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ABSTRACT

In this research, the relationship of vertical drilling rate ( VDR) with rock properties was studied in the marble quarry mining based on the
combination of field surveys and laboratory experiments. To achieve this, the VDR was initially measured while drilling at the Malawi marble
quarry mine. Then, the physical and mechanics tests were conducted on the core specimens prepared from the collected minor blocks
corresponding to the under-drilling mine benches. The parametric study revealed that natural density, dry density, slake durability index,
Schmidt hammer rebound, compression wave velocity, point load index, uniaxial compressive strength and modulus of elasticity exhibit an
inverse relationship with VDR. Conversely, VDR was found to have a direct relationship with porosity, water content, Los Angeles abrasion,
and Poisson's ratio. Moreover, it was confirmed that the VDR is more correlated with the rock mechanical properties rather than the rock
physical features, considering the obtained mean coefficient of determination (COD) values of 0.8948 and 0.9206, respectively. Besides,
sensitivity analysis showed that modulus of elasticity and water content are the most and least effective variables on VDR with influence
values of 1152 and 0.8865, respectively. Additionally, statistical analyses were conducted and optimum empirical quadratic, power, and
exponential relationships with high accuracy (COD values from 0.861 to 0.987) were proposed to determine the VDR based on each rock
property. Finally, comparative analysis was conducted for further verification of the current study. Accordingly, the values of lower and upper
limits of COD, and mean relative error were obtained 0.36, 0.9576, and 0.359 for previous researches, compared to 0.861, 0.987, and 0.114% for

this study. These results confirmed the superiority of the current research compared to similar previous studies.
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1. Introduction

Decorative stones, building facades and aggregate materials are
widely used in the different stages of buildings and road constructions.
These materials are commonly extracted from the quarry mining. Any
optimization during their extraction, production and preparation of
these materials leads to enhance efficiency and productivity in the
construction system of the road and building structures. Marble stones
are the most commonly used for building facades and other
constructions. For this reason, the optimization of different processes in
the marble quarry industry has been investigated by different
researchers [1,2].

In the marble quarry mining, drilling operation is one of the most
important processes which involves high costs for bit wear and casing
consumptions. A comprehensive understanding of the drilling
environment and rock mass characteristics can help with the optimum
selection of drilling system, precise determination of the type and
number of drilling tools, and accurate prediction of the drilling rate. In
conclusion, the above optimizations lead to enhanced drilling efficiency
and mining productivity [3]. In rock materials, some variables, including
controllable and uncontrollable parameters can generally affect the
drilling rate (DR). The characteristics of drilling machine and its related
tools are the uncontrollable parameters. However, the physical,
mechanical and structural characteristics of rock are categorized as the
controllable variables. Estimating the equipment’s drilling rate has a

significant effect on the cost assessment stage during the planning and
execution of drilling projects. For successful planning and designing a
drilling process, recognition of the effective parameters on the DR is
essential. The drillability index of different rocks has been studied by
numerous researchers who evaluated the relationship between rock
characteristics and DR for accurate estimation. In addition, effect of rock
properties on drilling resistance and drilling tools requirements, ie.,
machine type, bit, wear, and casing were investigated by some
researchers [4]. Available studies in the field of research issue prove its
importance and practicality.

