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Introduction

Selection of suitable drilling
method in open pit mines is one of
the most important operational deci-
sions. The drilling procedure and the
selected bit type directly affect the
depreciation rate of drilling rigs and
the level of production costs. In gen-
eral, in each mining project, before
procuring blasthole drilling, the fol-
lowing matters must be deeply stud-
ied and answered [1]: 

1. What are the blasthole param-
eters?

2. Which drilling method should
be adopted?  

3. What type of drills – diesel or
electric?

4. How many blasthole drills are
needed? 

The selection of a suitable drill-
ing method fundamentally depends
upon the production rate, operational
restrictions and the local conditions
of the rock mass [1–3]. Among the mentioned factors, the
parameters related to rock quality and drillability are very
important. Therefore, rock drillability assessment is a core
part of drilling method selection and drilling operation man-
agement.

The proper drilling method could provide higher drilling
rate, longer drill bit life and less energy consumption. There-
fore, the drilling method selection is known as a complex
procedure which involves many geomechanical characteris-
tics of rocks and operational parameters of the drill rig. The
most important geomechanical parameters affecting drill-
ing rate are the origin of rocks formation [4, 5], rock hard-
ness [6–11], rock texture [12–14], abrasiveness [15–17],
elasticity and plasticity [9, 18, 19], unconfined compressive
strength [8, 9, 18, 20], tensile strength [13], RQD and rock 
mass characteristics (joints and bedding) [4, 10, 21]. There-
fore, for proper drilling method selection in open pit mines,
the deep investigation and study of the combination of sev-
eral mentioned factors which is generally called “drillability”
is essential, however, it is a time consuming and data-ori-
ented procedure.

So far, in various mining resources, a comprehensive
and complete method for selecting the appropriate drilling

technique in mines have not been provided clearly. Among
the few available techniques for selecting a suitable drilling
system, only the unconfined compressive strength (UCS)
and hardness of rocks have been considered to be applied.

One of the most commonly used methods for selecting 
drilling methods based on UCS and drilling diameters is pro-
posed by Jimeno et al. [3], as shown in Fig. 1. One of the big-
gest disadvantages of this method is the lack of attention to 
other physical and mechanical parameters of rocks specially
the hardness and abrasiveness, which play a very important
role in the drillability and selection of the drilling method and
drill bit type.

As can be seen in mentioned method, the selection pro-
cess neglects many important rock factors which significantly
play important role in rock drillability and drilling method selec-
tion, therefore, in this paper, in order to select proper drilling
method in Razgah Nepheline syenite Mine, a comprehensive
stepwise study has been done on the drillability and abrasive-
ness of the mine ore rocks. In the following parts of paper the
results of all mineralogical, mechanical, physical and field
studied on the ore material of Razgah mine will be presented
and the finally suitable drilling method will be recommended
for this mine. 
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Laboratory studies 

Razgah is the largest Nepheline Syenite Mine in Middle 
East and is planned to provide 1.3 million tons of ore annu-
ally for a processing plants with total capacity of 200 thousand 
tons of alumina concentrate per year. This mine is currently in 
the pre-mining, development and technology transfer phase 
(by the contribution of Russian National Aluminum and Mag-
nesium Institute (VAMI)) and in early future the production will 
start in this mine.  

In this paper according to the results of literature review, a 
set of parameters were selected as the index parameters for 
evaluation of the drillability of Razgah 
mine’s rock. The parameters empha-
sized in the researches by Thuro [2],
Kahraman et al. [10], and Hoseinie 
et al. [17, 18], have been specially
addressed. In total, the two catego-
ries of experiments were carried out 
on different samples collected from
the mine as follows: 

A. Mineralogical and textural
studies: including preparation of thin
sections, determination of average
grain size and mineralogy composi-
tion (type and percentage of miner-
als).

B. Physical and mechanical
properties: including determination
of density, UCS, tensile strength
(Brazilian test), hardness, abrasive-
ness (Schimazek index), modulus
of elasticity and Schmidt hammer
number. 

