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Abstract: Drilling a certain number of blast holes per hour plays an important role in reaching the
required annual mine production. Since, the proper use of the availability time of machine to drill the
maximum number of blast holes is crucial. The drilling rate of blast holes is affected by various factors
such as rock properties and system parameters. Thus, recognizing the effectiveness of these factors on the
penetration rate of bit (PR), not only machine production can be increased but also drilling and blasting
costs can be reduced in the mine. In this study to predict the PR in the selected mine, firstly, parameters
of 91 holes related to 28 blasting block and in 9 various extracting benches were collected. Secondly,
the sensitivity rate related to each of the independent parameters on the PR was studied using Cosine
Amplitude Method (CAM). Finally, three models including non-linear multivariate regression (NLMR),
artificial neural network (ANN), and fuzzy logic were produced to predict the PR. These models were
validated using 12 series of data tests. It was shown that with a coefficient of determination of 0.68 and
mean absolute percentage error (MAPE) of 12.15, the ANN model could predict the PR with a slightly
higher precision compared to NLMR.

Keywords: Penetration rates of bit, Fuzzy logic, Artificial neural network, Non-linear multiple regression
analysis, Production rate.

INTRODUCTION

The drilling speed of the blasting hole in open-pit mining is directly affected by the physical and geo-
mechanical properties of rocks and instrumentation parameters during drilling [1]. That is why knowing
how these factors affect the penetration rate of drill bit helps a lot in the production of drilling machines.
Many kinds of research have been done by researchers on drilling machines in different mines around
the world. Some of these studies have investigated the effect of rock mass discontinuities; physical and
mechanical properties of rock; and the use of the drillability index of the rock mass to predict the drilling
speed of different machines [2,3].

Many researchers have also conducted research to determine the drillability of rock mass in different
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mines. These investigations was done to classify the rocks of mine in terms of drillability, determine the
PR to select the drilling equipment for the mine, evaluate the efficiency of the drilling system for recording
the seismic waves generated by the machine, and determine the drilling indices for the rock masses in the
mine [4-8].

The present study was conducted on two rotary drilling systems of type (OMZ!) in Sarcheshmeh copper
mine. This study aimed at developing a model for predicting the penetration rate of bit (PR) based on the
drilling fluid pressure (Pa), bit rotation speed in revolutions per minute (RPM), thrust (Th), Geological
Strength Index (GSI), Uniaxial Compressive Strength (UCS), density (7' ) and percent of rock silica (Si) to
estimate the production rate of the mentioned machines.

The data of the apparatus parameters were first recorded during drilling of 91 holes to conduct the
research and the values related to the rock properties of blasting blocks were determined by the section of
geological and geotectonic of the mine (Table 1). Then, using clustering tool and K-mean method, a total
of 60 data series were determined by refining the collected data. Subsequently, the 45 training data, 12 test
data, and 3 validation data were randomly selected for modeling from 60 data sets.Then, using 45 training
data provided by the non-linear multiple regression tools, artificial neural network (ANN) and fuzzy logic,
models were developed to predict the penetration speed of bit. Finally, the validity of each model by test data
shows that the ANN model is more accurate than the quadratic nonlinear regression model to predictthe PR.

Table 1. Characteristics of drilling holes, rock properties of blasting block and parameters values of machine

No Parameter Index Unit Minimum | Maximum | Average | STDEVA
1 Density 4 ton/m?3 2.5 2.7 2.6 0.07
2 Uniaxial Compressive Strength UcCs mpa 31 78 543 11.4
3 Geological Strength Index GSI - 37.6 71 50.3 12.2
4 Silica Si % 47 75 54.78 6.6
5 Hole length L m 12.4 20.3 14.3 1.01
6 Hole diameter D mm 251 251 - -
7 Time of drill hole t min 6 24 11.9 33
8 Thrust Th mpa 10.2 28.3 21.1 3.5
9 Bit rotation speed RPM r/min 68.3 98.3 85.6 7.4
10 Drilling fluid pressure Pa mpa 0.4 0.5 0.44 0.02
11 Penetration rate of bit PR m/min 0.77 1.2 1.26 0.23
RESEARCH METHOD

In this study, the impact of changes in the parameters affecting PR and the absence of a strong linear
relationship between them and PR should be evaluated. For this purpose, the sensitivity analysis was performed
using the cosine amplitude method and the proper statistical indices due to multiple linear regressions obtained
by SPSS18 software based on sixty refined data sets. The calculated high values of the effect of each of the
effective parameters on the significant parameter of more than 0.9 with the sensitivity analysis showed that the
penetration intensity of changes related to the parameters selected in PR is very high.

On the other hand, the multivariate linear regression was performed and the values obtained for linear
statistics such as Variance Inflation Factor (VIF) less than 10 and tolerances greater than 0.1 were recognized,
that the probability of a linear relationship between the effectiveness variables is low. In addition, the low
values obtained from the coefficients of partial correlation and the significant level of “t” (sig.t) between
each of the variables affecting the PR showed that the there is no strong linear correlation between them [9].

The nonlinear regression, fuzzy logic, and artificial neural network models
At this stage, nonlinear regression models such as power, exponential and quadratic polynomial were
created using 45 series of training data by SPSS18 software. Coefficient of determination (R?) of 0.755 and
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mean squared error (MSE) of 0.017 related to the quadratic polynomial model showed that this model has
a higher accuracy in predicting the penetration rate of bit compared to the other two models in the studied
mine (Equation 1).