Drilling process plays an important role in the quarry and open-pit
mining operations that can affect the final productivity of mine. One of
the main tasks for decreasing operational costs and optimizing mining
operations is enhancing drilling efficiency and reducing related costs in
order to minimize the drilling process [5]. Principally, drilling operation
is a time-consuming process in quarry mines and the downstream
processes, ie., cutting operations, depend on the completion of this
process. Accordingly, optimizing the drilling rate is extremely significant
in quarry mining, as the downstream processes are dependent on it.
Overall drilling costs can be estimated using the predictive empirical
equations. Also, similar equations can be used for predicting the
efficiency of other related drilling tools, depending on the specific
studied case [6]. For this purpose, understanding the drilling
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environments and rock mass characteristics can help the optimum
prediction of DR and penetration rate (PR), the optimum selection of
drilling system and the desired determination of type and number of
drilling machineries. The above optimum process leads to an accurate
evaluation of drilling efficiency and precise estimation of production
capacity in the mining operation. In addition, accurate estimation of
drilling performance in quarry mines is further important for cost
estimation and planning objectives. According to the above-mentioned
points, the evaluation of the effect of physical and mechanical properties
of different rocks on the DR was investigated by several researchers, as
briefly outlined here. Relationships between rock properties and
penetration rate, and drilling rate were previously investigated by
different researchers and indirect/inverse relationships between PR and
various rock characteristics were acquired [2,3,7-23]. Yenice et al. [2]
evaluated the effects of natural density (p.), shore hardness (SH),
uniaxial compressive strength (UCS) and tensile strength (75) on the
DR and proposed some linear and quadratic relationships in this regard.
Hoseinie et al. [5] conducted a physical modelling to study the impact
of grain size (GS), Mohs hardness (MH), UCS, and joint characteristics,
ie., joint spacing (/o), aperture (/zy), and joint dipping (J») on the rock
mass drillability. Kahraman et al. [7] studied the impact of UCS,
Brazilian tensile strength (B7S), point load strength (PL/), Schmidt
hammer rebound (SHR), impact strength index (ISI), modulus of
elasticity (£), p» and P-wave velocity (V}) on the PR in percussive
drilling operations. The relationships of UCS, SHR and p, of limestone
with PR investigated by Okewale and Olaleye [9] based on the field and
laboratory data. Demirdag et al. [10] evaluated the effects of different
rock properties on the both horizontal and vertical drilling rates and
concluded that porosity and unit volume weight are the most effective
parameters on DR. Ataei et al. [12] utilized the rock mass drillability
index to forecast DR in open-pit mining operations, considering
different mechanical and structural characteristics. index in rotary
surface drilling operations. Kahraman et al. [14] proposed a new
drillability index for PR prediction and proved that the model can be
applicable for carbonaceous rocks with unconfined compressive
strength greater than 40 APa. A novel brittleness index was suggested
by Altindag [15] to evaluate its correlation with the drillability
Stavropoulou [16] investigated the rotary drilling using numerical
modelling based on laboratory records from marble samples. He found
that the cohesion and internal friction angle parameters have the most
effect on the rock drillability. Yarali and Soyer [17] surveyed the
relationship of DR with the mechanical characteristics of different rocks
based on the statistical models and proved the linear inverse
relationships. Saeidi et al. [18] proposed a statistical model to predict the
PR during rotary drilling. Munoz et al. [19] presented a novel rock
brittleness index to assess the rock behaviour under rotary drilling using
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the energy dissipation concept. Capik et al. [20] investigated the
relationship of DR index with the physical and mechanical
characteristics of rock and specified their inherent direct or inverse
relationships. Derdour et al. [21] used the Taguchi method and response
surface methodology to optimize the PR in rotary drilling operations.
Feng et al. [22] examined the impacts of drilling variables on the
consumed energy and DR They proved the important role of rock
strength characteristics on the relationship of the PR with the applied
thrust. Finally, Kolapo [23] studied the impact of rock mechanical
characteristics on PR and proposed some empirical relationships with
high correlation.

According to the above-reviewed publications, an inverse relationship
of PR or DR with the UCS [2,3,7,9,10,12,17,20,23], tensile strength [2,7—
10,12,17,20,23], impact strength [7,10], modulus of elasticity [3,7,11,121,
hole diameter [13], point load index [3,7,17,20] shore hardness [2,17],
Schmidt hammer rebound [3,7,9,10,12,17,201, brittleness index [10,19],
compressional wave velocity [3,7,8,10,12], shear wave velocity [12] and
natural density [2,3,7,9,10] has been proven. On the other hand, it was
found that PR or DR has a direct relationship with porosity [10,12,20]
and Los Angeles and Bohme abrasions [3,10]. The summary of the
literature review and used physical and mechanical properties of rock
applied in PR modelling is briefly presented in Table 1.

Considering the comprehensive literature review conducted in this
study, it is concluded that the previous studies were based on field and
laboratory measurements, as well as numerical and analytical modelling.
Also, the availability of many research studies in this field proved the
importance of the studied issue and the influence of drilling efficiency
on the mine productivity especially in the marble quarry mines.
However, not all possible physico-mechanical properties of a specific
rock were simultaneously considered in the modelling of DR. Moreover,
there are limited studies on the drilling efficiency in quarries especially
in the marble quarry mines which are very important materials in
buildings and road constructions. Accordingly, the current study is
conducted to overcome the above-mentioned shortcomings for
minimizing the marble production costs and improving the economic
aspects of buildings and roads. The main purpose of this research was to
determine the inherent relationships between rock characteristics and
VDR. In addition, the determination of the most effective physical and
mechanical properties of rock on VDR has been conducted based on
statistical and sensitivity analyses. For this purpose, the vertical drilling
information (length and time of the drilling) was recorded in the case
study and the corresponding block samples were collected to perform
the laboratory tests. Then, standard core specimens were prepared and
various physical and mechanical tests were carried out. Therefore, a
valid database was prepared, and parametric study and statistical
analyses were performed on the datasets.