In the following, the details of
archived results and technical investi-
gations of experiments are presented 
and explained.

Mineralogy and textural studies 
In order to evaluate the drillabil-

ity of any intact rock, it is essential

to achieve the precise knowledge of its mineralogical char-
acteristics and textural specifications, since very important 
parameters such as strength and abrasiveness is directly 
affected by mineralogical composition and grains’ shape 
and size. In this research, two thin sections in a cross orien-
tation from each sample of ore were prepared. After prepa-
ration, the taken photos from thin sections were imported to 
AutoCAD software for digitization and geometrical texture 
analysis. In the software, the four basic properties of each 
grain including maximum diameter, minimum diameter, area 
and perimeter, were calculated for all grains. Thereafter, four 
secondary parameters including equivalent diameter, shape 
factor and aspect ratio were calculated using Equation (1) 
to (3). Finally the results of these calculations were statisti-
cally analyzed by Easyfit software. The results of mineralogi-ff
cal and textural analysis and studies are presented in Fig. 2

briefly.

Dequi = , (1) 

SF = 4πAi/L2
p, (2)

AR = Dmax/Dmin, (3) 

where, Ai is area of grains, Lp is perimeter of grains, Dmax is 
major axis length and Dmin Minor axis length of grains. Dequi

is present equivalent diameter which means grain size, SF 
presents shape factor which reveals the circularity of grain 
cross-section and AR is aspect ratio which presents the grain 
elipticity [22].
Determination of physical and mechanical  properties of rock 

After transferring the rock samples to the laboratory, 
the standard test for determining the density, UCS, tensile 

Fig. 1. Fields of application for drilling methods as function 

of the compressive strength of the rocks and the diameters 

of the blastholes [4]
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Fig. 2. The results of mineralogical and textural analysis and studies
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• Alkaline Feldspar (Orthose) (55%)
• Plagioclase (composition of Albite-Oligo-
clase) (10%)
• Feldspathoidal including Nepheline (18%)
• Pyroxene (Augite) (5%)
• Olivine (6%)
• Apatite (4%)
• Other minerals (2%)

Parameters  Symbol Mean Value
Area Grain  Ai 1.83
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strength (Brazilian test), modulus of elasticity (E), Schmidt 
hammer hardness (S.H.H) were carried out based on the ISRM
standards [23]. 

To calculate the rock hardness value, the weighted aver-
age of hardness of the constitutive minerals of rock was calcu-
lated using the available thin sections. Also, the rock abrasive-
ness was evaluated using the Schimazek abrasion index using 
the Equation 4 [15]. 

F = EqQtz × Ø × BTS/100 (4)

where EqQtz represents the percentage of equivalent quartz
content, Ø is grain size in mm and BTS, is the Brazilian ten-
sile strength [15]. The percentage of equivalent quartz con-
tent of the rock samples were calculated based on Equation
(5) [16]. 

EqQtz = ∑
n

i =1
AiRi, (5)

where, A indicates the percentage of minerals, R is RosiwalR
abrasiveness and n is the number of minerals. The Rosiwal
abrasiveness of the rocks is calculated based on the Mohs
hardness and the relationship shown in Fig. 3.

Generally, the amount of silica or quartz content in gen-
eral is very important in terms of abrasiveness of rocks.
Rocks with less content of Silica, such as Dolomite or Lime,
have less abrasiveness, and in opposition, more silica con-
tent such as Sandstone result in high level of abrasivity. In
this paper, for getting better view of quartz content the X-Ray
fluorescence (XRF) analysis were conducted on five powder
samples. The XRF showed that the intact ore rock of Razgah
mine contains 54.22 percent of SiO2 which is considerable
amount from view point of drillability and rock abrasiveness.
Table 1 shows the results of laboratory studies for determin-
ing the physical and mechanical properties of rock.