PR =(10.143(Pa) — 4.4)* + (-0.41(y) +1.29)* + (0.02(Tk) + 0.56)* + (~0.004(GSI) — 0.01)° :
+(=0.04(Si) + 2.16)* + (—0.02(UCS) +1.5)* + ((-9.03E — 6)RPM + (-7.7E - 6))° )

Where (PR) is the penetration rate of bit in (m / min), (Pa) is the drilling fluid pressure in (mpa), (RPM)
is the rotation speed of bit in (r/min), (Th) is the thrust in (mpa), (GSI) is Geological Strength Index, (UCS)
is the Uniaxial Compressive Strength in (mpa), (¥ ) is the density in (ton/m?), and (Si) is the percent of
silica. Then, to obtain the more accurate predicted models, the fuzzy logic and ANN tools were used by
MATLAB software. At first, the Mamdani method with non-fuzzification gravity function was used to
create the fuzzy model. At this stage of modeling, according to Table (1) the variables have changed to
fuzzy mode based on the difference between minimum and maximum values related to them. Therefore,
the independent variables of density and drilling fluid pressure were divided into three qualitative levels
such as, low, medium, and high. Other independent variables along with PR were divided into five levels
such as, very low, low, medium, high, and very high. Given the considered qualitative levels for each of the
parameters, the 1989 effective propositions “if - then” was written as a collective communication based on
the expert opinion from the 28,125 propositions.

Finally, in the third stage of modeling, the ANN tool was used to predict the PR. So, the 45 training data
sets and the 12 and 3 residual data sets (out of 60 series of refined data) as test and validation data were
respectively used. These data series were used in the modeling process with nonlinear regression and fuzzy
logic.

At this stage, the seven input layers, one output layer and ten hidden layers were used. After performing
network training process several times, the best model in terms of prediction accuracy was generated with
respect to the obtained coefficients of correlation of 87.95, 99.14, 82.35 and the MSE of 0.011, 0.028 and
0.025 for training, validation and testing, respectively. The overall correlation coefficient of 0.85 for all 60
refined data series was of this model.

Validation of models

To this end, the PR values for all 12 data series of test were predicted using fuzzy logic, ANN, and
quadratic polynomial regression models. The correlation charts were plotted to select the best predicted
model between the predicted values of PR by all three models and measured values during the drilled holes
(Figure 1).

¢ ANN = Polynominal 4 Fuzzy Logic
=
= 20 R?=0.6782
§ 1.5 — : S— :‘i.-—ﬂ
:; 10 R2=0.027 (2
S 00 . . . .
& 0 0.5 1 L5 2
Measured PR(m/min)

Figure 1. Correlation graph between the measured and predicted penetration rate of bit by models based on test data

Then, the statistical indices of RMSE, MAPE, (VIF), Mean absolute error (MAE) and coefficient of
determination (R?) for the predicted values of these 12 data series were calculated by the models (Table 2).
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Table 2. Evaluation indexes comparison of produced models related to test data

Model VAF RMSE MAE MAPE R?
Fuzzy logic -37.98 0.331 0.28 26.57 0.027
Quadratic polynomial 53.87 0.177 0.14 12.86 0.556
Artificial Neural Network 57 0.164 0.14 12.15 0.678

The coefficients of determination obtained from drawing correlation and sensitivity analysis charts and
the statistical indices values were recognized that the ANN model has more accuracy and relative efficiency
than the quadratic polynomial regression model to predict the PR (Figure 2).
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Figure 2. Sensitivity analysis chart between the measured and predicted bit penetration rate by models

However, the fuzzy model has little accuracy in predicting the penetration rate compared to the other
two models. This model does not perform well in predicting PR due to the high abnormal conditions caused
by the distribution of predicted data.

The production rate of drilling machine

Since the results of validation showed that the quadratic polynomial model has high accuracy and
efficiency for predicting PR, therefore, this model was selected to estimate the production rate of the drilling
machine (OMZ) which was among the objectives related to this study. Therefore, the first 45 training data
series were classified into three classes including: weak, intermediate, and resistant based on the range
of changes in their compressive strength. The values of the first mean of all effective parameters were
calculated for all three categories. On the other hand, based on the field measurements, the average of
the operational efficiency and availability of this drilling machine were calculated to be 73% and 78%,
respectively, on each working day. After that, the production rate of the machine in the blasting blocks
consisting of low, medium and high strength of rocks was respectively estimated to be 56, 42 and 40 holes
of 15 m per day.

CONCLUSION

The validation results of the models showed that the prediction error rate between the ANN and quadratic
polynomial model is very low. However, the fuzzy model generated did not have the desirable accuracy
and efficiency to predict the PR. Perhaps, one of the reasons for this is the use of the relation of the expert
sentence to the writing propositions “if - then” of fuzzy logic motor. Also, the values of standardized
coefficients for each of the effective variables resulting from multivariate linear regression analysis showed
that the changes in the apparatus parameters compared to the physical and mechanical properties of rock
have less effect on the changes in PR.The compressive strength and density of rock had the highest and the
lowest impacts, respectively.
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