Table 1. A summary of literature review along with the used parameters in PR modelling and suggested optimum relationship types.

Used rock properties Optimum relationship type Reference
P SH, UCS and TSversus DRI Quadratic and Linear [2]
Pn Pa 11, W, PLIL SHR, V,,, LAA, PLI, UCS, E and v versus HDR Quadratic and exponential [31
GS, MH, UCS, J, Jup» Jp Linear and logarithmic [51
UCS, BTS, PLL V,, p,, ISI, SHR and Eversus PR Linear [71
UCS, SHR and p,, versus PR Linear [9]
UCS, BTS, ISI, BAS, V,, n, p,,, SHR and Bl versus DR Power, logarithmic and exponential [10]
UCS, TS, V,, V,, n, Egyn, RDiand SHR versus DR Linear, logarithmic and exponential [12]
UCS, PLI, BTS, SHR and SH versus DRI Linear [171
Blversus PR Power [19]1
UCS, PLI, BTS, SHR, e and nversus DRI Linear [20]
UCS and TSversus PR Linear [23]

Note: PR and v both are Poisson ratio, p, is dry density, w;, is water content, LAA is Los Angeles abrasion, 11 is porosity, DR/ is drilling rate index,

HDR is horizontal drilling rate, ABSis Bohme abrasion strength, V is shear wave velocity, Ey, is dynamic Young’s modulus, DR/ is rock mass
drillability index, Bfis brittleness index, and eis void ratio. The other parameters were described in the text.
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2. Case study

In this research, the Malawi marble quarry mine is considered as the
case study which is located in the Islamabad-e-Gharb city, west of Iran.
This mine contains a measured reserve of 1250000 tons with an annual
extraction of 8000 tons. The studied mine is located at the longitude of
46° 36’ 35.033" and latitude" of 34° 3' 5341" in the southeast of
Islamabad-e-Gharb city, on the left side of the Islamabad-e-Gharb-
Homeil way. The geographic situation along with the access routes to
the case study are shown in Fig. 1. Also, the view of mine area is
represented in Fig. 2 and an under working bench face of the mine is
demonstrated in Fig. 3.

From the structural viewpoint, the study area is located in the folded
Zagros zone. This zone has a northwest-southeast trend approximately.
The common available rocks are sedimentary and the sediments are
mainly chemical with marl and shale components. There are chemical
sediments in this area and no magmatism activity is seen in this basin.
The geological age of this area is related to the upper Eocene and its
containing rock is associated with the Shahbazan type. From the
lithological view, the Malawi marble quarry mine is categorized as the
dolomite type.

The extraction method of the Malawi marble quarry mine is the open-
pit quarrying. The drilling device used in this mine is pneumatic RASOL
which can drill vertical and horizontal holes with diameter variations of
70 to 152 mm. The commonly used hole diameter in the Malawi mine is
76 mm. Also, a diamond wire cutting machine was applied to cut and
separate the rock blocks from the workface and to product the suitable
cubs and slates. Finally, water flow was also used to cool the diamond
wires during the cutting operations. An example of remaining traces of
vertical drilled holes after the block cutting is represented in Fig. 4.
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Fig. 1. The geographic situation of Malawi marble quarry mine.

Fig. 2. The view of Malawi marble quarry mine.
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Fig. 4 An example of remaining traces of vertical drilled holes after the block
cutting.

3. Data preparation

3.1 Field measurement

For VDR measurement in the mine field, the required data, including
the drilling depth and the drilling time was recorded for 20 under-
drilling blocks and their related VDR vales were measured. A part of
measured field data for VDR calculation is given in Table 2. In the next
step, field sampling was conducted and sufficient block samples were
prepared to perform the required laboratory tests. For this purpose, a
conventional sampling procedure was used to collect the required minor
blocks samples. In this approach, minor block samples with approximate
dimensions of 20x20x25 cm were separated from the corresponding
under-drilling major blocks using the cutting machine. From each major
block, one minor block was separated in line with the direction of
vertical drilling to obtain the effect of rock properties on the drilling
direction. These collected minor block samples were then transferred to
the laboratory for conducting the coring operation and preparing the
required core specimens to perform the desired experiments.

