), it can be seen that ICR is directly
proportional with both kt ratio and DRI. In addition, the
effect of kt on ICR is much stronger than DRI.

ICR=-108 +26.1 kt+0.951 DRI R=0.83 (14)

s mm® A NS

T

26 28 30 32 34 36
kt(PW)

Fig. 3. Response surface graph on the relation of DRI, kt ratio and
ICR

In Figure 4, it can be seen that as kt ratio increases,
ICR also increases proportionally. On the other hand, As
RMR value of the rock increases, ICR decreases non-
linearly. The shaded region in the graph can be defined as
the optimum area.

4.00 ® ki B RMR = Linear (kt) —Power (RMR) 85
y =0.0692x +2.5623
3.80 ) R=0.86 30
360 - - . /. _
e
- 75
g 3.20 70 %‘"
& 3.00 » B y ={84.524x-0101 2
=< 0 B il R =0.94 P
2.80 n RE——__,___E_' 65 E
) Optimum =
. -
e P area 60 2
2.40
55
2.20
2.00 50
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

Instantenous Cutting Rate (ICR, m*/h)

Fig. 4. The effect of kt ratio and RMR value for different ICR values.



Effects of kt, RMR, and DRI on ICR are given with
the regression model in Equation (15) below. The R value
is found to be 0.85.

ICR = -17 +26.08kt - 0.90RMR+0.397DRI
R=0.85 (15)

6. Conclusion

Selection of the suitable roadheader has become an
important decision for metal mines. In selecting the right
machine, ratio of the power to the weight of machine
should be specified. Roadheaders with a higher power
to rock mass rating and smaller cutting rate values are
disadvantageous for these mines. In conclusion, the
machine to be selected should have power to weight ratio
and specific characteristics compatible with the rock mass
rating values of the formation to be excavated. Optimum
power to weight ratio is between 3.30 and 3.60 kW/ton
for selecting roadheader machines. Therefore, power to
weight ratio can be included in the performance prediction
equations in the future studies.
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