Evaluation of rock drillability 

According to the results of the conducted experiments, all
of the textural, mineralogical, physical and mechanical prop-
erties of the Razgah Nepheline Syenite ore rock were deter-
mined using standard laboratorial methods in order to be able
to investigate the rock drillability and suitable drilling method 
selection. For this purpose the rock mass drillability index
(RDi) and rock penetrability index (RPi) presented by Hoseinie
et al. [10, 17] were implemented.  

In the common traditional classification in drilling, the
rock texture is divided into four classes based on dimensions
and shape: Granular, Porphyritic, Glassy and destructive. The
most specific texture in this classification is the granular in
igneous rocks that is classified to five subgroups according to
the grain size [24]: 

1. Very coarse with grains larger than 10 mm. 
2. Coarse grains of 5 to 10 mm. 
3. Medium grains of  2-5 mm.
4. Fine grains with grains of 0.25 to 2 mm.
5. Very finely ground with grains smaller than 0.25 mm.
According to the results of the thin sections, the average

grains size of rock is 2.35 mm which is classified in medium-
size grains. With considering of RDi classification system, the
rock texture is Granitoid and has got 7 scores over 15. 

In terms of UCS, Nepheline Syenite rock with 96 MPa
strength is classified in the medium-grade rocks and earns

11 scores over 22 in RDi classification. In the other side, the
tensile strength is one of the most important rock resistance
parameters. In drilling engineering, tensile strength indicates
the boundary strength of grains and matrix [14]. Therefore,
increasing the strength and bonding between the grain and
the matrix increases the tensile strength of the rock. The
bonding and high cohesion of the matrix and the grains
increases the abrasiveness of the rock and ultimately reduces
the drilling speed. Due to the amount of tensile strength of
studied rock (4.6 MPa), it is classified in the moderate tensile
strength grade. 

The drillability of the rocks have an inverse correlation
with the amount of elasticity. Therefore, with increasing
modulus of elasticity, drilling speed decreases [9, 18]. Based
on the RPi classification, the modulus of elasticity of rocks
is classified in five classes. According to the results of the
experiments which present the modulus of elasticity of stud-
ied rock 51.6 GPa, it is classified as a moderate rock view 
point of elasticity.

Due to the amount of Schmidt hardness obtained in the
laboratory, it seems that this rock has a good strength to
impact. The presence of this property shows that the top
hammer drill system could be faced by operational challenges
due exposed damages to the drill rods and their couplings.
According to microscopic studies carried out on thin sections
and also the composition of this rock, it was found that the

Fig. 3. Correlation between Rosiwal abrasiveness and 

Mohs hardness, enclosing 24 different minerals (excluding

diamond) [16]

Table 1. Physical and mechanical properties of studied

rock 
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Density, gr/cm3 2.49 
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rock has a hardness of 5.85 in Mohs scale. In terms of hard-
ness, with considering the RDi classification system, the stud-
ied rock is in a relatively hard rock class and gets the score of 
9 over 18 (Table 2).  

After the study of the thin sections, in order to determine 
the rock abrasiveness level, the equivalent quartz content of 
the rocks of was determined using the equation (5) and it 
was 37.59. The calculated equivalent quartz content means 
that the rock with the existing composition creates 37.59% 
of the abrasion created by the with 100% quartz. Also, using 
the equation (4), the value of the Schimazek abrasion coef-
ficient for the Nepheline Syenite rock is calculated by 6.328, 
which is very high. Hence the rock is placed in grade of abra-
sive rocks.

In general, according to the results of experimental stud-
ies, Razgah Nepheline Syenite rock has a moderate drillability 

from view point of strength parameters but 
classified as a low drillable rocks in terms of 
abrasion and hardness since it is an abrasive 
rock.  

In the next part, the archived results from 
laboratorial experiments will be applied to 
drilling method selection in case study mine. 

Suitable drilling method selection  

The choice of drilling method depends 
largely on the operations volume, the diam-
eter of the hole and the in-situ conditions 
of the rock mass. In this paper, it is tried to
investigate the characteristics of intact rock 
from different point of view but mainly in three 
classes of parameters: texture, strength and 
abrasiveness.