Table 2. A part of field measurement data for VDR calculation.

No. Drilling Length (/n)  Drilling Time (4)  Geological conditions
1 15 3 Pure rock
2 14 5 With soil
3 13 245 Pure rock
4 12 3 With some soil
5 9 3 With some soil
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3.2. Laboratory measurement

Coring operation upon the block samples was first conducted in the
laboratory to prepare the required suitable cylindrical specimens. The
coring device used during the core capturing and some of the prepared
core specimens are shown in Figs. 5 and 6, respectively. It should be
noted that the core specimens were prepared with a 76 mm diameter to
match the used drilling diameter in the mine. In the next stage, the
samples were cut using the cutting machine at the standard ratio of
height to diameter and polished by a core cross-sectional polisher. After
the cores were prepared, different tests were performed to measure the
physical and mechanical properties of marble specimens. The key
physical and mechanical characteristics of marble specimens, including
natural (p») and dry (ps) densities, porosity (1), water content (wx),
slake durability index (/s), Schmidt hammer rebound (SHR),
compression wave velocity ( I,), Los Angeles abrasion (LAA), point load
index (PLJ), uniaxial compressive strength (UCS), modulus of elasticity
(F) and Poisson ratio (v) were measured in accordance with the
proposed standards by the International Society for Rock Mechanics
(ISRM) [24—-26]. More details about the implementation procedures of
these tests are given in the literature [24—29]1. Therefore, no further
explanations are provided here. The devices used for implementing the
required laboratory tests are given in Fig. 7

Fig. 6. Some of the prepared core specimens.

Fig. 7. Implementation of the laboratory tests: a) Id measurement devise b) Proceq
device to determine SHR; ¢) PUNDIT device to measure Vp; d) The LAA test tool;
e) Used machine to determine PLI f) Uniaxial compression device to measure
UCS, E and v.

3.3. Sumumary of acquired data

According to the field and laboratory measurements, a total of 20
reliable data series were prepared for further related analyses. Five
samples of the measured values of the physical and mechanical
properties of rock are given in Table 3. Also, the statistical characteristics
of the prepared datasets are demonstrated in Table 4.

4. Results and discussion

4.1 Parametric study

The parametric study is commonly used to evaluate the effect of input
variables on a specific output. Here, the parametric study was applied to
assess the influence of rock properties on the VDR Indeed, the
relationship type (direct or inverse) of the rock properties with the VDR
is now studied which can help improve knowledge of rock properties'
relationships with the VDR. Practically, this process can assist in the
optimum selection of drilling device tools related to a specific rock type.
This process enhances the efficiency of drilling operations and mining
economics.

Based on the parametric study, the inherent relationships of rock
properties with VDR are demonstrated in Fig. 8. As it can be seen from
this figure, ps, pa, Ia, SHR, Vp, PLL, UCS and E parameters had an inverse
relationship with the VDR and a negative effect on it. On the other hand,
n, Wa, LAA and v parameters had a positive effect on the VDR and a
direct relationship with it. Quantitatively, the obtained values of the
coefficient of determination (COD or R-Square) for ps, pa, 1, Wi, I,
SHR, V,, LAA, PLI, UCS, v and E were 0.9205, 0.8372, 0.9079, 0.9086,
0.8582, 0.9327, 0.9445, 0.8493, 09367, 0.9339, 09225, and 0.9247,
respectively. These results confirmed that PLI, UCS, v and E parameters
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Table 3. The measured values of physical and mechanical properties of five rock samples.

pa(glem®) Py(glem®) n(%) W,(%) ILa(%) SHR(-) V,(m/s) LAA(%) PLI(MPa) UCS(MPa) v(-) E(MPa)
225 2.246 14 0.56 0.96 46 3651 68.74 1.09 12.96 039 1011
2256 225 139 0.613 0978 59 3784 43.86 175 17.56 037 18.89
23338 2.268 12 0.56 0.98 59 3830 416 231 29.98 0351 1942
2407 2402 0.89 0363 0.991 70 4211 3019 321 4232 0283 3043
2517 2485 0.60 0263 0993 73 4321 2823 46 6512 0.2 351
Table 4. Statistical characteristics of prepared datasets.
Parameter Symbol Max Min Var. Std. dev.
Natural density (g/cm®) Pn 2.517 2.25 0.00574 0.07579
Dry density (g/cm®) Pd 2.485 2.246 0.00508 0.07131
Porosity (%) n 14 0.60 0.056 0.2370
Water content (%) Wy 0.613 0.263 0.1244 0.11155
Slake durability index (%) ly 0.993 0.96 7.91E-5 0.008893
Schmidt hammer rebound (-) SHR 73 46 45.7493 6.7838
Compression wave velocity (m/s) Vp 4321 3651 38411.08 195.987
Los Angeles abrasion (%) LAA 68.74 28.23 114.5243 110.7016
Point load index (MPa) PLI 4.6 1.09 0.90528 0.95146
Uniaxial compressive strength (MPa) ucCs 65.12 12.96 197.7189 14.0612
Poisson ratio (-) v 0.39 0.2 0.002652 0.0515
Modulus of elasticity (GPa) E 35.1 10.11 38.2837 6.1873
Vertical drilling rate (cm/min) VDR 9.12 3.84 2.4526 1.56608
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Fig. 8. Relationships of different rock properties with the VDR.

were more correlated with VDR compared to the other input variables.
According to the above COD results, it is found the average COD of
physical and mechanical properties of rock were 0.8948 and 0.9294,
respectively. Therefore, it is generally concluded that VDR is more
correlated with the mechanical properties of rock rather than the rock's
physical properties.

The result obtained from this section can be significant, because it
showed the greater importance of mechanical properties in vertical
drilling compared to the physical properties. This may due to the

considerable resistance of rock mechanical properties against the
vertical forces that are available in vertical drilling. This point can be
especially noticeable in vertical drilling within marble quarry mines.
However, more research on this issue is required for further validation
and to evaluate other aspects of this output.

4.2, Sensitivity analysis

Sensitivity analysis is normally carried out to estimate the most and
least effective variables on the defined objective variable(s) in a specific
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problem. According the sensitivity analysis result, the effective
parameters can receive more attention in the optimum selection of
drilling machine. The sensitivity analysis can be generally performed
using two different methods, including new and custom procedures. In
the custom approach, the effect of a possible input variable on an output
variable is determined based on their variations [30—32]. Nevertheless,
new approaches, such as the cosine amplitude method (CAM) were
utilized for the sensitivity analysis based on the theoretical and statistical
relationships [33-35]. In this study, multivariate sensitivity analysis is
used to determine the effective parameters on the VDR For this
purpose, interval variations of the input variables (12 considered rock
properties) and one output parameter ( VDR) were first calculated and
normalized between 0 and 100%. Then, input variations versus their
corresponding output changes were separately plotted as linear lines.
The relationships between inputs variations andthe VDR variations are
demonstrated in Fig. 9. The presented lines in this figure specify the
effects of rock properties on the VDR based on their variation percent
values. Indeed, each line determines the relationship between the input
and output variables, and a higher line slope shows a greater effect on
the output ( VDR). The slope values of the plotted lines related to each
parameter in Fig. 9 are given in Table 5 in order to identify the effective
rock properties on the VDR. In Table 5, the positive and negative signs
indicate a direct or inverse effect, while the absolute value of the number
indicates the effect of the parameter on the VDR It is concluded from
Fig. 9 and Table 5 that £ and SHR had the highest effect on the VDR
with the influence values of 1152 and 1.1435, respectively. On the other
hand, w; and ps had the lowest effect on this parameter with the
influence amounts of 0.8865 and 0.9095, respectively. However, the
effects of E, PLI and UCS parameters on VDR were also considerable
and cannot be ignored.

The main output of this sensitivity analysis is acquiring the
importance values of each rock properties on the VDR and determining
their relationship type with the VDR (inverse or direct). Indeed, the
importance order of rock properties on the VDR, and the most and least
effective ones are specified. As a general result of this sensitivity analysis,
it can be concluded that the most effective parameters can receive more
attention in the drilling operations of the marble quarry mines for the
optimum selection of drilling tools requirements, i.e., machine type, bit,
wear, casing and etc. This can help minimize drilling costs, optimize the
drilling operations, and enhance the mining productivity.