 The case study mine is considered as 
a small to moderate mine due to its annual 
production of 1.3 million tons of ore. There-
fore, in order to achieve this level of produc-
tion, there will be no need for large-diame-
ter drilling.

Due to the medium strength and high 
abrasiveness of this rock, the need for an 
impact in drilling is obvious. So, with con-
sidering the average drilling diameters, 
high abrasiveness and medium mechanical 

characteristics, the percussive-rotation drilling system is top 
priority. On the other hand, considering the Schmidt ham-
mer number obtained from the experiments, the rock reveals 
a relatively high dynamic hardness and cause a noticeable 
amount of rebound. Therefore, the down the hole (DTH) drill-
ing method is recommended for this mine in order to prevent 
damage to the drilling rods and hammer device and reduce 
energy losses. 

Since the best efficiency of DTH drilling is achieved in
holes with diameters of two to six inches in hard and abra-
sive rocks [1, 4], considering the scheduled production rate 
in the mine, six inches diameter is proposed for extraction 
of rocks in Razgah Nepheline Syenite. Also, due to the abra-
sive nature of the case study rock in this mine, it is recom-
mended to use the button bits in the drilling. In general, in 
this paper a systematic approach is implemented for drilling 

Table 2. Rating to five parameters of rock drillability in case study mine (considering references [14, 19])

Texture Porous Fragmental Granitoid Porphyritic Dense 

Grain size, mm – > 5 2–5  0.05–1 & 2–5  0.05–1 

Rating  15 10 7 4 1 

Moh’s hardness 1–3 3–4.5 4.5–6 6–7 > 7 

Description Very soft– soft Comparatively soft Comparatively hard Hard Very hard

Rating  18 13 9 4 1 

UCS, (MPa) 1–25 25–50 50–100 100–200 > 200

Description Very low strength Low strength Average strength High strength Very high strength 

Rating  22 16 11 6 2 

BTS, MPa < 1.5 1.5–3 3–6 6–12 > 12

Description Very low strength low strength Moderate strength High strength Very high strength 

Modulus of elasticity < 10 10–30 30–70 70–100 > 100

Description GPa 12 8 6 3 1 

Fig. 4. Flowchart of applied approach for drilling method selection in case

study mine
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method selection which is based on rock characteristics
and considers the mine production rate too. The flowchart
of applied approach for drilling method selection is pre-
sented in Fig. 4.

Comparison between the result of presented approach
and the drilling method selection technique presented by
Jimeno et al. [4] reveals that in this method (See Figure 1)
a boundary condition happens and due to rock strength and
borehole diameter values, three methods of DTH, rotary
crushing and rotary cutting methods could be the final
choice. Nevertheless, the purposed approach method in this
study clearly concludes that the DTH is the most suitable drill-
ing system for studied rock type. It is also seen that selecting
drilling method by focus on mineralogical and hardness val-
ues presents more clear result than the method which con-
siders just UCS of rock.  

Conclusion  

During the drilling method selection process, correct rec-
ognition and comprehensive study of mechanical, physical
and mineralogical characteristics of rocks could be very help-
ful and can provide better vision of rock drillability condition.
However, the determination of these parameters requires the
considerable amount of time and costs, nevertheless, the out-
put can enormously reduce the operational costs through right 
method and bit selection.  

In this paper, a wide range of studies were carried on ore
rock type of Razgah Nepheline Syenite mine in order to select
the suitable drilling method. A down to up approach which
consisted of mineralogical studied to comprehensive strength 
were carried on the rock samples. The analysis reveals that
according to rock RDi and RPi system, the rock is classified in
moderate level of drillability. Since the production rate of the
mine is designed to be 1.3 million tone, therefor, the diameter 
of 6 inch is selected for boreholes. In total, the studied rock is
in the category of mediumstrength rocks with high abrasive-
ness characteristic. Taking in to account all mentioned param-
eters, the down the hole drilling (DTH) method is selected as
suitable drilling method for the case study mine.  
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