140 | — Linear (pn) Linear (pd) ——Linear (n) —— Linear (Wa)
Linear (Id) Linear (SHR) Linear (Vp) Linear (LAA)
Linear (PLI) Linear (UCS) Linear (v) Linear (E)
120
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&
<
@«
=
S
=
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>
&
a
>

100

Input variations (%)

Fig. 9. Sensitivity analysis of the input’s variations and the VDR variations.

4.3. Regression modelling

In this section, multiple regression analysis between VDR and
different rock properties was carried out. Indeed, constant and
coefficients between rock characteristics and output ( VDR), and the
statistical indices, including the variance inflation factor (VIF),
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coefficient of determination (COD), Fisher-test coefficient (F),
statistical significance (Sig)) and standard error of the estimation values
were achieved in the multiple regression analysis. The key conclusions
of this analysis for VDR prediction are given in Table 6. According to
Hair et al. [36], VIF is commonly greater than 1 and there is no
considerable correlation for variables with VZFvalues less than 5. As it
can be seen in Table 6, the obtained values of VZFfor all inputs are less
than 4. Therefore, it can be concluded that there is no considerable
correlation between the input parameters. However, the VIFvalues for
1, wa, V), and v were somewhat high which showed a minor correlation
among these parameters, but they remained in regression modelling
according to Hair et al. [36] standard. The VIF results indicated a
relatively higher correlation between the VDR and the mechanical
properties, as opposed to the physical characteristics. This output was in
agreement with the parametric study results in section 4.1. Besides, the
obtained Sig value was less than 0.05 which proved the statistical
significance of the current multiple regression analysis. Also, the
achieved COD and Fvalues from the VDR regression modelling were
very high which proved the accuracy of this multiple regression analysis
between rock properties and VDR. Finally, the standard error of the
estimate achieved from the VDR statistical modelling was very low
which confirmed the capability of conducted regression model.

The results of Table 5 can lead to a new multivariate regression
equation to predict the VDR based on different rock properties. One of
the main advantages of this acquired multivariate regression model is
that it is not a one-dimensional equation and the VDR is simultaneously
estimated based on 12 different rock properties. Therefore, it is a
comprehensive and multi-dimensional estimate that can be more
effective in practical drilling at marble quarry mines.

4.4 Development of empirical equations to predict VDR

To develop the predictive empirical equations between rock
properties and VDR in this research, statistical modelling was utilized
based on the analysis of variance (ANOVA). For this purpose, five
specific equations, ie., linear, quadratic polynomial, logarithmic,
exponential and power types were separately developed between the
rock characteristics and VDR. The COD, Fand Sig indices were applied
for selecting the optimum relationship among the above-mentioned
equations. The ANOVA results to find the optimum relationships
between each rock property and VDR are given in Table 7. Based on
three criteria (COD, F and Sig) mentioned above, the optimum
relationships to predict VDR were selected and presented in Table 7. As
it can be seen from this Table, quadratic, power, and exponential
equations were specified as the optimum relationships between
different rock properties and VDR. Indeed, an optimum power type was
acquired only for the relationship of dry density with VDR, whereas the
quadratic polynomial and exponential types were achieved as the
optimum relationships between other rock properties with VDR.
Accordingly, these optimum equations were proposed in this research
to forecast the VDR that can be used as the predictive tools for other
cases with similar conditions.

Using the obtained equations in this section, different values of VDR
can be achieved in a specific drilling operation depending on any type
of rock property. Therefore, the lower and upper limits of VDR can be
determined for conducting engineering decisions regarding the
optimum selection of the drilling tools and determining the drilling
efficiency to choose the requirements of the desired product. In cases of
cost and time limitations or when high accuracy (especially in the early
stages of mining operations), the VDR value can be estimated based on
one parameter or a limited number of rock properties, minimizing felid
and laboratory measurement costs.

4.5. Comparative analyses based on the actual data

To validate and prove the superiority of the current research, the
obtained results were compared with the results achieved from previous
similar studies [2,7,9,12,17, 19, 20, 23]. For this comparison, four new
datasets were separately measured. These datasets were not utilized in
developing the proposed equations. Based on these new datasets, VDR
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Table 5. Influence values of the resulted lines slope from the sensitivity analysis in order to specify the effective rock properties on the VDR.

Parameter Line slope value in sensitivity analysis Parameter Line slope value in sensitivity analysis
pn -1.0094 Vp -0.9855
pd -0.9095 LAA +1.0347
n +0.9558 PLI -1.059
wa +0.8865 ucCs -1.0633
Id -1.0197 v +1.051
SHR -11435 E -1152
Table 6. Key outputs of multiple regression analysis for the VDR prediction.
Summary of model results
Dependent variabl Predict: Coefficient VIF
e redictor oeTaen cop F Sig Std. Error of the Estimate
Constant 119.323 S
O 2,04 2275
Pd -11.813 2988
n 592 3.648
w, 1335 3.409
Iy -95.87 1133
VDR SHR -0.011 1140 0.995 119.21 0.0 0.20092
v, -0.004 394
LAA 0.001 1284
PLI -0.93 1371
ucs -0.005 1578
v 1.015 3.968
E -0.023 1.648
Table 7. Summary of the ANOVA results to find the optimum relationship between rock properties and VDR.
Input parameter Optimum equation type Equation COD F Sig,
pn Exponential VDR=63981e-0.04pn 0.937 267.812 0.00
pd Power VDR=21746pd-9.79 0.919 204.541 0.00
n Exponential VDR=1.423e1.258n 0.924 217.898 0.00
wa Exponential VDR=1.549¢2.694Wa 0.943 296.228 0.00
1d Quadratic VDR=-83.4501d2+87.164 0.861 111.457 0.00
SHR Quadratic VDR=-0.004SHR2+0.322SHR+3.940 0.987 212.886 0.00
Vp Quadratic VDR=5.325E-6Vp2-0.05Vp+121.563 0.955 179.844 0.00
LAA Quadratic VDR=-0.004LAA2+0.478LAA-6.323 0.960 203.111 0.00
PLI Quadratic VDR=0.076PLI2-1.989PLI+10.927 0.939 131.765 0.00
ucs Quadratic VDR=0.001UCS 2-0.168UCS+10.912 0.950 159.979 0.00
\Y Quadratic VDR=70.121v 2-14.208v+3.613 0.941 135.443 0.00
E Exponential VDR=15.866e-0.04E 0.940 283.387 0.00

values were first estimated from the proposed equations in the current
research and other previous literature. Then, the error of each dataset
for all the used comparable equations was calculated. Subsequently, the
mean relative error (MRE) of each comparable research was computed
in percent. Commonly, an equation with a lower MRE is superior
compared to the other equations. In addition to the above comparison,
the lower and upper limits of COD achieved from the optimum
proposed equations were compared with the similarly acquired COD
values from previous studies. Indeed, the lower and upper limits of COD
related to the proposed VDR relationships in this study (Table 7) were
compared with the similar COD values obtained from the previous
studies. In general, COD criterion was applied as an efficient tool to
evaluate the model’s ability to calculate the outputs. Commonly, an
equation or model with a greater value of COD is more precise and can
forecast the accurate amounts of a specific target variable.

Results of the comparative analysis are given in Table 8 and also
demonstrated in Figs. 10 and 11 in terms of lower and upper limits of
COD and MRE (based on four actual datasets). As seen from Table 8,
similar tendencies were generally detected from all compared research
in the form of the achieved equations types. On the other hand, it is
generally observed that there is a good agreement between the overall

results of this research and prior studies. However, it is clear from Table
8 and Fig. 10 that the acquired values of lower limit of COD were 0.861
and 0.36 for this research and previous studies, respectively. Likewise,
the obtained amounts of upper limit of COD were 0.987 and 0.9576.
Accordingly, it is concluded that both the upper and lower limits of
COD resulted from this study were higher than the similar values
obtained from previous studies. Additionally, it can be observed from
Table 8 and Fig. 11 that the values of obtained MRE from previous
research and the current study were 0.359% and 0.114%, respectively.
This output showed that the achieved MRE from the current study was
also much lower than the acquired MRE from the previous comparable
research. Considering the above results, it is concluded that the current
research results were more accurate than those of the similar previous
studies in determining VDR based on different rock properties.

4.6, Benefits, restrictions, and future research

In this paper, the relationships of 12 rock properties with the VDR
were investigated based on the combination of field and experimental
measurements. One output of this study was specified the relationships
of each rock property (direct or inverse) with the VDR which can be
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effective in the productivity of the drilling operations. In this evaluation,
a greater correlation of rock mechanical properties with the VDR was
found compared to the physical properties of rock which should be
noted in the vertical drilling operations. Another beneficial output of
this research was the sensitivity analysis of the impact of rock properties
on the VDR and the determination of the most and least effective ones.
This result can be generally useful in selecting suitable drilling tools for
drilling operations, resulting in the quarry mining with low cost and
high productivity. The third result of this paper was the introduction of
a new multivariate regression equation to predict the VDR considering
12 rock properties simultaneously. This multi-dimensional VDR
estimation can be effectively used in practical marble quarry drilling.
Finally, 12 optimum empirical equations with high accuracy were
proposed for the indirect determination of the VDR based on 12
different rock properties. In the case of the cost and time limitations or
in the initial phase of the drilling operation, the VDR value can be
estimated based on the one or more proposed VDR equations. This
indirect estimation of VDR involves minimum cost and time, enhancing
the efficiency of drilling operations in quarry marble mining.

The research outputs were verified by comparing their results with
recent research results using the obtained quantitative values of error
and accuracy indices. In addition to the above-proved quantitative
dominance, another superiority of the current study is that all the
possible rock properties were simultaneously considered for VDR
prediction compared to previous research. Considering the above
comparative/verification analyses, it can be concluded that the
suggested empirical-experimental relationships in this paper are
convincing tools with acceptable abilities for VDR determination based
on different rock properties. Therefore, they could be applied in the
mine drilling operations, especially in marble quarry mines with similar
rock properties. However, further investigations will be needed to
evaluate the effect of rock varieties on the relationships of rock
properties with VDR. This can be examined in different mines other
than marble quarry mines. Besides, the effect of the possible structural
characteristics of rock (i.e., joints, anisotropy, lamination and bedding)
on the VDR can be considered in the future research. Furthermore, it is
better to evaluate the effect of drilling machine parameters and loading
direction on the VDR in marble quarry mining. As a final
recommendation to cover the current research limitations, investigating
the impact of rock properties on directional drilling can be an attractive
research issue, since horizontal and inclined drilling is usually done in
quarries and other mines.

Table 8. Comparing the acquired values of COD and MRE from the current study
results with previous similar researches.

Mean relative error

Lower and upper limits of

Lowe Limit Of COD
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Fig. 10. Comparing the resulted COD values from current study with similar

previous studies based on the actual data: a) Lower limit of COD, and b) Upper
limit of COD.

achieved COD (MRE) Reference
042-0.94 3256 % 2]
036-0.9409 3324% 171
06292-0953 2812 % 191
04411-0915 3041 % 121
055-0.78 39.54 % 171
0.699-0.914 No data on BI [19]
067-084 3697 % [20]
0.5984-0.9576 5109 % [23]
0861-0.987 1114 % Current

5. Conclusions
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The influence of physical and mechanical properties of rock on the
VDR was studied in this study. For this purpose, the VDR was first
measured in the Malawi marble quarry mine, located in the Islamabad-
e-Gharb, Iran. In the next step, core specimens were prepared from the
minor blocks related to the mine under drilling of major blocks. Then,

Fig. 11. Comparing the resulted MRE value from current study with similar
previous studies based on the actual data.
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required physical and mechanical tests were implemented in the
laboratory to measure the rock properties. Lastly, the obtained datasets
were analysed and the following results were achieved:

o The parametric study confirmed that VDR was inversely affected
by pu, pa, I, SHR, Vp, PLI, UCS and E characteristics. Conversely,
it was directly influenced by 7, wz, LAA and v variables.

e According to the results of the parametric study and V/Fanalysis,
VDR was more closely correlated with rock mechanical
properties than with physical characteristics.

o The multivariate sensitivity analysis showed that £and w,had the
highest and lowest effects on VDR with the influence values of
1152 and 0.8865, respectively.

e A multiple regression model with a high value of COD (0.995)
and a low amount of error (0.20092) was proposed for VDR
estimation based on 12 rock properties.

o According to the ANOVA results, it was observed that quadratic,
power, and exponential equations were the optimum
relationships to determine VDR based on the rock properties.

e Comparative analyses confirmed that there was a reasonable
trend agreement between the results of the current study and
previous ones in the field of the proposed relationships type.
However, it was proved that the results of the current study were
more accurate than the results of prior investigations.

Considering the above results, it is concluded that the outputs of this
study are satisfied and confident and can be practically applied to
estimate VDR with reliable accuracy, resulting in cost reduction and
productivity enhancement in the drilling operations of quarry mining.
Even though the results of this paper are rather superior compared to
the previous researches, further studies are required to assess the effect
of different rock types, rock structural properties and drilling machine
characteristics on the VDR and other directional drillings.
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